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Abstract

The research presented in this thesis explores work on micro and nanoscale patterning
and structuring, towards 3D patterning of surfaces. The undertaking of such work is
key to the advancement in areas such as microelectronics, nanotechnology and device

and sensor fabrication.

Chapter 1 (Nanotechnology: Introduction to Small Technology) presents an
introduction to the background of the thesis research and information on the concepts

and techniques used throughout the thesis.

The first experimental chapter, Chapter 2 (Laying the Molecular Foundations)
explores the patterning of monomolecular self-assembled-monolayers (instead of
conventional polymeric resists) with electron beam lithography to form chemical
patterns on gold surfaces. The chemical patterns on the surface then direct the self-

assembly of gold nanoparticles with complementary chemistry.

Chapter 3 (From the Foundations Upwards) utilises the self-assembling ability of the
nanoparticles from the previous chapter and explores how they can be incorporated
into a multilayer structure on a surface. This multilayer assembly is achieved by the
layer-by-layer deposition methodology in conjunction with a charged polyelectrolyte.
The layer-by-layer deposition process is followed with three different characterization
techniques and the results compared. The chapter also examines other routes to
directly patterning the layer-by-layer assembled structures such as photolithography

and microfluidics.
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Chapter 4 (Printing and Scratching) explores the versatility of the nanoparticles and
polyelectrolytes (from Chapter 3) towards alternative deposition techniques; in this
case, a standard consumer-grade inkjet printer is used to deposit the materials to
surfaces. Futhermore, an Atomic Force Microscope is then used to define patterns and

structures in the printed structures.

Chapter 5 (Corrugations and Collagen) introduces the recovery and transfer of
micro/nanostructured gold surfaces from gold-coated CD-R disks to silicon substrates
as a route for producing cheap, structured gold substrates. The previous chapters
examine methods to control the location of materials on surfaces, the corrugated gold
substrates fabricated for this chapter are used to demonstrate that the actual
orientation of materials themselves can also be controlled. In this case, the naturally
occurring, fibrous and bio-technologically interesting material collagen is oriented on
a surface by simply rotating the surface in a suspension of collagen in a novel device

fabricated for these experiments.

The final experimental chapter, Chapter 6 (DNA based Foundations and Walls) uses
surface chemical modification to immobilise synthetic hairpin oligonucleotides
carrying a photolabile group, on a silicon surface. Once immobilised on a surface, the
oligonucleotides are patterned using photolithography to leave exposed single strands,
which, through the specific assembly properties of DNA, are used to direct the
spatially specific assembly of complementary strands carrying molecular dye or
nanoparticle labels. This hybrid system shows that self-assembly processes found in
nature can be combined with chemical modification of surfaces and oligonucleotide

strands to also form 3D dimensional structured surfaces.
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Figure 4.16. AFM a) height, amplitude and phase images of area after nanscratching
process; and b) section analysis showing apparent height from top of (PDAC/C-Au-

NP) to bottom of scratched feature.

Figure 4.17. a) Large-scale optical microscopy image of AFM scratched regions of
inkjet printed PDAC and solution deposited C-Au-NP film under increasing load (or
decreasing vertical deflection settings); b) close-up image of highlighted region

(image a) of AFM scratched squares with highlighted region of material build-up.

Figure 4.18. Representative optical microscopy images of the circular island

PDAC/C-Au-NP features both before and after AFM scratching procedures.

Figure 4.19. Colour transmitted-light optical microscopy image confirming the
removal of the C-Au-NPs from the centre of the IJP templated features, inset,

magnified region.



Figure 4.20. a) 3D rendered optical microscopy image of a series of linear channels

scratched into the PDAC/C-Au-NP features and b) the resultant image cross-section.
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Figure 5.8. Diagram showing setup for measuring the speed of rotation.

Figure 5.9. Graph showing the measured rotation speeds achieved at the motor

supply voltages.

Figure 5.10. Optical microscopy image of collagen fibres aligned in the direction of

the flow of the suspension over the surface.

Figure 5.11. SEM images of a) a collagen fibre on a corrugated Au surface; b) the
end of a collagen fibre where the smaller composite fibres and fibrils have spread on

the surface; ¢) a close-up of a collagen fibre showing the composite fibres and fibrils.

Figure 5.12. Diagram showing the way in which collagen is proposed to attach to

surface.

Figure 5.13. AFM contact mode image of collagen fibril aligned in the direction of

the Au corrugations, inset, magnified region of fibril crossing surface valley.

Figure 5.14. AFM contact (a, b, ¢, leff) and deflection (a, b, ¢, right) images of

collagen fibrils aligned at 90° on corrugated Au surfaces.

Figure 5.15. Diagram depicting the measurements taken with AFM to determine the
deformations exhibited by the collagen fibres over the corrugated surface.

Figure 5.16. Graphs depicting the relationship between a) the fibril lengths to fibril
diameter; b) fibril diameter to deformation distance; and c¢) fibril length to

deformation distance.
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Figure 6.1. Comparison of some available methods for patterning DNA on surfaces,

soft-lithography using PDMS stamps, surface lithographic pre-patterning and the

method presented here of photo-patterning the DNA molecules themselves.

Scheme 6.1. Experimental scheme.

Figure 6.2. Tapping mode AFM image of SiO, surface after cleaning and —OH

functionalisation (-OH, substrate a).

Figure 6.3. Tapping mode AFM image of SiO, after APTMS SAM functionalisation

(-NH,, substrate b).
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silicon surfaces.

Figure 6.4. N (1s) X-ray photoelectron spectra of substrates a-d.

Figure 6.5. Tapping mode AFM image of SiO, surface functionalised with

isothiocianate groups (-SCN, substrate c).

Figure 6.6. Tapping mode AFM image of surface functionalised with oligonucleotide

A, (FOLIGO, substrate d).



Scheme 6.2. Photocleavage of the hairpin oligonucleotide A carrying the 2-

nitrobenzyl group (DMT, dimethoxytrityl group).

Figure 6.7. AFM tapping mode image of surface after photolysis and rinsing with

single oligonucleotide strand (-SINGLE, substrate f).

Figure 6.8. Figure showing i) the presence of the hairpin loop, ii) the removal of the
hairpin loop, revealing the single stranded oligonucleotide and iii) self-coiling and/or

collapse of the resultant single-stranded oligonucleotide.

Figure 6.9. Assessment of intramolecular versus intermolecular duplex formation by
photolysis and subsequent hybridization. Two silicon surfaces were functionalised
with hairpin oligonucleotide A. One surface was not photolyzed with UV light a)
while the other was photolyzed b). Hybridization with the complementary
oligonucleotide labelled with rhodamine showed a more intense fluorescence at the
photolyzed surface b). Inset, are the average fluorescence intensities of the

unphotolyzed / photolyzed surfaces in arbitrary units (a.u.).

Figure 6.10. AFM tapping mode image of surface after hybridisation with

complementary strand B carrying thodamine label (-RHODAMINE, substrate g).

Figure 6.11. AFM tapping mode image of surface after hybridisation with

complementary strand B carrying gold nanoparticle label (-AuNP, substrate h).



Figure 6.12. a) Fluorescence image after photo-patterning and hybridization with
complementary sequence B labelled with rhodamine (substrate g) (step 7), inset:
Image of the calibration mask used in the photolysis. b) Optical microscopy image
after photo-patterning and hybridization with complementary sequence B labelled
with 10 nm gold nanoparticles (substrate h) (step 8). inset: Image of the calibration
mask used in the photolysis. The visible lines are areas that were masked during
photolysis and hence have no nanoparticles attached. Photography obtained with a

stereomicroscope with lateral illumination.
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Chapter 1
Small Foundations in Big Science:
The Formation and Characterisation of Micro and Nanostructured

Surfaces.

Chapter 1 is reproduced in parts from an article entitled:

‘Engineering Nanostructures at Surfaces Using Nanolithography’ by Sara Diegoli,
Christopher A. E. Hamlett, Simon. J. Leigh, Paula. M. Mendes and Jon. A. Preece, in
Proceedings of the IMECH E Part G Journal of Aerospace Engineering, 2007, 221,
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Abstract

This chapter provides an introduction into the background of micro and
nanostructured surfaces. Micro and nanostructured surfaces have important functions
in both nature and the technology we use every day. An introduction to techniques
used to fabricate and characterise these surfaces is also presented. An overview of the
scope of nanostructured surfaces is followed by considerations of lithographic
methods, irradiative methods and mechanical methods for top-down nanostructuring
of surfaces which is then followed by an overview of bottom-up approaches to
nanostructuring surfaces. Surface characterisation techniques are described in detail

and evaluated.



1.1 Micro/nanostructures and surfaces

1.1.1 Microstructures and microstructured surfaces

Microstructures are generally classed as structures with length scales between
1-100 pm. Microstructured surfaces are therefore surfaces that contain features within
this size regime.' Many of the objects around us exhibit microstructuring, even living
cells can be classed as microstructures.” One of the main places where such structures

and architectures are commonplace is within the microelectronics industry.

1.1.2 Microelectronics

Microelectronics is a subfield of electronics. Microelectronics, as the name
suggests, is related to the study, manufacture and fabrication, of electronic
components with micrometre-scale features.” Most microelectronic devices are made
from semiconductor materials and many components of normal electronic design are
available in microelectronic equivalent: transistors, capacitors, inductors, resistors and
diodes. The microelectronics industry has been at the forefront of developing new
fabrication technologies in order to miniaturise computer components and devices for

many years.

1.1.3 Moore’s Law

In 1965, Gordon Moore (co-founder of Intel) observed a trend that has driven
the growth of the microelectronics industry for the past 40 years.* He observed that
the number of transistors (the most important feature of a silicon chip) per integrated

circuit was doubling every 12 months (figure 1.1).
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Figure 1.1. Moore’s law predicts increase in transistors per unit area vs time, inset

Moore’s’ original graph.’

Since this prediction, the microelectronics industry has been roughly
following this trend. However, we are now at the point where if we desire to continue
with this trend for miniaturisation, new fabrication methods are needed, as we reach
the limits of our current manufacturing technology.” In the drive to reach these goals
the microelectronics industry has evolved to become the nanoelectronics industry,
where structures with nanoscale dimensions are becoming regularly and easily

achievable.

1.2 Top-down fabrication

Top-down fabrication has been the mainstay for creating micro-scale
structures for the past 50 years and is still used today for producing nano-scale
electronic structures.” The approach can be likened to an artist carving a sculpture

from a single piece of wood and is a subtractive approach (scheme 1.1).



Top-down Fabrication

ER

Bottom-up Fabrication

1

=

F

Scheme 1.1. Schematic of top-down fabrication process, showing removal of material
to reach final structure and bottom-up fabrication process showing addition of

material to reach the final structure.

Top-down fabrication has allowed the microelectronics industry to produce 65
nm transistors, with chips due for production containing features of 45 and 25 nm.”
However, photolithography, the process used to make these structures is reaching

fundamental limits in terms of the miniaturisation that is achieved.®

1.3 Bottom-up fabrication

Bottom-up fabrication can take advantage of inherent structural motifs in
molecular building blocks, allowing them to self-assemble in a precise manner into
the desired structure” '° (scheme 1.1). The bottom up approach encompasses such

12 supramolecular chemistry'® and nanomaterial

things as dendrimer formation'"
synthesis. Fabricating nanoscale structures and architectures on surfaces has been the

subject of intense interest and investigation in the last several years,'* with much
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focus on the bottom-up routes for fabrication, as these routes represent some of the

ultimate fabrication limits that are achieved.

1.4 Nanotechnology

Nanotechnology is an interdisciplinary research area, concerned with the
fabrication of structures," electronic devices,'® optical,'” chemical'® and biological
sensors'® with dimensions from 1 to 100 nm (1 nm = 1 x 10° m). With an ever
increasing demand from consumers and industry alike for miniaturisation of
microelectronic devices, new and novel methods for fabrication of nanostructured
architectures are required. Richard Feynman predicted in his famous speech in 1959,%
that miniaturisation would reach such a degree that it might be possible to store
information at atomic levels, or how it might be possible to build molecular sized
machines. These predictions have paved the way for research that has lead us to the

point where Richard Feynmans visions are being realised.

1.4.1 Nanostructures & nanostructured surfaces

Nanostructures are generally classed as structures with length scales between 1-
100 nm. In just a few years, exploring nanostructured materials has become a new
theme common to many disciplines of science and engineering.”' The recent surge of
interest in these nanostructured systems stems from the novel physical and chemical
properties that arise upon size reduction.”? Structured materials on the nanometre
scale can lead to improved, and sometimes novel properties with emerging
applications ranging from functional devices to advanced chemical and biological
sensors.” Significant advances made in nanomaterials research, together with
improved lithographic fabrication strategies®* have led to dramatic enhancements in

the creation of complex and well-defined nanostructures on surfaces. Control of



matter on the nanoscale already plays an important role in scientific disciplines as
diverse as physics, chemistry, materials science, biology, medicine, and
engineering.”’ Nanostructures are low-dimensionality material systems that can

31 that are fundamentally different from those

possess many novel properties
displayed by the bulk materials. When nanostructures are engineered into functional
materials, these systems benefit from the unique properties exhibited by the
nanostructures. High-performance electronic®? and optoelectronic devices,” specific

% and tools for biological®® and quantum

chemical and biological sensors®
mechanical®” *® research are just some of the potential application for nanostructured
materials. Major advances in nanoscience and nanotechnology have enabled the
development of synthetic techniques and new tools for manipulating, fabricating and
characterizing nanostructured materials. Molecular surface science has greatly
contributed to the advancement of nanofabrication technology by providing ideal

39-44 .
L. For instance, self-

platforms for engineering surfaces on a molecular leve
assembled monolayers (SAMs), (section 1.4.2.2) which form spontaneously by the
adsorption of an active surfactant onto a solid surface, possess important properties of
self-organization and adaptability to a number of technologically relevant surface
substrates. The properties of a SAM (thickness, structure, surface energy, and
stability) can be easily controlled and specific functionalities can also be introduced
into the building blocks. SAMs of thiols on gold* and triethoxysilanes on silicon
dioxide™ are examples of two widely used techniques to modify the surface

47-51 .
available

properties of metallic and inorganic substrates. The variety of methods
to characterise SAMs and other functionalised surfaces on the nanoscale has grown in
step with the ability to create sophisticated, patterned surfaces. Scanning probe

techniques, such as scanning-tunnelling microscopy (STM)’?, atomic force

microscopy (AFM, section 1.6.3)*® and scanning near-field optical microscopy™* are
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very important analytical tools that are capable of imaging surfaces down to the
nanometre scale. Aside from their use in nanoscale topographical imaging,> scanning
probe microscopes have been widely employed in nanolithography.”® Furthermore,
lithographic techniques developed for the semiconductor industry, such as electron
beam lithography (EBL, section 1.5.1.2.2) and X-ray lithography (XRL, section
1.5.1.2.3), have been combined with advanced surface chemistry techniques to

develop new nanofabrication protocols.

1.4.2 Concepts and materials for nanostructure fabrication

Current research strategies are aimed at integrating top-down and bottom-up
methodologies to achieve useable nanostructures in a fashion that allows for
straightforward fabrication and the possibility of mass scale production. Some of the

major concepts and materials used are explained below.

1.4.2.1 Self-assembly

Self-assembly’’ can be defined as the assembly of molecules or atoms into

. . 58, 59
organised structures, via covalent and non-covalent bonds.™™

There are two types of
molecular self-assembly, inframolecular self-assembly and infermolecular self-
assembly. Intramolecular self-assembling molecules are often complex polymers with
the ability to assemble from a random coil conformation into a well-defined stable
structure such as protein secondary and tertiary structures.”’ Intermolecular self-

assembly is the ability of molecules to form supramolecular assemblies (quaternary

structures) (figure 1.2).%



Self-assembly

Self-assembled Structure

Starting Components

Figure 1.2. Diagram depicting self-assembly of components into a final structure.

A simple example of intermolecular self-assembly is the formation of a micelle
by surfactant molecules in solution.”” The term, self-assembly can also be applied to
the process of nanoscale components such as colloids and polymers into larger

architectures.®

1.4.2.2 Self-assembled monolayers (SAMs)

64,65 5ne molecule

SAMs are relatively ordered assemblies of organic molecules
thick, attached to a solid substrate. The formation of a SAM involves taking an
organic molecule that has a headgroup with a specific affinity for a certain bulk
substrate (e.g. gold, glass, silicon) and allowing a layer of these molecules to
chemisorb to the surface from solution or the vapour phase (figure 1.3). A common
example of a well ordered SAM is alkane thiols on gold.® A clean Au substrate is

immersed in a solution of alkanethiolates which weakly physisorb onto the substrate

allowing the S-containing head group to chemisorb on the substrate surface forming



an Au-S bond. As more alkanethiolate molecules adsorb on the surface, islands of
surfactant molecules form as a result of attractive intermolecular van der Waals forces
which continue to grow until the substrate surface is covered by a layer of surfactants
of monomolecular thickness. In order to minimise the free energy of the system, and
to maximise intramolecular van der Waals forces between molecular chains, the
surfactant molecules tilt at an angle which is commonly ~30 ° to the surface of the
substrate. The initial stage of thiol SAM formation (both physisorption and
chemisorption) usually takes minutes or less at 0.1-10 mM thiol concentration in a
solvent.’” More ordering of the assembly can take place over days or months, with
thiol molecules taking on their characteristic tilt on gold surfaces,’® depending on the
molecules involved. The chemistry of the alkanethiolate backbone has a major
influence on the rate of SAM formation,” highlighted by the fact that alkanethiols
with a long chain alkyl backbone form SAMs at a faster rate than those consisting of a
shorter alkyl backbone.” This difference in the rate of SAM formation is due to the
attractive van der Waals forces between adjacent molecules increasing as a function

of chain length.
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Figure 1.3. Schematic representation of generic SAM formation process.

A variety of other self-assembled monolayers can be formed on solid substrates.

7175 surfaces are another well known

Organosilane molecules on silicon oxide
example of a SAM system which potentially offer greater technical relevance to
electronics than alkyl thiol assembly on metals, as silicon is the base material of
choice for the microelectronics industry.”® Organosilane SAMs are thought to be
amorphous in nature, with defects present at the surface. Organosilane SAMs on

7778 than thiols on Au, because the water required to

silicon are more difficult to form
promote the chemisorption of the molecules to the surface, also promotes the
formation of oligomeric siloxanes in solution. These oligomers then physisorb to the
surface, forming ill-defined surfaces.”” ® The full mechanism of organosilane

monolayer formation is not fully understood, but studies with OTS,*'™** suggest the

following:
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e Surface adsorption: a monolayer of the monomer (RSi(OR’); where R’ =
methyl or ethyl group) is physisorbed to the surface.**

e Hydration: RSi(OR”); is hydrolysed to RSi(OH); by the inherent hydrogen
bonded water layer present at the SiO, surface.

e Silanisation: a chemical reaction covalently links the silanes together and

anchors them to the surface by dehydration.®

Cross-linking: silane molecules cross-link.

Silane SAM formation has also been shown to be highly dependent on formation
conditions such as deposition temperature,® solvent choice and silane concentration
and amount of water present,"’ with initial cross-linking and bonding to the surface
taking up to an hour at room temperature.™*

h,¥®! as they allow one to

SAMs in general, remain high priorities for researc
modify metal and semi-conductor surfaces with chemically well-defined ultrathin

organic films in a relatively easy and reliable manner.”

1.4.3 Nanoscale materials

Most molecular systems can be classed as nanoscale materials as they have
length scales on the order of nanometres. Examples of other commonly used
nanoscale materials are nanoparticles,” (along with nanotubes™ and nanorods’)
polymers,” polyelectrolytes’” and even DNA oligonucleotides.” The nanoscale

components related to this thesis are introduced below.
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1.4.3.1 Metal nanoparticles

99-101

Metal nanoparticles have attracted much attention in recent years. as they

have some interesting properties'’” that make them attractive for use in catalysis,'”

> and biotechnology.''’” L. B. Hunt in his article entitled

electronics,104 optics,10
“The true story of the Purple of Cassius’ published in 1976 said that the literature on
gold, glass and ceramics has attributed Andrew Cassius the credit for discovering the
the purple preparation of colloidal gold with stannous hydroxide some 300 years
previously.'® The process is still used today to produce enamel colours from pink to
maroon but was known of as far back as the 1600’s. One of the first scientific papers
examining the properties of gold nanoparticles was written in 1857 by Michael
Faraday who was fascinated by the ruby red colour of colloidal gold and how it
interacted with light.'” Faraday concluded that the ruby red fluid was gold dispersed
in the liquid in a finely divided metallic form not visible in the microscopes of the
day. The ruby red colour he observed is attributable to a narrow absorption band of
the particles at 520 nm.

The term ‘colloid’ used to describe a mixture where one substance is evenly
dispersed in another, was coined by T. H. Graham in 1861.""° Since these early
studies, gold nanoparticles have been found to be versatile building blocks for
nanoscale materials, structures and devices''' due to their highly conducting nature.
Nanoparticle solutions can be considered as metal atom clusters''? surrounded by an
absorbed stabilising agent to prevent aggregation, and are classed as colloidal
dispersions.'"® The stabilising agents on the surface of the nanoparticles are usually

organic molecules which may or may not carry a charge.'"* The optical properties of

gold nanoparticles are discussed in subsequent chapters.
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1.4.3.2 Polyelectrolytes

Polyelectrolytes are polymers whose repeating units bear an electrolyte group,
which dissociates in aqueous solutions making the polymers charged.'” Like
polymers, polyelectrolytes solutions are often viscous. Charged molecular chains,
commonly present in soft matter systems, play a fundamental role in determining
structure, stability and the interactions of various molecular assemblies.''® The unique
properties are being exploited in a wide range of technological and industrial fields.'"”
One of the major natural occurrences of polyelectrolytes is biology and

18

biochemistry.''® Many biological molecules are polyelectrolytes, for instance,

polypeptides and DNA are polyelectrolytes.' "

1.4.3.3 DNA oligoncleotides

An oligonucleotide is a short nucleic acid polymer, typically with twenty or fewer
bases. Although they can be formed by bond cleavage of longer segments, they are
now more commonly synthesised by polymerizing individual nucleotide
precursors.” Automated synthesizers allow the synthesis of oligonucleotides up to
160 to 200 bases. The length of the oligonucleotide is usually denoted by "mer"
(from Greek meros, "part"). For example, a fragment of 25 bases would be called a
25-mer. Because oligonucleotides readily bind to their respective complementary

nucleotide, they are often used as probes for detecting DNA or RNA.'!

Examples of
procedures that use oligonucleotides include DNA microarrays.'** Oligonucleotides
composed of DNA (oligodeoxyribonucleotides) are often used in the polymerase

chain reaction, a procedure that can greatly amplify almost any small piece of

DNA.'%
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1.6 Nanostructure and nanostructured surface fabrication

The common techniques for nanostructuring surfaces can be loosely grouped
into three main types; irradiative methods, soft lithographies and mechanical
methods, Each specific fabrication type has its own inherent advantages,
disadvantages and resolution. Careful choice of an appropriate fabrication technique

is key in forming functional nanostructured surfaces.

1.5.1 Lithographic methods

Lithography (from the greek terms lithos, meaning stone & grapho, meaning
to write) when applied to the formation of structured surfaces traditionally refers to a
process where a material is deposited on a surface then patterned through irradiative
exposure. More recently, lithography has become an umbrella term for processes
creating patterns on surfaces through a variety of methodologies, such as irradiative

and soft lithographies.

1.5.1.2 Irradiative methods
1.5.1.2.1 Photo/optical-lithography
(N.B. Work carried out using photolithography is presented in chapter 3)

UV-visible light is a valuable tool for the preparation of topographically and
chemically patterned surfaces. Conventional photolithographic processes use visible
and UV light to pattern a thin film of resist spin-coated to a substrate surface.'** The
minimum feature sizes obtained with photolithography can vary depending on the
process used, but are on the order of 50-100 of nanometres using a deep-UV light
source. Upon exposure to the light source the resist molecules either undergo

photoinitiated polymerization and cross-linking (negative photoresist) or
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photoinitiated degradation (positive photoresist) depending on the type of resist
used.'® Patterns are achieved by passing the light through a photomask before it
reaches the resist layer. This mask either allows light to pass or blocks light in
specific regions, leading to transfer of the specific shape to the resist layer. The resists
used in conventional photolithography are normally polymers in spin-coated layers of
up to tens of microns.'?® Once a resist pattern is achieved on the sample surface, the
pattern can be transferred to the bulk material of the sample through an etching
step,'?’ where the areas free from resist are etched away, whereas the regions covered

with resist exhibit a slower etch response (figure 1.4).'*

a) B Gilicon Substrate

Silicon Spin-coated
b) with Photoresist

Irradiated Areas
Cross-linked

[ —
Sample Irradiated
C) Through Mask
d) =

Un-irradiated
Removed
with Resist Developer

.

f) ﬁ Underlying Silicon Etched

Figure 1.4. Diagrammatic representation of negative photolithography process; a) a
clean silicon substrate; b) a layer of resist spin-coated onto the silicon substrate; ¢)

substrate irradiated with UV light; d) irradiated areas of resist are cross-linked, e) un-
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irradiated areas of resist are removed with developer; and f) the whole substrate is
etched to transfer pattern to underlying silicon.

Different combinations of resist and etch materials, along with resist layer
thicknesses lead to differing aspect ratios between regions with and without resist.'”’
Photolithography is still used as a mainstream technology throughout the world for
structuring and patterning materials, especially within the microelectronics industry
with the advent of techniques such as deep UV (DUV) photolithography.' The
major fabrication limit of photolithography is the fundamental physics behind the
process itself, inadequate depth of focus as resolution is increased and diffraction

effects. !

It is possible to improve the depth of focus at a given resolution by
decreasing the wavelength of the light used and to a certain extent, this method has
proved very successful.”> However, when the wavelength of the light used is
decreased, the light becomes more damaging to the optics and the samples used. For
short wavelength light, another problem is that most materials are highly absorbing in
this region, meaning that patterning thick resist layers becomes impossible, leading to

poor etch aspect ratios.'

More recently, the same process has been used to pattern layers of individual
molecules (SAMs) chemically bound to surfaces.'** Exposure of SAMs to short
wavelength light (244 nm) initiates highly specific photoreactions, which proceed
with very different mechanisms in the case of thiol- and organosilane-based SAMs.
Nevertheless, all the photoinduced processes lead to complete or partial removal of
the SAM in the irradiated areas. It is known that in these Au-S SAM systems the
thiolates-Au bond (R—S—Au) can be oxidized by irradiation with UV light affording
sulphonate species (R—SO,0—Au) which are more weakly bound to the Au compared

with the original thiols. This simple photochemistry can be used for the preparation of
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chemically patterned surfaces by removing the sulphonate from the irradiated areas or
displacing it with a second thiol. These patterns can be exploited as masks to etch
features in the underlying substrate or further modified to guide the self-organization
of nanomaterials, overcoming the problems encountered when using conventional

. 135
resist systems.

1.5.1.2.2 Patterning with electrons
(N.B. Work carried out using electron beam lithography is presented in chapter 2)

A finely focused beam of electrons can be deflected accurately and precisely
over a surface. When the surface is coated with a radiation sensitive polymeric
material, the electron beam can be used to write patterns at high resolution. The first
experimental electron beam writing systems were designed to take advantage of the
high resolution capabilities in the late sixties."*® *” Electron beams can be focused to
a few nanometers in diameter and rapidly deflected either electromagnetically or
electrostatically, such that the EBL process can be used to pattern features down to a
few nanometres in size. In practice the smallest features achieved are usually on the
order of tens of nanometres unless EBL is carried out in controlled conditions
environments. Electrons possess both particle and wave properties and have a
wavelength on the order of a few tenths of an angstrom, and therefore their resolution
is not limited by diffraction considerations. The resolution of electron beam
lithography is limited by forward scattering of the electrons in the resist layer and

back scattering from the underlying substrate. (figure 1.5)
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Figure 1.5. Diagram showing the process occurring during electron exposure of a

resist covered substrate.

When an electron beam enters a polymer film or any solid material, the electron
loses energy via elastic and inelastic collisions known collectively as electron
scattering. Elastic collisions result only in a change of direction of the electrons,
whereas inelastic collisions lead to energy loss. These scattering processes lead to a
broadening of the beam, i.e. the electrons spread out as they penetrate the solid
producing a transverse or lateral electron flux normal to the incident beam direction,
and cause exposure of the resist at points remote from the point of initial electron
incidence, which in turn results in developed resist images wider than expected.'*®
The magnitude of electron scattering depends on the atomic number and density of
both the resist and substrate, as well as the velocity of the electrons or the accelerating
voltage. Exposure of the resist by the forward and backscattered electrons depends on

the beam energy, film thickness and substrate atomic number. As the beam energy
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increases, the energy loss per unit path length and scattering cross-sections decreases.
Thus, the lateral transport of the forward scattered electrons and the energy dissipated
per electron decrease while the lateral extent of the backscattered electrons increases
due to the increased electron range. As the resist film thickness increases, the
cumulative effect of the small angle collisions by the forward scattered electrons
increases. Thus, the area exposed by the scattered electrons at the resist- substrate
interface is larger in thick films than in thin films. Proper exposure requires that the
electron range in the polymer film be greater than the film thickness in order to ensure
exposure of the resist at the interface. One down-side to EBL is that it is a serial
process, in that each individual feature is ‘written’ one after another, making
fabrication times considerably longer than photolithography which is a parallel
process. EBL resists such as PMMA (polymethylmethacrylate) are often the same

resists used for deep UV photolithography and even X-ray lithography (scheme 1.2).

C|)H3 (|:H3 e THs'/\ C|3Hs
H2 H2 - H2 H2
—[_CéT_C T +-c e DT_]_n
Ccl:zo c=—o0 C—0 C=—0
O_CH3 O_CH3 O_CH3 O_CH3
CH, CH,
Hy | |
oo—om ot
?:o Cc=0
O—CH,4 O—CHj,

Scheme 1.2. Scheme depicting the break-up of PMMA (positive tone resist) on

exposure to electrons.
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E-beam induced modification of thiol- and silane- based SAMs has also been
the subject of intense research. It has emerged that e-beam exposure leads to loss of
orientational and conformational order in the monolayer and scission of covalent
bonds that induce dehydrogenation and cross-linking in the molecular film."**"** 1t
has also been reported that exposure of aliphatic SAMs to high e-beam doses leads to
the transformation of the monolayer to a hydrogen depleted, unsaturated, graphitic
residue.'*>!%

1.5.1.2.3 Patterning with X-rays

X-rays with wavelengths in the range of 0.04 to 0.5 nm represent another
alternative radiation source with potential for high-resolution pattern replication into
polymeric resist materials. X-ray lithography was invented in the early 1970’s and is a

%" The use of X-rays in

highly viable sub 0.25 micron lithographic technique.
semiconductor fabrication was first suggested by H. I Smith.'””' The essential
elements in X-ray lithography include a mask consisting of a pattern made with an X-

ray absorbing material, an X-ray source of sufficient brightness and an X-ray sensitive

resist material>? (figure 1.6).
g

| 40 um |
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Figure 1.6. Diagrammatic representation of XRL experiment setup.

There are two mainstream types of X-ray radiation sources: (i) electron impact
and (ii) synchrotron sources. Conventional electron impact sources produce a broad

spectrum of X-rays, centered about a characteristic line of the material, which are
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generated by bombardment of a suitable target material by a high-energy electron
beam. The synchrotron or storage ring produces a broad spectrum of radiation
stemming from energy loss of electrons in motion at relativistic energies. This
radiation is characterized by an intense, continuous spectral distribution from the
infrared to the long wavelength X-ray region. It is highly collimated and confined
near the orbital plane of the circulating electrons, thereby requiring spreading in the
vertical direction by moving the mask and wafer combination with constant speed
through the fan of synchrotron radiation. Synchrotrons offer the advantage of high
power output. Absorption of an X-ray photon results in the formation of a
photoelectron which undergoes elastic and inelastic collisions within the absorbing
material producing secondary electrons which are responsible for the chemical
reactions in the resist film. The range of the primary photoelectrons is on the order of
100-200 nm.

X-ray lithography has seen an increase in use due to the greater availability of
powerful and reliable X-ray sources (such as synchrotrons), but still remains a
research and prototyping tool due to the costs and mask fabrication requirements. X-
ray lithography is normally used as a parallel process, in that all the patterns are
formed in one step through irradiation through a mask.'>® As well as being useful for
patterning ‘conventional’ type polymeric resists, X-ray lithography has also been
demonstrated with ultrathin molecular resist materials such as SAMs."”* A more in-
depth discussion of X-ray lithography with conventional polymeric resist materials
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can be found elsewhere. ™ X-ray lithography can be used with conventional

polymeric resist systems to make high-resolution patterns on the order of tens of

nanometres. 156, 157
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1.5.1.3 Soft lithographies

The term ‘soft lithography’ encompasses the technologies of microcontact
printing (uCP)"®, replica molding (REM),"’ microtransfer molding (nTM),'®
micromolding in capillaries (MIMIC)'®" and solvent-assisted micromolding
(SAMIM).'*

1.5.1.3.1 Microcontact printing

Microcontact printing (uCP)'® developed by the Whitesides group'®* at

Harvard University, is the replication of a pre-defined pattern from a stamp to a

substrate via diffusion of a molecular ‘ink’ from the stamp to the substrate (figure

1.7).163

a) : /il_rl_r/
A 4

Solid Master PDMS Stamp ‘Inked’ PDMS Stamp
d) :_rl_r/ ﬂ
Clean Au Surface ‘Ink’ Transferred to Au Patterned ‘Ink’ on Surface

Figure 1.7. Diagram of microcontact printing process; a) a solid, topographically
patterned master surface is fabricated; b) PDMS is cast on the master surface, allowed
to solidify then removed; ¢) the PDMS stamp is inked with a chemical ‘ink’; d) a
clean surface (in this case Au); e) the inked stamp is then brought into contact with

the clean surface; and f) the ‘ink’ is transferred to the substrate.
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Microcontact printing represents a cheap, facile method of creating chemical
patterns with sub-micron lateral features over cm’ areas. The term ‘microcontact
printing’ is often used even for examples of the technique which yield sub 100-nm
features but more recently these examples are termed ‘nanocontact printing'®® in the
literature. The simplest use of microcontact printing is often for the patterning of gold

surfaces with thiols'®’

in which, a stamp (figure 1.7b) is used to apply a thiol to
certain areas of a bare gold surface (figure 1.7 ¢, d, e & f). The thiol can then be used
as an etch resist on thin gold films, protecting the coated areas from chemical etching,
while the uncoated gold areas are removed to leave a structured gold film.
Alternatively, after the transfer is complete, the gold substrate may be briefly dipped
into a solution of a second thiol (known as backfilling), which fills the remaining bare
areas and if suitable second thiols are chosen, marked contrasts in properties such as
hydrophilicity or binding of proteins particles and polymers'® may be achieved.
Minimum feature sizes achievable using microcontact printing have so-far been in the

region of 50 nm.'®

1.5.1.3.2 Dip-pen nanolithography
Dip pen nanolithography (DPN) is a technique based upon scanning probe
lithography. DPN involves the use of an atomic force microscope tip to transfer
molecules from the AFM tip to a surface that it is brought into contact with (figure
1.8).""° The minimal feature sizes obtainable with DPN can be on the order of 20

nanometres.
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Figure 1.8. Diagram of the DPN process, molecules are transferred from the AFM tip

to the substrate surface through the water meniscus.'”'

The vehicle for deposition can include pyramidal scanning probe microscope
tips, hollow tips, and even tips on thermally actuated cantilevers.'” Recent advances
have demonstrated massively parallel patterning using two-dimensional arrays of
55,000 tips.'” Applications of this technology currently range through chemistry,
materials science, and the life sciences, and include such work as ultra high density
biological nanoarrays, additive photomask repair, and brand protection for
pharmaceuticals.'”* The transfer of a molecular 'ink' from a coated AFM tip to a

substrate was first reported by Jaschke and Butt in 1995.'"

The technique was further
developed by a research group at Northwestern University led by Chad Mirkin who

also introduced the term DPN.
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1.5.2 Mechanical methods

Mechanical methods of surface structuring encompass methods such as
nanomanipulation,  nanoindentation @ and  nanoshaving. = Nanoindentation,
nanoscratching and nanoshaving will be discussed in Chapter 4. Nanografting, which
is an extension of nanoshaving will discussed here. Based on AFM and STM tools,
these patterning techniques enable the manipulation, damage or removal of structures
at the atomic level. Mechanical methods, such as nanoshaving, closely mimic
methods currently employed for fabrication of structures and devices on the
macroscale, such as the use of a lathe to ‘shave’ down a bulk material into the desired
shape. Not only nanoshaving, but also nanoindentation and nanoscratching have
originated from nanotribology studies of friction and adhesion of materials to

176
surfaces.!”

1.5.2.1 Nanomanipulation

Nanomanipulation experiments can represent the absolute limit of fabrication,
where individual atoms are placed into the desired pattern or structure on a material
surface. Nanomanipulation operations usually are one of two types.'”” The first type
involves deposition of a nanoscale species or atom on a surface, and then the use of
either an AFM or STM to manoeuvre/push the species into position. The second type
of operation involves deposition of a species on a temporary location using standard
deposition techniques and then picking up of the species and moving it to its new
location. This is usually accomplished by means of manipulating the tip/sample bias
of a STM. Structure formation by nanomanipulation processes is at present very time
consuming, with no equipment specifically designed for the purpose, hence such
experiments are at present mostly confined to research and prototyping. Species and

the resolution of assembled species can range from nanoparticles'”® right through to
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individual atoms. " The iconic experiment in the development of such techniques

0
where xenon atoms were

was carried out in 1990 by Eigler and Schweizer'®
manipulated on a Ni(110) surface in a manner such as to write ‘IBM’ with the xenon
atoms. Also, stadium-type quantum corrals have been assembled by depositing a close

line of Fe atoms on a Cu(l11) surface.'™

Nanomanipulation techniques are
continually being developed and they provide a route to the ultimate limit of

fabrication.

1.5.2.2 Nanografting
The technique of nanografting is usually (but not exclusively) utilized on
surfaces modified with SAMs (figure 1.9a) and is achieved by nanoshaving in the
presence of a second replacement surfactant molecule with a greater affinity for the

182
Therefore,

surface than the molecule being removed by the AFM tip (figure 1.9b).
once the mature SAM is removed from the desired area by the AFM tip it will be
replaced with the new incoming SAM (figure 1.9c). Nanografting allows for the
formation of positive and negative patterns via tailoring of the incoming surfactant

molecule lengths. In order to successfully perform a nanografting operation, there are

certain requirements that SAMs should meet.
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Figure 1.9. Diagram showing the process of nanografting; a) a complete SAM is b)
shaved away in the presence of a secondary SAM molecule, which ¢) selectively

replaces the original SAM in the regions which were shaved.

The SAMs must be readily removable with the force generated by the AFM
tip, but more importantly, the SAMs must form on the surface of the substrate being
used in a quick and precise manner. It is for these reasons that thiol SAMs on gold are
usually the system of choice for nanografting experiments, due to the way in which
thiols rapidly form homogenous monolayers on exposed gold surfaces and formation

of the Au-S bond is reversible in solution.

1.6 Nanostructure and nanostructured surface characterisation
1.6.1 Surface contact angle analysis
The contact angle is the angle at which a liquid/vapor interface meets a solid
surface. The contact angle is specific for any given system and is determined by the
interactions across the three interfaces. The contact angle thus directly provides

information on the interaction energy between the surface and the liquid. Most often,
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the concept is illustrated with a small liquid droplet resting on a flat horizontal solid
surface with the shape of the droplet determined by the Young Relation.'"™ The
contact angle plays the role of a boundary condition. The contact angle is not limited
to a liquid/vapour interface and is equally applicable to the interface of two liquids or

two vapours (figure 1.10).

Air Air

Figure 1.10. Diagrammatic representation of water contact angle on a solid surface.

If we consider a liquid drop on a solid surface; if the liquid is very strongly
attracted to the solid surface (for example water on a strongly hydrophilic solid) the
droplet will completely spread on the solid surface and the contact angle will thus be
close to 0°. Less strongly hydrophilic solids will have a contact angle up to 90°. On
many highly hydrophilic surfaces, water droplets will exhibit contact angles in the
range of 0° to 30°. If the solid surface is hydrophobic, the contact angle will be larger
than 90°. On highly hydrophobic surfaces the surfaces have water contact angles as
high as 150° or even nearly 180°. On these highly hydrophobic surfaces, water
droplets simply rest on the surface, without wetting the surface to any significant
extent. These surfaces are termed superhydrophobic and can be obtained on
fluorinated (Teflon-like coatings)'** or appropriately micropatterned surfaces (Lofus
effect)."™ The theoretical description of contact arises from the consideration of a
thermodynamic equilibrium between the three phases (figure 1.11): the liquid phase

of the droplet (L), the solid phase of the substrate (S), and the gas/vapor phase of the
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ambient (V) (which will be a mixture of ambient atmosphere and an equilibrium

concentration of the liquid vapor).

YL‘.-'

Liquid Vapour

YSU

.
= o

Solid

Figure 1.11. Diagram demonstrating process contact angle measurement of a drop of
liquid on a solid surface.

The V phase could also be another (immiscible) liquid phase. At equilibrium,
the chemical potential in the three phases should be equal. It is convenient to frame
the discussion in terms of the interfacial energies. We denote the solid-vapor
interfacial energy as ysy, the solid-liquid interfacial energy as ys; and the liquid-vapor
energy (i.e. the surface tension) as simply y, we can write an equation that must be

satisfied in equilibrium (known as the Young Equation):
0=y — ¥ — ycosb, equation 1.1

where Oc is the equilibrium contact angle. The Young equation assumes a perfectly
flat surface, and in many cases surface roughness and impurities cause a deviation in
the equilibrium contact angle from the contact angle predicted by Young's equation.
Even in a perfectly smooth surface a drop will assume a wide spectrum of contact
angles between the highest (advancing) contact angle, 05, and the lowest (receding)

contact angle, Og.

1.6.1.1 Contact angle measurement methods
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1.6.1.1.1 The static sessile drop method
In the sessile drop method, the contact angle is measured by a contact angle
goniometer using an optical system to capture the profile of a pure liquid on a solid
substrate. The angle formed between the liquid/solid interface and the liquid/vapor
interface is the contact angle. Older systems used a microscope optical system with a
back-light. Current-generation systems employ high-resolution cameras and software

to capture and analyze the contact angle.

1.6.1.1.2 The dynamic sessile drop method

The dynamic sessile drop is similar to the static sessile drop but requires the
volume of the drop to be modified dynamically. A droplet is placed on a surface with
the delivery needle still within the droplet. Liquid is then added to the droplet which
causes the position of the interface between liquid/air/surface to move position. The
angle exhibited by the droplet during this phase is called the advancing angle. Once
the maximum droplet volume has been obtained, liquid is removed from the droplet
causing the droplet to decrease in volume, at the critical point where the angle
remains constant and the position of the three-phase boundary retracts across the

surface, the average receding angle is achieved.

1.6.1.1.3 Dynamic Wilhelmy method
This is a method for calculating average advancing and receding contact
angles on solids of uniform geometry. Both sides of the solid must have the same
properties. Wetting force on the solid is measured as the solid is immersed in or

withdrawn from a liquid of known surface tension.
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1.6.1.1.3 Single-fiber Wilhelmy method
This is the dynamic Wilhelmy method applied to single fibers to measure advancing

and receding contact angles.

1.6.1.1.4 Powder contact angle method
Powder contact angle analysis enables measurement of average contact angle
and sorption speed for powders and other porous materials. Change of weight as a

function of time is measured.

1.6.2 Spectroscopic ellipsometry
Spectroscopic ellipsometry is a sensitive optical technique for determining the

properties of surfaces and thin films.'™

The technique of ellipsometry uses elliptically
polarized light, giving rise to the name ‘ellipsometry’. The shape and orientation of
the ellipse depends on the angle of incidence, the direction of the polarization of the
incident light, and the reflection properties of the surface. We can measure the
polarization of the reflected light with a quarter-wave plate followed by an analyzer;
the orientations of the quarter-wave plate and the analyzer are varied until no light
passes though the analyzer. From these orientations and the direction of polarization
of the incident light we can calculate the relative phase change, and the relative

amplitude change, introduced by reflection from the surface. An overview of the

ellipsometry instrument is presented in figure 1.13.
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Figure 1.13. Diagrammatic representation of ellipsometer setup.
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An ellipsometer measures the changes in the polarization state of light when it
is reflected from a sample. If the sample undergoes a change, for example a thin film
on the surface changes its thickness, then its reflection properties will also change.
Measuring these changes in the reflection properties can allow us to deduce the actual
change in the film's thickness. Since the general polarization state of polarized light
reflected from a surface is elliptical, the term ellipsometer is used. The most important
application of ellipsometry is to study thin films. In the context of ellipsometry, a thin
film is one that ranges from essentially zero thickness to several thousand Angstroms,
although this range can be extended in some cases.'®’ The sensitivity of an
ellipsometer is such that a change if film thickness of a few Angstroms is usually easy
to detect. Ellipsometry measures the change in polarisation, as well as the intensity,
upon reflection from a surface. Linearly polarised light, when reflected from an
surface, will change its state to elliptically polarised. Viewed end on the electric

vector of the light, E, appears to describe an ellipse.
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1.6.3 Atomic Force Microscopy (AFM)

The Atomic Force Microscope (AFM) was invented by Binnig, Quate and
Gerber in 1985, and is one of the foremost tools for the characterisation and
manipulation of matter at the nanoscale.'®® The principles behind AFM operation are
very simple. The AFM consists of a cantilever (probe) with a sharp tip at its end that

is used to scan the specimen surface (figure 1.14).

Photodetector

Laser

Cantilever

Tip Atoms

Surface

Figure 1.14. Diagram demonstrating the operation of an AFM.

The probe is typically made from silicon or silicon nitride with a tip radius of
curvature on the order of nanometers. When the tip is brought into close proximity of
a sample surface, the Van der Waals force between the tip and the sample leads to a
deflection of the cantilever described by Hooke's law.'® Typically, the tip deflection
is measured using a laser spot reflected from the top of the cantilever onto an array of

photodiodes. AFM measurements can be performed in two different modes and these
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are contact or tapping mode. Contact mode involves the tip and the substrate being
kept in constant contact and the tip being rastered across the surface with the resultant
deflection of the cantilever monitored by the position of the laser on the photodiode.
During tapping mode AFM the cantilever is vibrated close to its resonant frequency
and the change of oscillation of the cantilever is detected upon interaction between the

tip and surface.

1.6.4 X-ray Photoelectron Spectroscopy (XPS)

XPS is a method for determining the chemical composition of a materials'
surface and involves the irradiation of the sample with X-rays.'”® XPS can be used to
measure:

e The elemental composition of the surface (fop 1—10 nm)

e The empirical formula of pure materials

e The elements that contaminate a surface

e The chemical or electronic state of each element in the surface

e The uniformity of elemental composition across the top surface (i.e, line

profiling or mapping)

The X-rays, with energy hv, interact with the surface atoms by exciting core
electrons within the atoms. If the electrons are excited enough, to overcome the
electron binding energy within their atomic orbital (EB), they are ejected from the

atom in the form of a photoelectron with energy (EK) (figure 1.15).
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Figure 1.15. Diagrammatic representation of photoelectron ejection process.

The energies of the photoelectrons are measured and a spectrum of
photoelectron energies is recorded. The electron binding energy is dependant on the
chemical environment of the electron, thus the electron binding energy is
characteristic of the electronic orbital and element in which it exists. Knowledge of
the kinetic energy of the ejected photoelectron and the energy of the incident X-ray
radiation upon the sample allows the electron binding energy to be determined by use
of equation 2.

EK =hv-EB equation 1.2

A typical XPS spectrum is presented as a plot of the number of electrons
detected (sometimes per unit time) (Y-axis) versus the binding energy of the electrons
detected (X-axis). Because XPS’s are not equally sensitive to all ejected electrons,
count values achieved have to be scaled using an atomic sensitivity factor so as to

allow comparison of compositions of elements on the same sample.”"

1.6.5 Scanning Electron Microscopy (SEM)
SEM is an imaging technique that images the sample surface by scanning it
with a high-energy beam of electrons in a raster scan pattern.'> The electrons interact

with the atoms that make up the sample producing signals that contain information
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about the sample's surface topography, composition and other properties such as
electrical conductivity. The types of signals produced by an SEM include secondary
(SE) and Dback scattered (BE) electrons, characteristic X-rays, light
(cathodoluminescence), specimen current and transmitted electrons. Non-conductive
samples are normally coated with a conductive layer such as carbon or gold in order
to allow the samples to be imaged successfully. SEM can be used to image surface

features down to the nanoscale routinely.
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Chapter 2
Laying the Molecular Foundations:
Electron Beam Lithography Induced Chemical Conversion of NO,
Terminated SAMs to NH, Terminated SAMs on Au Surfaces and

Subsequent Site-Specific Deposition of Au Nanoparticles

Chapter 2 is reproduced from an article entitled:

‘Examination of the factors affecting the direct-write electron beam patterning of self-
assembled monolayers and subsequent attachment of gold nanoparticles on gold
surfaces’ by Simon. J. Leigh, Alex. P.G. Robinson, Jose. L. Prieto, James. Bowen

and Jon. A. Preece, in preparation.

Abstract

Electron beam lithography is a high resolution lithographic technique for
nanostructuring surfaces. This chapter details the use of electron beam lithography to
induce the chemical conversion of the surface groups of aromatic NO, terminated
thiol SAMs on Au surfaces to aromatic NH, groups, subsequently leading to the site
specific deposition of Au nanoparticles to form nanostructured surfaces. The response
of the SAM over a range of electron doses for the lithography process is characterised

and related to feature quality and attachment of nanoparticles.

2.1 Introduction
Lithographic patterning of surfaces has been the mainstay of the

microelectronics/integrated circuit industry for many years. However, conventional
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photolithography has many limitations, making its future use for formation of
nanostructured surfaces impractical and unlikely (see more in-depth discussion in
Chapter 1, Section 1.5.1.2.1). Currently, techniques such as electron beam lithography
(EBL), X-ray lithography (XRL)* or scanning near-field optical (SNOM) lithography’
are seen to provide routes for fabrication beyond the limitations of photolithography.
These new lithographic techniques can often be used much like conventional
lithographies, in that a pattern is defined in a resist layer, which is then developed and
used as an etch mask, with the pattern transferred to the underlying material. While
providing increased resolution over photolithography, such fabrication is still a
wholly top-down process. The key to achieving maximum resolution and
controllability for defining nanostructured surfaces is to integrate bottom-up
methodologies, with key components spontaneously self-assembling to top-down
lithographically patterned surfaces. The controlled, precise, yet facile fabrication of
3D nanostructures is an area of major interest for the nanoscience and nanotechnology
community.* In response to this goal, the use of a combination of bottom-up and top-
down processes has been employed, exploiting the desirable characteristics of each
technique.”™ When applied to systems involving a modification of the chemical nature
of components to influence the assembly of nanoscale components, such a
combination of techniques has been termed Precision chemical engineering’.® With
respect to the work presented here, the approach involves the formation of ultrathin
films or self-assembled monolayers (SAMs) on metal,'’ semiconductor'' and
insulator surfaces,'? followed by subsequent chemical modification with a precision
lithographic technique and immobilisation of particulates on the modified surfaces to
form 3D nanostructures.””"> Soft lithographic techniques such as microcontact
printing (LCP) can also lead to the formation of patterned surfaces which can then be

further derivatised with polymers through surface initiated polymerisation reactions.'®
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2.1.1 Electron beam lithography (EBL)

One lithographic technique that provides the most realistic short-term
possibilities for fabrication beyond the current limits of optical (photo-) lithography is
EBL,"” which can be used for creating high resolution (sub 10 nm) patterns on

18,19
surfaces.

The first EBL instruments, based on scanning electron microscopes
(SEMs) were developed in the late 1960s. Shortly thereafter, the discovery that the
common polymer PMMA (polymethyl methacrylate) made an excellent e-beam resist
lead to more extensive use of the technique.”’ In brief, the technique consists of
scanning a focussed beam of electrons across a surface, usually covered in a film of
resist that is sensitive to electrons. The EBL system can be controlled so as to deliver
a well-defined dose of electrons per unit area, making EBL fabrication highly
reproducible. Currently, EBL is principally used in support of the integrated circuit

industry, where it has three niche uses.*'**

The first of these uses is in mask making,
typically for the chrome-on-glass masks used by optical lithography processes. The
second application for EBL is in direct-write processing for advanced prototyping of
integrated circuits and manufacture of small volume speciality products. Finally, EBL
is becoming more frequently used in research into the scaling limits of integrated
circuits and studies of quantum effects and other novel physics phenomena at
nanoscale dimensions.”® The high resolution of the features that can be fabricated with
EBL makes the technique ideal for probing the possibilities of forming viable
nanostructured surfaces for post-optical lithography, where smaller features are
required.

Traditionally, in developing a new resist for EBL, there are several issues that
need to be addressed, such as resist contrast, post exposure dissolution, dose

24,25

sensitivity, and resolution. These issues need to be examined and addressed in

developing any EBL fabrication system so as to achieve maximum resolution and
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flexibility. Existing polymeric resist systems also suffer from resolution problems and
poor etch durability.*' In conventional EBL the resolution achievable is limited by the
large size of the molecules in the polymeric resist and secondary electron processes
such as forward scattering and the proximity effect. However, these effects can be

minimized by the use of small molecules such as SAMs as a ‘pseudo-resist’.*°

2.1.2 Considerations and commonly occurring effects during EBL that
lead to the proximity effect

The proximity effect is the phenomenon that the electron exposure dose
distribution, and hence the pattern achieved, is wider than the scanned pattern, due to
the interactions of the primary beam electrons with the resist and substrate. This effect

leads to the resist outside the scanned pattern to receive a non-zero dose.

2.1.2.1 Forward scattering
As electrons penetrate a conventional resist, a fraction of them will undergo
small angle scattering events, which can significantly broaden the beam profile
towards the bottom of the resist layer. The increase in effective beam diameter (in nm)
due to forward scattering can be given empirically by the formula d=0.9(R¢/ V)",
where Ry is the resist thickness in nm and V4, the beam voltage in kV. The degree of
forward scattering that occurs can be minimised by reducing the resist thickness and

utilising a high accelerating voltage.”’

2.1.2.2 Backscattering & backscattered electrons (BEs)
As the electrons continue to penetrate the ‘resist’ and into the substrate, some
will experience large angle scattering events. These BEs may return through the resist

at a significant distance from the primary dose site, causing additional resist
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exposure.”® This backscattering is a major contributing factor to the electron beam
proximity effect. The range the electrons travel in the substrate depends on both the
energy of the primary electrons and type of substrate. The fraction of the electrons
that are backscattered, n, is roughly independent of the beam energy,”’ however it is
dependent on the substrate material, with low atomic number materials giving less
backscattering. Typical values of n range from 0.17 for silicon to 0.50 for tungsten
and gold.*® As the primary electron dose is increased, the number of backscattered

electrons also increases (figure 2.1).

No of Backscattered Electrons
T
1

No of Backscattered Electrons

90 000 pC/cm?

30 000 pC/cm?

Figure 2.1. Simulation of distribution and number of backscattered electrons at

30,000 and 90,000 pC/cm? made using CASINO electron modelling software.

2.1.2.3 Secondary electrons (SEs)

As the primary electrons slow down, much of their energy is dissipated in the
form of SEs.*' In conventional EBL, these SEs are responsible for the bulk of the
actual resist exposure process. Since their range in the resist is only a few nm, they
contribute little to the proximity effect. Instead, the net result can be seen as a pattern

resolution greater than the minimum beam diameter, which accounts for the minimum
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practical beam resolution (~10-20 nm) of most modern high-resolution EBL

32
systems.

2.1.2.4 The proximity effect

The overall result of the previously discussed factors is that the electron dose
delivered to the sample is not exactly confined to the patterns that are written by the
EBL tool, resulting in pattern specific variations in feature size and linewidth from the
resist outside the scanned pattern receiving a non-zero electron dose.” This effect is
collectively known as the proximity effect. In conventional EBL, where normal
polymeric resists are used, the proximity effect can lead to either over or under
exposure of features. The proximity effect is also exacerbated by the production of
close packed or nested features, where the exposure of one feature can lead to

broadening or secondary exposure effects in a neighbouring feature.*

2.1.3 Molecular materials - ultrathin films and pseudo-resists

The key to overcoming effects such as the proximity effect and detrimental
etching effects (such as under etching) is to develop high performance resists and
etches or pseudo resist systems that utilise irradiation to carry out chemical
conversions in the pseudo-resist that can be further derivatised or added to with
nanoscale species such as nanoparticles (which have potential applications in the

3536 photonics,”’ sensors™ and catalysis®”) without the need for

areas of electronics,
developing and etching steps. Such systems have key advantages over conventional
polymeric resists, which often show poor etch durability and self-limiting resolution
due to their size.*” One of the key ways to form ultrathin films is through the

formation of self-assembled monolayers (SAMs). The self-assembling nature of

SAMs means that a regular, reproducible monomolecular layer can normally be
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formed in a facile manner, without the need to follow rigorous formation and
developing protocols.*’ The use of such monomolecular thin films negates the effects
of forward scattering on the system, however, the processes that create secondary and
backscattered electrons in the substrate are still problematic. Hence, characterisation
of new systems is essential to discover the limits of the fabrication that can be carried

out before the proximity effect becomes a limiting factor.

2.1.4 Energetic irradiation induced chemical reduction of nitro groups to

amines

The literature has shown that it is possible to reduce the surface aromatic—-NO,
group of a self-assembled monolayer to that of an NH, group using EBL and X-ray
irradiation.” *** Mendes et al* utilised the molecule NPPTMS, which, when
immobilised on SiO, surfaces was shown to respond to doses of electrons and X-rays
which induce the chemical conversion of the NO, terminal group to an NH, terminal

group (scheme 2.1).

NO, NO,

Si(OMe)s SH

NPPTMS NPHT

Scheme 2.1. Structure of of NPPTMS™ and the analogous thiol-terminated molecule,

NPHT.
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By using X-rays to carry out the conversion process, the chemical change on
the surface can concomitantly be analysed by analysis of the XPS spectra (figure 2.2).
This method for spatially selective conversion of the terminal groups of the SAM
provides a contrast in chemical functionality on the substrate surface, which can be
exploited to influence the assembly of nanoscale materials such as nanoparticles.*
This molecular system was shown to provide high-resolution features when exposed

to a beam of electrons.

NH, (399.6 V)

v

NO, (405.6 V)
¢) 447 min ¢
d) 273 min

M
M

a) 3 min

Intensity / arbitrary units —p»

412 410 408 406 404 402 400 398 396 394
Binding energy / eV —»

Figure 2.2. Time-resolved XPS spectra of the N 1s peak of a NO, terminated SAM
on a silicon substrate.*

However, the ability of silane molecules to easily polymerise and form
multilayers in the presence of excess moisture instead, as opposed to SAMs on
surfaces, meant that reproducibility of the silane SAM formation process was
sometimes poor, limiting the resolution. SAMs have also been shown to
spontaneously form between gold surfaces and sulphur containing molecules,*
leading to reproducible monomolecular layer formation compared to silane SAM

formation and conventional resist spin-coating.

2.1.5 NO; to NH;, conversion mechanism
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E-beam irradiation can either induce removal, crosslinking, damage or
modification of an internal and/or terminal functional group of SAMs.Y Such systems
can then be used in a second stage as general templates to direct the assembly of
nanoscale components, to either unirradiated or the irradiated regions to create three-
dimensional nanostructured surfaces.*® Until recently, most work on e-beam
irradiation of SAMs was focussed on simple aliphatic and aromatic SAMs with lateral
dimensions down to 5 nm having been fabricated.*” E-beam irradiation of aliphatic
SAMs has been shown to cause the loss of orientational and conformational order,”
3! (which has been exploited as a mechanism for forming mixed SAMs’?) partial
dehydrogenation,” formation of C=C bonds,>* appearance of oxygenated functional
groups and partial desorption of the film fragments.”® Regarding aromatic SAMs,
electron irradiation induces primarily C-H bond scissions in the aromatic unit, with
subsequent cross-linking between the neighbouring aromatic moieties. Structures with
a lateral size below 20 nm have been fabricated. The increased etch resistance of
electron irradiated SAMs makes them a negative tone resist for lithographic
applications whereas aliphatic SAMs, where electron-induced damage dominated
over crosslinking, can be used as positive tone resists.’”® Beyond the principal
differences between aliphatic and aromatic SAMs, the molecular orientation and
packing density have also been seen to affect the extent of the irradiation induced
modification.”” The mechanism for the electron beam and X-ray induced conversion
of NO; to NH; is beginning to be better understood and investigations in the literature

suggest the mechanism reproduced below (figure 2.3).
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Figure 2.3. Model of electron induced processes in NBT molecule. A monolayer of
NBT is irradiated by electrons and generates amino (NH;) end groups while the

underlying aromatic monolayer is dehydrogenated and cross linked.”®

Grunze ef al,*™* first demonstrated the possibility for the EBL induced reduction, by
exposing a SAM of 4’-nitro-1,1’-biphenyl-4-thiol on an Au surface. The periphery —
NO; moieties were converted to the respective -NH, moieties allowing generation of
I um down to 10 nm wide lines, thus using the SAM as a pseudo-resist. Fourier
Transform Infrared (FTIR) studies revealed a more rigid structure in the exposed
regions compared to the unexposed areas. Electrons resultant from the irradiation step
are thought to locally convert the terminal nitro groups to amino groups,” while
concomitantly the aromatic layer is dehydrogenated and cross linked.”® * The
released hydrogen is transferred to the nitrogen. Chemical reduction of NO,
terminated films would normally be performed by immersing the substrate in a
solution of a catalytic hydrogen transfer agent such as SnCl, in anhydrous EtOH for 3
h at 50°C. This is followed by sonication successively in 5 M HCI, 1 mM EDTA
(ethylenediaminetetraacetic acid) and anhydrous CHCL;.** Studies by Igbal et al.®
using X-ray lithography have confirmed the conversion of the terminal NO, groups
and also shown that the presence of the aromatic group is required to carry out the

conversion process with molecules containing only aliphatic groups not undergoing
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the X-ray induced NO, to NH; conversion process, but rather appearing to have the
NO, group selectively cleaved from the SAM. With e-beam induced conversion, it is
believed that the electrons responsible for the conversion process are not the incident
primary electron dose, but the resultant secondary electrons arising from electron
scattering processes.®’ With this lithographic approach, SAMs have been successfully

used to fabricate patterns with lateral sizes below 10 nm.** %

2.2 Aims and objectives

Previous literature has shown many electron doses (and beam energies) that
can be used for carrying out the NO, to NH, conversion process. However, a
systematic study on such behaviour has been lacking. As well as being a factor
pertaining to the response of the molecule, due to the ultrathin nature of the SAMs,
the scattering characteristics, resultant from the underlying surface (which differ for
different surface materials) play a major role in the response of the SAM to the e-
beam dose, in that different amounts of scattered electrons will remain in the local
vicinity to the primary dose region depending on the substrate. The aim of the work
presented in this chapter is to carry out a systematic study of the electron dose vs
response behaviour of an aromatic-NO, terminated SAM (NPHT) on gold surfaces
(step 1), which will then be used to promote the site-specific deposition of gold
nanoparticles through their known affinity for NH, terminated surfaces (step 2).**%*
The effect of the feature sizes and inter-feature gaps on the required electron dose and

nanoparticulate species will also be examined (step 3), along with the effect of high

electron dose exposure (step 4).
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Scheme 2.2. Scheme showing the experimental procedures adopted.
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2.3 Results and discussion

2.3.1 Research methodology

Initially, NPHT SAMs will be formed on planar Au surfaces (scheme 2.2,
step 1). The first task will then be to examine the electron dose required to carry out
patterning of large-scale features on NPHT SAMs (scheme 2.2, step 2) and then
move to examining the required electron dose for creating linear features on NPHT
SAMs (scheme 2.2, step 3). Finally, the use of high electron doses to induce pattern

inversion on SAMs will be investigated (scheme 2.2, step 4).

2.3.2 NPHT SAM formation (step 1)

NPHT SAMs were formed over 24 hrs from an ethanolic solution. The NPHT
SAMs had an ellipsometric thicknesses of 1.36 + 0.19 nm, in good agreement with
the estimated value (1.5 nm, Chem3D Software), taking into account the
characteristic tilt angle of SAMs of this type.”> Water contact angles of NPHT SAMs
(0.=67 +1°, 0, =45 + 1°) also agreed with literature values (0, = 64°) for aromatic-
NO, terminated SAMs on gold surfaces.”” The elemental composition of the
monolayers was determined by XPS (figure 2.4). The elements C, N, O, S and Au
were monitored in the spectra. The XPS survey spectrum confirmed the presence of
peaks at binding energies; 284, 400, 531 and 162 eV which are indicative of the
presence of C, N, O and S, respectively®® and agreed with the previously reported data

(figure 2.4).%
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Figure 2.4. XPS survey spectra of NPHT SAM on Au surface.

2.3.3 Large-scale feature electron dosage characterisation (step 2)

To initially assess the effect of electron dosage on the reduction of NO, to
NH; in the NPHT SAM, a grid pattern of 120 um x 120 um, 200 um spaced squares
was exposed to a beam energy of 50 keV to a range of increasing electron dosages (5
000 — 125 000 pC/cm?, figure 2.5). The total fabrication time for the grid was
approximately 14 hours. After exposure, the sample was imaged utilising the SEM
capabilities of the EBL instrument, and subsequently immersed into a solution of
citrate passivated Au-NPs. After the immersion into the Au-NPs the sample was
initially imaged with optical microscopy (figure 2.5). The optical microscopy images
revealed a contrast between the exposed regions and the unexposed regions. The
sample was then re-imaged by SEM, with the before and after immersion images

presented in figure 2.6a and figure 2.6b respectively.
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Figure 2.5. a) optical microscopy image of large-scale features after immersion in

Au-NPs; and b) magnified region (step 2).
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Figure 2.6. SEM images of NPHT SAM a) after EBL exposure over a range
of doses (5 000 — 125 000 pC/cm?); and b) after subsequent immersion into Au-NPs

(step 2).

A clear contrast in appearance is seen between the surfaces before (figure
2.6a) and after immersion (figure 2.6b) in the Au-NP solution. After the immersion,
the image contrast between the exposed regions and surrounding SAM is much
brighter, indicative of Au-NPs being adsorbed to the electron exposed region. It

should be noted that although in figure 2.6a all the squares appear to have similar
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contrast with respect to the surrounding regions, in-fact they were fabricated at
increasing electron dosages, with the bottom-left square of image B fabricated at a
dose of 5 000 pC/cm” and then increasing in increments of 5 000 uC/cm” left to right
and increasing bottom to top. The gradient in the observed contrast is clearly seen in
figure 2.6b, after immersion in the Au-NPs dispersion, with the bottom left square (5
000 uC/cm?) showing a low contrast, indicative of a low degree of Au-NP attachment.
The electron dose controlled absorption of Au-NPs is quantified in figure 2.7 as an
average particle count of 6 areas. The squares in the top right corner of figure 2.6b
appear to have a poor edge resolution with the characteristic shadowing effects
normally observed after high dose EBL.* The inset magnified sections of the SEM
images (figure 2.6b 1 & 2) confirm this loss of edge resolution as the electron dose is
increased, which cannot be observed before Au-NP attachment. As can be seen from
the summarised SEM images in figure 2.7a and corresponding graph of nanoparticle
attachment (figure 2.7b), it can be deduced that the optimal dosage for the conversion
of the NO; group to an NH; group and subsequent attachment of Au-NPs to features

of this size is around 30,000 pC/cm®.
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Figure 2.7 a) summarised SEM images of Au-NPs attached to NPHT SAM
exposed at a range of electron doses; b) resultant graph showing electron dose vs

attachment of Au-NPs (step 2).

The shape of the EBL electron dose vs nanoparticle adsorption graph mimics
that of the response of a conventional negative EBL resist to increasing electron dose,
where exposure at a certain dose leads to a rapid change in the retained film thickness
59, 68, 69 A

and higher doses can lead to a decrease in the retained film thickness.

electron doses above those affording maximum nanoparticle attachment, the amount
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of nanoparticle attachment decreases, possibly indicating degradation of the SAM due
to the increased amount of secondary electrons present.

The rationale for the attachment of the Au-NPs is that the surface NO, groups
of the NPHT become reduced upon electron beam exposure and are converted to NH;
groups. It is believed that the reduction of the nitro group to an amino group is carried
out not by the primary incident electrons, but by secondary low energy electrons

emitted from the surface.”’

The NH, groups, when immersed in the acidic Au-NP
solution become protonated, forming NH;  groups, which are able to bind to
negatively charged, citrate-stabilised (COO") Au-NPs. The effect of increasing the
primary electron dose is to increase the number of BE and hence increase the number
of secondary electrons.

The electron dose of 30 000 pC/cm” observed to yield the greatest proportion
of Au-NP attachment and is comparable to the dose of 35 000 pC/cm? reported to be
required to carry out the large-scale nitro reduction on a biphenyl based —NO,
terminated SAM on Au.* Similar experiments to those presented here have shown
that EBL with subsequent attachment of gold nanoparticles can be seen with an
analogous silane molecule (NPPTMS) on silicon. It is hypothesised that the
difference in the EBL dose behaviour between SAMs on gold and silicon is related to
the differing film thicknesses and electron scattering characteristics of the two

underlying surfaces, requiring a higher dose for the gold surface.*":

2.3.3.1 AFM adhesion force mapping of EBL exposed samples
AFM adhesion force mapping was carried out to gain insight into the adhesive
response of the SAM samples after EBL fabrication, but before immersion in Au-
NPs. AFM adhesion force mapping involves bringing the tip of an AFM into close

proximity to the surface of interest until the attractive forces between the AFM tip and
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the surface cause the cantilever to deflect towards the surface (the so-called ‘snap-on’
point). The tip is then retracted slowly until it breaks contact with the surface and

springs back upwards (the so-called ‘snap-off” point )(figure 2.8).

-:————f-;— ——————— AFM Tip AFM Tip
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t:—-——:r ——————— Down ; ,!,l . Away From
B Y LT . Towards \/ ty 2T, Surface

" Surface " .
i i f“ -~ -
R \ AT _=-="1
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Figure 2.8. Figure depicting ‘snap-on’ and ‘snap-off’ points in AFM adhesion force

mapping.

A more complete discussion of the principles behind adhesion force mapping
can be found here.”' Initial AFM tapping mode imaging of EBL patterned regions
after EBL exposure revealed no contrast between the exposed and unexposed regions
with either, height, amplitude or phase imaging. Operating the AFM in force mapping
mode over the same area with the same standard tapping mode AFM tip revealed
contrast between the EBL exposed and unexposed regions on both the approach and

retraction of the AFM tip to/from the sample surface (figure 2.9).
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Approach Retract Adhesion Force Response

Figure 2.9. AFM adhesion force maps in air; a) approach (snap-on); b) retract (snap-
off); & ¢) adhesion force response of region across exposed and un-exposed areas of

sample.

After determination of the deflection sensitivity of the cantilever and
calibration of the spring constant, the average adhesive force upon tip retraction
(‘snap-off”) of each region was calculated. The NH, terminated regions exhibited an
adhesive force of approximately 340 nN, which corresponds well to literature values
for NH, terminated SAMs on Au surfaces (340 nN).72 The NO; terminated regions of
the sample exhibited an adhesive force of approximately 186 nN, a lower value than
for the NH, regions, presumably because there is a reduced interaction of the NO,
surface with the SiO, tip surface. Interestingly, from the force mapping, there appears
to be a 12 um region between the NH, and NO, regions, exhibiting an intermediate
adhesive force, which is an average between the force seen in the neighbouring
regions, possibly indicating a 50:50 ratio of NH, to NO, groups in this region. This
intermediate region of the sample, can be attributed to a region of low surface density

electron scattering at the edge of the exposed area only partially converting the SAM.

2.3.4 Effect of electron dose on the patterning of linear features (step 3)
To investigate the effect of electron dose upon feature quality and resolution

of linear features, fabrication of linear features on NPHT SAMs on gold was carried
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out. Grids of lines of width 500 nm with a 400 nm gap (type A) and 250 nm wide
lines with a 550 nm gap (type B) were exposed over 30 000, 35 000, 40 000 and 45
000 pC/cm?) informed by the large-scale exposures as affording the largest values of

Au-NP attachment (figure 2.10).

400 nm 500 nm 400 nm
! Gap | Width | Gap |

Au

250 nm
1ssonm |} ! s50nm |

DA

Au

Figure 2.10. Diagram showing the areas exposed to the primary incident electron

beam (red areas), type A (500 nm wide, 400 nm gap) and type B (250 nm wide, 550

nm gap) (step 3).

The sample was then immersed in Au-NPs (figure 2.11a). Upon decreasing
feature size and spacing from the 120 pm squares used to examine the optimal
electron dose, there was a slight shift in the required optimal electron dose so as to
overcome possible over or under exposure relating to secondary electron

contributions from neighbouring features (so-called proximity effects).”
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Figure 2.11. a) SEM images of type A & B features fabricated at increasing electron
dose and after immersion in Au-NPs; b) Graph depicting the percentage increase
(broadening) in line-widths of features after deposition of Au-NPs, B type A and A

type B (step 3).

Analysis of the fabricated features after immersion in Au-NPs showed that the
width of the fabricated lines were broader than the defined writing process (figure
2.11b). This broadening of features is due to the secondary and backscattered
electrons propagating beyond the incident primary electron beam. The feature
broadening was seen to increase with increasing electron dose, with type A features

broadening by up to 60% at a dose of 45 000 pC/cm’. Features exposed at 30 000
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nC/ecm?” showed smaller percentage increase (22%). Type B features followed the
same dose-related feature broadening pattern, but a smaller amount of nanoparticle
attachment which made judgement of feature width extremely difficult. Upon closer
inspection of the features from EBL exposure at 40 000 pC/cm?, the 500 nm wide,
400 nm gap (type B) lines appear well resolved with a good degree of attachment of
the nanoparticles. The 250 nm wide, 550 nm gap (type B) lines fabricated at an
electron dose of 40 000 uC/cm’, were not well resolved, with only minimal
attachment of nanoparticles at the feature edges and at 45 000 pC/cm” no attachment

of Au-NPs (figure 2.12).

Figure 2.12. SEM image of type A feature, inset, magnified region of a single 500
nm wide feature (step 3).

As the 500 nm features had broadened by up to 60% over the small dose range
used, to examine the feature broadening at higher doses beyond 45 000 uC/cm’, the
500 nm were spaced further apart (1000 nm, type C) to avoid merging of features if
significant broadening occurred (figure 2.13). Interestingly, this increase in gap

resulted in no nanoparticle attachment on the EBL patterned features.
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Figure 2.13. Diagram showing the areas exposed to the primary incident
electron beam (red areas), type C (500 nm wide, 1000 nm gap) and type D (250 nm

wide, 1000 nm gap) (step 3).

The lack of nanoparticle attachment on features with a 1000 nm gap is
believed to be an indicator that the proximity of neighbouring features is also a
controlling factor in feature quality, with the features simply not being exposed.
Secondary electrons are generated as a function of the backscattered electrons from
the primary electron dose. These backscattered electrons can scatter over large
distances (up to tens of microns) within the sample and the subsequent secondary
electron collisions result in further scattering and exposure effects in neighbouring
features at the surface. The inter-feature gap controlled attachment of Au-NPs further
agrees with the theory that scattered electrons play a key part in the SAM reduction
process.”* The reason for the lack of nanoparticle attachment on the features with
increased gap is that most of the secondary electrons are spread within the inter-
feature gap and not within the features themselves, leading to only partial conversion
of the NO; groups below a certain key level per unit area required for the attachment

of Au-NPs.

82



Furthermore, 250 nm lines were exposed with a 1000 nm gap (type D) (figure
2.12). As with the 500 nm features, not even the minimal nanoparticle attachment
seen before was evident on the features due to the increase in inter-feature distance
reducing the secondary electron contribution from neighbouring features as the
amount of secondary electrons present reduces with increasing distance from the
primary exposure point.”’ This inter-feature gap controlled attachment of
nanoparticles, demonstrates that EBL feature quality on SAM surfaces is not purely
controlled by the electron dose. In order to effectively use EBL to pattern SAMs,
careful consideration of the feature size and gap to be used is thus required due to the

backscattering dependence of electrons due to the ultrathin nature of the films used.

2.3.4.1 Immersion of 1000 nm spaced features in concentrated
citrate-stabilised gold nanoparticles (C-Au-NPs) (step 3..cont)

It was believed that the lack of nanoparticle attachment was a function of
slower kinetics of adsorption due to the less efficient reduction of NO; to NH; in the
feature regions. Therefore, a concentrated (~4x) solution of Au-NPs (C-Au-NPs) was
used to immerse the type C and D features. After immersion in the C-Au-NP solution,
attachment of nanoparticles had occurred within both the type C and D exposed
features. In order to analyse the different adsorption kinetics of the two nanoparticle
solutions, two SAMs of 4-aminothiophenol (4-ATP) was formed on planar Au
surfaces and the deposition of each nanoparticle solution over 2 hrs was examined by

AFM (figure 2.14).
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Figure 2.14. Surface coverage analysis from AFM images of Au-NPs and C-

Au-NPs deposited on a 4-ATP SAM.

The resultant nanoparticle deposition graph showed that there was indeed a
difference between the deposition behaviour of the two nanoparticle solutions with
the C-Au-NP solution appearing to move towards its maximum surface coverage
more rapidly and eventually giving a higher surface coverage than the Au-NP
solution. The linewidths of the type C and D linear features after immersion in C-Au-

NPs were then examined with AFM and the results presented in (figure 2.15).
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Figure 2.15. Graphs showing the ‘actual’ width of; a) 500 nm lines (type C); and b)

250 nm lines (type D) of C-Au-NPs with 1000 nm gap, measured by AFM, plotted

against electron dosage of underlying SAM. Region A shows feature broadening with

electron dose, while region B shows pattern inversion.
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The tapping mode AFM images, showed that, as before, the features sizes
varied from the intended feature sizes, with increasing feature broadening as a
function of increasing electron dosage (figure 2.15, Region A). The 500 nm features
(type C), were seen to broaden with increased electron dose, to a point where at 50
000 pC/cm” and above the features become wider than the inter-feature gaps. The 250
nm features were also seen to broaden with increasing electron dose, however, as they
are initially smaller than the 500 nm features, they do not broaden significantly
enough to become larger than the inter-feature gap. For both feature types, there was
also increased non-specific absorption of the nanoparticles in the gaps between

features, which also increased with electron dose (figure 2.16 and inset).

Hikx ShEkY

Figure 2.16. SEM image of 250 nm wide C-Au-NP lines exposed at 45 000 uC/cm®
(type D), inset, magnified region of 250 nm wide feature showing non-specific

adsorption either side of the feature.

It is hypothesised that this non-specific absorption may be due to
physisorption effects and previously unseen proximity effects from the EBL exposure,

exaggerated by the increase in nanoparticle concentration.
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2.3.5 Pattern inversion at high electron doses (step 4)

For the type C and D features at doses of 80 000 pC/cm? and above it was
seen that pattern inversion behaviour occurred after substrate immersion in the C-Au-
NP solution. No attachment of C-Au-NPs was seen in the planned EBL exposed

areas, but a high degree of attachment was seen in the intervening gaps (figure 2.17).

Figure 2.17. SEM image of inverted type D features exposed at 90 000 uC/cm?, with
no attachment of C-Au-NPs in regions of the primary electron dose of the SAM but
attachment in the inter-feature gaps, inset, magnified region showing 250 nm wide

feature free of C-Au-NPs (step 4).

This inversion behaviour is believed to be attributable to the larger overall
dose of electrons causing damage to the SAM structure, with NO; to NH;, conversion
occuring in the gaps between features (figure 2.16 inser).”” This behaviour agrees with
the hypothesis that at increasing electron doses, there is an interplay between, causing
the chemical conversion to afford nanoparticle attachment, feature broadening and

degradation of the SAM structure.
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AFM adhesion force mapping was carried out on the inverted pattern regions
after immersion in C-Au-NPs and revealed contrast between the areas with and
without the presence of C-Au-NPs (figure 2.18). The areas where C-Au-NPs were
present, showed average adhesive forces of 38 nN.

Approach Retract Adhesion Force Respons

C-Au-NPs

Figure 2.18. a,b & ¢) AFM adhesion force maps of inverted pattern regions

after immersion in C-Au-NPs (step 4).

This adhesive force value was slightly higher than seen previously for COO- —
terminated SAMs (~30 nN),” however, as the COO- layer here was present on the
surface of nanoparticles with inter-particle gaps revealing the underlying SAM, this
achieved value can be assumed to be realistic. In the areas where no C-Au-NPs are
present, the adhesive force was seen to be of an average value of 13 nN (compared to
340 nN in the exposed region in figure 2.9). This low value indicates a low adhesive
interaction between the AFM and surface and fits the hypothesis that the SAM on the
Au surface in this region has been either damaged or removed.

AFM tapping mode imaging also confirmed the pattern inversion behaviour
seen with SEM, with feature sizes becoming less broadened by scattering effects
(figure 2.15, Region B), yet inverted in attachment of nanoparticles. This increase in
feature resolution for inverted patterns could be a key step in overcoming the loss in

resolution that is inherent in EBL due to scattering effects, allowing for more well-
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defined nanostructures to be created by deposition of a secondary species within the
gaps between nanoparticle tracks or on top of the nanoparticle tracks. However, such
a fabrication method is reliant upon forming nested features and hence may not be

practical for single, isolated features.

Overall, the feature broadening and feature inversion behaviour seen is
believed to be a function of the electron dose used for patterning and believed to fit

the model in figure 2.19).

Required Feature Size Feature Broadening Feature Inversion

N° of BE

N° of Backscattered
Electrons (BE)

Au Ay

Au

Increasing Electron Dose = Increasing Number of Backscattered Electrons

g

Figure 2.19. Diagram depicting the electron dose related behaviour of NPHT SAMs.

At lower electron doses, the actual features achieved have dimensions closest
to the planned feature size. Only SAM regions with a number of backscattered
electrons high enough to initiate the conversion process become converted to NH»
groups. As the electron dose is increased, the number of backscattered electrons
increases, meaning that regions further away from the primary dose site have enough
backscattered electrons to cause the conversion process. As the electron dose is

increased further still, the number of electrons at the primary dose site becomes great
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enough to cause damage to the SAM and the gaps between the feature site then have

the required amount of backscattered electrons for the conversion process.

2.4 Conclusions

This chapter has presented a fully repeatable characterisation of the electron
dosages required to carry out spatially selective modification of NO, terminated thiol
SAMs on gold surfaces. The optimum dosage of electrons was seen to vary for
different feature sizes and gaps. If inter-feature distances are too large, then
deposition of nanoparticles may not occur, due to incomplete conversion of SAM
surface chemistry as the number of backscattered and secondary electron
contributions from neighbouring features are reduced. It has also been demonstrated
that deposition of colloids on EBL fabricated patterns on SAMs is a highly
complicated system with many factors such as electron dose, feature size and gap
(proximity effect) and colloid solution itself playing a key roll in the resolution and
type of features achievable. The quality and type of fabricated features can be varied
by careful choice of electron dose during the EBL stage of the fabrication process,
allowing for both positive and negative pattern formation, which can then be related
to electron behaviour theory by use of simulation software. Consideration of the type
of features required is needed, as the doses required for nested features, will differ to
the dose required for isolated features. The use of an EBL modified SAM and
attachment of gold colloids can overcome the limitations of pattern transfer processes
associated with current resist based systems, by precisely controlling the deposition of
nanometer-scale species, which can serve as a template for further nanostructure

fabrication.
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2.5 Future work

For future developments of this work, it would be ideal to carry out a more
rigorous appraisal of the effect of feature size and spacing on the quality of features
obtained from this process. Furthermore, exploration of the interaction of the
patterned substrates with other nanoscale species would provide greater insight into

the architectures that can be achieved with this process.

2.6 Experimental

2.6.1 Materials

The commercially available starting materials and chemicals were purchased
from Aldrich chemicals and used as received. Solvents were purchased from Aldrich

(anhydrous EtOH).

2.6.2 Preparation of the gold substrates

Gold substrates were prepared using an Auto 306 vacuum evaporation
chamber (Edwards) in a two pump system, the pressure was reduced to ~10™ bar
followed by a subsequent reduction to ~107 bar on the glass microscope slides. Prior
to the evaporation of gold onto the glass slides, a Cr layer (6 nm) was evaporated onto
the glass slides by heating Cr pieces (Agar Scientific, 99.99 % purity) of ~ 5 mm’
volume by electrical resistance using a voltage of 30 V and a current of 3 A, to
promote adhesion of the gold to the base material. Au was deposited in a similar
manner. An Au wire (Advent Research Materials, 99.99+ % purity) of 0.5 mm
diameter, which was placed into a Mo boat (Agar Scientific) was heated. The Au wire
was heated by electrical resistance using a voltage of 10 V and a current of 3 A until ~
100 nm of Au had been deposited onto the desired surface within the auto 306

vacuum evaporation chamber. Deposition rate were monitored using a quartz crystal
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microbalance (QCM) thickness monitor. A deposition rate between 0.05- 0.1nm s’
was used for both Cr and Au layers. The Au substrates were cut to 1 x 1 cm” using a

diamond tipped scriber.

2.6.3 Preparation of the SAMs

Prior to the preparation of the SAMs, the glassware and the Au substrates
were cleaned thoroughly to remove contaminants. Initially, the glassware was
immersed in piranha solution (conc. H,SO4:30 % H,0O, = 7:3) for 60 mins followed by
extensive rinsing with Ultra High Pure (UHP) H,O (Resistivity = 18 MQ.cm). The
subsequent steps were followed: 30 min sonication in UHP H,O, dried in oven at 120
°C for 30 min, allowed to cool to room temperature, 30 min sonication in EtOH, dried
in oven at 120 °C for 30 min and wrapped in aluminium foil before use to prevent
exposure to airborne contaminates and used within 24 h. The gold substrates were
immersed in piranha solution at room temperature for 10 min with occasional stirring.
Followed by thorough rinsing with UHP H,0, then with EtOH (HPLC grade) and
immediately immersed in a 1 mM solution of NPHT in EtOH (HPLC) for 24 hours.
Finally, the SAMs were rinsed thoroughly with EtOH (HPLC grade) and dried with a

stream of N».

2.6.4 SAM characterisation

2.6.4.1 Ellipsometry
The thicknesses of the deposited monolayers were determined by
spectroscopic ellipsometry. A Jobin-Yvon UVISEL ellipsometer with a Xenon light
source was used for the measurements. The angle of incidence was fixed at 70°. A
wavelength range of 280-820 nm was used. The DeltaPsi software was employed to

determine the thickness values and the calculations were based on a three-phase
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ambient/SAM/Au model, in which the SAM was assumed to be isotropic and
assigned a refractive index of 1.50. The thicknesses reported are the average of six

measurements taken on each SAM.

2.6.4.2 Water contact angle

Contact angles were determined by the sessile drop method using a home built
contact angle apparatus, equipped with a charged coupled device (CCD) camera that
is attached to a personal computer for video capture. The advancing (0,) and receding
(6;) contact angles were measured as liquid was added quasi-statically or removed
from the drop by a micro syringe. The drop is shown as a live video image on the PC
screen and digitally recorded. The acquisition rate was 4 frames per second. Stored
images of the droplets were analysed with software from FTA. Contact angles were

determined from an average of five different measurements on each sample.

2.6.4.3 X-ray photoelectron spectroscopy (XPS)

Elemental composition of the SAMs were analysed using an Escalab 250
system (Thermo VG Scientific) operating with Avantage v1.85 software under
pressure of ~ 5 x 10° mbar. An Al K, X-ray source was used, which provided a
monochromatic X-ray beam with incident energy of 1486.68 eV and a circular spot
size of ~0.2 mm® was employed. The samples were attached onto a stainless steel
holder using double-sided carbon adhesive tape (Shintron tape). In order to minimise
charge retention on the sample, the samples were clipped onto the holder using
stainless steel or Cu clips. The clips provided a link between the sample and the

sample holder for electrons to flow, which the glass substrate inhibits.
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Low resolution survey spectra were obtained using a pass energy of 150 eV
over a binding energy range of -10 eV to 1200 eV obtained using 1 eV increments.
The spectra recorded were an average of 3 scans. The high resolution spectra were
obtained using a pass energy of 20 eV and 0.1 eV increments over a binding energy
range of 20-30 eV, centred on the binding energy of the electron environment being
studied. A dwell time of 20 ms was employed between each binding energy

increment.

2.6.4.4 Atomic force microscopy (AFM)

AFM topography imaging was carried out using a Dimension D3100 AFM
(Digital Instruments, Santa Barbara, CA) in tapping mode using etched silicon probes.
Force mapping measurements were carried out in contact mode (NanoWizard II, JPK
Instruments, Berlin, Germany). Spring constants for force measurements were

estimated by determination of the deflection sensitivity of the cantilever used.

2.6.5 Synthesis of citrate stabilised gold nanoparticles (Au-NPs)

Citrate-stabilised gold nanoparticles (Au-NPs) were synthesised via the Frens
method.”® Briefly, an aqueous solution of HAuCl;.3H,0 (9.9 mg, 100 mL) was heated
under reflux for 5-10 mins. An aqueous solution of sodium citrate (22.8 mg, 2 mL)
was added. Heating under reflux was continued for a further 10 mins to ensure
complete reduction of the gold salt. The red colloidal solution was centrifuged three
times for 10 min (3500 rpm) and the supernatant collected. Adjustment of the colloid

pH to 4.5 was carried out using HCL (0.06 M) HCI.
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2.6.6 Synthesis of concentrated citrate stabilised gold nanoparticles (C-

Au-NPs)

A concentrated solution of citrate-stabilised gold nanoparticles (C-Au-NPs)
was also synthesised via the Frens method.”® An aqueous solution of HAuCly.3H,0
(40 mg, 499mL) was heated under reflux for 5-10 mins. An aqueous solution of
sodium citrate (80 mg, 1 mL) was added. Heating under reflux was continued for a
further 5 mins to ensure complete reduction of the gold salt. The colloidal solution
was left to cool while stirring for 1 hour. Finally, the dark red solution was
centrifuged three times for 10 min (3500 rpm) and the supernatant collected.

Adjustment of the colloid pH to 4.5 was carried out using HCL (0.06 M).

2.6.7 Pattern fabrication
2.6.7.1 Electron beam lithography (EBL)

EBL was carried out using a dedicated Electron Beam Lithography Instrument
(Crestec CABL-9500C High Resolution Electron Beam Lithography System — ISOM,
Madrid). The beam voltage was kept constant at 50 keV with a current of 5 nA. The
beam current was checked before and after lithographic processing using a Faraday
cup. Beam diameter was kept constant at 10 nm and samples were secured to the

sample stage with conductive tape to ground the samples.

2.6.8 Attachment of Au-NPs and C-Au-NPs

After electron beam exposure, substrates were immersed in an aqueous
solution of citrate stabilised gold nanoparticles (5 ml) for 2 hours at pH 4.5. After
immersion, substrates were rinsed with UHP H,0, and dried under a stream of

nitrogen. Samples were subsequently examined using SEM and AFM.
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Chapter 3
From the Foundations Upwards:
Layer-by-layer Deposition of Bicomposite

Polyelectrolyte/Nanoparticle Films

Abstract

With ever more effective methods for 2D surface patterning being developed,
the development of techniques to build upon these patterned foundations in a bottom-
up fashion to form truly 3D nanostructures is becoming increasingly more important.
This chapter details the deposition of bicomposite polyelectrolyte/nanoparticle films
in a layer-by-layer (sequential) fashion, leading to films of controllable composition.
Film build-up is followed by multiple characterisation techniques and the results
achieved from each technique are compared. The formation of layer-by-layer films is
then interfaced with surface patterning techniques in order to explore the combination

of top-down and bottom-up processes for structuring surfaces.

3.1 Introduction

In nature, function arises from the close spatial arrangement of molecular and
supramolecular components, an arrangement of enzymes and co-enzymes, for
instance, can be responsible for a series of consecutive transformations.' One of the
most interesting properties evolving from the intricate interplay of thousands of
subcellular components on the length scale of about one micron is life itself.” Life is
such a complex process requiring so many components that they cannot be fitted into
a compartment much smaller than a cell. In materials science most of today’s

"workhorses" are single- or two-component systems.’ However, scientists are already
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working on the design of smart materials that require much higher complexity.* It is
of interest to bring together as many different materials as needed in order to create
materials with new properties. This approach is similar to attempting to synthesize
molecules possessing multiple functional groups, which may eventually become
impractical if the number of functions required gets too high or the molecule gets too
large. Layer-by-layer (LBL) self-assembly may be an alternative way to create

multimaterial composites (multicomposites) in a simple fashion.

3.1.2 Layer-by-layer (LBL) deposition

LBL deposition describes the formation of multi-material assemblies on
surfaces which are created by several consecutive adsorption steps. To do this
assembly, one needs components that interact with each other, for example,
electrostatically. If you have one molecule immobilised on the surface, this will
attract a complementary partner molecule from the solution to the surface which can
be repeated in a consecutive fashion, such that a multiple material film forms, (e.g
ABABABAB) (scheme 3.1). Successful LBL assembly using electrostatic attraction
relies upon each successive layer completely compensating for the charge of the
previous layer and having an exposed surface charge to attract a further

complementary layer.”
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Scheme 3.1. Scheme showing the way in which LBL films are sequentially built-up.

At first, LBL deposition development began with exploiting electrostatic
interactions, with materials such as charged polymers (polyelectrolytes, chapter 1),
but there are other intermolecular interactions that can be used. Decher et al.® was one
of the first groups to understand the possibilities of LBL fabrication and the Science
paper entitled “Fuzzy nanoassemblies: toward layered polymeric multicomposites”
(cited over 3,700 times as of September 2009) demonstrated the use of
polyelectrolytes to form multicomposite films. Since this Science paper, many more
researchers have investigated the possibilities that this simple and versatile fabrication
method holds. Researchers have also begun to exploit chemical reactions to form LBL
films on surfaces rather than limiting fabrication to electrostatic interactions.” Typical
materials that have been used by various researchers for making multilayer
composites include polyelectrolytes,® DNA,’ proteins,'® and colloids.'' Different
materials can be utilised in this fashion to tailor the material and architecture to the

required functionality.'?
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Another technique for depositing the materials on to a surface as an alternative
to dipping, is spraying with an atomiser/airbrush gun.'® The literature contains many
examples of characterization of LBL polyelectrolyte film build-up using techniques
such as ellipsometry'* and contact angle."> The incorporation of nanoparticles into
LBL films allows the build-up process to be followed more easily due to the larger
size and optical properties of nanoparticles.'® The resultant LBL films have shown

many potential functionalities.'”"’

3.1.3 Surface patterning of LBL films
The ability to pattern LBL films on surfaces, allows for further architectures
derived from LBL films to be created. Surface patterning with LBL deposition can be
approached in many ways. Mirkin ez al.? utilised DPN to transfer polyelectrolytes to

surfaces in patterns (figure 3.1).
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Figure 3.1. a) Topographical AFM image of PEM line arrays with (PDDA/

PSS);PAH layers and b) its corresponding height profile.*’

Jiang et al.*' presented the technique of polymer-on-polymer stamping, where
patterning of polyelectrolyte multilayers was carried out using flexible PDMS stamps,
similar to the technique of microcontact printing. Two further approaches to this

patterning are either (i) forming the LBL films on photolithographically patterned
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substrates, then removing the underlying resist, or (ii) building the LBL films on

chemically patterned surfaces. The literature has many examples of both

. 22:25
techniques.

3.1.4 Gold nanoparticles
Gold nanoparticles possess interesting optical properties.”® They exhibit a

characteristic plasmon adsorption at approximately 500-550 nm (figure 3.2).
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Figure 3.2. Figure demonstrating the optical properties of gold nanoparticles.

The position and size of this plasmon resonance is highly dependent on the size
and shape of the gold nanoparticles,”” and the local medium they are dispersed in.
When two nanoparticles are brought into close proximity a second plasmon band
(known as the longitudinal plasmon band) becomes apparent at 600-700 nm, arising
from the coupling of two neighbouring plasmon resonances.”® The same effect can

. . . 2
also be seen when non-spherical nanoparticles are synthesised.”
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3.1.5 Microfluidics

Microfluidics research deals with the behaviour, precise control and
manipulation of fluids that are typically geometrically constrained to small-scale
(typically sub-millimeter) vessels and transport networks on surfaces.”’ Advances in
microfluidics technology have been of great benefit to areas such as molecular
biology for enzymatic analysis (e.g. glucose and lactate assays),”’ DNA analysis (e.g.
polymerase chain reaction and high-throughput sequencing),32 and proteomics.” The
basic idea of microfluidic biochips is to integrate assay operations such as detection,
sample pre-treatment and sample preparation on a single chip. The ability to
accurately manipulate such small volumes of liquid on surfaces allows for the
accurate delivery of material to specific locations while minimising the material
needed during the process. Microfluidic devices have been fabricated in many ways; a
picture of a simple micro-mixer microfluidic device is presented in figure 3.3.
Commonly, the required pattern of microfluidic channels, reservoirs and analysis
chambers are first fabricated in a glass substrate with a combination of lithography
and precision powder blasting.>* The glass substrate is then bonded at either high
temperature or pressure to a substrate of choice (commonly silicon or glass wafers).
The final stage is fitting the required ports to the microfluidic channels to interface the
device with the required system of pumps or syringes. Other microfluidic devices

have been fabricated using stereolithography™> and pre-tensioned polystyrene sheets.*
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Figure 3.3. Photo of a simple microfluidic mixer device made from polystyrene.*

3.2 Aims & objectives

Patterned/structured templates such as those formed with electron beam
lithography in chapter 2 are inherently pseudo 2D structures. In order to convert these
templates into true 3D structures in a bottom-up fashion, methods are required to add
further materials to these templates, building upwards from the surface. Thus, the
aims of this work are two-fold.

Firstly to investigate the sequential deposition of a cationic polyelectrolyte
(PDAC) (scheme 3.2, step 1) and anionic citrate stabilised gold nanoparticles (Au-
NPs) (step 2) to glass and silicon surfaces as a method for carrying out the bottom-up
assembly of materials on surfaces. Further layers will be deposited in the same way
(steps 3 & 4) and the whole process followed with several methods and the results
from each method compared and contrasted.

Secondly, the application of this sequential PDAC/Au-NP deposition system
with patterned surfaces will be investigated using two methodologies:

i) Resist photolithography to block portions of the surface during deposition

(scheme 3.3, steps 5-9) followed by removal of the remaining photoresist

to leave a PDAC/Au-NP pattern (step 10)
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ii) Thiol-stabilised gold nanoparticle (T-Au-NP) patterning photolithography
to form patterned gold templates (scheme 3.4, steps 11-14) which are then
sealed in a microfluific device (step 15) and derivatised with a NH;
terminated SAM (step 15) for PDAC/Au-NP deposition (steps 16 & 17)

via microfluidics.

Step 1 1
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T PoAC kv
Step 2
Au-NP Deposition
AARNININY
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Scheme 3.2. Experimental scheme for sequential PDAC/Au-NP deposition process.
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Scheme 3.3. Experimental scheme for sequential PDAC/Au-NP deposition process

after photolithographic pre-patterning of underlying substrate.
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Scheme 3.4. Experimental scheme for sequential PDAC/Au-NP deposition process
via microfluidics after T-Au-NP surface patterning & derivatisation with NH,

terminated thiol SAM.

3.3 Results and Discussion
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3.3.1 Formation Kkinetics of PDAC films on silicon surfaces (step 1)
The surface chemistry of silicon and glass surfaces (SiO;) means that the
positively charged polyelectrolyte, PDAC (scheme 3.5) will adsorb to these surfaces,

forming a positively charged polymeric layer.’’

— Cl— —

/\

L —In

Scheme 3.5. Chemical structure of PDAC, n=100-200 kDa.

In order to evaluate the adsorption kinetics (step 1) of PDAC to these
surfaces, the process of in-situ, liquid ellipsometry”® was employed in combination
with a silicon surface. This ellipsometric technique relies upon changing the ambient
phase of the measurement to a liquid of known refractive index and measuring the
thickness of any film formed at the surface of the substrate in the presence of this
liquid phase. This type of ellipsometry measurement was chosen for two reasons:
1) firstly to get an in-situ value for the PDAC deposition process rather
than a value after removal of substrates from solution and drying, and

i1) secondly, so as to allow for programming of the ellipsometer within the
software options to automate the data acquisition over the experiment
timeframe.

To carry out the measurement, a solution cell for the ellipsometer was
fabricated (figure 3.4). The cell was made from standard glass microscope slides with
quartz glass end-windows for the ellipsometer beam to pass through. Through the

experiment, the cell was covered with another glass slide to avoid evaporation.
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Figure 3.4. Photograph of the solution cell fabricated for the measurement.

The resultant graph of the PDAC layer thickness versus time is presented in
figure 3.5. The refractive index of the PDAC is 1.375" in comparison to the water
refractive index of 1.3. The data set obtained from the ellipsometry measurements
was fitted against a constant refractive index of 1.375 as the PDAC was in a high
concentration in the deposition solution (20 mM wrt to the polymer repeat unit, n),
meaning that small changes concentration would not significantly alter the refractive
index. From the adsorption graph, it can be seen that an optimum layer thickness
(approximately 0.43 nm) can be achieved from a substrate immersion time of 20
minutes. This thickness value agrees with the literature observation that PDAC
adsorbs to silicon wafer surfaces.*” Below 10 minutes (figure 3.5, region A), the
initial stages of PDAC deposition can be seen. Between 10 and 25 minutes (figure
3.5, region B), there appears to be period of layer stabilisation. After 25 minutes, the
apparent thicknesses appears to vary quite considerably (figure 3.5 region C) which

may be an effect of surface rearrangement of the PDAC,* or a charge screening
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process.42 Several repeats of the experiment gave similar data and the immersion time

of 20 minutes was therefore used for all subsequent experiments.
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Figure 3.5. Time vs thickness data for deposition of PDAC on silicon surface

examined with in-situ spectroscopic ellipsometry (step 1).

3.3.2 Formation of LBL films of PDAC and Au-NPs (steps 2, 3 & 4)

In-order to further derivatise the PDAC films deposited to glass and silicon

surfaces, the cationic charge of the PDAC was used as an attractive element for

anionically charged gold colloids (Au-NPs, approx 16 nm diameter). Using a

literature reported method for the synthesis of this colloidal solution® and a reported

immersion time of 2 hrs,* PDAC coated substrates were placed in the colloidal

solution. After 2 hrs, the substrates were removed and rinsed with water. The

deposition of one layer of PDAC and one layer of Au-NPs was termed a bilayer (or

(PDAC/Au-NP),;). The process was repeated for 2 and 3 bilayers, (PDAC/Au-NP),

and (PDAC/Au-NP)s, respectively.

3.3.2.1 Atomic force microscopy imaging
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Tapping mode AFM imaging allowed for examination of the number of
nanoparticles present after each bilayer depostion (figure 3.6). Samples were imaged

at each stage of the LBL build-up process after deposition in PDAC and Au-NPs.

A

Figure 3.6. AFM tapping mode height images of PDAC/Au-NP sequential deposition

on glass.

The tapping mode AFM height images showed an increase in the overall
number of nanoparticles present on the substrate surface after each immersion in Au-
NPs (figure 3.6). This observation fits with a hypothesis that after each Au-NP
deposition step, the nanoparticles are deposited in closer proximity to surrounding

nanoparticles (figure 3.7).

118



(PDAC/Au-NP),

(PDAC/Au-NP),

(PDAC/Au-NP),

Figure 3.7. Model showing the sequential build-up of Au-NPs on the substrate

surface.

After each immersion of a complete bilayer in a further solution of PDAC, the
nanoparticles appear to become more aggregated. It was also noted, that rather than
forming discrete individual layers of PDAC and Au-NPs, the process apparently led
to the formation of a more and more dense layer of Au-NPs with each immersion
step. The number of nanoparticles deposited on the surfaces can be counted from the

AFM images obtained (figure 3.8).
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Figure 3.8. Results of a visual count of the number of Au-NPs per 500 nm” for each

bilayer from AFM images.

3.3.2.2 UV-vis spectrophotometry

The (PDAC/Au-NP),.; bilayer glass substrates were placed in a UV-vis
spectrophotometer and their absorbance examined over the range of 200-800 nm
(figure 3.9). For the (PDAC/Au-NP), sample, at approximately 520 nm, the
characteristic plasmon resonance of the Au-NPs could be observed, indicating the
attachment of the Au-NPs to the cationically modified glass substrates. Visually, the
substrates also exhibited the characteristic red colouration of Au-NPs of 16-20 nm.
For the (PDAC/Au-NP), sample, an increase in the magnitude of the peak at 520 nm
was observed, as well as the presence of a second peak at 650-750 nm. This second

peak is often referred to as the ‘longitudinal plasmon resonance™ and is thought to
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arise from the coupling of two individual plasmon resonances when two nanoparticles

are brought to within a distance three times that of the particle diameter.*®

Longitudinal Plasmon Resonance
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Figure 3.9. UV-vis spectrophotometry graphs for the (PDAC/Au-NP);_; films on

glass substrates (steps 2, 3 & 4 respectively).

The presence of this longitudinal plasmon peak, therefore, infers that the
distance between the particles from the first and second layers is of the order of nm.
For (PDAC/Au-NP); a plasmon resonance of roughly equal magnitude to the previous
cycle was observed along with a much broader longitudinal plasmon resonance,
indicating that more Au-NPs have been deposited to the surface in close proximity to
other Au-NPs. UV-vis spectrophotometry can offer qualitative detail on the structure
of the deposited films through examination of the adsorption peaks of the Au-NPs
present. This data, however, can be examined one-stage further and used to estimate
the surface coverage of the substrate with Au-NPs after each bilayer deposition using
the Beer-Lambert Law (equation 3.1).

A =¢€bc equation 3.1
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The literature value of the molar absorptivity (€) of the nanoparticles is 2.01 x
10 M ecm™.*" If the absorbance (A) of the plasmon peak is known and the path
length (b) is defined as (2d,) (scheme 3.6a) then the concentration (mol dm™) of the
nanoparticles at the surface can be calculated. If we then define a volume of
dimensions (2d,) x w x h (scheme 3.6b) then we can then calculate the number of
nanoparticles present in this volume. The glass slide does not contribute anything

towards the absorbance of the system so its thickness contribution (t) can be ignored.

Scheme 3.6. Schematic representation of UV-vis experiment.

The complete calculation to work out the nanoparticle surface coverage can be

derived and represented as equation 3.2.
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A1,2,3 ((2dn)W\JN
&2d )\ 1000 )

> =C_Au- NP1,2,3 equation 3.2
Where:
A Absorbance from UV Graph
N4 Avagadros Number (6.0221415 x 10%)
P Molar Absorptivity (M~ cm™) (2.01 x 10%)
d, Diameter of Nanoparticle
w 3D Surface Width

C_Au-NP Nanoparticle Surface Coverage

Using equation 3.2 and the absorbance values from 4 runs of the UV-vis
spectrophotometry it is possible to calculate the average Au-NP coverage of the
surface over a 500 x 500 nm region on one side of the substrate (figure 3.10). Utilising
purely the absorbance at 520 nm for the (PDAC/Au-NP); film gives the surface
coverage with nanoparticles to be equal to the (PDAC/Au-NP), substrate (79 Au-NPs
per 500 x 500 nm). When the contribution of the longitudinal plasmon is added into
the (PDAC/Au-NP); value, then the number of nanoparticles is 172 per 500 nm’
which shows that the addition of the third bilayer adds only to the longitudinal

plasmon.
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Figure 3.10. Graph showing the average number of nanoparticles per 500 nm*

calculated from UV-vis results.

The results of the UV-vis spectrophotometry estimation analysis are of a
similar magnitude to the values obtained from the visual nanoparticle count from
AFM images, and show that estimation of the surface coverage of a surface with UV-
vis spectrophotometry can be a useful tool for first point analysis before progressing
to a more in-depth analysis technique such as AFM. Moreover, the AFM visual count
for the (PDAC/Au-NP); does not show a large difference (greater than error in values)
compared to the (PDAC/Au-NP), sample as shown by the UV-vis analysis. The
reason for this lack of difference in the values is the difficulty in judging what ‘is’ and

‘is not” a complete nanoparticle when the particles have come together and
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aggregated, meaning that some particles would not be counted when visually counting

the nanoparticles.

3.3.2.3 AFM cantilever mass adsorption measurements

Direct mass adsorption experiments provide a different paradigm in the
measurement of the amount of material deposited on surfaces. By measuring the
inherent resonant frequency of a surface before and after material deposition, the
amount of material deposited to that surface can be estimated, as a result of the
inverse relationship between frequency and mass adsorbed. This technique is the basis
for quartz crystal microbalances (QCMs)*® and many microelectromechanical
(MEMs) sensors.”” When the technique is employed with AFM, rather than using
AFM tips to image nanoparticles deposited on glass or silicon surfaces, the tipless
silicon nitride cantilevers themselves can be used as substrates on which to deposit
both PDAC and Au-NPs, due to their native oxide layer. An AFM is an easy way to
determine the resonant frequency of a cantilever as this is the process by which a
tapping-mode AFM cantilever is initially tuned before imaging. By measuring the
resonant frequency of the cantilever with the auto-tfune routine of the AFM, both
before and after the consecutive immersion in PDAC and Au-NPs, any differences in
the resonant frequency can be attributed to deposition of material on the cantilever.
This same principle has been utilised in MEMs technology for the formation of gas
and mass sensors.” The cantilevers used for the experiment were tipless cantilevers
supplied by Mikro Masch. At the end of the main chip body, there are 3 cantilevers
(figure 3.11), named A (width (w) 35 um, length (1) 110 pm and thickness (t) 1 pm),

B ((w) 35 um, (1) 90 um and (t) 1 pm) and C ((w) 35 pum, (1) 130 um and (t) 1 pm).
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Figure 3.11. SEM image and schematic of the cantilevers used as supplied by the

manufacturer.

AFM imaging of the cantilever chips themselves (figure 3.12) revealed that
after each stage, more material had been added to the chips confirming that the

cantilevers were suitable substrates for mass adsorption experiments.
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Figure 3.12. Tapping mode images of cantilevers after addition of each PDAC/Au-

NP bilayer.

Table 3.1. Data obtained from PDAC/Au-NP mass adsorption experiments.
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Cantilever A

(PDAC/Au-NP),

(PDAC/Au-NP),

(PDAC/Au-NP),

AFM tip resonant frequency before

material deposition (kHz) 144 128 88
AFM tip resonant frequency after

material deposition (kHz) 134 - A

Resonant frequency difference -10 - A

Cantilever B

(PDAC/Au-NP),

(PDAC/Au-NP),

(PDAC/Au-NP),

AFM tip resonant frequency before

material deposition (kHz) 211 215 200
AFM tip resonant frequency after

material deposition (kHz) 206 205 184

Resonant frequency difference -5 -10 -16

Cantilever C

(PDAC/Au-NP),

(PDAC/Au-NP),

(PDAC/Au-NP),

AFM tip resonant frequency before

material deposition (kHz) 92 92 93
AFM tip resonant frequency after

material deposition (kHz) 89 87 86

Resonant frequency difference -3 -5 -7

“cantilever broke

Both cantilevers B and C showed a decrease in resonant frequency as expected

with addition of material to the cantilever surface. No results were obtained from

cantilever A as it broke during the PDAC/Au-NP deposition process and for this

reason, only the results from cantilever B and C will be further discussed.

In order to obtain a sensible estimate for the surface coverage of the

cantilevers with material from the resonant frequency values obtained, we need to

consider deriving an equation for the process carried out. This estimation was carried
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out in collaboration with Dr James Bowen (School of Chemical Engineering,
University of Birmingham). Equation 3 was derived in an attempt to estimate the

51
surface coverage.

N 0.5 2

Co = 3 % 384L p v fore Vaper | [ 2s
T d,, L, | V fore P
equation 3.3
Where:
Cau Nanoparticle Surface Coverage
dau Nanoparticle Diameter (nm)
L Cantilever Length (m)
Vhefore Cantilever Resonant Frequncy Before Deposition (kHz)
Vhefore Cantilever Resonant Frequncy Before Deposition (kHz)
Esi Youngs Modulus of Silicon
Psi Density of Silicon
PAu Density of Gold

The above equation makes the assumption that the particles used are all of a
uniform diameter and the surface coverage is uniform across the sample. The values
obtained from this estimation process for cantilevers B and C are presented in figure

3.13. There was good agreement between both cantilevers.
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Figure 3.13. Graph showing the number of Au-NPs per 500 nm” estimated from mass

adsorption experiments.

3.3.3 Comparison of the various methods for following LBL formation
The average values for the number of nanoparticles deposited per 500 nm’
obtained from UV-vis estimation, direct counting with AFM and AFM cantilever

mass adsorption experiments are presented in table 3.2.

Table 3.2. Average values for the number of nanoparticles deposited per 500 nm”
obtained from UV-vis estimation, direct counting with AFM and AFM cantilever

mass adsorption experiments.

Estimation Method | (PDAC/Au-NP); | (PDAC/Au-NP), | (PDAC/Au-NP);

AFM direct count 49 93 101
UV-vis 34 79 172
Mass adsorption 43 83 123
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The first thing to note with the values obtained, is how remarkably similar the
values obtained appear to be. If we consider the nanoparticle number obtained from
the direct count of AFM images be the most accurate number, then the values
obtained from the UV-vis estimation and mass adsorption experiments appear to
slightly under-estimate the surface coverage value for the 1 and 2 bilayer samples. For
the 3 bilayer sample, both methods appear to over-estimate the surface coverage and
in the case of the UV-vis estimation, the difference is quite substantial. The reason for
this substantial difference is that the estimated value is a summation of the
contributions of both the plasmon resonance peak and the longitudinal plasmon
resonance peak. By considering just the contribution of the longitudinal plasmon
resonance peak for the 3 bilayer sample, this value would be reduced to 93 Au-NPs
per 500 nm?, a number much more similar to the ‘real’ value from the AFM direct
count. Conceptually, this observation should lead to the conclusion that almost all of
the nanoparticles added during the third bilayer formation stage are in close enough
proximity to other nanoparticles so as to generate a longitudinal plasmon resonance.
Overall, two methods (other than direct counting) for estimating the surface coverage
of a surface with Au-NPs have been examined and shown to give results very similar
to those obtained from a direct count with AFM imaging. Such techniques could
prove useful as ‘first point of call’ techniques where a quick result is required and an

imaging technique such as SEM may not be available.

3.3.4 Patterning of PDAC/Au-NP films

The ability to form structured/patterned LBL films is a key step in their
exploitation for use in structured surfaces and devices. The two main approaches to
this patterning are, a) pre-patterning of a surface before LBL deposition with a resist

material then deposition over the complete sample, followed by removal of the
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remaining resist material (steps 5-10) or b) pre-patterning of the sample before LBL
deposition then selective deposition to the patterned regions (steps 10-15). An

example of each of these types was attempted and detailed below.

3.3.4.1 Photolithographic pre-patterning (steps 5-10)

Simple photolithographic patterning can be carried out using a standard
photoresist material that can be patterned through a mask with a UV-lamp.>* In this
case a commercially available negative photoresist (negative photoresist kit, Sigma-
Aldrich) was spin-coated onto silicon and glass substrates using a home-made spin
coater built for this experiment (step 5). Spectroscopic ellipsometry showed the resist
layer thickness to be approximately 620 nm. Once a layer of photoresist was coated
on the substrates, a copper coated TEM grid was placed suspended on a thin layer of
aluminium foil over the spin-coated film and the substrate exposed to UV light (365
nm) for 3 minutes (step 6). After 3 minutes the TEM grid mask was removed and the
substrate rinsed in developing solution. The unexposed regions after development
were found to be free of resist material with an ellipsometric thickness of approx 0
nm. After the development process, there then remained a negative pattern of the
TEM grid mask in photoresist on the substrate and areas free of photoresist (step 7)

(figure 3.14).

131



nill\\H|\|H”““\|\II|[||| Y
ww %= .

- - . Mo Re_5|5't

Resist

Figure 3.14. Optical microscopy of remaining negative pattern from a TEM grid after

resist exposure and removal (step 7).

The substrates were then sequentially immersed in PDAC (step 8) and Au-
NPs (step 9) using the standard protocol, coating the whole of the substrate in one
bilayer of PDAC and Au-NPs. After this coating, the whole substrate was immersed
in hot photoresist remover followed by H,SO, to remove the remaining photoresist (as
per photoresist standard procedure) and any PDAC and Au-NPs deposited on the
resist (step 10). Figure 3.15 shows representative optical images of the PDAC/Au-NP

film remaining after the final photoresist removal stage.
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Figure 3.15. a) Optical microscopy image of (PDAC/Au-NP); features (darker
regions) after removal of the underlying photoresist with inset schematic of TEM grid

mask; b) zoomed in image of patterned region (step 10).

The remaining features should be composed of PDAC and Au-NPs and
exactly replicate the features seen on the TEM grid mask (figure 3.15a, inset). The
films appear to have a much darker purple colouration than normally seen after film
deposition indicating a more closely aggregated structure of gold nanoparticles.

To quantify this observation, UV-vis spectrophotometry of an unpatterned
(PDAC/Au-NP); sample on glass before and after immersion in resist remover
solution showed that upon coming into contact with the remover solution, the
nanoparticles on the surface appear to become much more aggregated as a

longitudinal plasmon peak appears between 600 and 700 nm (figure 3.16).
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Figure 3.16. UV-vis spectra of (PDAC/Au-NP); sample on glass before and after

immersion in photoresist remover (step 9).

XPS of a sample of PDAC/C-Au-NPs after immersion in the hot resist
remover and H,SO,4 showed that the Au peaks were still present on the substrate.
AFM tapping mode imaging also revealed a highly aggregated nanoparticle structure

after exposure to photoresist remover (figure 3.17).
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Figure 3.17. a) AFM tapping mode images of (PDAC/Au-NP), features after
photoresist removal, magnified regions; b) with and ¢) without aggregated

nanoparticle structures; and d) line section across image a).

3.3.4.2 Microfluidic delivery of LBL films to pre-patterned gold Features
(steps 11-17)

In order to examine the delivery of LBL films to pre-patterned gold features, the
work carried out by Sun ez al.>® was initially replicated, for forming gold features on
silicon substrates via irradiation of a film of decanethiol gold nanoparticles (T-Au-
NPs) with 244 nm laser. A solution of octadecane thiol nanoparticles (T-Au-NPs) was
drop-cast onto silicon substrates and allowed to air dry at room temperature (step 11).
The films of T-Au-NPs were then masked with a TEM grid and exposed to 244 nm

light for 20 minutes (step 12).
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The final microfluidic device would consist of a silicon wafer base with these
Au patterned features then a glass lid containing the microfluidic channels would be
bonded to the silicon wafer.

The schematic of the microfluidic device design is presented in figure 3.18.
Four flow ports (2 materials input and output) addressed two optical analysis sites.

Flow Ports

Channel System

©

"".-l:l--:ftg?_‘_lj:'iﬂ-_::Optical Analysis Sites
©
©)
©

Figure 3.18. Diagram of microfluidic wafer layout.
The Au features were placed at locations that would be optically viewable when
the bonded glass lid was in place on top of the wafer. With an optically transparent
window, the deposition of further nanoparticles on the features could be followed

with an optical microscope (figure 3.19).

TEM Grid Positio

Figure 3.19. Photograph and markings for positions of TEM grids on silicon wafer

(step 12).
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After exposure, the substrates were rinsed with chloroform to reveal the
physisorbed, aggregated Au nanoparticle pattern (step 13). These Au patterns were

subsequently imaged with optical microscopy (figure 3.20).

Figure 3.20. Optical microscopy images of a) Surface of silicon wafer after
patterning through TEM grid mask with 244 nm laser and rinsing with chloroform, b)

magnified region (step 13).

Once formed, the Au patterns were passed to a collaborator (BAE systems) to
undergo a microfluidic wafer bonding process, to bond a lid to the silicon wafer. It
was hoped that the Au features might survive the wafer bonding process if the
cleaning conditions and wafer bonding conditions used were not too aggressive. To
clean the wafers before bonding, a simple immersion and sonication in isopropyl
alcohol was used. The glass lid was joined to the silicon wafer using anodic bonding
methodology (step 14).>* Pictures of the device after lid bonding and port attachment

are presented in figure 3.21.
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Figure 3.21. a) Silicon wafer after microfluidic lid bonding and b) the complete

wafer after fitting of microfluidic ports (step 14).

Optical microscopy of the bonded microfluidic device after the bonding
process, however, revealed that some of the Au features appeared to have blurred
(figure 3.22). The main reason for this blurring is believed to be the high temperature

(~600°C) used during the bonding process inducing the aggregated nanoparticles to

become mobile and come together combined with the sonication step.

Figure 3.22. Optical microscopy images of two regions of the surface of silicon wafer

after microfluidic lid bonding (step 14).
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This temperature-induced aggregation behaviour could have been exaggerated
by the pre-treatment and cleaning procedures that the wafer underwent before
bonding. It was decided to proceed with the deposition procedure to demonstrate the
ability of microfluidics to efficiently deliver a solution of 4-aminothiophenol (4-
ATP), PDAC and Au-NPs to the required location on the microfluidic device. The
microfluidic device was designed with two separate channel loops (figure 3.18). Each
separate channel system had two optical analysis sites, connected through the same
fluidic loop. Different chemical species were delivered to the analysis sites via
different entrance and exit ports (e.g PDAC thorough horizontal channels and C-Au-
NPs through vertical channels) to avoid aggregation in the fluidic ports.

Although the T-Au-NP features had not fully survived the bonding process, it
was decided to proceed with the microfluidic deposition experiments to see if any
features could be visible. The empty microfuidic device (figure 3.23a) was first
flushed and filled with a 1 mM solution of 4-ATP for 2 hours in order to form an
amino-terminated SAM on the remnant T-Au-NPs on the substrate surface (step
15).” After 2 hours, the 4-ATP solution was removed and the relevant channels
rinsed thoroughly with HPLC EtOH. This deposition of 4-ATP caused no change in
the appearance of the optically visible area of the underlying surface (figure 3.23b).
The first solution of negatively charged citrate Au-NPs was then passed into the
microfluidic device and held in place for a period of one hour (step 16). After 1 hour,
the Au-NP were rinsed through thoroughly with UHP H,O. The two optically visible
areas were once again examined and revealed a change in appearance from the
deposition of the citrate Au-NPs to the underlying Au-NP film, with a gold sheen
(figure 3.23c). This deposition of Au-NPs was also indication of the deposition of the
4-ATP SAM during the previous step. PDAC was then deposited on top of the

deposited Au-NPs (step 17). Assembly was then commenced as carried out
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previously for sequential deposition of citrate Au-NPs. Each deposition step was
followed with thorough rinsing with UHP H,0O. The resultant optical microscopy

images from a single run are presented in figure 3.23.

b)

. 3
Post Lid Baness 4-ATP Deposition

c) &

-, F

—_ 1

Au-NP Deposition 2 Au-NP Depositign 1

Au-NP Deposition 3

Figure 3.23. Optical microscopy images of inspection windows of microfluidics
wafer; a) before addition of any liquids; b) after deposition of 4-ATP; ¢) after
deposition of 1 layer Au-NPs; d) after further deposition of a (PDAC/Au-NP); layer;

and e) after deposition of (PDAC/Au-NP), layers.
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During the deposition process, the build-up of the gold sheen from the
deposition of increasing amounts of gold nanoparticles at the optical windows can be
seen at the cross junction in the centre of the images (figure 3.23c, d and e) Also,
increasing amounts of Au-NPs can be seen depositing to the inside of the main fluidic
channels, indicating that the affinity of the PDAC for the inside of the glass lid can
induce the nanoparticles to deposit within the channels. From examination of the
optical images, this deposition of the nanoparticles to the glass lid only becomes a
major factor after the third Au-NP stage, as after the second stage, some of the
channel surface is free of the gold sheen. The successful delivery and sequential
assembly of nanoscale species to required sites on substrate surfaces demonstrates
that microfluidics would be a versatile method for carrying out 3-dimensional

assembly of nanostructures.

3.4 Conclusions

The sequential, LBL deposition presented here has proved a useful method for
controlling the amount of nanoparticles deposited to a surface with subsequent
immersions in PDAC and Au-NPs. The use of complementary chemistries to carry
out the electrostatic assembly allows for the use of many different charged species to
be used. With the system explored here, the initial deposition stages examined were
shown to effect the controlled deposition of increasing numbers of Au-NPs on the
surface as opposed to forming discrete PDAC and Au-NP layers. The three methods
presented for following the deposition process are shown to give results of the same
order of magnitude for the surface coverage with Au-NPs. Differences between the
values obtained by the three methods can be accounted for by differences in the way
in which they handle aggregated Au-NPs as opposed to discrete Au-NPs. The use of

standard photolithographic techniques to introduce patterns into the LBL films proved
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a successful methodology for patterning of LBL deposited structures, where patterns
could be initially defined on the surface, then material added to these patterns then
developed. The use of microfluidics to deposit the two components to chemically
patterned surfaces proved to be an interesting technique, showing that small volumes
of material could be used to structures surfaces (see chapter 4). With the microfluidics
the stability of the chemically pre-patterned regions to the microfluidic bonding
process was an issue, meaning that the initial patterns were lost (see section 3.5 for a
possible development). Overall, the LBL technique is seen to be a robust and useful
technique for the surface scientist to form multicomponent films on large scale or

patterned surfaces.

3.5 Future Work

Future work based on this chapter, would be to examine more subsequent
layers of PDAC and Au-NPs by the techniques used and to incorporate the LBL
deposition methodology with the EBL patterned surfaces from chapter 2. After the
initial microfluidics study, the next iteration of this research would be to first bond the
glass lid to the clean silicon surface. After the bonding process, the fluidic system
would be flooded with Au-NP solution then allowed to dry as much as possible. The
244 nm light source could then be passed through a TEM grid based mask and
through the glass lid onto the Au-NP layer, providing the correct glass was chosen for
the lid so as to allow un-interfered passage of the required wavelength of light
through the lid. After the irradiation, the fluidic system would be rinsed through with
chloroform to reveal the patterned Au-NP features and allow further assembly of

nanoscale species.
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3.6 Experimental

3.6.1 PDAC solution preparation

An aqueous poly-diallyldimethyl ammonium chloride (PDAC) solution (20
wt%, average M,, 200,000-350,000, 0.7 ml) was dissolved in an aqueous NaCl

solution (75 ml, 0.5g). The solution was stored at room temperature.

3.6.2 Synthesis of citrate-stabilised gold nanoparticles

Nanoparticles were synthesised by the Frens method. An aqueous solution of
HAuCls.3H,0 (0.25 mM, 100 mL) was heated under reflux for 5-10 mins. An
aqueous solution of sodium citrate (38.8 mM, 2 mL) was added. Heating under reflux
was continued for a further 10 mins to ensure complete reduction of the gold salt. The
colloidal solution was centrifuged for 10 min at 3500 rpm and the supernatant

collected.

3.6.3 Glass substrate preparation
Glass microscope slides or silicon wafers (average thickness 1 to 1.2 mm)
were cut to a size of lecm x 5.5 cm. Substrates were cleaned with EtOH under

ultrasonication and stored in fresh EtOH.

3.6.4 PDAC/Au-NP LBL assembly
Multilayer films were formed on glass substrates by sequential dipping of the
substrates into PDAC solution, UHP H,O to rinse away excess PDAC, a Au-NP

solution, then UHP H,0. Samples were dried with N, and stored in a dessicator.
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3.6.5 LBL characterisation
3.6.5.1 UV-vis spectrometry
Glass substrates with LBL structures on the surface were placed into the
sample holder of a UV-vis spectrometer and a scan made between 400 and 800 nm to
check for the presence of the characteristic plasmon resonance band and for the

presence of a shifted resonance band indicating collective resonance of nanoparticles.

3.6.5.2 AFM imaging

AFM imaging was carried out using a Dimension D3100 Nanoscope AFM
from Veeco, USA. Images were acquired in tapping mode, using RTESP Silicon tips.

3.6.5.3 AFM added mass analysis
Added mass analysis was carried out using tipless cantilevers (MikroMasch,
CSC12). Cantilevers were initially tuned to the first resonant frequency in the
Nanoscope software, averaging readings from 5 individual readings. Cantilevers were
then sequentially dipped into the PDAC/Au-NP solutions and the tuning process

repeated to obtain a value after material deposition.

3.6.6 Photolithographic patterning of LBL films
Glass slides were spin coated (] 2300 RPM) with negative photoresist (Sigma-
aldrich negative photoresist kit I, Thinner: Resist, 2:1) using a homemade spin coater.
Samples were given a prebake at 82°C for 20 min, then exposed to UV light through a
copper coated TEM grid (Agar Scientific) for 3 seconds. After exposure, samples
were developed by immersion in developer for 30 secs and rinsing with isopropyl
alcohol. A final postbake for 10 min at 120°C was then carried out. For resist removal

Negative resist remover I was used to swell the photoresist in conjunction with hot
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H,SOy4 to effectively remove the resist film. Both solutions were used at 50-60 °C.
Initially, the removal process was checked for completion with spectroscopic

ellipsometry.

3.6.7 T-Au-NP synthesis
Decanethiol-stabilized gold nanoparticles were synthesized and characterized by

the Brust method.”® HAuCly was transferred from water to toluene by stirring an
aqueous solution of HAuCl4.3H,O (30 mL, 30 mM) with tetraoctylammonium
bromide solution in toluene (80 mL, 50 mM) for 30 min. The toluene phase was
separated, and a solution of decanethiol in toluene (10 mL, 90 mM) was added. After
5 min, an aqueous NaBHy solution (25 mL, 0.4 M) was slowly added to the mixture.
After 3 h, the organic phase containing the gold nanoparticles was separated and
concentrated to 10 mL under reduced pressure. The nanoparticles were purified by
precipitation from the toluene solution with ethanol followed by centrifugation of the
suspension. The supernatant was discarded. This precipitation/centrifugation process
was repeated two more times after which the dark-brown solid was dried under
vacuum.

3.6.8 Silicon wafer patterning with T-Au-NPs

A toluene solution of T-Au-NP was dropcast onto the silicon wafer.
Photopatterning was carried out using light from a frequency doubled argon ion laser
(Coherent FreD 300C, Coherent U.K., Ely), which emits at 244 nm through a copper

coated TEM grid. After exposure, samples were rinsed with CHCl;.
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3.6.9 Microfluidics
The microfluidic device was designed & fabricated by BAE systems (Bristol,
UK). Prior to lid bonding, the T-Au-NP patterned wafer was sonicated in isopropyl
alcohol. The glass lid was bonded to the wafer using elevated temperature anodic
bonding. Prior to use, microfluidic ports were attached into the holes in the glass lid.

Fluids were delivered to and removed from the device using 5 ml syringes.
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Chapter 4
Printing & Scratching:
Fabrication of Composite Polyelectrolyte/Nanoparticle Films with

Inkjet Printing (IJP) and AFM Nano/Microscratching.

Abstract

The work described in this chapter represents insights into the use of
consumer grade IJP hardware for depositing cationically charged polyelectrolytes and
polyanionic gold nanoparticles. IJP is powerful and low-cost technique that allows for
repeatable volumes of liquids to be deposited to a multitude of surfaces at varying
material densitites in user-defined patterns. Here, the technique of IJP of soft
materials is combined with mechanical ‘machining’ of the printed structures with an
AFM, to gain a versatile, yet simple, technique for defining surface micro-

architectures.

4.1 Introduction
4.1.1 Inkjet printing (IJP)

IJP refers to any system in which droplets of ink are ejected onto a printing
surface to form characters, codes or graphic patterns. Inkjet printers are found atop
desks throughout the world. 1JP technology is by far the most common form of
printing technology for use by consumers wishing to transfer digital information into
a paper copy. Inkjet technology is also one of the most versatile, where printing
surfaces can range from paper and photographic paper, through to textiles and
CD/DVD storage media. The basic principle of IJP is that the coloured inks are held

in reservoirs (cartridges) within a carriage which moves over the surface of the paper
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or surface being printed on. When required, the print head pulls the liquid ink from
these reservoirs and transfers the ink to the paper. Large areas of printed colour are
composed of lots of individual droplets of the coloured inks. This droplet effect can
be seen by magnifying (approx 300X) any inkjet printed image to view the dried
droplets (scheme 4.1a and b). Two major types of inkjet technology exist;

1) Drop on demand technology, where the ink is formed into droplets by the

printer and deposited to the printing surface in the required location, or
i1) Synchronous inkjet where the ink is constantly flowing through the print-

nozzle in a jet which then breaks up into droplets due to instabilities.

The range of different inkjet printers available work in different ways, but they can
roughly be grouped into three different technologies, thermal inkjet (section 4.1.1.1),

piezoelectric inkjet (section 4.1.1.2) and continuous inkjet (section 4.1.1.3).

b)

Inkjet Printed Square

Scheme 4.1. a) Schematic diagram of magnification of an inkjet printed image; and
b) photograph of a section of business card and magnified image showing dried inkjet

printed droplets.

4.1.1.1 Thermal inkjet (drop-on-demand)

Most consumer inkjet printers are based upon thermal inkjet technology.

Thermal inkjet printers use print cartridges with a series of microscale electrically
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heated chambers constructed by photolithography (figure 4.1). To produce an image,
the printer runs a pulse of current through the heating elements causing a steam

explosion in the chamber to form a bubble, which propels a droplet of ink onto the

paper.'

JFEIEEEE. Rapid Heating

(st Ink Vaporization

- Bubble Expansion and
Drop Ejection

-~ Bubble Contraction and

Drop Formation

;:::t  Bubble Collapse

Figure 4.1. Schematic of a thermally activated Canon impulse jet printhead.'

The ink's surface tension as well as the condensation, and thus contraction of
the vapour bubble, pulls a further charge of ink into the chamber through a narrow
channel attached to an ink reservoir. For thermal inkjet printers, the ink used is
generally aqueous (i.e. water-based inks using pigments or dyes). The print head is
generally cheaper to produce than other inkjet technologies. The principle was

discovered by Canon engineer, Ichiro Endo, in August 1977.2
4.1.1.2 Piezoelectric inkjet printers (drop-on-demand)

Most commercial and industrial ink jet printers use a piezoelectric material in
an ink-filled chamber behind each nozzle instead of a heating element. When a
voltage is applied, the piezoelectric material changes shape or size, which generates a
pressure pulse in the fluid forcing a droplet of ink from the nozzle. This is essentially

the same mechanism as the thermal inkjet, but generates the pressure pulse using a
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different physical principle. Piezoelectric (also called Piezo) ink jet allows for a wider
variety of inks than thermal or continuous ink jet, due to volatile solvents not being
required, however the print heads are more expensive. Piezo inkjet technology uses
stationary heads, which are built with robust construction and are designed for high
volume production, faster print speeds, and lower costs. Piezoelectric IJP is a drop-
on-demand process, with software that directs the heads to apply between zero to

eight droplets of ink per dot and only where needed.

4.1.1.3 Continuous inkjet printers (synchronous)

The continuous ink jet method is used commercially for marking and coding
of products and packages. The idea was first patented in 1867, by Lord Kelvin® and
the first commercial devices (medical strip chart recorders) were introduced in 1951
by Siemens. In continuous ink jet technology, a high-pressure pump directs liquid ink
from a reservoir through a gunbody and a microscopic nozzle, creating a continuous
stream of ink droplets via Plateau-Rayleigh instability. A piezoelectric crystal creates
an acoustic wave as it vibrates within the gunbody and causes the stream of liquid to
break into droplets at regular intervals — 64,000 to 165,000 drops per second. The ink
droplets are subjected to an electrostatic field created by a charging electrode as they
form; the field varies according to the degree of drop deflection desired. This
electrostatic field results in a controlled, variable electrostatic charge on each droplet.
Charged droplets are separated by one or more uncharged ‘“guard droplets” to
minimize electrostatic repulsion between neighbouring droplets. The charged droplets
pass through an electrostatic field and are directed (deflected) by electrostatic
deflection plates to print on the printing surface, or allowed to continue on

undeflected to a collection gutter for re-use. The more highly charged droplets are
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deflected to a greater degree. Only a small fraction of the droplets are used to print,

with the majority being recycled.

4.1.2 Inkjet printing of ‘chemical inks’

Because IJP has the ability to deposit well-defined volumes of liquid,
reproducibly across both absorbing and non-absorbing surfaces, IJP has found many
uses in the area of surface science and surface patterning.* The distinct advantage in
using inkjet printers for this task is the ease with which patterns and structures can be
defined in standard consumer interface software, without the need for special and
often costly lithographic design software, operator training or costly mask fabrication.
IJP used in this way falls into a rapidly developing class of fabrication technologies
which includes such techniques as rapid prototyping technology,” micro-
stereolithography® and electrospinning,” where developments in nanoscale and
polymeric materials by chemists are being interfaced with engineering methodologies,
directly impacting on current material and device fabrication technologies.
Formulation of standard imaging inks is highly reliant on developing the correct ink
chemistry, which then determines attributes such as viscosity, drop flight, corrosive
properties, surface tension, drying time, dot shape, optical density, edge acuity, fade
resistance and compatibility with printing surfaces. For the best results, inks should be
matched to the printing technology and equipment used. Traditional imaging inks are
liquid with an aqueous or non-aqueous base, with thermal printers requiring high
boiling point inks which are usually water based.

The field of 1JP for forming functional surface structures is not a new one and
many bespoke systems have been made that deliver small volumes of liquid material
to precise locations on surfaces.*” Kazuhiro Murata presented a custom-made ultra-

fine inkjet system as a tool for nanotechnology research which allowed arrangements
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of islands of material with a minimum size of less than one micron. Diverse materials
such as conductive polymers, fine ceramics, metal particles can be used as ink
materials. Using an ultra-fine silver paste, Murata achieved the direct print of an ultra-
fine metallic wire of only a few micrometers in width without any pre-patterning
treatment of the substrate. Furthermore, using the transition-metal nano-particles as
catalyst-ink, patterned array of carbon nano-tubes were successfully obtained (figure

4.2). A field emission from the patterned carbon nano-tubes was also confirmed.'

—

e

._-

Figure 4.2. a) Optical microscope image of patterned carbon nanotube catalyst dot
pitch 20 pum; b) and ¢) SEM image of multi wall carbon nanotubes grown at the
10

patterned area.

IJP has also been useful in the field of microelectronics, being used to

11,12 13,14 16

fabricate conductive surfaces, printed transistors and display technologies.
The major functions in operation during IJP are:

1) creation of an ink stream or droplets under pressure,

i) ejection of ink from a nozzle or orifice,

i) control of drop size and uniformity,

iv) placement of drops on the printing surface.
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Control of these functions depends on several design variables of the inkjet
system, such as nozzle size, firing rate, drop deflection methods and ink viscosity.
Changing these variables in a custom-made system can often prove costly and slow.
Therefore, the ability to adapt a cheap, commercially available, consumer grade inkjet
system to achieve useable features and patterns is an attractive option to researchers
beginning to explore the possibilities of inkjet technology.”

When utilising a commercial inkjet system, careful consideration should be
paid to the formulation of the ‘chemical inks’ used and where possible, the inks
should have their viscosities matched to the standard inkjet ink. This matching of ink
properties enables the printer to easily handle the solutions used as they mimic the
solutions it was designed to optimally utilise. Mismatches in inks and printing
technology can lead to complications and a need to understand processes such as
Rayleigh instability.'’

4.1.2.1 Inkjet printing of polymers
1JP has proved to be a useful method for controlled and reproducible delivery of
small, defined volumes of polymers to solid surfaces. Calvert ef al.'® utlised both a
custom made and adapted inkjet printer to print biopolymer and polymer materials in

1" modified a

a layer-by-layer fashion to form insoluble complexes. Roth et a
consumer grade inkjet printer to print collagen as a lithographic basis for high

throughput cell patterning (figure 4.3).
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Figure 4.3. Light microscopy images of printed collagen patterns, including a ring

and a circle, prior to cell seeding at a) x40 b) x100 and ¢) a circular pattern at x40

magnifications.'”

IJP was used to create 200 pm diameter dots of polyvinylcarbazol using a
Canon PJ-1080A color inkjet printer.”’ The polymer was doped with various emitting
dyes to obtain different colors in a polymer light emitting display (PLED) display. An
all-polymer capacitor and an RC filter were printed using an Epson Stylus Color 480
SXU inkjet printer’' using Baytron-P and polyaniline as conducting polymers and
poly(4-vinylphenol) (PVPh) as resistor. Polytetrafluoroethylene could not be used as
the resistor, as it easily clogged the printer nozzle, and ethanol and acetone were poor
inkjet solvents due to rapid evaporation leaving PVPh particles blocking the printer
nozzles. Moon et al.** used IJP for depositing ceramic suspensions in a structured
fashion on surfaces. As part of this work, they carried out an extensive investigation
of various polymeric binder solution types, using a Hewlett Packard DeskJet 400
inkjet printer. Aqueous solutions of poly(acrylic acid) (PAA, Mw 5000) were tested,
as well as poly[styrene-co-(acrylic acid)] (Joncryl, Mw 1,700, 4,900, 6,500, 12,500),
and an acrylic copolymer (Neocryl, Mw 20,000, 38,000). Solutions contained 10 to 20
vol% of polymer. IJP is also starting to play a role in the preparation of DNA
microarrays. Oligonucleotide arrays have been printed with both bubble-jet” and

piezo technology.”* IJP of an ink containing 1 g L™ of a 600 base-pair DNA fragment
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has also been reported.”” The use of inkjet printing of DNA fragments would be
another methodology to consider when wishing to carry out patterning with such

biomolecules in comparison to the method presented in chapter 5.

4.1.2.2 Inkjet printing of nanoparticles

Inkjet printable materials are not just confined to polymeric materials, IJP has
proved to be a viable method for printing of colloids. Lee et al.*® presented the
printing of nanosized silver colloids using an adapted consumer grade Espon printer,
demonstrating that colloidal materials can be deposited on surfaces with a consumer
grade inkjet system. Bespoke drop-on-demand systems have found much use for
printing nanoparticle based materials. Magdassi et al.*” presented research into using
stabilized concentrated citrate-reduced silver nanocolloids for use as pigments in ink-
jet inks. Kolbe et al.*® formulated and printed a silver colloid filled adhesive using a
bespoke microdosing system coupled with a fine glass capillary. Chung er al.”
printed gold nanoparticle ink structures and post processed them by laser curing in
order to form conductor microstructures. IJP has been utilised to print microemulsion-
based inks for forming organic nanoparticles by printing droplets of material and
post-processing to form nanoparticles.”® IJP and its variations are promising

techniques for controlled volume deposition and lithographic patterning with

nanoparticulate materials.

4.1.3 AFM mechanical fabrication

Nanoindentation is a method that was first employed to probe the deformation
characteristics of a surface or material using the tip of an AFM. More recently, this
technique has been used for fabrication of nanosize ‘wells’ or indentations on the

surface of a material (figure 4.4a). The basic principle of nanoindentation fabrication
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involves: bringing the tip of an AFM in close proximity with a substrate; using the
controls of the AFM to lower the tip into contact with the substrate surface;
controlling the force of the lowering operation and hence the depth up to which the tip
penetrates into the material surface. The AFM tip is subsequently lifted from the
surface and then the substrate or tip is moved to a new position for the repetition of

the process.

" T " (T
V \ \

SIDE VIEW SIDE VIEW SIDE VIEW
l v v
TOP VIEW TOP VIEW TOP VIEW
Nanoindentation Nanoscratching Nanoshaving

Figure 4.4. Diagrammatic representation of nanoindentation, nanoscratching, and
nanoshaving fabrication processes from side views and top views: a) nanoindentation
is the local deformation of a material formed by indenting the surface; b)
nanoscratching is the extended formation of an abrasion on the surface of a material;

and ¢) nanoshaving is the removal of material from the surface of a material.

Nanoscratching is a further development of the nanoindentation process
(figure 4.4b). The nanoscratching process involves bringing the AFM tip in contact
with a surface and then moving either the substrate or tip ensuring the tip is still in
contact with the surface, allowing formation of trench like structures on the substrate

surface.
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Two types of nanoscratching operation can be performed, namely, static and
dynamic scratching. The dynamic process involves the operation of AFM tip in an
oscillating mode, conversely no oscillation is applied during a static process.
Substrates such as silicon wafers coated with ‘soft materials’ such as polyimide layers

several micrometers thick have been patterned using AFM scratching (figure 4.5).%>

Figure 4.5. AFM image of a furrow scratched into polyimide; inset, cross-section of
feature.*

Grooves were made by single passes across the surface at loads of up to 490 nN
on polyimide. The narrowest achievable grooves using this method and polymer are
20 nm wide and 2 nm deep, fabricated at a force of 100 nN using Kapton-H as the
commercial polyimide. Nanoscratched patterns in soft polyimide layers can be
transferred through an underlying germanium layer by dry etching. The dry etching
removes any remaining polyimide and etches through a small portion of germanium,
followed by the removal of underlying PMMA-MAA to form a suspended germanium
mask above a lower gold substrate.”? These mask structures can then be further
employed to pattern evaporated metallic layers. The AFM scratching operations are

carried out using sharp silicon tips at speeds in a range of 0.2-2 um s ' and at applied
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vertical forces in the range 1.5-3 uN. These conditions produce furrows diameter of
approximately 50 nm. With scratching of PMMA resist films, trenches of up to 50 um
in length and widths of approximately 40 nm have also been formed.”® It has been
observed that material can accumulate on either or both sides of the scratch depending
on the fabrication direction relative to the AFM tip. Also, feature depth is dependent
on the setpoint amplitude of the tip. Nanoscratching can further be employed to
pattern much more robust materials than just organic molecules and polymers.
Nanoscratching allows alteration of the conduction behaviour of AlGaAs layered
heterostructures.>* Features roughly 4 nm in depth with widths of approximately 120
nm can be fabricated in such materials using standard AFM tips at a force of
approximately 50 uN. Advances in tip design, such as being able to modify tips with
electron beam deposition, allow the user to ‘plough’ scratches into superconducting
materials.”> Scratches in superconducting materials are used to define a ‘weak link’
(also known as a Josephson junction) in the superconducting material. More
conventional microelectronic materials (e.g. silicon) have also been modified using
AFM nanoscratching.®® It is possible to scratch through the native oxide layer
(approximately 2.0 nm in thickness) of silicon (100) wafers using a diamond coated
tip at loads in excess of 13 puN. Grooves show a uniform V-shape and sizes range
from 8 nm in depth at a force of 14 uN to 25 nm in depth at a force of 23 pN. Widths
range from 90 to 240 nm for forces of 14 and 23 uN, respectively. As expected,
feature size increases linearly with applied force. To further modify the substrate
surface, features can be coated in Cu via electrochemical deposition.*®
Nanoscratching fabrication has also been exploited to create nanostructures on
aluminium surfaces.”’ Pyramidal diamond tips with a radius of approximately 15 nm

have been employed to create square features of approximately 600 nm % 600 nm

with depth ranges of 1-10 nm.
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The Oxford English dictionary definition of shaving is: “to scrape away the
surface of, to cut down or pare away with a sharp tool, thereby removing very thin
portions of the surface”. If we transfer this definition into the context of nanostructure
formation, we can define nanoshaving as the process of dragging a sharp object,
usually an AFM tip over a material to remove selected resist nanomaterial for creating
nanometre scale patterns on surfaces (figure 4.4c). From this definition, the major
difference between the processes of scratching and shaving is the fate of the displaced
material during and after the fabrication process. Shaving is a process, which involves
the removal of material, whereas scratching purely involves marking the surface or
displacing material from one location to another on the surface. Overall,
nanoscratching is a highly useful technique for defining structures in ‘bulk’ materials,

especially soft materials where material can be easily displaced.

4.2 Aims and objectives

For smaller research institutions and businesses, the capital investment
required to purchase or build fabrication equipment for applications such as surface
patterning or microfluidics can often be too great. Therefore, the ability to use cheap,
readily available and mass produced equipment (where the research and design costs
have already been outlaid by the equipment supplier) to microstructure surfaces could
be the key to success for these small research institutions and businesses. The aims of
this chapter are two-fold:

i)  The first aim is to demonstrate that a commercially available IJP system
can be used to sequentially print polyelectrolytes and nanoparticles to
glass surfaces to form microstructured polyelectrolyte/nanoparticle
structures (scheme 4.2). From forming complete films of material, the

limits of the minimum achievable feature size will be examined. Once
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the minimum accessible feature size has been determined, attempts will
be made to further reduce this minimum feature size through
modification of the surface chemistry of the glass printing surface from
hydrophobic to hydrophilic. A layer of gold nanoparticles (AuNPs) will
then be printed on-top of the PDAC features, with the nanoparticles
being attracted to the PDAC through electrostatic attraction.

The second aim of this chapter is to examine the composite structures
formed from the first section and examine the use of mechanical
scratching away of the material in specific regions to further pattern the
inkjet printed features to further improve the minimum feature resolution
achievable. The tool used for this process will be the sharp tip of an
AFM to define features within the composite structures but it is a
technique that if successful could forseeably be replicated with a much

cheaper rapid prototyping type fabrication device such as a RepRap.”®
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Scheme 4.2. Schematic representation of work carried out.

4.3 Results and discussion
The experimental work in this chapter can be broken down into several steps.
Step 1 will be carrying out surface preparation, so that hydrophilic (substrate a) and

hydrophobic (substrate b) surfaces can be formed. Step 2 will be to load the
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polyelectrolyte solution into the standard cartridges of the inkjet printer and print
positively charged polyelectrolyte to the hydrophilic (substrate c¢) and hydrophobic
surfaces (substrate d). Step 3 will be to load a second printer cartridge with an AuNP
solution and with the same printer, print negatively charged gold nanoparticles to the
PDAC printed regions (substrates e & f). Step 4 will be to carry out the solution
deposition of gold nanoparticles instead of deposition via IJP (substrates g & h).
Finally, Step 5 will be to use the tip of an AFM to press into the inkjet printed
surfaces in order to scratch away material, thus defining even smaller structures on
the inkjet printed surfaces (substrates i & j). Step 4 is alternative way to deposit the
gold nanoparticles from solution. The process was used to overcome problems with

1JP of gold nanoparticles.

4.3.1 Printer choice

The printer chosen for the experiments presented here uses thermal technology
for drop formation and is produced by Canon (Canon Pixma ip5300). This particular
inkjet printer was chosen for several reasons. The thermal inkjet technology used in
this printer means that the initial cost of the printer is kept low (approx £50). This
printer model also uses small droplet sizes down to 1 picolitre (table 4.1) and aqueous
inks which are desirable characteristics when trying to achieve high resolution
structures with ageuous polyelectrolyte and colloidal materials. The specifications for

the printer are located in table 4.1.
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Table 4.1. Operating Specifications for Canon Pixma ip5300 Inkjet Printer.

Print Speed Black: 31 ppm (pages per min)

Colour: 24 ppm

Black: 512
Number of Nozzles Color: 512 x 3 (C/M), 512 x 1 (Y/BK)

Total: 4,608

Print Resolution Black: 600 x 600 dpi (dots per inch)

Colour: 9600 x 2400 dpi

Ink Droplet Size 1, 2 & 5 Picolitres

Another main advantage of the model of printer used is that the ink delivery
system is based upon ‘single ink technology’. The term ‘single ink technology’ refers
to the fact that each base colour ink has its own individual ink cartridge. More
complex colours are then created with a combination of the base colour inks. With the
ink delivered in this manner, it would be possible to use several ‘chemical inks’ per
printer, delivering a different species from each ink cartridge and more importantly,
choose to deliver a single ‘chemical ink’ to the substrate surface by printing structures
with one of the base colours. This model of printer also comes with the capability to
print directly to the surface of printable CD-R disks (writable CDs), via loading the
CD-R into a cassette designed to carry the CD-R into the printer and to the print head.
This cassette was easily modified to accept a standard size microscope slide (76 x 26 x

1.2 mm) (figure 4.6).
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Figure 4.6. Photograph of the adapted CD carriage for printing directly to standard

microscope slides with highlighted area for microscope slide placement.

The amount of material printed per unit area on the glass substrates was
controlled by using the computer program MS PowerPoint. The materials used were
loaded into the ink cartridge of the printer and 4 printing densities chosen in
PowerPoint (arbitrarily named 1Y, 2Y, 3Y, 4Y) representing the increasing drop sizes

(1Y, 2Y and 3Y) and a multiple pass over the same area at the biggest drop size (4Y).

4.3.2 Hydrophobisation of glass substrates (substrate b, step 1)

No chemical pre-treatment was required for type a substrates. To achieve
smaller features without carrying out modifications to the printer itself or building a
custom made system, tailoring of the material/surface interaction was perceived to be
a route worth investigation. For this reason, glass surfaces derivatised with a
hydrophobic silane layer (7rifluoropropylsilane, TFPS, scheme 4.4) were formed.
CF; terminated surfaces such as those formed with TFPS have been shown to induce

high contact angles for aqueous solutions deposited on them.”” Glass substrates were
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immersed in an ethanolic solution of the TFPS for 2 hours then removed and rinsed

with fresh ethanol.

W
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Scheme 4.4. Chemical structure of trifluoropropylsilane, TFPS.

Spectroscopic ellipsometry analysis confirmed the presence of a film 7.4 nm
thick on the surface of a section of silicon wafer derivatised at the same time as the
glass substrates. The thickness obtained indicates the presence of a TFPS multilayer
structure as opposed to a single monomolecular layer (molecular length approx 0.7
nm, terminal CI to terminal F). By comparing the contact angle of a 2 ul droplet of the
PDAC solution on a hydrophilic glass microscope slide (figure 4.7a) and on an CF;
terminated, hydrophobic glass slide (figure 4.7b), it was found, as expected, that
PDAC exhibited a higher contact angle (~80°) on the hydrophobised surfaces as

compared to an untreated glass surface (<5°).
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a) PDAC Drop on Clean Glass Slide || b) PDAC Drop on CF, Terminated Slide

Figure 4.7. Digital photographs showing the contact angle of a 2l droplet of aqueous
PDAC solution on a) clean glass surface (<5°); and b) hydrophobised glass surface

(~80°).

4.3.3 1IJP of charged PDAC polyelectrolytes to hydrophilic surfaces
(substrate c, step 2)
The cationic polyelectrolyte, polydiallyldimethylammonium chloride (PDAC,

scheme 4.3) was used to print films of varying morphologies on glass surfaces.

51
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Scheme 4.3. Chemical structure of PDAC, n=100,000 — 200,000 MW.

By varying the printing densities (1Y to 4Y) it was possible to form discrete
PDAC features or complete PDAC films on the glass surface. The aqueous PDAC
solution was loaded into standard inkjet cartridges by drilling a hole in the top of the
cartridge reservoir and first rinsing the standard imaging ink from the cartridge with

H,0 and ethanol. Any remaining ink was removed by continuously printing an image
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on the printer until no ink colouration was evident. An aqueous NaCL solution of
PDAC (4 ml) was mixed and added to the cleaned cartridges through the drilled hole
in the top of the cartridge. A glass slide was placed into the adapted CD printing tray
of the printer and printing was commenced. Table 4.2 shows optical microscopy
images of the complete range of film morphologies observed after printing PDAC to
glass surfaces at 1Y, 2Y, 3Y and 4Y densities. The approximate amount of material
deposited from the inkjet printer at each density is also presented in table 4.2

(calculated from weighing of a substrate before and after printing).

Table 4.2. Optical microscopy images of the varying film morphologies of PDAC
inkjet printed at various densities per unit area (all images same scale) and mass of
material deposited at each density (calculated through weighing of substrate before

and after printing) on hydrophilic surfaces.

1Y 2Y 3Y 4Y

T

PDAC =31 pg/cm®> PDAC =74 pg/em* PDAC =140 pg/cm* PDAC = 640 pg/cm’
Hg g

It can be seen from table 4.2 at the lowest printing density (1Y, smallest drop
size), individual circular ‘island-like’ structures are formed by the dried PDAC on the
surface of the glass slides. The PDAC islands formed were approximately 50-60

microns in diameter. Attempts to carry out AFM on the islands did not yield good
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quality images, possibly due to the PDAC chains interacting with the AFM tip and
causing distortion of the image. As the printing density was increased, the drop sizes
increased in size causing the droplets to merge and dry, creating larger structures. At
the greatest printing density (4Y) the droplets have merged into a complete dried
PDAC film.

Figure 4.8 shows transmitted light optical microscopy images of these printed
PDAC regions. The clear PDAC solution was seen to take on a white colouration
upon printing and drying on the glass surface. Figure 4.8a shows a PDAC film, inkjet
printed (at 4Y density) in the form of text on a glass surface. This text printed at 4Y
density showed that the individual droplets had merged together to form a complete
PDAC film on the surface. Image 4.8b shows a magnified version of the highlighted
PDAC area. The crystallisation of the PDAC solution that has occurred upon drying
can be seen clearly in this image. Image 4.8c shows the edge of the highlighted 4Y
printed feature. It can be seen that upon drying of the PDAC feature, the edge of the
PDAC film has retracted from its original position, leaving a thinner film of PDAC at
the edge. Image 4.8d shows a formation of text composed of individual droplets of
PDAC printed at 1Y density, measuring roughly 50-60 microns in diameter,
corresponding to the picolitre volumes of deposited material quoted in the printer

specifications.
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Figure 4.8. Optical microscopy images of inkjet printed PDAC regions on

hydrophilic glass surfaces.

4.3.4 1JP of PDAC to hydrophobised surfaces (substrate d, step 2)

Utilising PDAC on a hydrophilic glass surface it appears that circular features
in the range of 36-55 um are inherently the smallest features that can be obtained
utilising this printer, due to the interaction between the polyelectrolyte and glass
surface and the volume of liquid dispensed (figure 4.9a). IJP of PDAC to hydrophobic

glass microscope slides, was then carried out (figure 4.9b).

176



a) 30 1
zs.
ﬁzn
J o
R 215
H
£
310
[ : - - . .
31-35 36-40 41-45 46-50 51-55 56-60
Spot Diameter (um)
‘0"
351
: -
i 3251
. Iy
§15~
e =
: 10 4
5- l .
0 . . — .

0-5 6-10 115 16-20 21-25 26-30
Spot Diameter (um)

Figure 4.9. Optical microscopy images and size analysis of PDAC islands printed at

1Y density on both hydrophilic and hydrophobised surfaces.

The contrast between the feature sizes on hydrophilic and hydrophobic glass
tsurface types is shown visually and quantified in figure 4.9. The size analysis carried
out across 4 individual samples revealed much smaller PDAC features (approx 6 to 25
um), on the hydrophobised surface as the PDAC droplets were unable to fully spread
before drying. Figure 4.10 explains the reason for this difference in size of the dried

PDAC droplets with the two types of surface used.
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3) Hydrophilic Surface

PDAC Droplet Spreads on Surface
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Figure 4.10. Diagrammatic representation of aqueous PDAC droplet on a a)

hydrophilic surface; and b) hydrophobic surface.

4.3.5 Inkjet printing of gold nanoparticles onto PDAC features (substrates

e & f, step 3)

Similar to the work presented in chapter 3, it was attempted to use IJP to
deposit (through electrostatic attraction) alternating layers of PDAC and poly-anionic
citrate stabilised gold nanoparticles (Au-NPs) to the same region on the hydrophilic
and hydrophobised surfaces via IJP. However, after printing of a PDAC base pattern,
the evolution on the glass surface of the red colour (from the Au-NP plasmon band
absorbance) associated with LBL structures of this type was only weak and not
observable with the naked eye, which was in contrast to the LBL deposition in chapter
3. It was believed at this stage that the lack of red colouration was due to the Au-NP
solution being too dilute, with only a small amount of colloid being delivered to the
surface. Therefore, a more concentrated (4x) solution of nanoparticles (C-Au-NP) was

prepared (as detailed in chapter 2). The degree of red colour evident after printing of
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both solutions was visualised by printing the neat nanoparticle solution to

photographic paper. (figure 4.11)

Figure 4.11. Digital photograph of Au-NPs printed to absorbant photographic paper

in order to visualise their characteristic red colouration after 20 printing runs.

This method of visualisation with photographic paper revealed that for both
solutions, an almost identical weak red colouration was present after a single printing
run. A much deeper red colour for both solutions was only evident after 10-20
printing runs over the same region. After printing, examination of the print cartridge
loaded with the Au-NP and C-Au-NP solutions revealed aggregation of the particles
within the delivery nozzle of the cartridge and into the ink well (figure 4.12). After
rinsing through of the printer print head with UHP H,O and repeating the printing
with fresh nanoparticle loaded cartridges, the same aggregation process still occurred
in the print nozzle. As the literature has previously shown that colloids could be
successfully printed using inkjet technology and observations had shown the colloids
used here to be stable to high temperature, it was believed that the aggregation

process of the particles within the cartridge was due to persistent PDAC
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contamination within the print head of the printer causing aggregation within the

nanoparticle solutions even after copious rinsing with H,O.

Figure 4.12. Photograph showing Au-NP aggregation (dark purple colouration) in the

nozzle of an ink cartridge.

In order to overcome this aggregation problem it was decided to continue
experiments by depositing PDAC via 1JP and then, rather than printing a nanoparticle
solution to the surface, the surfaces would be immersed in a C-Au-NP solution
(scheme 4.2, step 4). This new immersion route can be likened to the concept of
utilising a combination of top-down fabrication methodology (IJP) and bottom-up

self-assembly of the nanoparticles introduced in chapter 2.

4.3.6 Inkjet printing of PDAC and solution deposition of C-Au-NPs

(substrates g & h, step 4)

Before immersion in the C-Au-NPs dispersion, the printed PDAC features
were rinsed for 1 minute with UHP H,O. The H,O rinse removed the white
colouration of the PDAC that forms upon drying (presumably from the NaCl) to re-

wet the PDAC layer. Figure 4.13a shows a typical area of PDAC droplet features
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(printed at 1Y on a hydrophilic glass surface) during exposure to a C-Au-NP solution
in order to examine the kinetics of the C-Au-NP deposition to the printed PDAC
features. As time is increased, the evolution of the characteristic dark red colour on
the PDAC features is seen (from the nanoparticle plasmon band, chapter 3), which
turns to a dark purple colour over time (from the nanoparticle longitudinal plasmon
band, chapter 3). The colouration of the PDAC/C-Au-NP features was not seen to
increase past a deposition time of 1 hour. Figure 4.13b shows the resultant graph of
the blue pixel intensity of the highlighted region throughout the kinetic study,
showing the evolution of the blue colouration. The same behaviour was seen over 4

repeat runs.
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Figure 4.13. a) Optical microscopy images of inkjet printed PDAC features during
immersion in a solution of C-Au-NPs; and b) graph showing the blue pixel count of
the resultant PDAC/C-Au-NP features as a function of time.

Once an appropriate solution deposition time of 1 hour had been determined,

printed PDAC features (/Y, 2Y, 3Y and 4Y) on both the hydrophilic and
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hydrophobised surfaces were immersed in the C-Au-NP solution for 1 hour then
examined with optical microscopy. The resultant features are shown in figure 4.14.
The deposition of the C-Au-NPs on the PDAC features visualised the regions of high
PDAC concentration by depositing and aggregating on the PDAC features, giving rise
to a dark blue/purple colouration (see chapter 3, explanation). In both cases
(hydrophilic and hydrophobic surfaces), while not only depositing on the PDAC
features, some lighter pink was observed between features. This pink colouration is
believed to be where C-Au-NPs have deposited on residual PDAC left from the UHP
H,O rinsing step carried out before immersion. When printing to the hydrophobised
surfaces, a complete homogeneous film was not achieved (unlike the glass surfaces)
at highest 4Y density as the droplets did not spread to join up with each other.

The deposition of the C-Au-NPs allowed for better visualisation of the PDAC
features and lead to the formation of bi-component films. The site specific deposition
of gold nanoparticles to micron-scale features was carried out with cheap, readily
available equipment that is currently within the consumer marketplace. Such
technology opens up possibilities for printing of devices to substrates of choice, such

as glass, silicon, gold and even flexible substrates such as polycarbonate.
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Figure 4.14. Optical microscopy of PDAC templated features on clean glass and

hydrophobised glass surfaces after deposition of C-Au-NPs.

4.3.7 1Y density printing-feature size analysis (substrates g & h)

A size comparison of the circular features formed after deposition of C-Au-
NPs on 1Y printed features on hydrophilic and hydrophobic surfaces revealed the true
extent in the shift in feature size upon printing to hydrophobised surfaces (figure
4.15). On hydrophilic glass surfaces, the PDAC/C-Au-NP features exhibited a bi-
modal distribution with a large population of feature sizes between 50 and 60 um. The

second smaller feature population was centred around 21-25 pm. For the
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hydrophobised glass surfaces, a bi-modal distribution was observed, with high
populations between 31 to 35 um and 16 to 20 pm. This comparison reveals that as
hypothesised, reduction in feature diameter is easily possible by simply modifying the

substrate surface chemistry.
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Figure 4.15. Comparison of 1Y PDAC feature sizes on clean glass and

hydrophobised glass surfaces after immersion in C-Au-NPs.

The reason for the difference between the size analysis values achieved before
(figure 4.9) and after deposition of nanoparticles (figure 4.15) for both the hydrophilic
and hydrophobic surfaces is due to the inability to fully judge the size and extent of
the bare PDAC droplets due to their refractive index being similar to that of the glass.

The presence of the C-Au-NPs allowed full visualisation of all the PDAC drops.
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4.3.8 AFM scratching fabrication (substrates i & j, step 5)

Once the IJP of composite PDAC/C-Au-NP features had been achieved and
characterised and the minimum size features obtained through chemical modification
of the glass surface chemistry, the technique of AFM scratching was examined as a
route for defining structures within the IJP templated features. Initially, a 4Y
PDAC/C-Au-NP film was scratched at an AFM vertical deflection value of -0.5 V

(figure 4.16).
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Figure 4.16. AFM a) height, amplitude and phase images of area after nanoscratching
process; and b) section analysis showing apparent height from top of (PDAC/C-Au-

NP) to bottom of scratched feature.

Figure 4.16a shows the presence of material at the edges of the scratched
features, where it has been displaced to the sides. Figure 4.16b shows a line section
from the AFM images showing this presence of material at the feature edges. The

AFM section also shows that not all material has been removed across the width of
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the feature, which is hypothesised to be due to the material build-up at the feature
edge causing the AFM tip to not fully ‘press down’ into the material beneath the
debris at the feature edge. The depth of the feature itself at its lowest point was 87 nm.
As it was thought that the tip was not exerting enough force to displace the PDAC and
C-Au-NPs, another complete PDAC/C-Au-NP film (4Y) was examined under
increasing AFM tip loads. Optical microscopy of a range of square features scratched
at increasing AFM vertical deflection values (figure 4.17a) revealed an optical
contrast between the scratched and non-scratched regions, indicating material had
been displaced. Figure 4.17b shows a close-up image of the highlighted region from
figure 4.17a. This close-up image reveals that a vertical deflection on the photodiode
of the AFM of -0.75 to -1 V gave rise to the most complete material displacement.
This vertical deflection value can be calculated to roughly equate to an applied force
of 1.95 uN, based upon a quoted cantilever spring constant of ~40 N/m and an
approximate deflection sensitivity of 65 nm/V. Therefore, the applied force (uN) is 40
x 65 x volts x 0.75. This value for the required force is similar to that seen for

scratching away soft materials from hard substrates.*
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Figure 4.17. a) Large-scale optical microscopy image of AFM scratched regions of
inkjet printed PDAC and solution deposited C-Au-NP film under increasing load (or
decreasing vertical deflection settings); b) close-up image of highlighted region

(image a) of AFM scratched squares with highlighted region of material build-up.

The region highlighted in figure 4.16b shows the build-up of material in the top
right hand corner and down the right hand side of the square features which is
believed to also be some of the material removed under the motion of the tip and
deposited at the feature edge of the feature as the AFM tip moves from right to left
and from top to bottom. Attempts to re-image the scratched regions with the same
AFM tip after the scratching were largely unsuccessful, with only poor quality images
obtained. The reason for the poor quality imaging potential of the tip after scratching
is thought to be due to both potential blunting of the tip and material build-up on the
tip causing increased interactions between the tip and remaining material on the
surface.®” The same behaviour was seen over two runs of the experiment.

After determination of the required force, to carry out the removal of material,
the circular droplet features printed at 1Y density (on both hydrophilic and
hydrophobic surfaces) and immersed in C-Au-NPs, were subjected to AFM imaging

under the same increased load (figure 4.18). After the scratching process, the droplets
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were imaged with the camera system of the AFM. As expected, the removal of
material with the AFM tip had been replicated in the centre of the droplets, showing

that it was possible to further modify fabricated features after 1JP.

Step 5
PDAC/C-Au-NP -
island feature on
20 um Square
glass surface Under

Increased Load

PDAC/C-Au-NP
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hyrdrophobised Square Under
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Figure 4.18. Representative optical microscopy images of the circular island

PDAC/C-Au-NP features both before and after AFM scratching procedures.

In order to confirm the removal of material from the centre of the features, the
features were examined with a transmitted light optical microscope. The centre of the
features appeared free of the purple colour of the deposited nanoparticles (fig 4.19).
The ability to define an optically transparent feature in the centre of the circular
feature, opens up possibilities for forming microscale wells and recesses that may be

used to optically follow reactions or biological assays occurring at their centre.
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Figure 4.19. Colour transmitted-light optical microscopy image confirming the
removal of the C-Au-NPs from the centre of the IJP templated features, inset,

magnified region.

The AFM used for the scratching process did not come pre-packaged with a
lithographic interface, but through careful control of the image size, image aspect
ratio and tip motion of the AFM in a normal imaging mode, features other than
squares were formed within the printed features. Figure 4.20 shows a 3D-rendered
optical microscopy image of a group of channels scratched into a 1Y PDAC/C-Au-NP
circular feature on a glass surface. The channel features were easily repeatable and
had a ‘V’ shape cross-section resulting from the shape of the AFM tip and are
approximately 2 um wide at their widest point. The analysis of the depth of channels
scratched along their length, allowed for better judgment of the thickness of the
PDAC/C-Au-NP features, as no large raised edges at the tops of the channels were
apparent, indicating that material has not been simply displaced to the side of the
channel, but pulled completely away, possibly to the end of the channel. The depth of
the channels was approximately 30 um. This observed depth would also seem to
indicate that the circular features are not composed of a single PDAC layer and a

single layer of C-Au-NPs (approximately 16-20 nm) but rather an assembly of both
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materials. Also interesting to note is that the bottom of the channel appears to be
lower than the height of the area surrounding the circular feature. This observation
could also agree with the earlier theory that residual PDAC (and hence C-Au-NPs) are
located around the circular feature, or be where the AFM tip has begun to scratch the
underlying glass surface. Subsequent tests however, using the same applied tip force
on plain glass surfaces revealed that no scratching of the glass surface occurred under
the increased tip load. The ability to define such features in the inkjet printed
structures offers attractive possibilities in the fields of lab-on-chip*' or microfluidics

)
devices.

Figure 4.20. a) 3D rendered optical microscopy image of a series of linear channels

scratched into the PDAC/C-Au-NP features and b) the resultant image cross-section.

4.4 Conclusions
In conclusion, IJP provides a viable route for surface patterning with polymers
and gold nanoparticles. IJP of two interacting materials through the same printer

proved difficult due to persistent contamination from the PDAC even after rinsing. To
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print such materials in future, two completely separate printers or printer heads (one
for each material) would be required. The combination of the top-down process of IJP
of polyelectrolyte and the bottom-up process of nanoparticle assembly, therefore
provided a robust and simple route to form chemically distinct patterns on surfaces.
By combining IJP with surface chemical pre-treatment, smaller minimum feature
sizes were achieved. The ‘soft’ nature of the species deposited to the surface means
that features can be modified through a further top-down process (AFM scratching) to
increase the range of structures that can be achieved. Further work to be carried out
would be to further explore the range of materials that can be printed in this manner
and improve the contrast in attachment of the C-Au-NPs on the PDAC features and
any material in-between the features. The work carried out here begins to provides
insights into how cheap, commercially available inkjet technology can be used to
reproducibly produce structured surfaces, with applications in many different

e .43 . . 44 . 45
disciplines such as electronics,” engineering  and biology.

4.5 Future work

While the work presented in this chapter provides firm basis for utilising
inkjet technology for surface patterning tasks, further work would be required to
expand the range of features achievable and materials that can be used. It is predicted
that the minimum feature size achievable could eventually be further reduced by
choosing a different hydrophobising agent for the glass surface, or altering the salt
concentration of the PDAC solution to tailor the interaction between the PDAC
solution and the surface. Furthermore, if both PDAC and the colloid or any interacting
species were to be printed it would be recommended to utilise two separate printers,
each containing one of the materials to minimise contamination or aggregation issues.

4.6 Experimental

192



4.6.1 Hydrophobisation of glass surface (step 1)

Glass surfaces were hydrophobised by immersion of a fresh glass microscope
slide in piranha solution for 30 minutes, followed by rinsing with UHP H,O. The
glass slides were then immersed in RCA solution for 1 hour followed by rinsing and
storage in UHP H,0. For the hydrophobisation step. The glass slides were immersed
in a solution of Trifluoropropylsilane (TFPS, 25 mM, EtOH) under ultrasonication for
2 hours. After removal from the TFPS solution, the glass slides were twice rinsed
with EtOH and CHCI; and sonicated in fresh EtOH. To aid in crosslinking of the

silane layer, the slides were placed in an oven at 120°C for 2 hours.

4.6.2 Formulation of poly-diallyldimethylammonium chloride (PDAC)

solution and loading of ink cartridges

PDAC (20 mM) was added to an aqueous NaCl (0.1M) solution. CLI-8Y
(Yellow, Canon Inc) ink cartridges had a hole drilled into the top of the reservoir and
the majority of the yellow ink was removed with a needle and syringe. The cartridges
were then rinsed extensively with UHP H,O (Resistivity = 18 MQ.cm) to remove all
the remaining yellow ink. To fill the cartridges with PDAC solution, the remaining
H,O was removed with a syringe and then the cartridge was filled by syringe until

with the PDAC solution dripped out of the cartridge nozzle.

4.6.3 1JP of PDAC (step 2)

A commercially available inkjet printer (Canon Pixma ip5300) was used
without modification. The CD printing tray for the printer was modified to accept
standard size glass microscope slides. Prior to printing, fresh glass microscope slides
were rinsed with ethanol and dried under a stream of nitrogen. Prior to printing the

PDAC solution, the standard CLI-8Y print cartridge was removed and replaced with
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an H,O filled cartridge and several pages of plain yellow printing were printed to
remove final traces of the standard ink from the printhead. When the H,O filled
cartridge was removed, it was replaced with the PDAC filled cartridge and printing
was commenced. PDAC was printed at 4 different surface densities, corresponding to
the four available shades of pure yellow within the software (1Y, 2Y, 3Y and 4Y).
PDAC was printed onto clean glass microscope slides then allowed to air dry at room

temperature then stored in a desiccator.

4.6.4 1JP of gold nanoparticles (step 3)

Solutions of Au-NPs and C-Au-NPs were loaded into empty CLI-8Y print
cartridges through the same procedure used for filling with PDAC. After each use, the
cartridges were removed from the print-head and the print-head rinsed thoroughly

with UHP H,O.

4.6.5 Solution deposition of concentrated nanoparticle (C-Au-NP) solution

(step 4)

Prior to deposition of the C-Au-NP solution, the PDAC printed slides were
rinsed with UHP H,O for 1 minute, then immersed into a concentrated citrate gold

nanoparticle (C-Au-NP) solution.

4.6.6 AFM scratching & analysis (step 5)

AFM scratching and analysis was carried out using a Veeco Dimension 3100
AFM operating in contact mode. Veeco tapping mode cantilevers (model RTESP,
Veeco Instruments, Inc) were used for all experiments. For scratching experiments,
scratching was carried out in contact mode and then AFM was switched to tapping

mode and the same cantilever used to acquire an image of the area after scratching.
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4.6.7 Optical microscopy of features

Optical microscopy of the inkjet printed and scratched features was carried out
using a combination of various different optical microscopy systems. For first-point
analysis, a USB microscope (DynoLite) was used. For higher magnification analysis a
Zeiss Axioscope fitted with 5X and 10X objectives was utilised. For analysis of
scratched features and for sizing analysis, the calibrated optical system of the

Dimension 3100 AFM was used.
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Chapter 5
Corrugations & Collagen:
The Recovery of Corrugated Au Surfaces from Au Coated CD-R
Disks and the Controlled, Directional Deposition of Collagen on the
Resultant Corrugated Au Surfaces, Enabling Investigation of the

Mechanical Properties of Collagen Fibrils.

Abstract

The work presented in this chapter describes the use of the technique of
template stripping to recover micro/nanoscale topographically structured Au surfaces
from cheap, readily available Au coated CD-R disks and their transfer to silicon
substrates, without the need for costly pre-fabrication costs. The corrugated Au
surface is then used in conjunction with a novel technique based on the phenomenon
of circular couette flow, to effect the deposition of collagen fibres and fibres with
controlled orientation on the Au surface. Finally the use of these surfaces is exploited
to examine the mechanical properties of the collagen through examining its

suspension over the surface corrugations with AFM.

5.1 Introduction

The ability to influence control over the deposition of species to surfaces is
becoming increasingly important for carrying out repeatable processing and
fabrication of micro/nanostructured surfaces,” > while the ability to define the
placement’ and directionality” of such surface deposited species is a highly desirable
tool for the experimental scientist. Topographically structured surfaces can be

fabricated via many methods such as photolithographic processes,”® DPN,” uCP* or
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mechanical methods.” Such surfaces find uses in applications such as microfluidics.'’
As reported by Hua Zhong,'' a cheap, commercially available topographically
structured surface can be found on CD-R (Writable CDs) disks for data storage. CD-R
disks containing an Au reflective layer have been utilized as a cheap substrate on
which SAMs can be formed. There has also been recent interest in the use of so-called
‘'on-plastic’ or 'flexible’ electronic technology.'® * Such technology has also found use
in many systems for sensors and display technology.'* The ability to form
micro/nanostructured surfaces based on such substrates opens up the possibility for
forming more robust devices or sensors as opposed to the standard 'un-flexible'
substrates currently employed, such as glass, quartz and silicon wafers'> and Au on

glass.'®

5.1.1 Structure of Au-coated CD-R disks

In pre-recorded CD-ROM disks, the data is stamped as low reflectivity pits or
valleys on a high reflectivity background. A standard disk has a reflectivity of 70%
(achieved by using an aluminium layer), whereas the valleys have a reflectivity of
30%. A CD drive uses this difference in reflectivity to read the information stamped
on the disk. To be compatible with this CD drive technology a CD-R disk must also
use a difference in reflectivity when recording data. To accomplish this reflectivity
difference, the CD-R disk is coated with a photosensitive organic dye, such as
phthalocyanine or poly-methane-cyanine that changes its reflectance permanently

upon heating by a focused laser spot.'’
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Commercially available gold coated CD-R disks are composed of a multilayer
structure of a

a) 5-20 pm protective polymer coating

b) 50-100 nm gold reflective layer

¢) 50-100 nm photosensitive dye layer

d) polycarbonate base (figure 5.1).

I — Protective Polymer

+—— Au Layer

_ Photosensitive D}FE

*—— Polycarbonate Base

Figure 5.1. Structure of gold coated CD-R disks.

For long-term data archiving, an Au reflective layer within the CD-R is
favoured due to the long-term unreactivity of the Au, meaning that data can be stored
for long periods. The Au surfaces can be accessed by a simple immersion in
concentrated (70%) HNOj; to remove the protective polymer coating.'' The advantage
of such substrates over more conventional glass based Au surfaces is firstly, the
polycarbonate base, making them robust, but also allowing for ease of dicing with just
a standard pair of scissors and secondly, the pre-formed surface corrugations that
allow movement of the read-write head of the CD drive. The structure of the surface
is a regular repeating pattern of approximately 120 nm deep 'valleys' and 1 pm wide
'peaks', similar to diffraction gratings.'® Such substrates are ideal for carrying out
analysis of advanced materials and prototyping microfluidic systems as the size of the
surface corrugations is highly uniform and directional. These topographically
structured surfaces are also ideal donor surfaces for transfer to more common surfaces

such as silicon through a process such as template stripping.'’
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5.1.2 Template stripping

The technique of template stripping was first published by Hegner et al. "* for
preparing ultraflat Au surfaces. For high resolution imaging techniques, a highly flat
surface is required in order to image absorbates on surfaces. Surfaces prepared by
techniques such as thermal evaporation and sputtering suffer from regions of high

defect density with small grain sizes and high roughness.”*'

The template stripping
technique involves coating a flat substrate such as mica with a gold layer (by
evaporation and condensation) of the required thickness. The gold surface is then
coated with an epoxy resin and a second substrate, usually a silicon wafer is bonded
via epoxy to the gold layer and allowed to set. The two substrates are then separated

at the Au/mica interface affording an ultraflat gold surface that was templated on the

atomically smooth mica surface.

5.1.3 Collagen

Collagen, is a biologically important protein and the primary structural
component in extracellular matrices, has been the subject of much interest for
developing micro/nanostructured surfaces due to its high tensile strength,” inherent
biocompatibility and hierarchical nature. Extracellular matrices normally contain
collagen molecules (tropocollagen) packed into fibrils 20 to several hundred

nanometers in diameter and fibril bundles (fibres) as large as several hundred microns

(figure 5.2) 2
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Tropocollagen Collagen Fibril Collagen Fibril Bundle

~1.5nm 20 to 100’s nm (Fibre)
Up to 100°s pm

Figure 5.2. Diagram showing the hierarchical nature of collagen.

A body of work has been carried out to relate the diameter of collagen fibrils
to its tensile strength,”* as well as analysing the origins of this mechanical strength
experimentally and through simulation.”> Such tests, however, are reliant upon
obtaining control over the collagen fibres and fibrils themselves to isolate them and
test their deformation along a given direction.* Much work has been done on

27, 28, 29

analysing the deposition properties of collagen and forming surface adsorbed

39-31 and networks.*” To accurately test collagen structures or form

collagen structures
bespoke collagen networks, a technique is required that can direct the orientation of
collagen effectively and controllably. For alignment of collagen on surfaces, research
presented previously has relied upon pre-fabrication of microfludic channels through

which collagen can flow to influence its orientation,’

utilizing electrostatically
influenced organization of fibrils at high concentrations*® or pattern formation upon
solvent evaporation.”> *® Pre-experiment fabrication for microfluidic systems can

often be costly and time consuming and other techniques might not yield the required

directional control over collagen fibres and fibrils. The development of a simple
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technique to direct the orientation of not only collagen but other species of interest
such as microfibres®” or nanotubes® would afford the experimentalist a cheap yet
powerful tool for controlling the deposition of such species. Such a technique would
require readily available equipment and the ability to deposit the species (especially
collagen) from solution or a suspension. The movement of fluids under force or

39, 40

pressure is well known to create instabilities or regular repeating patterns.*' One

such phenomenon is known a Couette-Flow.

5.1.4 Circular-couette flow

In fluid dynamics, couette flow refers to the laminar flow of a viscous fluid in
the space between two parallel plates, one of which is moving relative to the other.
The flow is driven by virtue of viscous drag force acting on the fluid and the applied
pressure gradient parallel to the plates. This type of flow is named after Maurice
Marie Alfred Couette, a Professor of Physics at the French university of Angers in the
late 19th century.* Circular-couette flow is an extension of this phenomenon, where
the two parallel plates are in-fact two surfaces of concentric cylinders (figure 5.3).
Circular-couette flow is the basis for apparatus to measure the viscosity of liquids.*
The regions of laminar flow can often be seen as horizontal patterns forming in the

solution.
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Figure 5.3. Diagrammatic representation of two rotating cylinders acting upon

a viscous liquid to induce circular couette flow viewed from above.
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5.2 Aims & objectives:

The aims of this chapter are three-fold (scheme 5.1).

The first aim is the use of commercially available gold coated CD-R disks
(usually used for archiving purposes) as donor substrates for surface science
applications is to be investigated (scheme 5.1, Surface Preparation). The
structured gold surfaces offered by these substrates presents a regular
repeating pattern of ‘peaks’ and ‘valleys’ with both micro and nanoscale
dimensions that could have many applications in surface science. In their
native form, the gold surfaces exist attached to the flexible polycarbonate
backing of the CD-R disk. In order to be used in some applications, the
structured surfaces would require transfer to a more conventional substrate
such as glass or silicon. Therefore, the removal of the gold structured surfaces
from the polycarbonate backing and transfer to silicon wafers to form a pseudo
surface of the same structure (CD-Au) will be carried out. This transfer will be
achieved through the process of template stripping and the quality of the
surface after the procedure will be assessed with AFM, XPS and SEM.

The second aim of this chapter is to utilize the acquired CD-Au surfaces in
conjunction with a new technique conceived for this work (scheme 5.1,
Collagen Deposition). By using the phenomenon of circular couette flow with
a small CD-Au substrate attached to the inner cylinder while rotated in a
suspension of collagen it is hoped that the directed, directional deposition of
collagen fibres and fibrils on CD-Au topographically structured surfaces can
be achieved. The technique to be used exploits the phenomenon of circular
couette flow to impart directionality on collagen fibres and fibrils when
depositing to surfaces. The use of such structured surfaces and the ability to

control the orientation of the collagen fibres/fibrils would allow the
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experimentalist to orientate the collagen in any required direction.

iii) The final aim of this chapter is to take the CD-Au topographically structured
surfaces and collagen deposited over the valleys of the surface and
demonstrate that the mechanical properties of the collagen can be examined

using AFM (scheme 5.1, AFM Analysis).
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Scheme 5.1. Schematic diagram of the experimental process carried out.
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5.3 Results & discussion

The research methodology for the work carried out is as follows (scheme 5.1):
Step 1 involves the spreading of epoxy resin onto the surface of the gold-coated
polycarbonate CD-R-Au disk. Step 2 places a silicon substrate on top of the epoxy
resin layer before the epoxy hardens. Step 3 Removes the silicon substrate from the
polycarbonate carrying the attached gold surface with it. Step 4 then uses the
prepared silicon CD-Au surfaces as substrates for the directed, directional deposition
of collagen at either 90° to the corrugations or 0° to the corrugations. Step 5 uses
AFM after the collagen deposition to examine the deformation of the 90° deposited
collagen into the corrugations of the Au surface.

Overall, the complete experimental process examines a new method for
achieving low-cost pre-patterned Au surfaces with nanoscale dimensions, a technique
for influencing the deposition direction of micro/nanoscale species and the
combination of the two processes for probing mechanical properties of the

micro/nanoscale species.

5.3.1 Preparation of CD-Au surfaces
5.3.1.1 Pre-preparation & structure of CD-R-Au disks
The Au layers of the Au coated CD-R-Au disks were exposed by immersion in
concentrated HNO; for approximately 3 mins."' After removal of the protective
polymer coating, the sections of CD-R disk were imaged with AFM (figure 5.4).
AFM imaging showed the CD-R disks to have a regular repeating pattern of ‘peaks’

and ‘valleys’ (corrugations).
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Figure 5.4. Contact mode AFM image of Au coated CD-R disk and line

section showing depth of the ‘valleys’ after immersion in HNOj3.

The peak to peak distance of the surface structure were 1.5 um and the depth
of the corresponding valleys were 120 nm. This pattern was repeated across the entire

surface area of the CD-R disks.

5.3.1.2 Template stripping (steps 1-3)

Template stripping was carried out using the procedure detailed by Hegner et
al.** for preparing flat Au surfaces by template stripping from Au coated mica
surfaces. The main concern with template stripping the corrugated Au surface was
that the CD-Au substrates retained the corrugated structure of the original surface. A
thin layer of epoxy resin (Epotech 301/2) was applied to the freshly prepared Au
coated CD-R disks and allowed to spread to fill all the surface corrugations (scheme
5.1, step 1). A section of silicon wafer was pressed down onto the resin layer and the
resin allowed to harden overnight (scheme 5.1, step 2). To separate the polycarbonate
base and the silicon section a thin, sharp scalpel blade was passed between the two

and pressure applied to separate the layers. The Au layer was transferred to the silicon
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substrate (scheme 5.1, step 3). After the transfer process, the CD-Au surface was re-
examined with optical microscopy and AFM (figure

5.5).

a)

0 30.0 pm

Figure 5.5. a) optical microscopy image; and b) contact AFM height image of CD-

Au substrate.

The CD-Au substrates retained the corrugated structure of the original Au
coated CD-R template, showing that the Au layer could be successfully transferred
with large areas free from defects. A sole defect on a lem” sample was imaged with
SEM (figure 5.6). The SEM image showed the outermost Au layer with its corrugated
structure and the underlying hardened epoxy resin layer with the imprint of the
corrugations from the gold surface. The process was carried out over ten times with

reproducible results.
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Figure 5.6. SEM image of a defect area showing the outermost Au layer and

the underlying epoxy resin layer.

In order to confirm that the Au layer was exposed, XPS analysis was carried
out to look for the characteristic Au 4fs, peaks at 88 eV and Au 4f;,, peak at 84 eV,

confirming the presence of the Au layer.

5.3.2 Circular-couette deposition of collagen (step 4)

5.3.2.1 Couette cell design

The couette cell used for the procedure was fabricated from two concentric
glass cylinders (figure 5.7). The central cylinder had a flat recess to locate a small 1

cm’ Au substrate.
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Figure 5.7. Diagram showing the design and dimensions of the couette cell designed

for and utilised in this study, with the substrate attached to the inner cylinder.

The outside diameter of the inner cylinder (od;) was 22.8 mm. The inside
diameter of the outer cylinder (id,) was 23.8 mm, which corresponded to a gap
between the two cylinders of 0.5 mm. For completeness, the outside diameter of the
outer cell (od,) was 25.2 mm. For the experiment, only the outer cylinder was rotated,
which served two purposes, to keep the experimental setup as simple as possible and
to not impose a greater angular momentum on the solution. Higher angular
momentums have been seen to induce turbulent flow at 90° to the direction of
imposed flow, with the phenomenon known as taylor-couette flow.

The rotation of the outer cylinder was carried out with a 12 V motor connected
to a DC power supply. The rotation speeds of the outer cylinder were determined in-
situ using a high speed camera by counting the passes of a known point over a set
time and with a laser tachometer using a reflective target on the outer cylinder (figure

5.8). The values obtained for the speeds of rotation are presented in figure 5.9.
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Figure 5.8. Diagram showing setup for measuring the speed of rotation.
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Figure 5.9. Graph showing the measured rotation speeds achieved at the motor

supply voltages.
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5.3.2.2 Collagen fibre and fibril deposition at 0° to corrugations.

Samples were freshly prepared by removing the template stripped CD-Au
from the polycarbonate backing and placing into the recess on the inner cylinder of
the couette cell with the direction of flow in-line with the surface corrugations (0°). A
freshly prepared collagen solution was placed into the outer cylinder and the two
cylinders assembled on the motor assembly. The collagen used was Azocoll, an
insoluble ground collagen impregnated with an azo-dye, normally used as a protease
substrate. To deposit the collagen, the speed was at first ramped to 2280 rpm and
maintained for 10 secs, then lowered to 1755 rpm and maintained for a further 10 secs
and finally lowered to 1175 rpm for 5 secs. After the deposition process the samples

were examined by optical microscopy (figure 5.10).

Figure 5.10. Optical microscopy image of collagen fibres aligned in the direction of

the flow of the suspension over the surface.
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Figure 5.10 shows collagen fibres aligned in the direction of the couette
imposed flow over the substrate showing that this technique for aligning fibres had
succeeded. Under the optical microscope, the collagen fibres appeared red from the
presence of the impregnated azo-dye, where the azocoll collagen stock is normally
utlilised as a protease substrate. For the experiments here, the azo-dye served the
purpose of a contrast agent, allowing the collagen fibres to be easily found and
resolved against the substrate background. Collagen fibres show some self-
assembling properties in their native environment, but this process leads to closely
packed fibres in contact with each other.”” The fibres examined here on the CD-Au
surface, however were spaced well apart showing the effect to not be due to any self-

assembling and aggregation induced alignment.

To better understand the interactions of collagen fibres with the underlying
CD-Au surface, it was decided to analyse samples of collagen deposited on template
stripped Au (0°) with SEM (figure 5.11). Figure 5.11a shows a 170 um length of
collagen fibre deposited in the direction of the CD-Au corrugations. Along the length
of the fibre, there are bulges caused by the helical twist of the collagen fibre (figure
5.11a). The end of the fibre shows spreading behaviour where the individual fibrils of
the fibre have spread onto the CD-Au surface forming a ‘carpet’ of collagen (figure
5.11b). Figure 5.11b shows another collagen fibre with a larger area of spreading at
the fibre end with the fibril ‘carpet” mimicking the structure of the underlying CD-Au.
This spreading behaviour acts as evidence for a hypothesis that during the deposition
process, the loose fibrils (which the fibres are composed of)*® at the ends of the fibres
attach first to the surface, therefore causing the rest of the fibre to be pulled to the

surface and deposited (figure 5.12).
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Figure 5.11. SEM images of a) a collagen fibre on a corrugated Au surface; b) the
end of a collagen fibre where the smaller composite fibres and fibrils have spread on

the surface; c) a close-up of a collagen fibre showing the composite fibres and fibrils.

This observed behaviour is in agreement with the literature behaviour of
proteins on surfaces.”’ Figure 5.11c shows a close-up image of a collagen fibre,
confirming the alignment and presence of the collagen with its component collagen

fibrils visible on the fibre surface.
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Figure 5.12. Diagram showing the way in which collagen is proposed to
attach to surface

AFM is a valuable technique for achieving high resolution of images of
biological fibres and polymers on surfaces.”® Previously, AFM and techniques based
on Scanning Probe Microscopy (SPM) such as Scanning Force Microscopy (SFM)
have been used to image collagen, with monomer (tropocollagen) scale resolution.*
Here, AFM analysis was used to further probe the deposition process and to achieve
higher resolution images of the surface and individual collagen fibrils. AFM analysis
of a length of collagen fibril deposited at 0° was acquired in order to assess the ability
of the couette technique to align the small fibrils in the direction of the surface
corrugations, oriented parallel with the surface corrugations (figure 5.13). The fibril
exhibits regions where it follows the track direction and crossing over to the side of
the neighbouring ‘peak’ (figure 5.13, insef). From comparing the section analysis of
the AFM image of the fibril over the ‘valley’ and on the ‘peak’, it appears that the

fibril is suspended approximately 15 nm above the “valley’ floor.
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Figure 5.13. AFM contact mode image of collagen fibril aligned in the direction of

the Au corrugations, inset, magnified region of fibril crossing surface valley.

5.3.2.3 Collagen fibre and fibril deposition at 90° to corrugations.

Figure 5.14a shows large-scale contact AFM height (leff) and deflection
(right) images of the substrate after processing in the couette cell. It can be seen that
most of the collagen fibres are completely aligned with each other at 90° to the
surface corrugations (scheme 5.1, step 4), an effect that was readily reproducible. The
deflection image presents more detail than is seen by the height image, allowing the
full extent of the fibre alignment to be seen more clearly. The highlighted area is then
magnified in figure 5.14b revealling the alignment of individual collagen fibrils with
more clarity where all the present collagen fibres are aligned parallel to each other in
the direction of the flow across the sample. It is hypothesised that the collagen fibrils
are deposited by the ends of the fibrils initially making contact with the surface and
the remainder of fibrils being laid down over the surface corrugations as the sample is

further rotated. This again is evidenced by the bulbous ends of the fibrils being set
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down into the ‘valleys’ and the fibrils stretched out over the corrugations of the CD-
Au. Figure 5.14c, again, is an enlarged image of a section of the collagen fibril across
the surface corrugations. From the height image, the collagen fibril is seen to trace the
peaks and valleys of CD-Au indicating the fibril is to an extent ‘sagging’ down into
the valleys. The AFM images were obtained in contact mode as attempts to image the
individual fibrils in tapping mode proved to yield poorly resolved images, possibly
due to the mobility of the collagen under the AFM tip.”’ The collagen fibrils were
especially difficult to resolve in tapping mode over the surface ‘valleys’, indicating
the fibrils were to some degree suspended above the ‘valleys’ and able to move under
the motion of the AFM tip. This ability of collagen to suspend over macroscale
surface channels has been observed previously and been used as a means of testing its

mechanical properties.”’
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Figure 5.14. AFM contact (a, b, ¢, leff) and deflection (a, b, ¢, right) images of

collagen fibrils aligned at 90° on corrugated Au surfaces.

5.3.3 Probing the mechanical properties of collagen fibrils with AFM (step 5)

In order to demonstrate that a combination of the use of corrugated surfaces
and circular couette deposition could be utilised to probe the mechanical properties of
micro and nanoscale species, it was decided to analyse the degree of deformation of
the collagen fibrils into the ‘valleys’ of the underlying corrugated surface. Although
collagen fibrils exhibit little strength in either torsion or flexion (especially at smaller

diameters) they exhibit high tensile strengths, thought to arise from intermolecular
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cross-links.”> Due to the nature of the deformation of collagen into the surface
corrugations, the tensile strength and the flexion strength of the fibrils will be a factor
in the overall mechanics of its deformation. Initial qualitative AFM force/distance
spectroscopy measurements showed the degree of indentation possible in the collagen
both on the Au surface and above the surface corrugation was almost identical. This
identical response indicated that just the local material properties of collagen were
being probed, showing that AFM force/distance measurements of fibres over
corrugations of this size were not practical. Over much larger surface channels
however, force/distance techniques have proved to be a useful tool in analyzing the
deformation of collagen.*

As force/distance spectroscopy had proved unfruitful it was decided to
examine the individual AFM scan section analyses from the obtained AFM images.
Measurements were carried out on the fibril both laying on the ‘peaks’ and suspended
above the ‘valleys’. The distance from the top of the fibril to the underlying surface
was compared to estimate a value for the fibril deformation (figure 5.15 and equation
5.1), Where Z, 4., 1s the depth of the corrugation ‘valley’, dj.; 1s the fibril diameter
and Zjeign: 18 the distance from the bottom of the ‘valley’ to the top of the fibril

suspended above it.

Figure 5.15. Diagram depicting the measurements taken with AFM to determine the

deformations exhibited by the collagen fibres over the corrugated surface.
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de = Zva.’.’e_y + dﬁbrh‘ - Z}m’ghr equation 5.1

The results of the AFM section analyses for one deposition run are presented
in figure 5.16. From figure 5.16a it can be seen that as the aligned fibril section length
increases, the diameter of the collagen fibrils decreases. The limited typical length of
tropocollagen,” indicates that longer fibrils should be composed of more individual
strands of tropocollagen, meaning an increased ability for shearing interactions of the
component tropocollagen. However, the size distribution of the collagen fibres and
fibrils observed for this set of experiments does not follow this proportional increase
in diameter with increase in fibre/fibril length. This unexpected bevaviour with the
collagen length and diameter by is believed to be a product of the grinding process

used to form the azocoll stock.

224



ot ]
S

]-I-I-l-
8 B8 8

& 8 8

Fibre Diameter (nm

(]
(-]

Deformation Distance (nm)
= & -] (=1
(=] (=] [ =] o

]
o

O
S

140

120

=

00

80

60

40

Deformation Distance (nm)

20

Fibre Diameter vs Fibre Length

*
-
L * +
. * . .
P -
*
2 4 5 [ 7 8 9
Fibre Length (um])
Deformation Distance vs Length
. A
ik
A
4 A
A -
A "
- ik
A
2 4 5 L] T ] ]
Fibre Length jum)
Deformation Distance vs Diameter
* .
*
*
*
-
+ [
-
-
+
20 40 &0 80 100 120

Fibre Diameter (nm})

Figure 5.16. Graphs depicting the relationship between a) the fibril lengths to fibril

diameter; b) fibril diameter to deformation distance; and ¢) fibril length to

deformation distance.
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Previously, the tensile strength of collagen fibrils was related to the fibril
diameter.”> However, literature observations have also concluded that the viscoelastic
mechanical properties of collagen are related more to the overall fibril length than
diameter.™* Figure 5.16b plots the length of the collagen fibrils against the
deformation distance and it can be seen that as the fibril length increases, the
deformation distance increases. Figure 5.16c shows that as the fibril diameter is
increased the deformation of the collagen fibrils into the surface corrugations is
decreased. This agrees with literature observations that the mechanical strength of the
collagen fibrils is seen to increase with increased diameter. It has been established in
the literature that multiple mechanisms are at play in the strength and deformation of

collagen®™

and the results seen here agree with such a view. The spread in results of
the graphs overall could arise due to the inhomogenity of the collagen stock due to the
grinding action imposed on the initial collagen fibres. The ability to probe the
mechanical properties of collagen using only a corrugated Au surface, simple
deposition procedure and AFM has implications for carrying out directional

.. . . . . 37
deposition and mechanical testing on other materials such as micro/nano-fibres’* and

38
carbon nanotubes.

5.4 Conclusions

Overall, it has been demonstrated that corrugated Au surfaces can be
recovered from Au coated CD-R disks via the process of template stripping. The
alignment of collagen fibres and fibrils on surfaces can be controlled with simple
apparatus composed of two concentric glass cylinder and a motor, without requiring
fabrication of costly microfluidic systems. The ability to control the alignment of
collagen fibrils on a surface with well-defined and repeatable topography allows the

experimentalist to probe the mechanical properties of individual collagen fibrils with
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AFM and gain insight into the deformation of collagen fibrils in surface corrugations

as a function of the observed fibril diameter and length.

5.5 Future work

The future work generated by this chapter is to investigate how the application
of the circular couette deposition technique can be applied to other materials such as
fibres and nanotubes in order to induce alignment. Furthermore, further investigations
into more uses of the corrugated Au surfaces achieved by the template stripping

process may prove advantageous.

5.6 Experimental

5.6.1 Pre-preparation of CD-R-Au surfaces

Sections of CD-R-Au were diced into 1cm?” portions using a standard pair of
scissors. The substrates were then immersed in conc HNOj; (70%) for 3 mins,

removed and rinsed with UHP H,O and HPLC EtOH and dried under a stream of N,.

5.6.2 Template-stripping of corrugated CD-R-Au surfaces to form CD-Au
surfaces (steps 1-3)

Template-stripped corrugated Au surfaces were formed by initially immersing
polycarbonate backed CD-R-Au substrates in conc nitric acid for 10 mins to remove
the protective polymer coating. After rinsing with UHP H,O and EtOH, the substrates
were dried then diced into 1 cm® pieces. The exposed Au surfaces of the CD-R-Au
diced pieces were then covered with epoxy resin (Epotech 377/302) and either glass
or silicon backing substrates laid on-top and pressed down. After overnight curing,

the silicon or glass backing substrates were then separated from the original
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polycarbonate base, facilitating the transfer of the corrugated Au surface to the glass

or silicon backing.

5.6.3 Circular-couette deposition of collagen (step 4)

A custom made circular couette cell was fabricated with two recessed areas on
the surface of the inner cylinder for 1 cm® Au coated samples to be placed. To carry
out collagen deposition, the inner cylinder with attached freshly stripped CD-Au
surfaces was lowered into the outer cylinder containing approximately 3 ml of
collagen suspension (Azocoll (Merck, Calbiochem) 5000 pg/ml, Sodium Acetete
Buffer, 0.037 M solution, pH 4.8). The outer cylinder was then rotated at 2280 rpm
(10 secs), 1755 rpm (10 secs) and 1175 rpm (5 secs) (Calibrated with Laser
Tachometer & High Speed Camera). After rotating the outer cylinder for the desired
speed and time, the inner cylinder was removed , rinsed with UHP H,O and the

samples allowed to air dry.

5.6.4 X-ray photoelectron spectroscopy (XPS).

XPS spectra were obtained on a VG ESCALAB 250 controlled by a
SPECTRA data system (PSP Vacuum Technology). Samples for analysis were
immobilised on stainless steel sample holders with stainless steel retaining screws to
form a conductive path between the Au surface and the sample holder. XPS
experiments were carried out using a monochromatic Al Ko X-ray source (1486.6 eV)
operated at 10 kV and 20 mA. Au (4f) spectra were recorded using a pass energy of
80-90 eV and a step size of 0.1 eV. Analysis of XPS peaks was performed using the

spectra processing program (PRESENTS) in the XPS software.
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5.6.5 Optical microscopy analysis
Optical microscopy analysis was carried out using a transmitted light
microscope (Zeiss, Axio Scope) and the optical system of a D3100 (Dimension) AFM

(Digital Instruments, Santa Barbara, CA).

5.6.6 SEM analysis
SEM analysis was carried out by coating the template stripped Au substrates
with attached collagen with a thin carbon layer to improve contrast. The SEM

imaging was carried out under vacuum using a Jeol 7000 FEGSEM instrument.

5.6.7 AFM analysis (step 5)

AFM analysis was carried out using a D3100 (Dimension) AFM (Digital
Instruments, Santa Barbara, CA) operated in tapping mode using etched silicon
probes with a nominal spring constant of 20—-80N/m and a tip radius <10nm (model
RTESP, Veeco Instruments, Inc). AFM images were acquired in air with a scan rate
of 1.00 Hz. Surface section measurements were carried out using Nanoscope software

(Version 6.13, Digital Instruments, Santa Barbara, CA).
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Chapter 6
DNA Based Foundations and Walls:

Fabrication of Patterned Silicon Surfaces by Photolithographic
Exposure of DNA-Hairpins Carrying Photolabile Groups

Chapter 6 is based upon an article entitled:

‘Fabrication of Patterned Silicon Surfaces by Photolithographic Exposure of DNA-
Hairpins Carrying Photolabile Groups’ by Brendan Manning, Simon J. Leigh, Roger
Ramos, Jon A. Preece and Ramon Eritja. The Journal of Experimental Nanoscience,

2010, 5, 26-39

Abstract

The work here demonstrates an overall method for the fabrication of patterned
surfaces using hairpin oligonucleotides carrying one photolabile group at the
central/apical loop position. Photolysis of surfaces carrying the photolabile hairpin
oligonucleotides results in the dissociation of one of the oligonucleotide strands and
formation of areas carrying single-stranded DNA sequences that direct the deposition
of the complementary sequence at the photolyzed sites. The non-photolyzed areas
carrying the intact hairpin do not bind so readily to complementary sequences due to
the presence of the more stable intra-molecular hairpin duplex. The chapter follows
the step-wise chemical derivatisation and grafting of functional molecules onto silicon
surfaces with contact angle, spectroscopic ellipsometry and atomic force microscopy.
The photolysis and photolithographic patterning is then carried out to demonstrate the
photo-responsive behaviour of the surface grafted oligonucleotide. Finally, the
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resultant single stranded oligonucleotide sequences are used to direct the self-
assembly of molecular and nanoscale components carried on a second complementary
sequence. The overall method described offers an attractive option for the fabrication
of patterned surfaces with potential interest in electronics and biosensors through
integration of the well-defined assembly of biomolecules with surface chemical

modification

6.1 Introduction

There is a growing interest in the development of efficient methods to self-
organize nanoscale components such as nanoparticles, nanotubes and biomolecules
onto surfaces to fabricate nanostructured systems for electronic' or biological® or
sensing applications.”® Hybrid top-down/bottom-up processes, which combine the
precision of lithographic techniques and the parallelism of self-assembly have been
actively pursued in order to create patterns on silicon surfaces functionalised with
self-assembled monolayers (SAMs).”” SAMs have proved useful tools for surface
structuring'® or patterning'' due to their ease of formation, stability and ability to

facilitate further grafting of functional molecules onto a surface.'” The ability to

13,14 d15-17

organize biomolecules such as DNA on surfaces such as glass'™ ™ and gol is also
an area of increased interest. Recent advances in the development of techniques to
integrate semiconductor technology with biomolecules has allowed for the possibility
of utilizing the key specific recognition properties of biomolecules to assemble
functional devices based on DNA to semiconductor surfaces.'® The highly specific
recognition of complementary strands of oligonucleotides is an ideal way of carrying
out highly controlled, precise, species specific self-assembly, where only a specific
component carrying the complementary sequence to the surface bound sequence will

19-21

assemble at that location. Methods used previously to pattern surfaces with
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oligonucleotides have included pre-patterning of the underlying silicon layer by
micron-scale UV light exposure of hydrogen-terminated silicon (100) coated with
alkenes functionalised with N-hydroxysuccinimide ester groups.”? The resultant N-
hydroxysuccinimide ester surfaces act as a template for the subsequent covalent
attachment of DNA oligonucleotides.”® A similar affect can be achieved by pre-
patterning self-assembled monolayers on silicon surfaces by electron beam
lithography.** Kershner et ali*® recently presented a paper where they carried out
placement of DNA shapes known as ‘DNA origami’ on surfaces patterned by electron
beam lithography (figure 6.1, 1). Other methodologies have utilised soft lithographic

techniques such as contact printing to pattern DNA on surfaces (figure 6.1, ii).?

i) Pre-Patterning- ii) Soft Lithography- iii) Oligonucleotide
Electron Beam Lithography Contact Printing Photo-Patterning

K X X
otetet

VAN i

V /& 4

! !

Figure 6.1. Comparison of some available methods for patterning DNA on surfaces,
soft-lithography using PDMS stamps, surface lithographic pre-patterning and the
method presented here of photo-patterning the DNA molecules themselves.

By introducing the method for patterning of the oligonucleotides surfaces into

the DNA oligonucleotide themselves, by way of a photolabile group (figure 6.1, iii), a
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more robust surface patterning technique can be achieved with the possibility for
multiple exposure and hybridization steps once the oligonucleotides are in-situ, as
opposed to a single patterning step before attachment of the oligonucleotides. Some
conventional routes to biomolecule immobilisation rely on weak -electrostatic
attraction or physisorption.”” However, to allow for the most robust system, a strong
convalent bond between the surface and the biomolecule is prefered to increase the
chance that the molecule will survive further fabrication steps.”® If initial site-
selective deposition of the oligonucleotides is first required due to a need for high-
resolution structures, a chemical contrast between regions on a surface would make an
ideal template. To make this chemical contrast on a surface, patterns have been
created by exposure of thiol-stabilized gold NPs supported on silicon wafers to UV
light leading to oxidation of the thiol and coagulation of the NPs,*’ or photo-
crosslinking of C60 derivatives,”® forming dense structures that are resistant to
removal by organic solvents. Methods exist to further derivatize gold surfaces such as
those formed, with oligonucleotide sequences.'® *! ** Alternatively it is possible to
modify a specific region of a surface introducing chemical functionality to direct the
adsorption of particulate species via the method of EBL (as discussed in chapter 2).*
The ability to deposit further particulate species to chemically patterned substrates is a
robust method for three dimensional nanostructuring of surfaces, as the only change

to the surface upon patterning is chemical and not physical.

6.2 Aims and objectives
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The aim of this work is to carry out the chemical modification of silicon
surfaces with synthetic hairpin oligonucleotide strands. These oligonucleotide strands
will carry a photolabile group at the apex of hairpin and thus can be photocleaved and
used to direct the site specific self-assembly of complementary oligonucleotide
strands carrying fluorescent dye and gold nanoparticle (AuNP) labels. The
combination of a top-down photolithographic technique with the inherent bottom-up
specific self-assembling nature of complementary oligonucleotide strands exploits
advances in surface chemical modification and oligonucleotide synthesis to introduce
a new route to surface patterning and structuring for novel applications. By labelling
the self-assembling complementary strands, the resultant system can be used to direct
the self-assembly of both molecular and nanoscale components. The complete process

1s illustrated in scheme 6.1.
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6.3 Results & discussion

The experimental work in this chapter can be broken down into three distinct
areas, surface chemistry, photopatterning and self-assembly (scheme 6.1). The surface
chemistry section will follow the step-wise derivatisation of SiO, to a clean
hydroxylated surface (step 1) and then to an APTMS SAM (step 2). This will be
followed by grafting of p-phenylene diisothiocyanate forming a -SCN terminated
surface (step 3). The final chemical step is the grafting of the hairpin oligonucleotide
to the surface (step 4). The photopatterning section will explore the photolysis
behaviour of the grafted oligonucleotide sequences (step 5) to effect dissociation and
removal of the hairpin loop (step 6) to leave a single stranded oligoucleotide. The
self-assembly section will examine the self-assembly of complementary
oligonucleotide sequences carrying dye (step 7) and nanoparticle labels (step 8) after

photopatterning. Each sample had one repeat completed.

6.3.1 Surface chemistry

6.3.1.1 Silicon surface preparation & characterisation
methodology, substrates a - d

Cleaned hydroxyl terminated silicon wafers (-OH, substrate a)** were

functionalised with 3-aminopropyltrimethoxysilane as described in the literature,*

affording amino-terminated surfaces (-NH,, substrate b). The APTMS SAM surfaces

were then treated with p-phenylene diisothiocyanate (PDITC) to form isothiocyanate

terminated surfaces (-SCN, substrate c).**®

These surfaces were then coupled with
the —NH, terminated photolabile hairpin oligonucleotide A to form the —OLIGO

terminated surfaces ((-OLIGO, substrate d) (scheme 6.1, step 3).
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6.3.1.1.1 —OH, substrate (a)

Dynamic contact angle measurements of the silicon wafers (Si/SiO,) after
cleaning to form the hydroxyl terminated surfaces (step 1) revealed contact angles of
34 £ 6° (Av Adv) and 19 + 5° (Av Rec) agreeing with literature values for hydrophilic
surfaces of this type.** AFM imaging of the clean hydroxylated SiO, surface showed
that the surfaces were clean and free from contamination (figure 6.2) with an average

RMS roughness of 0.2 nm.

00 10.0 nm

5.0 nm

0.0 rnm

Figure 6.2. Tapping mode AFM image of SiO; surface after cleaning and -OH

functionalisation (-OH, substrate a).

6.3.1.1.2 —-NH,, substrate (b)
After formation of NH, SAM surfaces (step 2), the average contact angles

changed to 66° + 7° (Av Adv) and 42° + 4° (Av Rec), which were higher than
literature values for SAMs fully terminated with NH, groups.40 It has been
demonstrated that a water film (one or several molecular layers thick) covering the
substrate is necessary for the formation of a complete monolayer.*"" ** On the other
hand, a too high content of water in the organosilane solution promotes the formation
of oligomeric siloxanes that results in the deposition of a multilayered structure and

an increase in the film roughness (a reason for a higher contact angle).* Ellipsometry
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measurements showed average APTMS thicknesses of 0.88 nm + 0.1 nm, which was
also comparable to the estimated molecule length (0.69 nm, Chem3D Software),
(Table 1), therefore excluding the formation of multilayers as a reason for the slightly
higher than expected contact angle values. One hypothesis is that the high contact
angle values were therefore due to some disorder being present within the SAM
structure. AFM imaging revealed that upon APTMS functionalisation of hydoxyl
terminated silicon surfaces, a similar average RMS roughness to the SiO; surface was

achieved (0.2 nm) and the surfaces were free from polymeric aggregates (figure 6.3).

100 10.0 nm

5.0 nm

0.0 rm

wm

Figure 6.3. Tapping mode AFM image of
Si0; after APTMS SAM functionalisation (-NH;, substrate b).

The similarity of the roughness values of the —OH surface of the APTMS
surface is evidence of disorder of the APTMS chains as the formation of organosilane

SAMs usually give rises to smoother overall surfaces.
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Table 6.1. Water contact angles, thickness and RMS roughness of functionalised

silicon surfaces.

Surface Contact Angle

@)

(Adv) (Rec)

Thickness (nm)

Average
RMS

Measured Expected Rgyghness

(nm)
-OH (a) 34+£6 1945 0 0 0.22 +0.02
-NH, (b) 667 42+4 0.88=+0.1 0.69 0.20 +0.01
-SCN (¢) 78+6 51+4 1.20+0.2 1.60 0.21 £0.02
-OLIGO (d) 663 39+2 10.8+0.7 8.90 0.66 +0.03
-SINGLE () - - 1.30 £ 0.6 1.70 0.38 +0.02
-RHODAMINE - - - 1.06 + 0.03

®

-AuNP (h) - - - 1.45 +0.03

X-ray photoelectron spectroscopy of the silicon based substrates in the region

for N (1s) showed the presence of 2 peaks for the APTMS functionalised surfaces

(figure 6.4). The peak at approx 400 eV is thought to originate from the NH, species

of the APTMS and the second peak at approx 401.5 eV is thought to originate from

the protonated form of the APTMS SAM (NH;").>* The two peak areas are

approximately in a 1:1 ratio, indicating a 50/50 split in amount of both at the surface.

The protonated NH;" may have arisen from incomplete washing of the silicon
p y p g

substrate after cleaning leading to an acidic environment at the surface of the silicon

during SAM formation.
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Figure 6.4. N (1s) X-ray photoelectron spectra of substrates a-d.

6.3.1.1.3 —SCN, substrate (c)
PDITC was grafted to the —NH; surfaces through formation of bond between

the terminal N atom of the NH, surface and the outermost carbon of the PDITC
molecule (scheme 6.1, step 3). Dynamic contact angle measurements of —SCN
terminated surfaces revealed an increase in contact angle upon formation of —SCN
terminated surfaces 78 £ 6 (Av Adv) and 51 + 4, (Av Rec), which is in good
agreement with previously seen behaviour (table 1).>* Ellipsometry of the —~SCN
terminated surfaces revealed a thickness of 1.2 nm + 0.2 nm, which is comparable
with the estimated length of the molecule (1.6 nm, Chem3D Software). XPS of the —
SCN surfaces (figure 6.4) revealed that the peak at approx 400 eV was seen to shift
and slightly broaden, as might be expected with the addition of other N functionality
((R(NH)R & C=N-R). The two Nls peaks then are in a ratio of 3:1, indicating that
addition of the PDITC species may only occur on 50% of the surface N atoms with
three nitrogen environments from the APTMS-SCN conjugate to every NH;'

environment on the underlying APTMS SAM. This 50% grafting efficiency is
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possibly due to disorder in the SAM and steric interactions of the PDITC molecule.
These XPS observations also agree with the contact angle values for the NH, SAMs
showing a disordered SAM. It was believed that such spacing of the PDITC moieties
while maybe advantageous for providing a suitable spacing for the oligonucleotide
grafting process could lead to non-specific adsorption at later stages of the
experiment. (as observed in section 6.3.3.2) AFM imaging (figure 6.5) showed the
average RMS roughness of the —SCN surface to be 0.214 nm, a roughness value

similar to that obtained for the NH, SAMs.

s s
10.0 nm !;| ﬂ
l |
N N
5.0 nm @
TH NH
s=—cC s=—c

NH NH
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Figure 6.5. Tapping mode AFM image of SiO; surface functionalised with

) |
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isothiocianate groups (-SCN, substrate c).

6.3.1.2 Oligonucleotide grafting
The  photolabile  hairpin  oligonucleotide = sequence A  (5°-
CTCAATGACTCGTT-X-TTCGAGTCATTGAGTCATTTTT-hexyl-NH,-3*, X =
photolabile linker) was provided by the group of Dr Ramon Eritja, IRB, Barcelona,
Spain.** Oligonucleotide A contained a terminal amino group at the 3’ end® followed
by 5 thymidines allowing for covalent attachment of the oligonucleotide to the —-SCN
terminated surfaces as a strong covalent interaction of the oligonucleotide with the

surface was the preferred method for attachment of such biomolecules to surfaces to
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ensure that the hairpin was not desorbed during further fabrication steps.46 The
oligonucleotide had a self-complementary sequence of 15 base pairs linked by a
tetrathymidine loop. In the middle of the loop there is a photolabile 2-nitrobenzyl
group (scheme 6.1).

6.3.1.2.1 —-OLIGO, substrate (d)

Dynamic contact angle measurements of -OLIGO terminated surfaces (scheme
6.1, step 4) revealed a decrease in contact angle upon formation of —OLIGO
terminated surfaces (table 1). The contact angle obtained closely resembles that of the
APTMS SAM. We can attribute this similar contact angle to the polar nature of the
oligonucleotide and hairpin link added to the surface. The thickness obtained from
ellipsometry measurements (10.8 nm) was slightly longer than the estimated length of
the oligonucleotide (8.9 nm) and was possibly due to some weak physisorption of
further hairpin oligonucleotides. Quantitative XPS examination of the addition of the
oligonucleotide to the silicon surfaces was inconclusive due to broadening of the
nitrogen peak, especially in the region between the NH, and NH;" regions, consistent
with the addition of multiple nitrogen species and especially (N-(C=0)-N) from the
high levels of thymine present in the oligonucleotide.*® The AFM image of the
-OLIGO functionalised surface is shown in figure 6.6. Upon attachment of the hairpin
oligonucleotide to the surface, there is an increase in the average surface RMS
roughness from 0.214 nm to 0.659 nm due to the presence and orientation of the

hairpin oligonucleotide.
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Figure 6.6. Tapping mode AFM image of surface functionalised with oligonucleotide

A, (-FOLIGO, substrate d).

6.3.2 Photopatterning
6.3.2.1 Photolysis control
The 2-nitrobenzyl group used in the hairpin oligonucleotide is widely used in
organic synthesis as a protecting group and a cleavable linker because of its high

photocleavage efficiency by near-UV light irradiation*’"

(scheme 6.2). A cleavage
quantum yield of 0.49-0.63 has been reported in the literature for 1-(2-

nitrophenyl)ethyl phosphate esters.”'

H

N
CTCAATGACTCGTT —0 - -
/\/\Q/ Oligonucleotide A
o
I
O—P—O0-TTCGAGTCATTGAGTCATTTT
o

NO,
CTCAATGAGTCGTT _OM\IT j Photolysis
0
)
NO o Oligonucleotide A’
[
'D—T —QO-—TTCGAGTCATTGAGTCATTTT
&

Scheme 6.2. Photocleavage of the hairpin oligonucleotide A carrying the 2-
nitrobenzyl group (DMT, dimethoxytrityl group).

6.3.2.2 —SINGLE, substrate (f)
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Investigations carried out in Dr Eritja’s group examining the photolabile
nature of oligonucleotide A showed that in solution, photolysis was completed after
30 minutes as judged by analytical HPLC.** The hairpin was photolyzed with a Black
Eye lamp (340 nm) at room temperature. Upon carrying out the surface photolysis of
oligonucleotide A functionalised surfaces (substrate d), AFM images (figure 6.7)
showed a decrease in RMS roughness from 0.659 nm to 0.384 nm (scheme 6.1, step
6). The RMS decrease was attributed to the formation of a single stranded
oligonucleotide A’ on the surface, which has a shorter persistence length caused by

self-coiling and/or collapse of the single stranded oligonucleotide.
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Figure 6.7. AFM tapping mode image of surface after photolysis and rinsing with

single oligonucleotide strand (-SINGLE, substrate f).

This conclusion from the RMS roughness value is further supported by
ellipsometry analysis which showed a drop in oligonucleotide layer thickness to 1.3 +
0.6 nm after photolysis and rinsing, which is consistent with photolysis of the
photolabile hairpin group and collapse of the single stranded oligonucleotide (figure

6.8).
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Figure 6.8. Figure showing i) the presence of the hairpin loop, ii) the removal of the
hairpin loop, revealing the single stranded oligonucleotide and iii) self-coiling and/or

collapse of the resultant single-stranded oligonucleotide.

Hybridization of completely photolyzed surfaces with complementary
oligonucleotide labelled with rhodamine (step 7) was examined in Dr Eritja’s group
with epifluorescence microscopy of the surfaces and showed a strong fluorescent
signal from the sample hybridised with the complementary rhodamine oligonucleotide

(figure 6.9).
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Intensity: 14.14 Intensity: 109.14

Figure 6.9. Assessment of intramolecular versus intermolecular duplex formation by
photolysis and subsequent hybridization. Two silicon surfaces were functionalised
with hairpin oligonucleotide A. One surface was not photolyzed with UV light a)

while the other wasphotolyzed b). Hybridization with the complementary
oligonucleotide labelled with rhodamine showed a more intense fluorescence at the
photolyzed surface b). Inset, are the average fluorescence intensities of the

unphotolyzed / photolyzed surfaces in arbitrary units (a.u.).

The non-photolyzed sample showed a weak background intensity after the
hybridisation procedure which is believed to be due to the low grafting density of the

underlying PDITC allowing physisorption of the labelled complementary strand.

6.3.3 Self-assembly
6.3.3.1 -RHODAMINE, substrate (g)
Examination of an oligonucleotide surface after photolysis and hydridisation

with a rhodamine labelled oligonulceotide B showed an increase in average RMS

roughness seen by AFM (1.062 nm) (figure 6.10)
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Figure 6.10. AFM tapping mode image of
surface after hybridisation with complementary strand B carrying rhodamine label (-

RHODAMINE, substrate g).

The rhodamine labelled surface roughness is now approaching that of the
original non-photolyzed sample by AFM, due to the return of a double stranded
oligonucleotide on the surface and its associated increase in persistence length. After
denaturing using NaOH the fluorescence decreased dramatically, indicating nearly
complete removal of the rhodamine labelled oligonucleotide from the surface and the
ability to disassemble the hybridized structures after they have been formed. The
surfaces treated with NaOH were hybridized a second time with the complementary
rhodamine oligonucleotide and the surfaces showed again a strong fluorescent signal.
Three cycles of hybridization and denaturation were performed without apparent loss
of fluorescence indicating the robustness of the immobilization method and the

reversibility of the denaturation process.
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6.3.3.2 —AuNP, substrate (h)

Samples of oligonucleotide surfaces after photolysis and hybridisation with
complementary strand B labelled with 5 nm gold nanoparticles when imaged with
AFM gave an RMS roughness of 1.45 nm (scheme 6.1, step 8). The roughness of the
nanoparticle surface appeared greater than the rhodamine labeled surface due to the
size difference between the 5 nm gold NPs and the molecular rhodamine label (figure

6.11).

10.0 nm

5.0 nm

0.0 rnm

Figure 6.11. AFM tapping mode image of surface after hybridisation with

complementary strand B carrying gold nanoparticle label (-AuNP, substrate h).

Patterning experiments of silicon oxide surfaces carrying hairpin-
oligonucleotides by UV photolithography were performed. Samples of silicon oxide
surfaces functionalised with the hairpin oligonucleotide A were irradiated for 1 min
with a high intensity lamp through a calibration mask of vinyl acetate with lines
ranging from 4 to 170 [Jm. After irradiation, substrates were washed and hybridized
with complementary rhodamine labelled oligonucleotide B. (step 7) Figure 6.12a

shows a fluorescent strip observed by epifluorescence. The pattern of 4 lines from the
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mask was easily observed, although there was some fluorescence background due to
non-specific adsorption. There are many reasons for the non-specific adsorption seen,
however, the initial low grafting density of the underlying PDITC could be the major

factor, with the labelled complementary strands able to penetrate the oligonucleotide

layer and physisorb to the surface.

200pum
— . 2mm

Substrate (g) Substrate (h)

Figure 6.12. a) Fluorescence image after photo-patterning and hybridization with
complementary sequence B labelled with rhodamine (substrate g) (step 7), inset:
Image of the calibration mask used in the photolysis. b) Optical microscopy image
after photo-patterning and hybridization with complementary sequence B labelled
with 10 nm gold nanoparticles (substrate h) (step 8). Inset: Image of the calibration
mask used in the photolysis. The visible lines are areas that were masked during
photolysis and hence have no nanoparticles attached. Photography obtained with a

stereomicroscope with lateral illumination.
A similar experiment was performed using the complementary oligonucleotide

B linked to 5 nm gold NPs (scheme 6.1, step 7). The pattern of the mask formed by

gold NPs on the surface could be easily observed with lateral light (figure 6.12b).
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Most of the NPs were in the photolyzed areas, again some colouration from the NPs
was observed in the non-photolyzed areas due to non-specific adsorption.
6.4 Conclusions

In summary, it has been shown that a hairpin oligonucleotide carrying a
photolabile group at the loop provides a simple basis for the formation of micrometer-
scale patterns on silicon wafers. The process allows for patterning of DNA
oligonucleotides in-sifu, negating the need for any pre-patterning step on the surface
before oligonucleotide attachment. The ability to attach photolabile oligonucleotides
to amino-terminated semiconductor surfaces allows existing techniques for
chemically patterning semiconductor surfaces to be further exploited in the formation
of nanostructured surfaces comprised of SAMs and DNA oligonucleotides. Exposure
of surfaces functionalised with the hairpin to UV light causes the formation of areas
functionalised with single stranded oligonucleotides that direct specific deposition of
fluorescent compounds or NPs using the complementary oligonucleotide sequence.
Due to the specific self-assembling properties of DNA and the existing methods for
the synthesis of oligonucleotides it is expected that the set of methods described here
may find a wide use for the fabrication of functional nanostructured systems for

electronic, biological and sensing applications.

6.5 Future work

While providing the basis for an interesting and useful approach to patterning
surfaces with DNA oligonucleotides to direct site-specific self-assembly, further work
is needed to reduce non-specific adsorption in non-photolyzed areas. It is predicted
that this reduction in non-specific adsorption will be overcome by increasing initial
grafting density, using blocking agents such as polyethyleneglycol or albumine and

by increasing the length of the oligonucleotide.
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6.6 Experimental section

6.6.1 Materials

Silicon wafers (Si/SiO,) were purchased from Virginia Semiconductors Inc
and were of the type: <I11> orientation, resistance of 1-10 Q cm, 100 nm (+ 5%)
thick oxide layer on both sides and polished on one side. All commercially available
chemicals and solvents were purchased from Fisher Scientific and Sigma Aldrich and
used as supplied. Ultra high purity (UHP) H,O was purified using a UHQ filtration

system and used with resistivity > 18 MQ,cm.

6.6.2 Equipment preparation

Glassware was immersed in piranha solution (70% H,SO4, 30% H,0,), rinsed
and then sonicated in Ultra High Purity water (UHP H,O, resistivity 18 Q cm™)
followed by drying in an oven at 127 °C for 30 minutes. Finally the glassware was
rinsed and sonicated in ethanol for 30 minutes before being dried in the oven at 127
°C for 24 hours prior to use. Clean plastic equipment was rinsed with UHP H,O for 30
minutes followed by rinsing with ethanol and a final sonication in ethanol for 30

minutes.

6.6.3 Silicon substrate cleaning (step 1)

A silicon wafer was cut into lcm? squares using a diamond tipped scribber.
They were rinsed with ethanol to clear the surface of any dust produced by the cutting
process. The lcm® squares were then immersed in piranha solution at 90-100 °C for
60 minutes. Once cooled, the piranha solution was rinsed off the substrate with UHP
water and each one was sonicated in RCA solution (UHP water; 30% H,0,; 28%
NH4OH , 5:1:1) for 60 minutes. Sonication in RCA at this stage functionalizes the

surface with hydroxyl groups to allow monolayer formation. Repeated rinsing of the
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substrate in UHP water finishes the cleaning procedure. The substrates were stored in

UHP water and used within 2 days to minimise loss of surface hydroxyl groups.

6.6.4 Preparation of APTMS functionalised self-assembled monolayers

(NH;-SAM) (step 2)

The cleaned silica substrates were transferred from UHP H,O into anhydrous
ethanol by stepwise exchange from H,O to ethanol with mixtures in the ratio 3:1, 2:2,
1:3, ethanol and finally anhydrous ethanol. The wafers were then immersed into a 0.5
mM solution of (3-aminopropyl)-trimethoxysilane (APTMS) in anhydrous ethanol (5
ml) under a N, atmosphere and sonicated at room temperature for 1 hour. The
substrates were rinsed for 20 seconds each with ethanol and chloroform, followed by
sonication of the wafers twice in fresh ethanol and a final rinsing with ethanol and
chloroform. Each sample was then dried under a stream of nitrogen and cured at 120

°C for 30 minutes under vacuum to promote cross-linking of the SAM’s

6.6.5 p-phenylene diisothiocyanate coupling to APTMS SAM (step 3)
APTMS SAMs were treated with a 0.2% solution of PDITC in 10% pyridine /
N,N-dimethylformamide (DMF). After incubation, samples were washed with

methanol and acetone and stored in a vacuum dessicator.

6.6.6 Coupling of photolabile hairpin oligonucleotide (step 4)

A solution carrying 0.68 O.D. (optical density) units at 260 nm of the
photolabile-hairpin-NH; (sequence A) in sodium borate buffer (pH 8.0) was prepared
and drop cast onto substrates and incubated at 37°C for 2 hours. Samples were then
washed with 1% NH4OH, copious amounts of UHP H,O and methanol. Samples were

then dried under a thin stream of N, and stored in vacuum desiccator.
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6.6.7 Photolysis of hairpin oligonucleotide (step S & 6)
Photolysis was carried out using a Mercury lamp (Black Eye lamp, 340 nm)

for 30 min. Followed by washing with 200 mM sodium hydroxide and water.

6.6.8 UV photolithography (steps 5 & 6)

UV photolithography was carried out using a Suss Microtech MJB4 mask
aligner, samples of APTMS SAMs functionalised with the hairpin oligonucleotide
were irradiated from 5 sec to 1 min with a high intensity UV lamp (340 nm). A mask
of vinyl acetate was used for the patterning. After irradiation substrates were washed
with 0.2 M NaOH, followed by washing with water and drying under Ar. Before
hybridization the substrate was washed with 1 x SSC and dried under argon. To
deactivate remaining isothiocyanate groups the substrates were treated with 50 mM 6-
amino-1-hexanol and 150 mM N,N-diisopropylethylamine in DMF for 2 h and

subsequently rinsed with DMF, acetone and dried under argon.

6.6.9 Surface hybridisation of complementary oligonucleotide B (steps 7 &

8)
A sample of 10uM complementary rhodamine or nanoparticle labelled
oligonucleotide in hybridization buffer (6x SSC, 0.1% SDS, water) was prepared.
Hybridization was carried out for 2 h at room temperature, followed by washing with

6 x SSC, 2 x SSC and water.

6.6.10 Surface characterisation

Samples were analysed via dynamic contact angle measurements,

ellipsometry, AFM and epi-fluorescence microscopy.
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6.6.10.1 Contact angle
Water contact angle analysis was carried out using the sessile drop method on
a home built contact angle apparatus equipped with a CCD camera attached to a PC
for image capture. Contact angles are quoted as the average advancing (Adv) and
receding (Rec) angles from images analysed with software from FTA for 5 locations

on the same substrate.

6.6.10.2 Spectroscopic ellipsometry
Spectroscopic ellipsometry was carried out using a Jobin-Yvon UVISEL
spectroscopic ellipsometer with a white light source. The angle of incidence was fixed
at 70° and a wavelength range of 250-800 nm was used. Ellipsometric thicknesses
were estimated from data taken from a fresh surface in 5 locations and modelled

against a cauchy oscillator model.

6.6.10.3 Atomic force microscopy (AFM)
AFM topography analysis was carried out using a multimode Nanoscope IIIA
(Digital Instruments, Santa Barbara, CA) in tapping mode using RTSEP etched

silicon probes.

6.6.10.4 Epi-fluorescence microscopy
Epi-fluorescence images were acquired using a Nikon Eclipse €1000, with a
G-2A filter equipped with a Roper coolSNAPfx CCD camera. Images were captured
at 20X or 40X in air. Image analysis was carried out using imageJ software and

average fluorescence intensities were calculated over the whole image.
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Chapter 7

Conclusions

The work carried out in this thesis has taken the concept of micro- and
nanostructuring surfaces and presented a range of techniques based around this
concept and developed the ideas introduced in each chapter. One of the highest
resolution techniques available for surface patterning at present is the use of EBL with
polymeric resists. As conventional polymeric resists usually have to go through a
further etching step to topographically pattern an underlying material, being able to
build 3D structures directly on top of a resist type material is of great interest. The
aim of Chapter 2 was to carry out a systematic study of the electron dose vs
functional group conversion of an aromatic-NO, terminated SAM to an aromatic-NH;
terminated SAM gold surface. The SAM acts like a molecular resist, and at a dose of
30 000 pC cm” achieved its maximum functional group conversion, as judged by the
assembly of negatively charged gold nanoparticles on the patterned surfaces. A
second aim of this chapter was to examine how feature size and quality were affected
by varying electron doses. It was observed that increasing electron dose caused
feature broadening and high electron doses caused feature inversion. The observed
behaviour could be rationalized with an understanding of the physics of electron
interactions with solid surfaces. Overall, the chapter showed that EBL could be used
to pattern features on a surface with a molecular resist, which could then be directly
used to build 3D structures upon.

Chapter 3 took its cues from the previous chapter and began to examine how
the negatively charged gold nanoparticles assembled on the patterned features may be
used as a building block for creating much larger 3D structures. The chapter also

examined other methods of patterning for the 3D structures. The first aim of the
269



chapter was to investigate the sequential deposition of a cationic polyelectrolyte and
anionic citrate stabilised gold nanoparticles (the same particles used in the previous
chapter). The polyelectrolyte and nanoparticles were observed to assemble in a facile
manner to surfaces via a dip-wash-dip-wash (layer-by-layer) deposition strategy. The
deposition processes were characterized using AFM imaging, cantilever resonance
measurements and spectrophotometry on transparent substrates. All the techniques
gave values of the same order of magnitude, not only demonstrating the 3D building
process, but also the viability of the techniques themselves. The second aim of the
chapter was to examine routes other than EBL that could be used to pattern the layer-
by-layer structures. The patterning of structures was achieved by first carrying out a
conventional photolithography process with a polymeric resist, followed by assembly
of the polyelectrolyte and nanoparticles. Secondly, lithography using thiol-stabilisd
gold nanoparticles and a laser to pattern aggregated gold features was attempted. The
features were intended as foundations on which the polyelectrolyte and anionic
nanoparticles could be assembled via a microfluidic device. Although the lithography
using the laser was successful, the features did not survive the process required to
assemble the microfluidic device, the microdfluidic device did prove successful at
delivering the polyelectrolytes and nanoparticles to the surface in a layer-by-layer
fashion. Overall, chapter 3 showed that assembly of 3D structures on patterned
surfaces such as those in chapter 2 was easily achievable.

Chapter 4 was based on searching for other, more rapid ways of depositing
the polyelectrolyte and nanoparticle materials already examined. The layer-by-layer
methodology used in chapter 3, although simple, still suffered from the down-side of
the long time (I hour) required for assembly of the gold nanoparticles on the
preceding layer. The first aim was to demonstrate that a commercially available inkjet

printing system could be used to sequentially print the polyelectrolytes and
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nanoparticles to glass surfaces in order to form  microstructured
polyelectrolyte/nanoparticle structures. The printing system was able to successfully
deposit the polyelectrolyte to glass surfaces forming a range of film morphologies,
from discrete features to a complete film. By modifying the surface chemistry of the
glass to make it more hydrophobic, the lateral sizes of the polyelectrolyte features
could be reduced. The technique, however, was not viable for deposition of the
nanoparticles also from the same printer, as the nanoparticles aggregated in the print
head. The printed polyelectrolyte structures could be used to direct the deposition of
the nanoparticles from solution. The second aim of the chapter was to take the printed
strctures and further define features within them using the sharp tip of an AFM to
mechanical scratch away material. The AFM tip was able to easily displace the
polyelectrolyte and nanoparticle structures, defining square and channel features
within the printed structures. Overall, inkjet printing proved to be a highly viable
technique for delivering materials, such as polyelectrolytes, to surfaces of differing
chemistries. If a second, clean printer was utilised, the deposition of nanoparticles
would be achievable on the polyelectrolyte foundations.

Chapter 5, rather than fabricating a structured surface, introduces a
topographically pre-structured substrate recovered from gold-coated CD-R data disks
and uses a novel technique conceived for the work presented, to deposit the
hierarchical biological material collagen to the topographically structured surfaces.
The first aim of the chapter is to carry out the removal of the structured gold surface
from the CD-R disks and transfer it to silicon and glass surfaces. The gold structured
surfaces are easily transferred to the new substrates. AFM confirmed that the structure
was retained and XPS confirmed that there was an exposed gold surface. The second
aim of the chapter is to deposit collagen with controlled directionality on the gold

surfaces. Collagen was deposited to the surfaces with controlled directionality, with
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both fibres and fibrils showing directionality on the structured surfaces, as seen with
AFM. Collagen was observed to be suspended over some of the ‘valleys’ of the
substrate. The third aim of the chapter was to examine the mechanical properties of
the collagen deposited. By virtue of the collagen being suspended over the valleys of
the surface, the downward displacement of the collagen into the valleys was measured
and compared against the collagen diameter and length. Overall, the recovery of the
structured gold surfaces from CD-R disks showed that the topographically structured
substrates gave to rise readily and cheaply available substrates for use by
experimental scientists. The deposition technique used proved to be successful in
controlling the directionality of material, which could prove useful in the future for
depositing other materials of interest such as nanotubes.

Finally, Chapter 6 took another material, synthetic DNA oligonucloetides
based upon the naturally occurring chemistry of DNA and combined it with
photolithography to provide a route to 3D structuring of surfaces, exploiting the self-
assembling properties of DNA. The first aim of the chapter was to chemically
derivatise silicon surfaces with synthetic hairpin oligonucleotides carrying a
photolabile group at the apex. The derivatisation methodology was successful in
attaching the oligonucleotides to the silicon surfaces and was followed via a
combination of contact angle, ellipsometry, AFM and XPS analysis. The second aim
of the chapter was to carry out photolithography on the surface bound
oligonucleotides and leave a single stranded oligonucleotide which can direct the
deposition of a molecular dye and gold nanoparticles carrying a complementary
oligonucleotide strand. The photolithography step left the single stranded
oligonucleotide and allowed patterning of silicon substrates with the dye and gold
nanoparticles. Overall, a semiconductor material was interfaced with biological based

material, showing that future devices where the interface of biological materials and
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electronics are a realistic possibility. Exploiting the natural self-assembling properties
of the material to form 3D structured surfaces demonstrates that naturally occurring
self-assembly processes are useful to the experimental scientist.

The thesis overall shows how the combination of existing fabrication
techniques with novel materials or techniques can be used to develop the range of
micro- and nanostructred surfaces that can be fabricated. These structured surfaces
could be the basis of the technology in devices, sensors and electronics of the future,
whereby nanolithography and self-assembly of nanomaterials are integrated, which is

representing a paradigm shift in the manufacturing process.
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