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Abstract 

Nanopatterning is thefabrication of topologically and chemically patterned 

surfaces, with structural parameters < 100 nm. It is a topic of great interest 

given the demand in applying nanoscience and nanotechnology in the next 

generation of electronic and optical devices, and catalysts. To this end, novel 

bottom-up strategies hold the most promise to this end for creating a great 

variety of morphologies in a parallel manner. 

This Thesis is centered on the development of new methodologies for 

creating nanopatterned surfaces, and their characterization in light of possible 

applications. A symmetric, amphiphilic diblock copolymer, polystyrene-b

poly(2-vinylpyridine) was self-assembled at the air-water interface to create 

an array of surface micelles. The Langmuir-Blodgett technique was used to 

transfer continuous films of ordered surface micelles to different substrates to 

be used as a sacrificial mask. Argon ion-milling of the block copolymer

coated substrates resulted in the high-fidelity pattern transfer of the 

topological features in the case of Au, Si/SiOx, and Si02 substrates, and the 

generation of Au island arrays in the case of Si/SiOx, mica and quartz 

substrates coated with thin (10-20 nm) Au films. The wetting of water on the 

resulting nanopatterned surfaces was determined to be conformai (Wenzel

type) and the transition to non-conformai (Cassie-type) wetting is described. 

The extinction of light by the gold island arrays was measured and compared 

to calculations made using the quasistatic approximation to Mie theory. The 

response of the localized surface plasmon resonance of these arrays to 

alkylthiol adsorption and changes in the surrounding medium refractive index 

was measured and discussed with respect to creating a sensing scheme. 
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Résumé 

La fabrication de surfaces, topologiquement et chimiquement modelées, dont 

les paramètres structuraux sont <100 nm, est un sujet de grand intérêt étant 

donné la demande d'application des nanosciences et des nanotechnologies 

pour la prochaine génération de dispositifs électroniques et optiques, et des 

catalyseurs. Dans ce but, les nouvelles approches ascendantes tiennent le 

plus de promesses pour réaliser une grande variété de nanostructures d'une 

manière alternative et parallel. 

Cette Thèse est centrée sur le développement de nouvelles 

méthodologies permettant de créer des surfaces modelées à l'échelle 

nanométrique, ainsi que sur leur caractérisation, en tenant compte de leurs 

applications possibles. Un copolymère bloc, symétrique et amphiphile, de 

polystyrène-b-poly(2-vinylpyridine) a été auto-assemblé à l'interface air/eau 

pour créer une matrice de micelles de surface. La technique de Langmuir

Blodgett a été utilisée pour transférer des couches minces de ces micelles 

ordonnées sur différents substrats, afin d'être utilisées comme un masque 

pour la lithographie. La gravure ionique à l'argon de ces substrats permet un 

transfert de grande fidélité des motifs sur des surfaces d'or, de Si/SiOx, et de 

Si02, ainsi que la génération d'une matrice de nanoparticules d'or dans le cas 

des substrats de Si/SiOx, du mica et du quartz revêtus de couches minces 

d'or (10-20 nm). 

Le mouillage de l'eau sur les surfaces modelées a été déterminé 

conformai (comme le modèle de Wenzel), et la transition de mouillage non

conformai (comme le modèle de Cassie) est décrite. L'extinction de lumière 

par les matrices de nanoparticules d'or a été mesurée et a été comparée aux 

calculs utilisant la théorie de Mie. La réponse de la résonance plasmon de 

surface de ces nanoparticules à l'adsorption d'une couche monomoléculaire 

d'alkylthiol, ainsi que les changements de l'indice de réfraction, a été mesuré 

et a été discuté en vue de la création d'un capteur chimique. 
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Foreword 

This dissertation is written in the form of two published papers and two thesis 

chapters. The two thesis chapters will be submitted shortly to peer-refereed 

journals. The papers each comprise one chapter in the main body of the 

Thesis (Chapters 2 and 3), with Chapters 4 and 5 comprising the remaining 

body of the Thesis. A general introduction to this work is provided in 

Chapter 1, and conclusions to the work are provided in Chapter 6. The 

papers have been published in the following scientific journals: 

Chapter 2: Self-Assembled Masks for the Transfer of Nanometer-Scale 

Patterns into Surfaces: Characterization by AFM and LFM 

co-authored by A. Badia, P. Grütter, and R. Bruce Lennox 

Nano Letters 20022, 131-135. 

Chapter 3: Preparation of Nanoscale Au Islands in Patterned Arrays 

co-authored by R. Bruce Lennox 

Langmuir2003 19, 90-97. 

ln accordance with guideline C of the "Thesis Preparation and 

Submission Guidelines" (Faculty of Graduate Studies and Research), these 

Chapters are logically linked into a cohesive unit using connecting texts. 

Furthermore, supplementary information relevant to the papers (Chapters 1 

and 2) is provided in Appendix 1 and 2. The contribution of ail co-authors to 

the papers is described along with signed waivers for copyright clearance 

from the co-authors. 

Since both papers have been published by the American Chemical 

Society (ACS), and the ACS provides blanket permission to students to 

include the text of their papers in their thesis (see cited text below), a credit 

li ne is provided on the first page of the respective articles, in accordance with 

the "ACS Publications Division Guidelines". 
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The two papers were both co-authored by the research director, Professor R. 

Bruce Lennox. Chapter 2 also includes A. Badia and P. Grütter as co-authors. 

Dr. A. Badia performed the initial studies of pattern transfer of the block 

copolymer pattern as a postdoctoral fellow in collaboration with Ors. P. Grütter 

and R. B. Lennox. Ideas and results generated from that work initiated the work 

shown in the later paper (Nano Lefters 2002). Dr. P. Grutter provided expertise 

in the acquisition and interpretation of lateral force microscopy images. Other 

than the supervision, adviœ and direction of Dr. Lennox and the support 

mentioned above, ail of the work presented in the dissertation was performed by 

the author. 
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Chapter 1: Introduction 

Chapter 1 

Introduction 

1. 1 Generallntroduction 

Nanoscience is the science concerned with structures that have at 

least one dimension that is <100 nm. Nanostructures bridge the 

atomic/molecular size regime (raughly < 10 nm) to the "bulk" size regime 

(often >100 nm), and in doing so, bridge quantum and classical mechanics 

descriptions of matter. Key to nanoscience being a distinct science is the 

emergence of properties which are best described by concepts stemming 

fram both approaches, and are directly linked to the size and shape of the 

nanostructure. 

Although much of today's interest in nanoscience originates fram the 

prospect of new praperties (and hence new materials) and the aspirations of 

nanotechnology, the initial driving force for nanoscience was miniaturization. 

Richard Feynman's inspiring talk given at the 1959 American Physical Society 

(at Caltech), titled "There's Plentyof Room at the Bottom", is usually 

attributed to have initiated the idea by urging scientists to seek out the limits 

of technology1. For example Feynman suggested using atoms to write the 

entire contents of the Encyclopaedia Britannica on the head of a pin. Since 

then, miniaturization technology has pragressed at an exponential rate. In 
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Chapter 1: Introduction 

particular, computers have doubled in information density and efficiency 

approximately every 18 months, a relationship known as "Moore's (First) 

Law"2. Although it is an empirical relationship, Moore's (First) Law has 

become the computerlsemiconductor industries' road map, and has provided 

much of the recent impetus for nanoscience and nanotechnology. It is widely 

believed that the technologies which are responsible for the last 40 years of 

miniaturization, particularly in microelectronics, will face major challenges to 

develop processes down to the sub-1 00 nm scale3. This has focused 

attention on the problem of synthesis and spatial control of nanostructures. 

Activity in nanoscience has been catalyzed by key synthetic and 

technological tools which make studying nanostructures considerably more 

accessible. Of particular importance is the scanning probe microscope 

(SPM), invented by Binnig and Rohrer in 1982 in the form of the scanning 

tunnelling microscope (STM).4 The unprecedented capability of SPM to 

visualize and manipulate surfaces at the atomic and nanometer scale has 

created experimental opportunities in nanoscience, such as single atom and 

molecule manipulation, and highly localized mechanical (elasticity, hardness), 

electronic, and magnetic measurements. Several other enablers of 

nanoscience, that have come along more recently (within the last 10-20 

years), are facile synthetic methods for making nanostructures. Of particular 
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Chapter 1: Introduction 

importance are metal and semiconducting nanoparticles and fullerenes. 

These materials have piqued the interest of many from ail areas of science 

and engineering because of their unique, size-dependent properties. Like 

SPM, they are attractive because of their ability to interface these properties 

to the atomic/molecular and microscopie regimes. For example, considerable 

research activity is directed toward use of nanoparticles to detect DNA , 

transfect cell membranes for drug delivery, cell targeting, or celllabelling5-10. 

These applications generally aim to exploit the unique properties offered by 

these new materials and to take advantage of their small sizes. Because 

physical disruption by probes and materials is frequently a problem at the 

cellular level, the typical nanoparticle length scales of 1-20 nm are very 

attractive. Another example of the interest generated by nanostructures is 

their use as additives in polymer composite blends11 -14. With the relatively 

new tools available to nanoscience, it is becoming increasingly understood 

how bulk materials properties are implicitly linked to the nanoscale 

composition and structure. Like abalone shell nacre15-17, many materials 

become stronger when they are comprised of nanoscale components18-20. 

Moreover, many nanoscale components, such as the carbon nanotubes, 

show considerably improved strength compared to their bulk counterparts. 
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Chapter 1: Introduction 

Figure 1-1: (a) Scanning electron microscopy (SEM) image of the nacreous 

cross-section of red abalone shells shows the stacking of aragonite platelets. 

(b) and (c) are atomic force microscopy images (topography and phase 

contrast respectively) of the top of an aragonite platelet revealing 

nanostructured phases. (d) SEM of multiwalled carbon nanotubes embedded 

in a poly(styrene-co-butyl acrylate) matrix to form a polymer nanocomposite. 

Images taken from reference 15 (a-c) and reference 20 (d). 

A need for various types of spatial control, ranging from the ultra

specifie (ability to address a single atom/molecule) to general (>lJm2 areas) 
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Chapter 1: Introduction 

has become apparent in attempts to create new technologies and materials. 

For example, using carbon nanotubes (CNTs) as molecular wires requires 

that electrical contact is made specifically between the two ends of the CNT 

and electrical leads deposited on the host silicon surface. There are two 

common approaches to this problem. The first is to start with writing the 

pattern of leads on the surface and then have the CNTs assemble onto the 

leads (Figure 1-2a). The second is to allow the CNTs to assemble and th en 

to specifically create the contacts on top of the CNT(s) of choice (Figure 

1-2b). Both approaches require spatial control of different kinds and as such 

have inherent (dis)advantages that make them appropriate for certain 

applications. In many cases, this type of control is required for basic 

characterization of properties of nanostructures before one can begin 

formulating possible applications. This problem has resonated throughout the 

field of nanoscience, particularly with experiments involved with performing 

fundamental measurements of different phenomena on single nanostructures. 

Such measurements include conductivity and capacitance of nanoparticles 

and nanowires, and near-field coupling between magnetic and metallic 

nanostructures. 
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Chapter 1: Introduction 

Figure 1-2: Different nanowire-probe assembly configurations. In (a) the Au 

nanowires are directed to assemble onto the predefined electrodes21 whereas 

in (b) the electrodes (bright, finger-like features at the bottom, and continuous 

bar electrode at the top) are patterned on top of a pre-assembled array of Si 

nanowires (thin bright lines, scale bar: 300 nm)22. Image in (a) was taken 

from reference 21 and (b) from reference 22. 

1.2 Objectives of the Thesis 

The subject of this Thesis is the generation and characterization of patterned 

nanostructures. The objectives are three-fold: 

1. The development of an efficient, bottom-up, accessible and reliable 

method for patterning surfaces at the nanometer length scale. 

2. To characterise the resulting nanopatterned surfaces in terms of 

surface energy and available electronic (optical) characterisation. 
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Chapter 1: Introduction 

3. To explore the (experimentally accessible) applications of the 

nanopatterned surfaces. 

Chapter 2 describes a novel methodology used to create self-patterned 

lithographic masks, and the pattern-transfer into solid substrates (chemically 

homogeneous patterns). Chapter 3 describes an extension of this 

methodology to create patterned arrays of gold nanoparticles (chemically 

heterogeneous pattern) on various substrates. Chapters 4 and 5 describe the 

surface energy and electronic characterization of these nanopatterned 

substrates in relation to applications in self-cleaning surfaces and bio-/chemo 

sensing respectively. Several Appendices are included which contain both a 

summary of some other studies performed, as weil as supplementary 

information to the Thesis chapters. 

The following sections of this Introduction will highlight some interesting 

studies ma king use of nanopatterned surfaces, provide an overview of the 

nanopatterning methods currently available, and will discuss some key 

aspects to the characterization methods used in this work. 

1.3 Nanopatterning 
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Chapter 1: Introduction 

1.3.1 Nanopatterned Topology (Chemically Homogeneous 
Patterns) 

Introducing spatial control at the nanoscale with varying degrees of 

order introduces a number of interesting opportunities for study. At the very 

least, nanostructured surfaces have potential to improve upon a number of 

applications of microstructured surfaces ranging from self-cleaning23,24 and 

bio-compatible materials25-31 to micro-/nanofluidics32,33. It is also believed that 

in the case of superhydrophobic surfaces found on the leaves of the lotus 

plant, as weil as the ultra-adhesive surfaces found on the feet of the gecko 

lizard, that it is not only the nanostructure aspect ratio, but also the shape and 

spacing between the (nano)structures that determine these properties34-36. 

Much of the enhanced functionality inherent to nanostructured surfaces arises 

from their enhanced surface-to-volume ratio over conventional structures. 

For example, thin semiconducting films of tin oxide (Sn02), produced using 

pulsed laser deposition, have a variety of nanoscale morphologies depending 

on the deposition temperature. A study by Dolbec et al. correlates the 

resistivity of these films with their nanoscale morphology37. The number 

density of grain boundaries is found to be particularly important to resistivity. 

Many interesting properties of nanostructures arise from the fact that 

the nanoscale bridges the atomic/molecular length scale and the 

macromolecular and microscopie length scales. A good example of this is the 
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functionalization of a surface with cone-shaped dendrons by Hong et a/. in 

making DNA microarrays38. The dendron monolayer assembles at the 

surface to yield an apex-spacing of approximately 3 nm, onto which ss-DNA 

(single stranded) is then covalently bonded. Hong and coworkers found that 

the single nucleotide polymorphism (SNP) discrimination efficiency on the 

nanostructure is equivalent to the solution value, because the relief from 

steric hindrance provided by the dendron template is sufficient while not 

causing a loss in the sensitivity38. 

(a) 

-3 nm 
• il 

NH2 NH2 NH2 

.Scc':!~ij. 

(b) 

- 0.5 nm 
++ 

Immobilization Hybridization 
of Probe DNA with Target DNA ----fi. _ .. ~~_.. . ... ~~!I 

NH2 NH2NH2 NH2 NI-12NH2NH2 Immobilization Hybridization 
with Target DNA , of Probe DNA 

• 

Figure 1-3: Schematic diagram showing DNA hybridization on (a) the 

dendron-modified substrate and (b) the monolayer-modified substrate. 

(Image taken from reference 38). 
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Vessels within which the inner surface is patterned with nanoscale 

silicon pillars have been used to study the migration of molecules with 

dimensions comparable to that of the containing vesseI39-42. For example, 

Craighead et al. have used such vessels to describe electrophoretic and 

entropy-driven separation of DNA molecules. The outcome of these studies 

has consequences in micro-/nanofluidics, separation of macromolecules, and 

rapid genetic identification. 

a) 

b) 

Figure 1-4: Schematic diagram (a) and optical micrographs (b) of 

fluorescently labelled-DNA migration through a vessel containing a nanopillar 
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array (35 nm diameter, 160 nm spacing, 60 nm height) when applied field is 

on (top) and entropic-recoil of shorter DNA strands when applied field is off 

(bottom). Images taken from reference 42. 

As these examples demonstrate, the size, shape and spacing ail play a 

significant role in creating interesting properties of nanoscale systems. A 

major advantage gained by nanopatterning is that creating a pattern 

intrinsically results in a built-in monodispersity in size, shape and spacing of 

the nanostructures. 

1.3.2 Nanopatterned Distinct Nanoparticles (Chemically 
Heterogeneous Patterns) 

Monolayers with spatially defined nanostructures that are chemically 

distinct from the substrate are interesting for many of the same reasons as 

are nanopatterned topological structures, except that they offer an additional 

level of chemical contrast. This makes possible the use of monolayer-coated 

surfaces to either effect chemically selective adsorption (Udecoration") in order 

to make more complex architectures or to locally change the surface energy. 

Control over both partiele size and interparticle spacing in nanoparticle arrays 

have considerable impact in a number of applications. One example of this 

arises in the preparation of magnetic nanoparticle arrays. When 
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nanoparticles of magnetie materials (Fe, Co, Ni, and their alloys) are made 

smaller than approximately 10 nm they beeome superparamagnetic. This 

means that even below the Curie temperature of the material thermal motions 

overeome a partiele's magnetie alignment, and the partiele does not maintain 

a net magnetization when a field is not applied. However, by ereating nearly 

monodisperse nanoparticles, Sun and coworkers have found that they can 

make close-packed superlattices, whose constituent nanoparticles are 

sufficiently coupled to one another that the films have significantly improved 

storage capability than thin films (of the same thickness) made in the 

conventional manner43 . The improvements realized are a direct result of 

having monodisperse nanoparticles which can then close paek in a highly 

uniform manner. 

A lack of monodispersity in size and spacing often complieates the 

characterization of nanoparticle phenomena beeause when cou pied to one 

another, nanoparticle properties can become substantially different. For 

example, much interest has been directed toward using the loealized surface 

plasmon resonance (LSPR) absorbance of silver, gold and eopper 

nanoparticles whieh oeeurs in the visible speetrum. While there are many 

examples of attempts to make use of the sensitivity of the nanoparticle LSPR 

signal to adsorbates44-49, few studies are able to use monodisperse (and 
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regularly spaced) nanoparticles. However, it has also been shown that both 

polydispersity and interparticle coupling change the sensitivity (peak shift) as 

weil as the efficiency (peak shape) of the plasmon resonance50-52 . 

1.3.3 Nanopatterning Methodologies 

There are two general approaches to create nanostructures, which are 

also applied to nanopatterning. The first is the "top-down" approach, which is 

analogous to sculpting. The desired structure is generated by the removal of 

material starting from the bulk state. In ma king nanostructures, this approach 

tends to generate excess waste, is relatively slow, and involves very costly 

infrastructure. The advantage, however, of most "top-down" approaches is 

they can be scaled-up to run in parallel, thus increasing the speed and 

efficiency of the processing. The different types of lithography used to pattern 

surfaces (photolithography, X-ray lithography (XRL), electron-beam 

lithography (EBL), and ion-beam lithography (IBL)) are the most common 

examples of "top-down" techniques. Of these, the most widely used 

methodology is photolithography. Standard photolithography is ultimately 

limited in its capability to produce sub-1 00 nm structures by virtue of 

Rayleigh-limited resolution. While the remaining lithography approaches still 

offer a wide capability of structure shapes, sizes and spacings, they each 
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have limited applicability in most conventionallaboratory settings due to low 

sample throughput, high infrastructure costs, or high co st per nanostructure53. 

The second technique used to generate nanostructures involves the 

"bottom-up" approach, where atoms and molecules serve as "building blocks" 

and are assembled in specifie ways to result in a final superstructure. Some 

bottom-up approaches, such as techniques aiming to manipulate single 

atoms and molecules, are limited by being seriai processes, making the 

creation of many nanostructures a very slow and inefticient process. On the 

other hand, many bottom-up approaches have the important advantage of 

having little or no resolution limit, and having the availability of a variety of 

shapes and spacings in the resulting nanostructures. Good examples of the 

bottom-up approach to nanostructure synthesis and patterning can be found 

in the approaches generally termed "SPM nanolithography". SPM 

nanolithography makes use of the high lateral resolution (sub-A) and sharp tip 

(typically -10 nm radius) associated with the scanning probe microscope to 

generate structures, and patterns of structures, on surfaces. For example, 

SPM tips have been used to push around or pick up/drop off individual atoms 

and nanoparticles on surfaces in order to create a desired structure54-56. SPM 

tips have also been used create voids and ridges in soft surfaces, such as 

self-assembled monolayers and polymer films, by "embossing" and 
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"engraving/shaving" with the SPM tip57-59. Dip-pen lithography uses an SPM 

tip like a fountain pen to deliver molecules to the surface in a desired 

pattern60 . Many of these techniques have only been possible with the 

exceptional opportunities offered by SPM instrumentation and truly represent 

the state-of-the-art in lithography resolution. These methods are however 

limited by their ability to create nanostructures only in a seriai rather than 

parallel manner. 

Chemistry offers a number of solutions to the problem of seriai 

processing in the "bottom-up" approach. Chemists' expertise in parallel 

synthesis techniques can be applied to nanostructure formation. Chemical 

approaches to structure and pattern "synthesis" on the nanometer length 

scale are central to supramolecular chemistry. A common approach taken in 

supramolecular chemistry is the design of molecular building blocks for use in 

molecular self-assemb/y. Self-assembly may be defined as the process by 

which components spontaneously assemble into a structure via by non

covalent, low energy (- 2-10 kJ/mol) interactions. This use of van der Waals 

forces and hydrogen bonds leads to properties unique to self-assembled 

structures. For example, structures (molecules) held together by strong, 

covalent interactions (200-800 kJ/mol) are not typically affected by changing 

the solvent, whereas solvents can play a major role in determining the final 
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architecture of a self-assembled structure. Covalently-bound structures are 

usually formed irreversibly and both desired and undesired products are 

formed. Isolation and purification considerations thus often dominate 

synthetic strategies. In contrast, error-correction (via kinetically accessible 

reversible processes) is a highly desirable feature of self-assembled systems. 

One example of nanopatterning achieved via self-assembly involves 

the use of colloidal particles organized into a close-packed array on a surface. 

For example, Van Duyne et al. have taken polystyrene spheres (typically -

200 - 600 nm diameter) and spin-coated them as monolayer films on a glass 

surface53,61. Depending on the solvent, concentration and spin rates, the 

resulting close-packed monolayers of spheres are then used as metal 

evaporation shadow masks. Evaporated silver into the (nm-scale) voids of 

the array, and subsequent removal of the spheres by sonication in solvent 

results in truncated tetrahedral silver nanoparticles remaining on the substrate 

in an array defined by the initial position of the polystyrene spheres. This is 

an excellent example of "bottom-up" nanostructure fabrication methodology 

that makes use of self-assembly and a subsequent parallel pattern-fixing 

process. 
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Writing direction • 

Figure 1-5: Schematic diagrams of (a) "nanoshaving" a self-assembled 

monolayer using an SPM tip to apply load to the surface, (b) "embossing" a 

hole (with diameter d) into a polymer film, where Iwrite is the electrical current 

applied to resistively heat the tip and locally melt the polymer film, and (c) dip

pen lithography which uses an AFM tip to deliver alkylthiol molecules to a 
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gold substrate. Images were taken from references 57, 58 and 60 

respectively. 

Figure 1-6: AFM (topography) images of (a) evaporation shadow-mask 

consisting of a spin-coated monolayer of polystyrene spheres used in 

nanosphere lithography. Evaporated silver fills the voids in the close-packed 

array and subsequent removal of the polystyrene spheres results in an array 

of truncated tetrahedral silver nanoparticles (b). Images were taken from 

reference 61. 

There are many examples of self-assembly of small molecule 

amphiphiles in solution62 . The resulting structures (micelles, lamellae, 

vesicles, etc.) depend on the intrinsic properties of the amphiphilic 

components (relative solubilities, size, shape, etc.) as weil as the solvent, 

temperature, and concentration. Amphiphilic diblock copolymers are 

structurally analogous to low molecular weight amphiphiles and can self

assemble into an even greater number of structures in solution (spheres, 
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rods, vesicles, hexagonally packed hoops, etc.) when the solvent is 

incrementally changed such that only one of the blocks is favored63. Diblock 

copolymer systems exhibit similar behaviour in solid-phase films after 

temperature annealing for several hours64. These films can be used as 

nanopatterned masks for the generation of (nano)patterned substrates in 

several ways65-70(Figure 1-7). Because the final film morphologies consist of 

phase-separated, ordered domains of each block, one of the blocks is usually 

selectively (chemically) removed in order to create either topological contrast 

or material contrast. Given the range of shapes, sizes, and spacings that are 

achievable by changing the relative and absolute block lengths in the 

copolymer, these methodologies are an interesting alternative to the 

lithographie approaches described above69. 

Self-assembly at the air-water interface is determined in the balance 

between wettability (interfacial energy) and intermolecular van der Waals 

forces. As a result, amphiphiles can assemble into a number of 

configurations (phases) at the air-water interface. Given the similarities in the 

behaviour of small molecule amphiphiles and block copolymers in solution, it 

follows that block copolymers deposited at the air-water interface show a rich 

variety of phase behaviour. A number of these systems have previously been 

studied in this laboratory. In particular, work by Zhu et al. reported the 
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discovery of self-assembly in the polystyrene-b-polyvinylpyridine system at 

the air-water interface71 -76• This process is driven by hydrophobie nature of 

the polystyrene block su ch that in a 1: 1 block ratio, circular surface micelles 

are the thermodynamically preferred morphology. The resulting surface 

micelle cores of polystyrene are surrounded by a polar polyvinylpyridine 

corona. Self-assembly of this polymer system has been exploited in this 

Thesis by using the surface micellar films as self-patterned sacrificial masks 

for pattern-transfer into substrates. 

a) b) Black A 

1 (ehemieal treatment) 

Figure 1-7: Two general approaches to nanopatterning using block 

copolymer (AB) thin films (a) and solution micelles (b). Phase-segregated 

block copolymer domains are deposited onto a substrate, then (i) chemically 
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treated to enhance chemical contrast between domains followed by a 

chemically selective pattern-transfer (etch) step (ii). 
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Connecting Text for Chapter 2: 

Self-Assembled Masks for the Transfer of Nanometer-Scale 
Patterns into Surfaces: Characterization by AFM and LFM 

This Chapter describes the preparation of arrays of nanoscale features in 

surfaces, where the arrays are predefined by the diblock copolymer surface 

micellar film structure. A high-fidelity transfer of the mask topology to the 

substrate results. Given a suitably smooth substrate, the substrate is found to 

play a minimal role in determining the final structure of the patterned features, 

thus yielding an efficient, accessible, and general methodology for introducing 

periodic nanoscale topology to surfaces. It therefore serves as an excellent 

example of surface patterning on the nanometer length scale, and is the core 

methodology used in the Thesis. 

Atomic Force and Lateral Force Microscopy (AFM, LFM) and X-ray 

photoelectron spectroscopy (XPS) were used to characterise the morphology 

of the surfaces and to track the removal of the diblock copolymer film during 

the pattern transfer process, respectively. The LFM results inform us on two 

issues. The first is nanoscale features can produce misleading lateral friction 

contrast, normally interpreted as chemical contrast. The second issue is the 

adsorption of ambient water to the nanostructured surfaces may be non-

conformai, an issue explored in Chapter 4. The generation of patterned 
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nanostructures in silicon and gold substrates enabled the study pursued in 

Chapter 4. In addition, Appendix 1 provides information related to the 

methodology described in this paper. 
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Chapter 2 

Self-Assembled Masks for the Transfer of Nanometer-Scale 

Patterns into Surfaces: Characterization by AFM and LFM* 

* This paper was reproduced with permission from Nano Letters 2002, 2(2), 131-135. 

Copyright 2002 American Chemical Society. It is coauthored by Antonella Badia, 

Peter Grütter, and R. Bruce Lennox. The text below is a verbatim copy of the 

published paper. 

Abstract 

A new methodology has been used to create an extensive array of 

nanometer-sized features through the Art milling of SilSiOx and gold surfaces 

covered with a diblock copolymer mask with an intrinsic topological 

nanopattern. Mask removal was tracked using XPS and the final arrays were 

characterized by AFM and LFM. Friction contrast observed throughout the 

transferred pattern is associated with a surface water layer. 

2. 1 Introduction 

The micromachining of materials with features in the 0.1 nm to 100 nm range1 

is of great interest for use in electronic devices,2 sensors (optical, pressure, 

electronic, etc.p-5 and separation science.6,7 Despite advances in 
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lithography, it remains extremely difficult and expensive to realize nanometer

sized structures in an efficient and parallel process. Mask-based lithographie 

techniques, while being an entry into the parallel fabrication of features, face 

considerable challenges involving the interplay of the Rayleigh limit of the 

impinging etch beam (hv, e-) and the chemical demands of the mask. These 

problems are compounded by the difficulty in creating a mask with the desired 

nanometer features in the first instance. Given these challenges, we have 

explored the use of self-organizing polymer monolayers as a sacrificial etch 

mask. Building on our experience with the phenomenon of 2D self-ordered 

arrays of self-assembled diblock copolymers,8-14 we describe here a 

methodology in which a polymer film with an intrinsic topological pattern 

serves as a mask in the (nano)machining of Si/SiOx, Si02, and go Id surfaces. 

The result is a high fidelity transfer of the mask features into the underlying 

solid surface, generating an array of topologically distinct features which are 

ca. 50 nm in diameter, with a periodicity of 110 nm, and exhibit friction 

contrast by lateral force microscopy (LFM). 

There have been several successful demonstrations where pattern

forming materials have been used as masks for the creation of surface 

nanostructures. Moller and co-workers have shown that block copolymer 

reverse micelles deposited on a surface self-order and can be selectively 
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derivatized to provide etch contrast. 15,16 Register, Chaikin, and co-workers17-

19 have been able to exploit the selective reactivity of one component of a 

block copolymer mask (i.e. polybutadiene domains in polystyrene matrices) to 

yield a versatile nanoscale mask system. Both these approaches rely on the 

mask having an intrinsic chemical pattern, whereupon follow-up chemical 

reactivity15-20 yields the desired topological features in the mask. One 

variation involves using a diblock copolymer that has intrinsic etch contrast.21 

Transfer of these features then involves ion-milling or reactive ion etching 

technologies. A more desirable configuration, which essentially eliminates a 

step in the fabrication process of the transferred pattern, is one where a mask 

with intrinsic topological contrast is used as a sacrificial mask in a chemically 

unselective etch process. Such a configuration was demonstrated by Clark 

and co-workers, where a 2D array of bacterial proteins was an effective 

topological mask towards an Ar+ milling beam.22,23 6 nm features with 25 nm 

periodicity resulted over cm2 of surface. Several novel etch masks have 

recently been employed to create nanostructures in solid surfaces. For 

example, gold nanoparticles deposited on Si act as condensation nuclei and 

after etching lead to ca. 10 nm (diameter) by 100 nm (height) Si pillars.24 

Rigid rod-like protein assemblies (microtubules) provide a mask, which after 

etching, yields structures ca. 50 nm wide by several microns long.25 The 
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successful introduction of topological contrast to a surface using a phase-

separated polymer26 suggests that the block copolymer surface micelle mask 

could be used for pattern transfer in a manner similar to that used in the 

protein mask system. 

Surface micelles formed from symmetric amphiphilic block copolymers 

at the air/water interface are circular in nature and have aggregation numbers 

in the range of 100-125.9 The (narrow) polydispersity of the unimer combined 

with the distribution in aggregation numbers lead to the formation of an array 

of surface micelles with a narrow but finite size distribution. This surface 

micelle system has the unique design capability wherein the dimensions of 

the features in the desired mask can be tuned by choosing the appropriate 

block lengths.13,27 

2.2 Experimental Section 

langmuir-Blodgett (lB) monolayer films of surface micelles were 

prepared by evenly spreading 80-100 III of a 0.5 mg/ml chloroform solution of 

polystyrene(510)-b-poly-2-vinylpyridine(480) (Mw/Mn = 1.06, Polymer Source 

Inc., Dorval, Canada) in ca. 5 III drops onto a 18MQ water surface (23 oC, 

KSV 3000). 20 mins elapsed after spreading before the langmuir-Blodgett 

transfer began. The lB film was compressed at a rate of 5 mm/min to a 

surface pressure of 2 mN/m, and then transferred to a clean substrate28 at 1 
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mm/min (upward deposition). The resulting LB films consist of a quasi

hexagonal array of surface micelles composed of disk-like polystyrene (PS) 

cores surrounded by a continuum of poly-2-vinylpyridine (P2VP) coronae 

(Figure 1).8,11,29 The monolayer-coated substrate was then exposed to an Art 

ion beam at 5 keV (1 = 70 nA, flux = 3.5 /-tA/cm 2 , 50° from surface normal) for 

a variety of exposure times (60 to 900 s). The progress of the ion-milling 

process was tracked by x-ray photoelectron spectroscopy (XPS) with a VG 

ESCALAB 220i-XL spectrometer employing a monochromatic AI Ka x-ray 

source (hv=1486.6 eV). The milled substrates were subsequently imaged 

using atomic force microscopy (AFM) and lateral force microscopy (LFM) with 

a Digital Instruments Multimode AFM (Nanoscope iliA) using oxide

sharpened silicon nitride tips (k=0.58 N/m, Digital Instruments). 

p p 

Substrate 

Figure 1: Schematic side profile of a PS-P2VP surface micelle. The PS core 

is ca. 4.5 nm high, and the P2VP corona is ca. 1 nm thick.29 
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2.3 Results and Discussion 

Figure 2 depicts typical AFM images of the PS-P2VP surface micelle 

film transferred to a Si/SiOx substrate (Semiconductor Processing Inc., 

Ottawa, Canada). The surface micelle pattern extends over the entire 

substrate (several cm2). A typical 1 IJm2 area of the symmetric diblock (PSS10-

P2VP 480) used here results in surface micelles whose dimensions are 4.5±0.5 

nm (height), and 50±5 nm full width at half maximum (FWHM), and which 

form a pattern whose periodicity is 11 0±1 0 nm (Figure 2). The range of these 

dimensions for a large area (-100 J..lm2
) is however greater, where the 

average height is 4.5±1 nm, the FWHM is 50±20 nm, and the periodicity is 

110±30 nm. 

Figure 3 shows the changes in relative intensity of the N1s and Si2p 

maxima obtained by XPS throughout the ion-milling process. Before ion

milling begins, a prominent N 1 s peak associated with the P2VP block is 

observed at 400 eV. 300 s of ion milling leads to the disappearance of this 

peé;lk to background noise levels, which is consistent with the polymer mask 

being completely removed. The Si2p peak (99 eV), corresponding to 

elemental Si, increases with longer Ar+ beam exposure, while the peak at 103 

eV (corresponding to the native Si oxide layer), diminishes to the background 

noise level. These results imply that after 150 s milling, the polymer 

monolayer has been almost completely removed. In this time frame the 
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native oxide layer has been completely milled away, exposing underlying bulk 

Si. 

a) 

b) 

1 1 1 

0.20 0.40 0.60 
IIM 

Figure 2: AFM images of a PS-P2VP surface micelle film deposited on 

Si/SiOx obtained with tapping mode imaging using a Si cantilever (fo-300 kHz, 

NanoSensors). a) 5 )lm x 5 )lm area; b) 1 )lm x 1 )lm area (Ieft) with cross-

section profile (right). 

2-8 



Chapter 2: Self-Assembled Masks for the Transfer of Nanometer-Scale Patterns into Surfaces ... 

_ 100.0 tr--=::;:=::::::::::;;;::;;:;;::;;:="=""--i 
';!. -~ 80.0 
II) 
c: 
J!l 
.5 
CI) 
> 

60.0 ;---V---------

: \ 
40.0 ~-----\-------- --------------------------------------.-----------.--

+=1 
S 
& 

20.0 ~~-_\_------------------------ ------------------ --- - --- ------.. ~ . -- -. .. _-- ....... _------ .. 
0.0 +-----,-----~-----,..-~~~..-.---I 

o 200 400 600 800 1000 
lime Milled (5) 

1 __ Si2p(9geV) -- Si2p(103eV) - -Ir' N1s(400eV) 1 

Figure 3: XPS relative intensities for the Si2p and N1s maxima followed as a 

function of Ar+ beam exposure time (0 to 900 s). Unes serve only as visual 

aids. 

Figure 4: 1 !-lm x 1 !-lm AFM (left) and LFM (right) images of PS-P2VP mask 

transferred into SilSiOx after 300 sion milling. Bright features in AFM image 

correspond to higher height, and darker features in LFM image correspond to 

lower friction. Note that the exact area imaged here is not the exact sa me 

area imaged in Figure 2b. 
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AFM and LFM were performed in order to assess the topological and 

friction contrast which result from this masked etching process. Experiments 

were performed in ambient conditions (air, room temperature ca. 20°C). Ali 

LFM images presented here were obtained by subtracting the retrace from 

the trace scan in order to essentially remove topography convolution. Figure 4 

is a typical example of the results obtained for the pattern milled into a Si 

substrate.30 The AFM (topography) images suggest that the dimensions of 

the transferred pattern are not dependent on the milling time (60 to 900 s). 

The contact mode AFM topological images clearly show that the pattern 

formed in the SilSiOx surface is a high fidelity replica of the original diblock 

copolymer mask. Both the feature dimensions and periodicity of the mask are 

effectively transferred into the Si surface by the ion-milling process. The 

differences noted between Figure 2B and Figure 4 are within the limits of the 

feature size distribution of the original polymer mask (see Figure 4 caption). It 

is noteworthy that the chemically unselective ion milling process employed 

yields feature heights in substrates that are similar to those of the mask. 

However, some variation in the heights of the features can occur if the 

substrate has a significantly different ion-milling rate than do the components 

of the mask. 
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Figure 5: 1 I-Lm x 1 I-Lm AFM (Ieft) and LFM (right) images of PS-P2VP pattern 

milled for 150 s into a) Si/Si02 and b) Au. 
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oU 

b) :-

Figure 6: 25 /-lm x 25 /-lm AFM (Ieft) and LFM (right) images of substrates ion-

milled through a superfine mesh TEM grid. a) 100 nm-deep pits formed by 

milling for 300 s into SilSiOx; b) Cross-section profile for LFM image in a); c) 
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60 nm-deep pits formed from milling for 150 s into Si/Si02; d) 100 nm-deep 

pits formed from milling for 60 s into Au. 

LFM imaging yields interesting contrast (Figures 4, 5, 6) that can arise 

from a number of sources. LFM contrast can arise from contact-related 

forces (adhesion, friction) as weil as capillary effects31 -41 associated with tip

adsorbed water interactions when imaging is performed under ambient 

conditions. The LFM contrast observed in Figures 4 and 5b is related to the 

surface topography and natto chemical contrast on the surfaces. Two series 

of experiments were performed to help determine the origin of the contrast 

observed in the LFM image. Firstly, nanopatterns were formed on both a 

Si02 substrate (in the form of a 114 nm thick oxide layer on a Si wafer (AMC, 

Edmonton, Canada) and a smooth 200 nm thick Au substrate.42-44 The 

observed LFM contrast (Figure 5) parallels that observed on the SilSiOx 

substrate (Figure 4), suggesting that the difference in friction observed 

between the "hills" and the "valleys" in the nanopattern is not intrinsic to the 

substrate used. Instead, we find that the friction is related in some way to the 

intrinsic physical and/or chemical properties of the patterned surface. A 

second series of experiments was performed to establish whether the three 

regions of friction contrast (hill, valley, edge) is a feature of the nanoscale 
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pattern or arises fram another phenomenon. Si/SiOx, Si/Si02, and Au 

substrates were exposed to similar ion-milling conditions as above (5 keV, 25 

/-LA/cm2, 50° fram surface normal, MET-ETCHTM, Gatan Inc., USA) but instead 

of the polymer mask, a Super2000 mesh Cu TEM grid (7.5 /-Lm holes 

separated by 5 !J.m bars, Canemco Inc., st. Laurent, Canada) was used as a 

mask. Typical AFM/LFM images of the resulting surfaces (Figure 6) reveal 

that the areas exposed to the ion-beam exhibit lower friction than do the 

masked areas. A variation of this experiment was also performed wherein the 

substrates were first patterned by ion-milling thraugh a TEM-grid-mask, the 

mask was removed, and the samples were re-exposed to the ion-milling 

beam for another 60 s. The substrates subjected to this sequential milling 

show the same LFM characteristics, establishing that increased ion-beam 

exposure leads to lower LFM-measured friction. The nanoscale roughness 

induced by the ion-milling pracess is believed to pramote the formation of a 

thin water layer, and that this water layer gives ri se to a lesser friction than 

that of the unmilled regions. Moreover, the regions corresponding to the 

feature edges in both the nanoscale and microscale patterned SilSiOx 

samples (Figure 4 and 6a) have a pranounced lessening of the friction.45 

These results suggest that lower friction is linked to the details of the 

topography (nanoscale raughness and curvature) of the surfaces. 
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LFM measured friction is known te be exceptionally sensitive ta the thickness 

of the adsorbed layer of water. For example, a 3 A thick layer of water has 

been distinguished by LFM on a mica surface as having lower friction. 31 It is 

thus very likely that the observed decrease in friction at the etch edge region 

arises because it has a thicker water coating than do the adjacent areas. 

However, it is also possible that the LFM experiment is generating the 

observed decrease in friction at the feature edges as a result of larger 

capillary forces between the tip and sam pie at the feature edges than at fiat 

regions on the pattern. The possibility that water accumulates to a greater 

extent at the edges than elsewhere is intriguing, and we are currently 

investigating the relationships between substrate topologies, surface energy 

variations, and conformai vs. non-conformai water layers on surfaces, as weil 

as the effects of capillaries formed between the AFM tip and curved versus 

fiat surfaces. 

2.4 Conclusions 

ln summary, the self-assembly of a sacrificial mask with a topologically 

distinct array of nanometer-sized features has successfully been applied 

towards pattern-transfer into smooth solid surfaces using a straightforward 

milling process. The high-fidelity pattern transfer process and removal of the 

mask were monitored using XPS, AFM and LFM. Friction contrast observed 
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in the nanopattern is a consequence of the topography introduced to the 

surfaces. Further work will concentrate on the investigation of non-conformai 

wetting and the adhesion of water onto the topological features, as weil as the 

application of this pattern-transfer methodology to the generation of 

topologically and chemica/~distinct features in an array. 
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Connecting Text for Chapter 3: 

Preparation of Nanoscale Au Islands in Patterned Arrays 

This Chapter describes the preparation of patterned features in a nanoscale 

array which are chemically distinct from the substrate. Gold-coated silicon 

and mica substrates are applied to the methodology described in Chapter 2, 

resulting in distinct islands or nanoparticles of gold (gold "islands") in arrays 

predefined by the diblock copolymer surface micellar film structure. The 

morphology of the underlying gold film, and the choice of substrate are found 

to play a significant role in determining the final structure of the patterned 

features. 

Atomic force microscopy and field emission (gun) scanning electron 

microscopy (FEGSEM) were used to characterise the final structures. 

Tracking the removal of gold in between the patterned features by FEGSEM, 

energy dispersive spectroscopy (EDS), as weil as comparison to the 

FEGSEM imaging of patterned gold substrates allow the assignment of 

contrast in the FEGSEM images to arise from Au/Si or Au/Mica chemical 

contrast. The determination of chemically distinct nanostructures directly 

leads to the studies pursued in Chapters 4 and 5. 

This Chapter presents an important extension of the methodology 

presented in Chapter 2, by offering a novel route to nanoparticle array 
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synthesis which is independent of the nanoparticle self-assembly properties. 

As such, it serves as an excellent example of surface patterning on the 

nanometer length scale. In addition, Appendix 2 provides information related 

to the methodology described in this paper. 
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Chapter 3 

Preparation of Nanoscale Au Islands in Patterned Arrays* 

* This paper was reproduced with permissionfrom Langmuir 2003, 19(22),9097-

9100. Copyright 2002 American Chemical Society. It is coauthored by R. Bruce 

Lennox. The text below is a verbatim copy of the published paper. 

Abstract 

A facile method is presented for generating quasi hexagonal two-dimensional 

(2-D) arrays of nanoscale gold islands. The topological contrast intrinsic to 

Langmuir-Blodgett (LB) monolayer films of surface micelles, self-assembled 

from an amphiphilic diblock copolymer, was used as a stencil mask. Argon 

ion-milling of gold-coated silicon and mica substrates which had been 

covered with these ultra-thin masks resulted in arrays of -25 nm diameter 

gold islands supported on patterned silicon pillars, or gold islands directly 

adhered to a mica substrate. The resulting arrays were characterized by 

atomic force microscopy (AFM) and field emission gun scanning electron 

microscopy (FEGSEM). 

3.2 Introduction 

The fabrication of chemically patterned surfaces, with structural 

parameters < 100 nm, is a topic of great interest and demand given the 
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interest in applying nanoscience and nanotechnology in the next generation 

of electronic and optical devices, and catalysis. Metallic and semiconducting 

nanoparticles have unique size-dependent properties which are further 

influenced by their arrangement in space with respect to other nanoparticles 

and the surrounding matrix.1-5 However, there are relatively few methods to 

control the fabrication and arrangement of metal islands or nanoparticles on 

surfaces. Because electron beam and photolithography are resolution-limited 

by Rayleigh diffraction, there has been increasing interest in using masks 

which self-assemble from molecular building blocks. Diblock copolymers are 

known to self-assemble into a variety of nanometer-scale organized 

morphologies based on the surface free energy and volume fraction of each 

block.6 Building on our experience with the self-assembly of symmetric, 

amphiphilic diblock copolymers at the air-water interface,7.8 we have recently 

used these films as stencil masks to create large arrays of ordered 

nanostructures on surfaces.9 These ultra-thin masks have intrinsic topology 

(dependent upon the choice of block copolymer), ranging fram about 10 - 100 

nanometers in width and spacing. Here, we report the application of the self

assembled mask formed from polystyrene-b-poly-2-vinylpyridine (PS-P2VP) 

towards the generation of gold island arrays on silicon and mica substrates. 

3-3 



Chapter 3: Preparation ofNanoscale Au Islands in Patterned Arrays 

Ordered 2D-arrays of metal islands or nanoparticles are much sought after. 

We define nanoscale metal islands here as structures which are generated in

situ (using a mask technique) and fixed to a surface. In contrast, 

nanoparticles are chemically synthesized ex-situ and are subsequently 

deposited on the surface. Methods which yield patterns of metal islands are 

inevitably more general than the (directed) self-assembly of nanoparticles, 

where in the latter case the colloidal properties and ligand-stabilizers control 

the dimensions of the final array. Van Duyne and coworkers10,11 have 

demonstrated the versatility of nanosphere particle arrays as evaporation 

masks. Metal islands of various shapes and sizes are created in this process, 

where silver is deposited into the holes generated in a close-packed lattice of 

nanospheres. Porous anodic aluminum oxide films have also been used as 

evaporation masks in a variety of ways to create metal island arrays with 

controlled dimensions.12,13 Another type of mask system, based on block 

copolymer self-assembly, has been attracting interest for its capability to 

independently design the structural and ordering parameters of dot arrays. 

Mailer et al. 14 have made arrays of Au nanoparticles (up to 15 nm) by 

selective derivitization of PS-PVP reverse micelles with HAuCI4 and 

subsequent reduction of the core to Au(O). Monolayer films of these micelles 

deposited from solution are generated and subsequent reactive ion etching of 
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the polymer yields the bare Au nanoparticles. Others15,16 have also made 

metal islands, on the order of 10-20 nm in diameter, using selective chemistry 

on one component of a block copolymer mask resulting in nanoporaus 

evaporation masks. Several groups17-19 have explored the self-assembly of 

polyferracenylsilane-b-organic (polystyrene, polydimethylsiloxane, 

polyisoprene, etc.) diblock copolymers, making organometallic dots in an 

organic matrix which can be removed by reactive ion etching. 19 

ln the system used here, the surface micelles formed fram 

polystyrene(51 0)-b-poly-2-vinylpyridine(480) have PS cores with average 

diameter 50 ± 5 nm, thickness 4.5 ± 0.5 nm and spacing 110 ± 10 nm on a 

P2VP continuum (Figure 1). These micelles self-order into quasihexagonal 

close-packed domains of -1 um2. The main design capability of the block 

copolymer system stems fram the fact that the micelles have aggregation 

numbers typically in the range of 100-125, which means that both the 

diameter of the circular domains and the spacing between them are 

determined by the block lengths chosen. An additional advantage offered by 

the air-water assembly of the polymer is that the micelle topology is 

essentially determined by the relative difference in hydraphilicity of the two 

blocks instead of more subtle factors such as X differences. The intrinsic 

topology of our mask system also avoids the use of selective chemistry on 
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one of the two blocks in order to transfer a pattern to the substrate, thus 

making a variety of amphiphilic block copolymers useful in this methodology 

(i.e. polystyrene-b-polymethacrylates, -polyacrylates, -poly(ethylene oxide), 

and -poly(dimethyl siloxane)).2o,21 Furthermore, the use of a chemically 

unselective etch process for pattern transfer (i.e. Ar ion beam milling) makes 

this methodology a relatively inexpensive and simple means of generating 

nanoscale metal island arrays on a variety of (semi-)conducting and insulating 

substrates. 

3.3 Experimental Section 

Langmuir-Blodgett monolayer films of ordered surface micelles were 

prepared as previously described.9 80-100 flL of a 0.5 mg/ml chloroform 

solution of polystyrene(51 0)-b-poly-2-vinylpyridine(480) (Mw/Mn = 1.06, 

Polymer Source Inc., Dorval, Canada) was evenly spread in ca. 5 flL drops 

onto a 18MQ water surface (23 oC, KSV 3000). 20 min elapsed after 

spreading before compression to the desired surface density began. The 

Langmuir film was compressed at a rate of 5 mm/min to a surface pressure of 

2 mN/m, and then transferred at 1 mm/min to clean22 substrates prepared in 

two ways. In the first, a 0.5 nm Ti adhesion layer followed bya 20 nm film of 

Au was sputter-deposited (20W, 6mTorr Ar) onto clean silicon22 with a native 

oxide layer (Si/SiOx). In the second, a substrate consisting of a 10 nm Au film 
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sputter-deposited on freshly-cleaved mica was used. Sputter-deposited Au 

was used because of its very low rms roughness (S 0.5 nm) over cm2 areas 

and excellent surface coverage for thin films, with the absence of voids as 

observed for evaporated thin (-10 nm) Au films. The resulting substrates 

clearly show that the topology of the PS-P2VP mask is well-resolved above 

the roughness of the polycrystalline gold layer (Figure 2). 

c) 
t Au 

Figure 1: Schematic cross-sectional view of the pattern-transfer methodology. 

a) Film of surface micelles (round PS domains on a - 1 nm thin PVP layer) 

covering a substrate consisting of a thin gold film adhered to Si/SiOx with a 

0.5 nm Ti layer. b) Ar+-milling unselectively removes material from the 
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surface, transferring the top%gy of the mask. c) Ar+-milling is stopped once 

the go Id /ocated between PS-masked domains has been removed, /eaving an 

array of Au is/ands on Si/SiOx. 

Figure 2: AFM image of a PS-P2VP LB-fi/m transferred to a 20 nm film of 

sputter-deposited Au onto 0.5 nm Ti and Si/SiOx (as schematically shown in 

Figure 1a) with corresponding FFT (inset). 

The array of Au is/ands was generated by Ar+ milling of the LB fi/m

coated substrates unti/ the go/d, in the regions not masked by the PS 

domains of the surface micelles, is fully removed (Figure 1). Typically, the 

substrates were exposed to a 6 keV Ar+ ion-beam (3.5 IJAlcm2 , samp/es 

rocked at 400 /s fram 0-50° fram surface normal, 60 rpm, MET-ETCH, Gatan 

/ nc.) for 300s (in the case of the 20 nm Au film) and 180 s (for the 10 nm Au 
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film). Removal of the Au to make a discontinuous island film was monitored 

ex-situ with a field emission gun scanning electron microscope (FEGSEM, 

Hitachi S-4700). The etched substrates were subsequently imaged by 

tapping-mode atomic force microscopy (AFM, Park Scientific Instruments 

AutoProbe CP) using silicon nitride Ultralevers ™ (fo - 140 kHz, 

ThermoM icroscopes). 

Figure 3: AFM image of Au islands on SilSiOx obtained after 300s of Ar+

milling through the sam pie shown in Figure 2. 

3.4 Results and Discussion 

The AFM image of the go Id islands on Si/SiOx substrate (Figure 3) 

shows that the mask features have been transferred to the substrate resulting 
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in 45 ± 5 nm diameter features separated by 110 ± 10 nm. The height of the 

features, however, is significantly larger than the original mask owing to the 

faster ion-milling rate of Au compared to Si (approximately 4x faster at 5 

keV).23 The 4.5 nm vertical contrast of the mask profile thus increases to 13 

± 2 nm in the transferred pattern. 

Figure 4 shows the FEGSEM secondary electron images,24 obtained at 

3kV, of the PS-P2VP film on the Au/TilSiOx/Si substrate before and after ion

milling. The PS domains in Figure 4a appear as dark spots indicating that the 

yield of secondary electrons in these regions is suppressed. In contrast, the 

gold islands shown in Figure 4b appear as bright spots on the silicon 

substrate as a result of the greater secondary emission yield of gold 

compared to that of silicon.25 We assign the FEGSEM contrast observed in 

Figure 4b to the difference in secondary emission yields, and not to topology, 

for two reasons. Firstly, the FEGSEM image shown in Figure 4c is of a 

(continuous) go Id substrate patterned via the same PS-P2VP polymer 

methodology, such that ail of the polymer has been removed and only the 

patterned topological features in the gold surface remain.26 The resulting ca. 

10 nm tall gold features appear darker compared to the rest of the gold 

surface. 
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Figure 4: FEGSEM images of a) PS-PVP on Au/Ti/SiOx/Si substrate. b) Au 

islands on Ti/Si/SiOx substrate. c) Au "islands" on Au substrate. 
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Secondary electrons are especially sensitive to the work function, the 

distance from the surface, as weil as topology.27 The relatively small topology 

of the pattern in Figure 4c evidently leads to a reduction in the number of 

secondary electrons that escape from the surface compared to the fiat gold 

regions. While further investigation is needed to elucidate the factors 

responsible for this contrast, they ultimately outweigh the more commonly 

observed topology eftects in SEM where taller, rounded features appear 

brighter. Secondly, we have not observed the topological pattern on SilSiOx 

substrates in FEGSEM using the same imaging conditions. The pure 

topology contrast of patterned silicon is not a significant contributor to the 

contrast observed in Figure 4b. 

The average diameter of the gold islands in Figure 4b is 28 ± 4 nm, less 

than the diameter of the PS cores of the surface micelle mask (50 ± 5 nm). 

Some loss in the pattern transfer fidelity was expected due to the irregular 

nature of the polycrystalline gold film and the use of relatively unselective ion

milling conditions compared to reactive ion etching. The discrepancy in 

diameter of the Au islands between the FEGSEM and AFM measurements 

implies that the Au domains are located on top of - 10 nm tall Si/SiOx pillars. 

To confirm this, the gold was removed using aqua regia (concentrated HN03: 

concentrated HGI : H20, 1 :3:6 vol. %) for 20 mins followed by rinsing with 
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water, and drying under a gentle stream of nitrogen gas. AFM measurement 

of the remaining surface (Figure 5) revealed an array of pillars 12 ± 2 nm 

high. This establishes that the etching process indeed produces Si/SiOx 

pillars as weil, and that Au islands are approximately 4 nm (± 1 nm) thick in 

go Id (Figure 7a). 

o 
o 
o~~~ ______ ~~~~~ 

0.00 X[nm] 397.00 

Figure 5: AFM image (Ieft) and li ne scan profile (right) of the Au island sample 

on SilSiOx (as shown in Figure 3) after dissolution of the Au in aqua regia for 

20 mins. Pits on the tops of the patterned SiOx pillars correspond to the - 30 

nm Au domains and are - 4 nm deep. 

Figure 6a shows the FEGSEM image of gold islands of 23 ± 5 nm diameter 

formed on a mica substrate. The AFM image (Figure 6b) reveals features with 

10 ± 1 nm height.28 ln contrast to the pattern of Si/SiOx pillars generated 
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upon dissolution of the gold islands in aqua regia (Figure 5), no features 

remain on mica after treatment with aqua regia. This is consistent with our 

observations of zero pattern-transfer into mica when a mica substrate coated 

with the PS-P2VP mask is ion-milled. Mica is highly refractory towards the 

Ar- milling conditions we use. The gold islands therefore are formed directly 

on the fiat mica substrate and are not supported on nanometer-scale pillars of 

the substrate, as seen in the SilSiOx case (Figure 7). 

Figure 6: FEGSEM (Ieft) and AFM (right) images of Au islands on mica. The 

small « 4 nm) partie/es randomly located between the patterned Au domains 

(only visible in the AFM image) are most likely remnant Au particles left 

behind after the ion-milling process. 
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a) b) 

Au 

Figure 7: Schematic crass-sectional view of a) Au islands formed on a Si/SiOx 

substrate and b) Au islands formed on a mica substrate. 

3.5 Conclusions 

ln summary, quasihexagonal (2D) arrays of nanoscale gold islands have 

been generated using Langmuir-Blodgett (LB) monolayer films of surface 

micelles self-assembled fram an amphiphilic diblock copolymer used as 

stencil masks. Straightforward Ar+-milling of gold-coated silicon and mica 

substrates covered with these ultra-thin masks results in arrays of -25 nm 

diameter gold islands supported on patterned silicon pillars, or directly 

adhered to a mica substrate. Further work will concentrate on the optical and 

electrical praperties of these unique gold structures situated on both 

semiconducting (Si/SiOx) and insulating and optically transparent (mica) 

substrates. 
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Connecting Text for Chapter 4: 

The Wetting of Nanopatterned Surfaces 

This Chapter describes the characterisation of the nanopatterned 

surfaces (made by methods described in Chapters 2 and 3), in terms of the 

surface energy they present, and the properties of a water droplet that comes 

into contact with such a surface. The measurement of the wetting of 

nanopatterned surfaces, derivatized with self-assembled monolayers, is 

performed and compared to that of their smooth, or unpatterned counterparts. 

The results are discussed in light of using nanoscale patterning to create 

funcfiona/surfaces (self-cleaning, anti-adhesive surfaces). 

This Chapter therefore serves as an important fundamental 

characterisation of these novel surfaces. Contact angle measurements of 

nanopatterned surfaces are rarely performed because other patterning 

methodologies capable of sub-1 00 nm resolution are typically limited to small 

patterned areas (1-2 IJm2). However, the block copolymer mask methodology 

employed here creates the opportunity for this measurement as -1 cm2 areas 

of homogeneously nanopatterned surfaces are accessible. 
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Chapter 4 

The Wetting of Nanopatterned Surfaces 

4. 1 Introduction 

The formai study of surface energy and wetting phenomena was 

reported in 1612 by Galileo, whom many would consider the father of the 

field. Galileo noticed that when a fiat thin solid (such as gold leaf) was placed 

on a liquid of lesser density (such as water), the solid would not only float on 

the water surface, but also bend it such that the top surface of the solid lay 

below the surface of the water (Figure 4-1).1,2 Although Galileo did not invoke 

the concept of surface tension, he introduced the idea that some forces other 

than gravit y and buoyancy were responsible for this phenomenon. 

Air 

"\ r 
GOld~ 

Water 

Figure 4-1: Side view of a fiat thin sheet of gold at an air/water interface. 

Nearly 200 years later, Thomas Young introduced a framework for describing 

surface energy phenomena with equation 4-1: 

(Young's equation) Ysv = Ysl + Ylv COS() Equation 4-1 
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where y is the surface tension (or surface free energy), and the subscripts sv, 

si, and Iv refer to the solid-vapour, solid-liquid, and liquid-vapour interfaces, 

respectively.3 Equation 4-1 originates from the balance of forces at the 

interface of a liquid drop on a solid surface and the surrounding vapour 

environment (Figure 4-2). 

Vapour 

]'sv 
............ ................ ,... . ... .. 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ...... :::::::::::::::~I::::::::::::::::::::::::::::::::::::::::::::: 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 8:6H{f:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: .................................................................... .................................................................... . ...................................... , ............................ . ............. , ..................................................... . 

Figure 4-2: Drop of liquid on a solid showing the balance of forces about the 

3-phase line. 

Dupré further developed the concept of surface energy as the free 

energy per unit area (equivalent to the force per unit length) and related it in 

terms of the classical thermodynamic notion of work (W)4. When two bodies i 

and j (of unit area) are brought together reversibly, the free energy ~Gij is 

given by the Young-Dupré equation (equation 4-2): 

Equation 4-2 
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When i = j, then Wij represents the work of cohesion, whereas wh en i * j, Wij 

is the work of adhesion. 

Equations 4-1 and 4-2 are based on the assumptions that the solid has 

only atomic roughness, is chemically homogeneous, stable, rigid, and free of 

adsorbates from the vapour or liquid phases. 1 Given these inherent 

limitations, estimates of the true equilibrium contact angle are made by 

measuring the angle of a recently advanced or receded drop on the surface. 

The true equilibrium contact angle (8) is thought to lie between the two (Le., 

8rec < 8 < 8adv). In practice, the advancing/receding process is rarely 

completely reversible, and an appreciable hysteresis (ô8=8adv-8rec) can be 

observed. The hysterisis is typically on the order of 3-10°, but can be as low 

as -1 0 for very weil defined surfaces.5 

Roughness is known to have significant effects on the wettability and 

hysteresis of contact angle measurements on surfaces. Wenzel's equation 

(equation 4-3) accounts for the effect of roughness on the apparent contact 

angle of a surface by accounting for the increased area of contact6,?: 

cos(}w = rcos(} Equation 4-3 

where 8w is the apparent or measured contact angle, 8 is the contact angle of 

the smooth surface, and r is the ratio of the total area in contact with the 
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liquid to the projected area. In some cases, roughness can lead to the 

incomplete wetting of the surface such that the liquid does not sample the 

entire surface area. In this case, the drop wets a composite or chemically 

heterogeneous surface, made of both solid and vapour components (Figure 

4-3b). Such wetting is typically described using Cassie's equation8 (equation 

4-4) for heterogeneous surface which reduces to the Cassie-Baxter equation 

(equation 4-5) for the case where the second surface component is the 

vapour9: 

cosBcb = -1 + f(cosB + 1) 

Equation 4-4 

Equation 4-5 

where f is the fraction of the area of the solid in contact with the drop to the 

projected area. 

a) 

Figure 4-3: Wetting of rough surfaces modelled by (a) the Wenzel equation 

and (b) the Cassie equation. 

Substrate roughness is investigated in many systems for its far-reaching 

effects on wetting and adhesion phenomena for non-"ideal" yet exceptionally 
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functional surfaces. Examples of such surfaces include water-repellent insect 

legs such as those of the water strider10, the setae on the feet of gravit y

defying geckos11, as weil as the engineering of self-cleaning glass12 and "non

stick" water13. Rooted in such surfaces is the (de)wetting property called 

u/frahydrophobicify. This is a property of surfaces whose water-surface 

contact angle >150° (and approaching 180°). Flat surfaces have not 

exhibited contact angles much beyond 120° due to chemical composition 

alone, but have been shown to become ultrahydrophobic (or ultrahydrophilic) 

when surface topography is introduced. Surface roughness is also intimately 

related to the (contact angle) hysteresis (.6.8)14,15. In the complete (Wenzel) 

wetting scenario, hysteresis is expected to increase with an increase in 

roughness until the composite (Cassie) wetting occurs with a corresponding 

reduction in hysteresis. Very small hysteresis in the wetting of composite 

surfaces has consequences in the dynamic wettability of surfaces16. In 

particular, it is believed to give rise to the anti-adhesive properties attributed 

to surfaces where non-wetting drops roll off the surface with the application of 

a trivial amount of force (Le. a low tilt angle). The combination of 

ultrahydrophobicity and anti-adhesive properties renders a surface 

super hydrophobie. A common example of superhydrophobicity is the self

cleaning Lotus leaf17. Micron-scale roughness has been demonstrated to 
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cause superhydrophobicity and is understood to be via heterogeneous 

wetting described by the Cassie equation12,13,18-20. There are several 

accounts of the wetting of surfaces with "hierarchical roughness" where 

surfaces have nanoscale roughness superimposed onto micron-scale surface 

features21 -24. There have been, however, fewer demonstrations of 

superhydrophobicity of purely nanostructured surfaces. Badyal and 

coworkers have characterized the superhydrophobic behaviour of 

polybutadiene films treated with a CF4 plasma to arise in part from lowering of 

surface energy via introduction of -CFn groups and in part from the surface 

roughening on the order of ca. 50 nm (rms roughness of a 50 I-Im x 50 I-Im 

area)25. Gleason and coworkers have demonstrated the superhydrophobic 

character of a carbon nanotube array (50 nm diameter, 2 I-Im height, random 

spacing) grown perpendicularly ta the Si surface26. Recently, Yang and 

coworkers have demonstrated excellent dynamic electrical control on the 

wetting behaviour of nanostructured surfaces (350 nm diameter, 7 J.Jm high 

posts, spaced 1-4 J.Jm apart) ranging from ultrahydrophilic to 

superhydrophobic27. On the other hand, there have been several accounts in 

the literature where nanoscopic roughness has a minimal effect on the 

contact angle28-31 . Clearly, the extent to which nanoscale roughness can 
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affect hydrophobicity, especially for structures with at least one dimension < 

100 nm, has not been fully explored. 

4.2 Experimental Section 

Nanopatterned Au and Si/SiOx substrates were prepared as per the 

procedures described in Chapter 2a . Freshly patterned Au substrates were 

immersed in 1 mM ethanolic thiol (n-C5H11SH and n-C1sH37SH) solution for 1 

hour, rinsed with approximately 250 ml of anhydrous ethanol, and dried under 

a stream of nitrogen gas. Nanopatterned substrates were compared with 

their "fiat", unpatternedcounterparts: a thiolated fiat go Id substrate and an 

ion-mi lied clean32 Si/SiOx substrate. SilSiOx substrates which were not 

exposed to the argon ion beam were also cleaned and assessed in order to 

compare to the ion-milled SilSiOx sam pie. Freshly formed template-stripped 

gold replicas33 were used as fiat gold substrates and were immediately placed 

in 1 mM ethanolic thiol solution for 1 hour followed by rinsing and drying as 

previously described. Clean SilSiOx substrates were exposed to an Ar+ beam 

under the same conditions as used in the pattern-transfer step in the 

nanopatterning methodology (6.5 keV, 121JA, 1805). Lastly, patterned Au 

a The procedures in Chapter 2 were followed except that the ion-milling conditions were 

changed in order to use an apparatus capable of ion-milling a 1cm-diameter spot suitable for 

contact angle measurements (6 keV, 3.5 IJNcm2, samples roeked at 40 0 /s from 0 to 50° from 

the surface normal, 60 rpm, MET-ETCH, Gatan, Ine.). 
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island samples were prepared as described in Chapter 3, and cleaned by first 

exposing to in UV/ozonolysis conditions34,35 for 1 hour followed by rinsing with 

water, ethanol, degreased, and dried under a stream of nitrogen gas. After 

cleaning, the Au/Si samples were immersed in 1 mM ethanolic alkanethiol (n

C5H11SH) solution for 1 hour followed by rinsing with approximately 250 ml of 

ethanol (anhydrous) and dried under a stream of nitrogen gas. 

The resulting surfaces were imaged using tapping-mode atomic force 

microscopy (AutoProbe CP, Park Scientific Instruments) using silicon 

cantilevers (fa - 300 kHz, Asylum Research) in order to determine the size 

and shape of the patterned features. 

Contact angles were measured using the sessile drop method in a 

home-built humidity chamber36, placed on a levelled, temperature-controlled 

stage. The measurements were made under a relative humidity and 

temperature of 45(2)% and 25(1tC respectively. Advancing (Sa) and 

receding (Sr) contact angle measurements were made by placing a ca. 5 ~I 

drop of Ultrapure MilliQ (18MO) water on the surface with a syringe, 

subsequently adding/removing - 1 ~I quantities to/from the drop, and 

retracting the needle before measurement. A video capture image of the drop 

was made using a CCO camera within 5 s of removing the needle. The 

contact angle was determined by fitting the drop shape to that of a spherical 
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cap (Multiskop, Optrel GbR). Values reported are the average of at least 3 

replicate measurements made on multiple drops on two identically prepared 

surfaces, with the exception of the Au-Si island patterns which exhibit unique 

topological features and hence could not be averaged (see Table 4.1). 

4.3 Results and Discussion 

Figure 4.4 shows a typical AFM image of the nanopatterned Au 

surface described above, with its, fiat counterpart (an unpatterned Au 

surface). Table 4.1 lists the dimensions of the features measured from 

representative images such as those depicted in Figure 4-4 and Figure 4-5, 

and the respective values for rand f as defined by the Wenzel and Cassie 

equations. 

The advancing contact angles measured for the fiat substrates were 

used to estimate the contact angle of the nanopatterned substrates using 

equations 4.3 and 4.5. Finally, the Wenzel contact angle for the Au-Si island 

patterns was determined using the advancing contact angles of the fiat 

SiiSiOx and Au surfaces (equation 4-6) for a composite surface. 

cose' = f'coseAu + (1- f')coseSi Equation 4-6 

where f' is the ratio of the Au island surface area ta the total surface area. 

The measured and calculated contact angles are summarized in Table 4.2. 
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Figure 4-4: 5 ~m x 5 ~m AFM images of (A) fiat and (B) nanopatterned 

template-stripped Au "replicas". Both images are displayed on a height scale 

of 0-20 nm. 

Figure 4-5: 3.5 ~m x 3.5~m AFM images of (A) nanopatterned Si/SiOx and (B) 

Au islands (Au-Si-2). Both images are displayed on a height scale of 0-20 

nm. 

4-10 



Chapter 4: The Wetting of Nanopatterned Surfaces 

Table 4.1: Measured (average) values of the features shown in Figure 4-4 

and Figure 4-5. Standard deviations are in brackets. 

Heighta Maximum Spacingc 

Sam pie (nm) Diameterb (nm) (nm) rd fd 

Patterned 4.0 (0.7) 56 (7) 128 (15) 1.07 0.25 

Si/SiOx 

PaUerned Au 7.8 (0.8) 42 (6) 104 (14) 1.10 0.14 

Au-Si -1 13 (2) 55 (9) 120 (16) 1.23 0.06 

27 (3)e 

Au-Si -2 6.5 (0.8) 57 (6) 112 (12) 1.12 0.07 

30 (3)e 

a: Average AFM-measured heights of paUerned features. 

b: Average AFM-measured diameters of paUerned features. 

c: Average AFM-measured peak-to-peak spacing of patterned features. 

d: Calculated by approximating the shape of the topological features to be 

cylinders with heights and diameters as given in the table, and an areal 

density of 1010 features/cm2. A sample calculation is provided in Appendix 

3. 

e: Average FEGSEM-measured diameter of Au islands. 

4-11 



Chapter 4: The Wetting of Nanopatterned Surfaces 

Table 4.2: Measured and calculated contact angles (CA) of nanopatterned 

and smooth surfaces. Standard deviations are in brackets. 

Experimental CA 

Patterned Surface Smooth Surface 

Surface 8a C) 8r C) 68 (0) 8a C) 8r (0) 68 C) 

SilSiOx nIa nIa nIa 56 (3) 53 (3) 3 

SilSiOx 23 (2) 13 (8) 10b 24 (3) 18a(3) 6b 

(milled) 

Au-C5SH 83 (1) 81 (1) 2 83 (2) 76 (2) 7 

Au -C18SH 108 108 0 102 101 1 

(2) (2) (2) (1 ) 

Au-Si-1 - 48 (3) 28(6)a 20b nIa nIa nIa 

C5SH 

Au-Si-2 - 55 (3) 32 23b nIa nIa nIa 

C5SH 
(16)a 

a: Because drops were highly pinned to the surface, an accu rate 

measurement could not be obtained. 

Calculated CA 

8w 8cb 

C) (0) 

nIa nIa 

12 122 

82 89 

103 153 

29-38 90 

30-35 89 

b: A large hysteresis is implied because the receding angle approaches 0°. 
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Unreliable values were obtained for the receding angle (and hysteresis) for 

the patterned Si/SiOx surfaces given the large degree of adhesion observed 

and subsequent pinning of the 3-phase contact line. This is a common 

observation for such high surface energy substrates yielding contact angles of 

approximately 20°. It is evident that ion-milling has a significant lowering 

effect on the surface energy of silicon substrates (9a = 56°) when compared to 

the fiat unmilled silicon counterpart (9 = 24°). In terms of the effect of the 

surface patterned roughness, the experimental values obtained agree with 

values calculated for complete (Wenzel) wetting within experimental error. 

Furthermore, the hysteresis appears to increase with the introduction of 

nanoscale roughness for increasingly hydrophobie surfaces (Si/SiOx < Au

C5SH < Au-C18SH), where adhesion is also lessened. Lastly, the chemical 

and topological heterogeneity introduced by the Au island patterned 

substrates similarly give contact angles that agree reasonably weil with those 

predicted by complete wetting on a surface with a weighted average 

contribution of surface energy arising from the two components (Si/SiOx and 

Au-C5SH SAM). Such a heterogeneous sample is expected to give rise to a 

larger hysteresis as weil. 

The choice between a complete wetting (Wenzel-type) to a composite 

wetting (Cassie-type) has been the subject of recent interest in contact angle 
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and wettability experiments, particularly in light of the crucial role it plays in 

designing superhydrophobic surfaces. Johnson and Dettre have addressed 

this issue experimentally and theoretically for an idealized sinusoidal 

roughness14 , and the topic has recently been revisited experimentally by 

Quéré37 and Lee38. The "true" equilibrium contact angle results from the 

global minimum free energy configuration of the liquid drop on the surface. 

Metastable configurations exist which give rise to hysteresis and increase 

with increasing roughness and heterogeneity. Associated with the metastable 

states are energy barriers which should be overcome in order for the liquid to 

sam pie ail available states and find the global minimum14. The wetting 

configurations expressed by Wenzel and Cassie each describe free energy 

minima states: the lower contact angle is thus favoured. The spacing and 

size of the features providing roughness determine which type of wetting is 

most favourable, as weil as the critical angle, 8crit, at which 8cb = 8w (cf. Figure 

4-6), and can be calculated using equation 4-7 below. 

(f -1) 
cos () cril =-..0.:....----'--

(r- f) 
Equation 4-7 

ln practice, the metastable state offered by composite wetting for 

surfaces with 8crit>8>90° is often observed, instead of complete wetting which 

is more favourable. This observation has caused some confusion in 

understanding what conditions lead to composite wetting and hence 
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ultrahydrophobic and superhydrophobic effects. Lee et al. showed that by 

gent~placing a drop of water on a surface (for which complete wetting is 

energetically favoured) that the measured result is a contact angle 

corresponding to the composite wetting situation38. The composite surface 

(surface and air pockets) can also be directly imaged with optical microscopy. 

However, when the sa me size drop is dropped from a height onto the surface, 

the kinetic energy overcomes the energy barrier required to achieve complete 

wetting and a lower contact angle is observed. Complete wetting of the solid 

interface results, and is visualized by the drop of water filling in the gaps that 

had previously been filled by air. Quéré et al. have demonstrated the same 

principle by applying pressure to the solid-liquid interface by squeezing the 

liquid between two identical substrates37, and observing the transition from 

Cassie-type wetting to complete wetting upon compression, and reversai 

upon retraction. 

ln light of this revised model for wetting on rough surfaces, 

characterized by 8crit, it is reasonable that the experimental results obtained 

for the nanopatterned surfaces measured here agree with complete wetting 

predicted by the Wenzel equation. In order to create a surface with 8 ~ 8crit. 

by introducing only the nanoscale topology accessible here (typically 4 nm 

height, 50 nm diameter, 100 nm spacing), the contact angle of the surface 
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prior to nanopatterning would have to be >160°. However, the highest 

contact angle reported via chemical composition of a smooth surface is 

-120°. This is observed for the hexagonally c1ose-packed -CF3 surface of a 

n-perfluoroeicosane film. If one can change the aspect ratio of the 

nanopattern by increasing the height of the features, calculations indicate that 

a (minimum) height of - 185 nm is required for composite wetting to become 

favourable for a n-C18SH-SAM surface (CA = 102°). This minimum height 

requirement is reduced to - 40 nm if a n-perfluoroeicosane film (CA = 120°)39 

is patterned. 

cos e* 

-1 cos ecrit o cos e 

f- 1 

~----------------------~-1 

Figure 4-6: Two models of wetting at rough surfaces (8* is the apparent 

contact angle, either 8w or 8cb). The dotted line depicts the metastable 

Cassie-type wetting situation (figure adapted from reference 37). 
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Our findings agree with accounts of the wetting properties of surfaces 

with similar nanoscale roughness reported in the literature. Both Müller et 

al.28 and Ramos et al.30 have created nanostructured surfaces with features 

of similar aspect ratio (although randomly oriented) and in addition, have 

varied the areal density of features. Both groups have reported contact 

angles that correspond to complete wetting of the nanostructured surface with 

very little dependence on the areal density of features. Both groups also 

report an increase of hysteresis with areal feature density. However, Ramos 

et al. found that the hysteresis decreases with increasing areal density after a 

critical density value is reached, although the contact angle remains fairly 

constanpo. They speculate that this finding may point toward a subtle effect 

as to how the drop is pinned by such a surface in a way that would not 

significantly affect the static contact angle measurement. Guo et al. 40 as weil 

as Lee et al. 41 have created polymer nanopillars using anodized alumina 

porous templates, yielding feature diameters and feature densities similar to 

those studied here, but with heights typically >50 nm. Both groups have 

found that this magnitude of nanostructured roughness is sufficient to yield 

ultrahydrophobic surfaces that they assign to the Cassie-type wetting 

mechanism. In another size regime, Zhu et al. have demonstrated several 
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examples of ultrahydrophobic nanostructured surfaces, where the surface 

features have diameters and/or spacings <100 nm, but have micron scale 

heights.42-45 

4.4 Conclusions 

Contact angle measurements were performed on hydrophobic, 

hydrophilic, and mixed hydrophobic/hydrophilic nanopatterned substrates. 

The wetting behaviour was found to be consistent with the theory of wetting 

on rough substrates proposed by Wenzel? The paUerning process used here 

offers a versatile approach to surface derivatization. Secondary elaboration 

of the pattern using chemically selective etching/milling processes (such as 

reactive ion-beam etching) on the Au-Si patterns may offer aspect ratios 

(increased height) currently unavailable in the current methodology. Current 

and future efforts include the exploration of the wetting of water on these 

surfaces with systematic changes in both the topology and derivatization of 

the Au and/or SilSiOx substrate. A better understanding of nanoscale wetting 

is expected to be of fundamental importance in the design of functional 

surfaces with or without intentional nanoscale architecture. As such 

nanoscale wetting is destined to have have far-reaching effects on 

applications such as microfluidics, self-cleaning surfaces, and 

nanotechnology. 
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Connecting Text for Chapter 5: 

Spectroscopie Characterization of Au Island Patterns 

This Chapter describes the spectroscopie characterization (absorbance) of 

the nanoparticle arrays created using the methods described in Chapter 3 

and quartz substrates. The surface plasmon resonance response of the 

nanoparticle array is measured as an absorption band in UV-vis 

spectroscopy, and compared with the response predicted by the quasistatic 

approximation to Mie theory. The nanoparticles in the array are believed to 

be isolated such that each gives rise to an independent, uncoupled, surface 

plasmon resonance upon the absorption of incident light. The response of 

the surface plasmon resonance of the nanoparticle arrays to different media, 

as weil as the effect of derivatization with a self-assembled monolayer was 

also explored. 

An interesting result of this study is the measured peak shift in different media 

combined with the FEGSEM-measured radius of the nanoparticles can be 

used with the quasistatic approximation model to deduce the average height 

of the nanoparticles in the array, circumventing the problem of direct height 

measurement involving sample destruction. 

This Chapter describes an important application of the methodology 

described in Chapter 3. The feasibility of the method to create monolayer 
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arrays of gold nanoparticles with spacings and sizes determined by the block 

copolymer mask, and which have absorbance properties that can be 

measured using a conventional UV-vis spectrometer. 
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Chapter 5 

Spectroscopie Characterization of Au Island Patterns formed on 

Solid Surfaces 

5.1 Characterization of Au Island Pattern in Air 

5.1.1 Introduction 

The field of nanoparticle research has aUracted much interest as a 

result of the search and discovery of new properties when materials are 

reduced in size and dimensionality. Quantum size effects and greatly 

enhanced surface-to-volume ratios have brought nanoparticles to the 

forefront of emerging nanotechnologies. Semiconducting nanoparticles have 

markedly different spectroscopie properties from both their bulk counterparts 

as weil as molecular dyes, such as fluorescence with exceptional quantum 

yields, stability toward photobleaching, and emission wavelengths that can be 

directly tuned by changing the diameter of the nanoparticle. Many 

researchers have since been interested in the physical and chemical 

properties of semiconducting nanoparticles, especially those who wish to use 

them in a range of applications from solar cells to optical data storage to bio

labelling. 

Similarly, gold has become a newly relevant material for catalysis1-5, 
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drug delivery and therapeutics,6-11 and nanocomposites5,7,12-17 when in 

nanoparticulate form. The strong ruby red colour of nanoscale gold is the 

result of its strong interaction (absorption and scattering) with light which is 

typically several orders of magnitude more efficient than that of organic dyes. 

This unique property of metallic nanoparticles has generated much interest in 

their applications in surface-enhanced Raman spectroscopy18-20, 

nanophotonics21 -23, and a variety of sensing approaches24-29. 

Introducing spatial and orientational order to metal nanoparticles 

creates many advantages to the applications listed above, by virtue of 

creating more uniform materials and thus more predictable behaviour. In 

particular, size, shape, orientation and spacing can ail have very significant 

consequences on the optical properties of metal nanoparticles in terms of 

both the extinction wavelength and extinction efficiency, as weil as sensitivity 

towards adsorbates or surrounding medium1,30-32. 

ln this study, arrays of isolated gold nanoparticles, as gold islands, 

have been prepared on quartz substrates using the methodology described in 

Chapter 3. Transmission mode UV-Visible spectroscopy measurement of the 

arrays performed to obtain the extinction of the gold islands. These data are 

compared to the calculated extinction of oblate gold spheroids via the 

quasistatic approximation to Mie theory33. 
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5.1.2 Experimental Section 

Quartz slides (Chemglass, Inc.) were soaked in hot 50:50 CHCIJ/EtOH 

solution for 10 mins, followed by bath sonication (Branson 1510) for 2 mins, 

before drying under a gentle stream of N2 gas. A very thin layer of Ti (0.5 nm) 

followed by 20 nm Au were sputter deposited (20 W, 6 mTorr Ar) onto the 

quartz slides. A block copolymer (polystyrene-b-poly-2-vinylpyridine) film was 

transferred to the Au-coated quartz slides using the Langmuir-Blodgett 

deposition technique (23 oC, KSV 3000) at 2 mN/m, with an upstroke speed 

of 1 mm/min. lon-milling of the substrates (6 keV, 3.5 IJAlcm2, samples 

rocked at 40 0 /s from 0 to 50° from the surface normal, 60 rpm, MET-ETCH, 

Gatan, Inc.) was tracked using FEGSEM to determine when the gold layer 

became sufficiently discontinuous and the pattern of Au "islands" became 

observable. The ion-milling process typically required between 270s and 

300s. Atomic force microscopy was used to measure the nanoparticle height 

(AutoProbe CP, Park Scientific Instruments). UV-vis spectra (extinction) were 

obtained for the substrates in the standard transmission mode set-up (90° 

incidence, Cary 5000, Varian), both before and after annealing the samples at 

400 oC for 2 hours34 . Figure 5-1 shows a representative image and 

corresponding UV-vis spectrum for the gold island sample referred to 

throughout as "Au-Quartz 1". 
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5.1.3 Results and Discussion 

The average diameter of the gold islands was determined using 

FEGSEM (Hitachi S-4700, 1-2 kV, 10 !-lA) images in SigmaScan Pro 5.0 

image software. The average height of the gold islands (Figure 5-1) was 

determined by taking the difference of AFM-determined average height of the 

patterned features before and after the gold was removed by dissolution in 

aqua regia (1 :3:6 HN03(conc.):HCI (conc.): H20; 20 mins). Both the 

roughness of the Au layer and the underlying quartz substrate, as weil as the 

ion-milling process contributes to increase the average roughness of these 

substrates. An increased uncertainty in these measurements results, 

compared to measurements made of the patterned features on either silicon 

or template-stripped gold. Figure 5-2 shows the AFM images used to 

measure the average height values. Although it is more difficult to visualize in 

the AFM images, the topological pattern resulting from the block copolymer 

mask is still present. This is evident in the 2D self-correlation plots included 

in Figure 5-2. Table 5-1 lists the dimensions of the gold island samples 

determined in the AFM and FEGSEM analyses. 
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, Figure 5-1: FEGSEM image of Au-Quartz 1 before (a) and after (b) annealing, 

with corresponding UV-vis spectra (c). 
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Figure 5-2: 1 !-lm x 1 !-lm AFM images of Au-Quartz 1 obtained with tapping 

mode imaging using a Si cantilever (fo - 300 kHz, Asylum Research) with the 

corresponding cross-section profile (right) and 20 self-correlation plot (inset); 

The sam pie was imaged before (a) and after (b) the gold was removed. 
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Table 5-1: Characteristics of Au-Quartz 1 sample. Standard deviations are in 

brackets. 

Height (nm) 

Sam pie Radiusa Au- Quartzc Height of Depth 

(nm) Quartzb (Au- Au Embedded in 

removed) Islandsd Quartze 

Au Quartz 1 22 (3) 14.6 (3.4) 3.1 (0.89) 11.5 (3.5) 0.9 (0.4) 

a. the FEGSEM-measured radius 

b. the AFM-measured height of patterned features before the gold was 

removed 

c. the AFM-measured height of the remaining quartz features after the go Id 

was removed 

d. the estimated height of the Au islands as per text 

e. the AFM-measured height of the depressions left in quartz features after 

the gold was removed 

5.1.3.1 Modeling the Surface Plasmon Resonance Response of Au 
Islands 

The distinct colours produced by gold nanoparticles have been of 

interest for centuries. However, the ruby red pigment in stained glass in the 

17th century was only recognized to arise from colloidal metallic go Id by 

Faraday in 185735 . Almost 50 years later, Gustav Mie presented a solution 

to Maxwell's equations which describes the extinction of light by spherical 

particles of arbitrary size36. Mie's solution has remained relevant to a number 
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of scientific applications, and in particular has been applied to the field of 

metal nanoparticles. It is found to be sufficiently accu rate in predicting optical 

properties of spherical particles if the material dielectric function is known. A 

number of approximations to Mie's solution are commonly employed to 

simplify the calculation, especially for more complex shapes such as the 

spheroids used in this work. 

The absorption of light when absorbed by a metal particle results in the 

coherent oscillation of the conduction band electrons with the oscillating 

electric field component of the incident radiation. The resulting resonances, 

known as surface plasmons, occur for Au, Ag, and Cu in the UV-vis portion 

(300-900 nm) of the electromagnetic spectrum. Surface plasmon resonance 

is highly dependant on the size, shape, and chemical composition of the 

particles that give rise to this nanoscale phenomenon37. 

For the case of spherical particles that are sufficiently smaller than the 

wavelength of the absorbing light (about 25 nm for gold particles38), the 

electric field of the light is considered to be constant. This allows for an 

electrostatic approximation of the interaction. This approximation, called the 

quasistatic approximation because it uses the frequency-dependent dielectric 

functions for the metals (the medium dielectric constant is considered to be 

constant in the UV-visible), only the dipolar resonance response of the 

5-9 



Chapter 5: Spectroscopic Characterization of Au Island Patterns ... 

nanoparticle free electrons is considered, as higher-order multipolar 

resonances become negligible37. Once the nanoparticle is sufficiently large, 

this is no longer the case. Quadrupolar resonance (and higher order poles) 

becomes increasingly more important than the dipolar contribution. 

Although the exact solution to Maxwell's equations for spheroids is 

also known39,40, the solution is so cumbersome that it is infrequently used. In 

addition, Voshchinnikov and Farafonov (VF)41 have shown, using a numerical 

implementation based on this theory, that the quadrupolar resonance mode 

becomes much less important as the aspect ratio of the spheroid is 

increased. The quasistatic approximation is thus often used for spheroidal 

particles when the major axis is much larger than what is allowed in the 

spherical case (-12 nm for gold). 

A spheroid is a 3D surface generated by rotating an ellipse around one 

of its principal axes, resulting in a shape where two of the principle axes (a, b, 

c) are equal (Figure 5-3). This is a special case of the general ellipsoid, 

where a ~ b ~ c. This loss in symmetry leads to two distinct polarizations in 

the spheroidal case, and three polarizations in the ellipsoidal case, each of 

which give rise to a distinct plasmon resonance (manifested as an 

absorbance maximum). A resonance occurring along the major axis of the 

spheroid is called a longitudinal plasmon, whereas that occurring along the 
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minor axis is called the transversal plasmon. Wh en a> b = c (prolate 

spheroid), there are two transversal plasmon modes and one longitudinal 

plasmon mode. On the other hand when a = b > c (oblate spheroid), there 

are two longitudinal plasmon modes and one transversal mode. 

a) : : 

1 éÏ\ 
b) 

,,' ", 

------l-f\ ---à -- -
; i 

a>b=c a=b>c 

Figure 5-3: Prolate (a) and oblate (b) spheroids. 

Using the quasistatic approximation, the extinction coefficient K for N 

particles of volume Vis determined using Equation 5-1.38 

Equation 5-1 

where E1 and E2 are the real and imaginary components to the dielectric 

function of the metal, Em is the real component of the dielectric constant of the 

medium, À is the wavelength of light. Pj U = 1, 2, 3) values are the 

depolarization factors for the three axes, bound by the sum rule33 : 
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(prolate spheroid) 

~ =~[~ln(~)-ll 
e 2 2e 1-e 

1-P' P2 =~ = __ 1 

2 

(oblate spheroid) 

P, = g(e) [tr _ tan -1 g(e)] _ g2 (e) 
1 2e 2 2 2 

~ =1-2~ 

0-7 
g(e) =~-;z 

g 2 

e= 1-
a 2 

Equation 5-2 

Equation 5-3 

Equation 5-4 

Equation 5-5 

Equation 5-6 

Equation 5-7 

Equation 5-8 

Equation 5-9 

Although a number of theoretical methods of averaging mixed 

component dielectric constants to obtain an effective medium dielectric 

constant exist42-46 , a simple average has often served as a reasonable 

qualitative approximation in the literature31 ,37,47. For a medium consisting of 

quartz (n = 1.55) on one side and air (n = 1.00) on the other side, the effective 

medium, Em, was approximated here by calculating a weighted average: 

& m = P quartz & quartz + (1 - P quartz )& air Equation 5-10 
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Equation 5-11 

where pquartz is the ratio of the nanoparticle surface area in contact with the 

quartz substrate. This approximation is similar to that provided by Maxwell 

Garnett theory33,42, except that it does not include a weighting factor 

associated with the spheroidal shape probability distribution functiona. 

The extinction coefficient per nanoparticle for the gold islands 

patterned on quartz described above was mode lied using Equation 5-6, using 

pquartz = 0.13 (see Appendix 4 for the calculation of pquartz). The input radius 

for the minor axis was estimated to be half of the total height of the gold 

islands (11.5/2 = 5.75 nm). Experimental values determined by Johnson 

and Christy48 for the dielectric function of gold in the range of 400 nm - 900 

nm were used in the calculation. The results are plotted in Figure 5-4, and 

the peak position is tabulated with the experimentally obtained peak position 

in Table 5-2. 

a The spheroidal shape probability distribution function arises in Maxwell Gamett theory due to the 
assumption of randomly oriented and shaped spheroids embedded in a homogeneous matrix33, which 
we considered to be beyond the scope ofthis analysis. The excellent correspondence between the 
experimental and calculated resonance peak positions (Table 5-2) suggests that such a factor is not of 
key importance in the samples studied here. The approximation used here is based on the assumption 
that the nanopartic1es present in these experiments have uniform orientation and shape within a given 
sample. Furthermore the geometrically-weighted (i.e. %contact are a) average used here improves 
upon the commonly used approximation obtained from perforrning an (number) average dielectric 
constant (i.e. arising from 50% contact)37 and is meant to provide us with a qualitative description of 
the effect of partic1e embedding in the substrate. 
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Extinction of Oblate Au Nanoparticles, 22 nm x 22 nm x 5.75 nm 

1 - Lambda Max = 562 nm 1 

2.5 

V 3X1016 

() 
2 'E 
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Figure 5-4: Calculated optical extinction coefficient of Au-Quartz 1 (22 nm x 22 

nm x 5.75 nm) as a function of wavelength and energy (inset). The effective 

medium (n=1.087) has a 13% contribution from quartz. 

Table 5-2: Calculated and experimental extinction coefficients (K) and peak 

widths (full width at half maximum, FWHM) of Au-Quartz 1. 

Calculated Experimental 

Àmax K K FWHM Àmax K K FWHM 

(nm) (m2) (M-1cm-1) (nm) (nm) (m2) (M-1cm-1) (nm) 

562 2.4 x 10-15 1.5 x 1010 60 561 3.2 x 10-16 1.9 X 109 115 
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The total extinction of light by the gold island samples can then be 

calculated as: 

Extinction = Ka Equation 5-12 

where a is the areal density of the array (m-2). The areal density for the 

pattern obtained from the PS-P2VP surface micellar film is 9.5 X1013 

features/m2 . An equivalent number density of gold islands is generated. 

Experimentally-determined extinction coefficients were calculated by 

determining the extinction from the measured peak heights in the annealed 

gold island samples (Table 5-2). 

The transmission UV-vis measurements obtained for the gold island 

samples show the excitation of only one plasmon resonance mode given the 

observation of a single peak (Figure 5-1). This corresponds to the 

longitudinal resonance mode of the nanoparticles. The absence of the 

transversal mode excitation is due to the 90° angle of incidence used in the 

transmission measurement. This orientation restricts the polarization to only 

be along the major axis of the particles, given their orientation on the quartz 

substrate. In any case, the transverse mode does not appear in the 

calculated spectra in the range of 400-800 nm for nanoparticles of the 

dimensions prepared here (Figure 5-4). 
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The experimental results for Àmax and K agree weil with the results 

predicted by the model. The discrepancy in peak widths and the magnitude 

of the extinction coefficient are attributable to the distribution in the size of the 

gold islands (both radius and height) as weil as the uncertainty in the extent to 

which the gold islands are embedded in the quartz substrate. Figure 5-5 

shows how sensitive both the resonance frequency (peak position) and 

extinction coefficient (peak height) are to small changes in the gold island 

height and effective medium. Extinction coefficients on the order of 109-1010 

(M-1cm-1) are typically observed for oblate nanoparticles with similar aspect 

ratios to those measured here (ale::: 3)26,31,38. The agreement in peak 

positions between the experimental results and the model indicates the 

absence of near-field coupling interactions. Near field interactions arise when 

the particle spacing is less than the particle diameter30 ,49. This is not the case 

here (Figure 5-1 b). On the other hand, the particles are spaced far enough to 

undergo far-field dipolar interactions. However such interactions require a 

nearly perfectly ordered array31,50. This condition is not met in our sample, 

and as such far field effects are not expected to have an appreciable effect on 

the absorption of these arrays. 

Upon annealing the gold island pattern, the measured transmission 

UV-vis extinction peak is considerably blue-shifted (approximately 30 nm), 

5-16 



Chapter 5: Spectroscopie Characterization of Au Island Patterns ... 

and the peak width is significantly reduced. Both changes indicate a 

reduction of the aspect ratio, and that the particle size and shape have 

become more uniform. There may also be a loss of interparticle coupling 

mediated by the small nanoparticle "remnants" present in larger proportion 

before annealing had taken place. Such coupling can lead to a red-shifting of 

the peak position compared to isolated particles.30,49 
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Figure 5-5: a) Effect of (small) changes in gold island height on peak height 

and position. b-c) Effect of (small) changes in refractive index of the effective 

medium when pquartz ranges from 0.4 to 0.6 (b), and 0.03 to 0.23 (c). Note the 

different scale (on the y-axes) in (a) cf. (b) and (c). 

5.2 Towards the design of a bio-/chemo-sensor: 

The effect of the surrounding medium 

5.2.1 Introduction 

Surface plasmon resonance is very sensitive to changes in the 

dielectric medium. This property is used in surface plasmon resonance 

spectroscopy, and a number of nanoparticle sensing schemes27,51-56. 

Dependence on the medium dielectric is especially large for the longitudinal 

mode of spheroidal particles and is enhanced with increasing aspect rati031 . 

This dependence on nanoparticle shape has been extensively explored by 

Van Duyne and coworkers using truncated tetrahedral nanoparticle arrays 

formed by the deposition of silver through a monolayer of polystyrene spheres 

deposited on glass surface (nanosphere lithographji7). The individual 

particles are highly uniform in dimensions. Particles made using nanosphere 

lithography typically are approximately 100 nm wide and 50 nm high57 . 

Optimization of the shapes and sizes, as weil as the interparticle distance 
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dependence of the surface plasmon response is critical to the design of 

nanoparticle-derivatized surfaces for sensing applications. The criteria have 

been addressed by several groups using extended Mie theory31 ,58 as weil as 

other electrodynamic models such as the discrete dipole approximation.59-61 

ln this report, the extinction maximum of the gold island arrays formed 

on quartz described earlier was measured in several difterent media in order 

to demonstrate the capability of these surfaces to serve as optical sensors. 

5.2.2 Experimental Section 

Gold island samples were prepared on quartz slides using the 

methodology previously described (section 5.1.2). FEGSEM images of the 

substrate were used to determine the average radius (i.e., the longitudinal 

axis). AFM measurements of the substrate were made in order to measure 

the total height (nanoparticle height + quartz post height). The substrate was 

cleaned in a UV-ozone chamber (BioForce Inc. USA) for 1 hour, rinsed weil 

with ethanol and water (MilliPore, 18MQ), dried under a stream of nitrogen, 

and placed in a custom-made flow-through liquid Gall. Ethanol (n = 1.3614), 

methanol (n = 1.3288), acetone (n = 1.3588), cyclohexane (n = 1.4262), and 

toluene (n = 1.4961) were used as received (Fischer Scientific, ACS grade in 

each case). The solvents were introduced to the cell in varying order in order 

to ensure that solvent exchange at the gold surface was complete in each 
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case. Measurements under nitrogen were performed first by purging with N2 

(g) for at least 5 mins. Ali measurements were performed in triplicate. 

5.2.3 Results and Discussion 

Since a direct measurement of the nanoparticle height and degree of 

contact with the quartz substrate cannot be made without removing the gold 

(in other words, destroying the sample), the model described above was used 

to determine both parameters. The peak position of the gold island arrays 

measured in a nitrogen atmosphere and the FEGSEM-determined diameter 

of the major axis were used to infer the value of the minor axis (i.e. 

nanoparticle height/2), assuming pquartz is approximately 0.5. Figure 5-6 

shows FEGSEM images of the gold island samples used in this experiment. 

The corresponding UV-vis spectra (obtained under nitrogen) are found in 

Figure 5-7. Figure 5-8 shows the calculated spectra used to estimate the 

minor axis length, and the estimated dimensions of the gold islands are listed 

in Table 5-3. 
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Figure 5-6: FEGSEM ( Hitachi S-4700) image of Au-Quartz 2 (a) and Au

Quartz 3(b). Secondary electron images were obtained at 1.5kV, 101JA, 5mm 

working distance, using the upper detector. 
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Figure 5-7: Extinction spectra of Au-Quartz 2 and Au-Quartz 3 obtained under 

a nitrogen atmosphere. 
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Figure 5-8: Calculated spectrum of (a) Au-Quartz 2 and (b) Au-Quartz 3 as a 

function of minor axis length, in an effective medium nm of 1.304 (Pquartz = 0.5). 

Energy plots are included as insets. 
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Table 5-3: Measured and calculated dimensions of gold islands in Au-Quartz 

2. 

Sam pie Radiusa Total Heightb Heightc pquartzd nme Aspect 

(nm) (nm) (nm) Ratiof 

(ale) 

19.7 0.500 1.304 1.7 

Au-Quartz 2 16 (3)* 21 (2) 18.8 0.450 1.277 1.7 

Au-Quartz 3 20 (3) 21 (2) 18.5 0.500 1.304 2.2 

20.6 0.600 1.357 1.9 

a: FEGSEM-measured radius. Standard deviations are in brackets. 

b: AFM-measured average height of Au islands on quartz posts. Standard 

deviations are in brackets. 

c: Estimated Au island height. 

c-f: Top row corresponds to the estimate assuming pquartz = 0.5. Bottom raw 

corresponds to estimate made after iterative adjustments to the gold island 

height and pquartz were made. 

The UV-vis peak maxima shifted as a function of the solvent. The 

peak positions were determined fram the raw data and are plotted in Figure 

5-9 along with the peak maxima determined by modelling the gold spheroids 

in the sa me media, still assuming pquartz = 0.5. 

• A bimodal distribution of nanoparticle sizes is in fact determined for this sam pie (see Figure 
5-6) consisting of large gold islands attributed to the pattern, and small gold "remnants" in 
between. The contribution to the absorbance from the small gold remnants is ignored in this 
treatment since the plasmon absorbance is dominated by larger islands. 
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Figure 5-9: Comparison between the experimentally obtained data (blue, 

circles) and the calculated response (pink, triangles) of Au-Quartz 2 (top) and 

Au-Quartz 3 (bottom) to media of varying refractive index. The error bars 

depict ± one standard deviation (of 3 replicate measurements). 

It is clear from Figure 5-9 that the nanoparticle surface plasmon 

resonance response toward changes in the refractive index of the medium 
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(Le. the solvent) is systematically less than predicted. Furthermore, the more 

oblate nanoparticles used in the sam pie Au-Quartz 3 exhibit less sensitivity 

(51 nm/RIU compared to 55 nm/RIU) towards changes in the medium. This is 

contrary to both theory predictions as weil as several reports in the literature, 

which show increasing sensitivity with increasing aspect rati031 ,38,58,62,63. This 

discrepancy might arise fram the detailed structure of the gold islands 

generated using this methodology. The gold islands are partially embedded, 

but to an unknown extent, in the quartz substrate. This embedding 

apparently occurs during the pattern transfer (ion-milling) pracess and is likely 

due to a redeposition of quartz, especially where shadowed by the features. 

This can be observed directly in the form of the craters which remain when 

the gold is removed for imaging (see Figure 5-2b). The degree to which the 

gold islands are in contact with the quartz substrate (and therefore not 

susceptible to changes in the bulk refractive index) is likely different from one 

sample to the next. Given this, an iterative appraach was used to estimate 

both the degree to which quartz contributes to the effective medium, and the 

corresponding height of the islands required to approximate the measured 

peak position. Increasing the contribution of the quartz to the effective 

medium constant has the effect of red-shifting the plasmon resonance. This 

in turn was compensated for by reducing the aspect ratio (increasing the 
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height) of the islands in order to blue shift the resonance back to the vicinity of 

the resonance peak. As already mentioned, reducing the aspect ratio of the 

nanoparticles also reduces their sensitivity toward solvent refractive index 

changes. Therefore, small incremental variations were made to the 

nanoparticle height and degree of embedding in the quartz until a "best fit" 

was obtained between the experimental slope and the mode lied nanoparticle 

response. The heights and contributions of quartz to the effective medium 

constants are listed in Table 5-3. Figure 5-10 shows the final response of the 

gold island samples with respect to these corrected effective medium 

constants. 

The results plotted in Figure 5-10 are now consistent with both the 

quasistatic approximation to Mie theory as weil as literature examples where 

higher aspect ratio nanoparticles show greater sensitivity toward refractive 

index changes31 ,38,62,63. The sample Au-Quartz 2 is sensing a larger range of 

effective medium refractive indices in this experiment than Au-Quartz 3 

because the gold islands in the latter sam pie are more deeply embedded in 

the quartz. Embedding the nanoparticles into the quartz substrate has the 

effect of limiting the exposure of the nanoparticle to the medium, thus 

lessening the weighting of the surrounding media on the effective medium 

refractive index. The result is a loss of sensitivity arising from the reduction of 
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nanoparticle exposure to the surrounding medium. Figure 5-11 shows this 

effect by simulating the sensitivity* of oblate nanoparticles embedded to 

different degrees in the quartz substrate for the gold island aspect ratios 

studied in this experiment. 

Overall, the gold islands show good sensitivity towards the changing 

medium. The sensitivities obtained were 55 nm/RIU and 51 nm/RIU for gold 

islands with aspect ratios of approximately 1.7 and 1.9 respectively. These 

values are in good agreement with the 60 nm/RIU and 100 nm/RIU for gold 

disks on glass slides measured by Hanarp et a/.,31 with aspect ratios of 1.0 

and 3.7 respectively. The sensitivity of nanoparticle arrays towards changes 

in the bulk surrounding medium can be further optimized by using differently 

shaped nanoparticles (such as arrays of truncated tetrahedral nanoparticles 

instead of oblate spheroids64) or using silver instead of gold64 . 

• The sensitivity is calculated here as the slope for a plot ofÀmax vs. solvent refractive index, in units of 
nmlrefractive index unit (RIU). 
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Figure 5-10: Effective medium-corrected responses of Au Quartz 2 (a) and Au 

Quartz 3 (b). Experimental data are shown in blue (circles), calculated data 

are shown in pink (triangles). 
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Figure 5-11: The effect of embedding the gold nanoparticles to different 

extents into the quartz substrate on their sensitivity toward refractive index 

changes of the surrounding medium. Nanoparticles with aspect ratios of 1.7 

and 1.9 are shown in pink (triangles) and blue (circles) respectively. 

5.2.3.1 Effect of Monolayer Coverage 

Given the sensitivity of nanoparticle plasmon resonance to the 

surrounding medium, there is great potential to develop a sensor based on 

the specifie adsorption (often through a self-assembled monolayer) of an 

analyte to the metal surface. In order to demonstrate the sensitivity of the 

gold islands to short range changes in the medium due to coverage by a 

molecular monolayer, Au-Quartz 2 and 3 were incubated in 1 mM ethanolic 

solutions of hexadecanethiol for 19 hours. The UV-vis spectra were 

measured in nitrogen before and after monolayer formation (shown in Figure 

5-12). The peak shifts are summarized in Table 5-4. 
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Figure 5-12: Extinction spectra of Au-Quartz 2 (blue, top) and Au-Quartz 3 

(pink, bottom), before (solid line) and after (dashed line) n-C16H33SH 

monolayer formation. 

Table 5-4: Effect of alkylthiol adsorption on surface plasmon peak position. 

Standard deviations are in brackets. 

Sam pie Àmax (nm) Àmax (nm) fl.Àmax (nm) 

(bare) (plus n-C16H33SH) 

Au-Quartz 2 534 (1) 544 (2) 10 (2) 

Au-Quartz 3 550 (0) 555 (1) 5 (1) 

These peak shifts are comparable to the 6 nm shift observed by Takei et al.27 

where octadecanethiol was adsorbed onto cap-shape gold nanoparticles, and 
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the 13 nm resonance shift observed by Haes et a/.64 for truncated tetrahedral 

gold nanoparticles with an aspect ratio of 1.3. Haes et al. also showed that 

the peak shift associated with oblate nanoparticles is significantly less (-10 

nm for silver nanoparticles) than that for truncated tetrahedral nanoparticles. 

Interestingly, the less oblate gold islands in Au-Quartz 2 give rise to twice the 

peak shift associated with Au-Quartz 3. Such a large difference in response 

cannot be accounted for solely by the same effect seen in Figure 5-9, where 

different effective media parameters affect the overall sensitivity of the 

nanoparticle surface plasmon resonance. 

The short-range effect on the nanoparticle resonance has been 

recently addressed experimentally and theoretically with a full electrodynamic 

description by Haes et apo. In this case it was also observed that the higher 

aspect ratio nanoparticles showed less sensitivity toward thiol absorption60. 

Using the discrete dipole approximation developed by Schatz et a1.62 , Haes et 

al. show the magnitude of the induced electric field decreases faster with 

distance from the surface of the nanoparticle around "hot" spots (areas of 

high induced electric field) than it does around "cold" spots. In effect, they 

suggest that hot spots contribute more to the average sensitivity for small 

distances from the surface. On the other hand, it is the cold spots that 

predominantly contribute to the average sensitivity for large distances 
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(approximately >15 nm) from the surface. Additionally, it was determined that 

as the aspect ratio of the nanoparticle was increased by 28%, the magnitude 

of the electric field at the hot spots of the nanoparticles decreased by 20%, 

resulting in an overall 14% reduction in peak shift. One of the major factors 

contributing to this effect was the increased contribution of the substrate to 

the effective medium dielectric constant for the higher aspect ratio 

nanoparticles. An increased substrate interaction was found to further 

decrease the magnitude of the electric field in the vicinity of the hot spots. 

The magnitude of the electric field (E) due to dipolar resonance along the 

longitudinal axis has been calculated by Schatz et al. for an oblate spheroid of 

aspect ratio of 2 (Figure 5-13).65 Given the configuration of the gold islands 

studied in this experiment, the potential hot spots are especially susceptible to 

becoming partially buried in the quartz substrate during the ion-milling 

process. This would lead to a pronounced reduction of efficiency of the short

range field of the nanoparticle. The results presented in Table 5-3 clearly 

suggest that Au-Quartz 3 has more contact with the quartz substrate than 

does Au-Quartz 2, and it correspondingly shows less sensitivity towards 

alkylthiol adsorption. 
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Figure 5-13: Top view (a) and side view (b) of IEj2 for an oblate spheroid with 

an aspect ratio of 2. Incident polarization is along the y-axis (longitudinal 

axis), and the numbers correspond to the magnification of the incident field. 

(Figure adapted from reference 65). 

5.3 Conclusions 

The extinction of UV-visible light by gold island arrays was measured and 

found to have very good agreement with calculations made in the quasistatic 

limit for gold oblate spheroids. The sensitivity of go Id island arrays toward 

different surrounding media, as weil as alkylthiol adsorption, was also 

measured and was in good agreement with related literature examples. Gold 

islands with larger aspect ratios were found to be more sensitive toward long-

range changes in the refractive index and less sensitive toward alkylthiol 

adsorption than gold islands with smaller aspect ratios. Particular attention 
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was paid to the effect of substrate interaction and nanoparticle embedding in 

the substrate in order to maximize the short and long range sensitivity to the 

surrounding medium. 
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Chapter 6 

Conclusions, Original Contributions to Knowledge, and Ideas for 

Future Work 

6. 1 Overview and Conclusions 

This section will summarize the conclusions of each Chapter, as weil as those 

drawn from the Thesis as a whole. 

Chapter 2: Monolayer films of surface micelle arrays, derived from 

polystyrene-b-poly(2-vinylpyridine) self-assembled at the air-water interface, 

were used as sacrificial masks for the transfer of patterned nanoscale 

topology into surfaces. From this study, we conclude that: 

1. Argon ion-milling of the polymer film-coated substrates results in a high

fidelity transfer of topological features to the substrate. The methodology 

is applicable to many substrates, given that they are sufficiently smooth 

(-1 nm rms roughness over 1 IJm2), and present a similar ion-milling rate 

compared to the polymer film. 

2. 180 s of ion-milling is required to remove the majority of the polymer film 

(-90%), to the bulk Si, Au, and Si02 substrate. 
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3. Friction force imaging of the nanopatterned substrates reveals striking 

contrast between the patterned features and the fiat substrate. The 

friction contrast is believed to arise from nanoscale roughness introduced 

from the ion-milling process and curvature of the features, not chemical 

contrast, which is the common interpretation of LFM-measured friction 

contrast. 

Chapter 3: Monolayer films of surface micelle arrays were explored as 

sacrificial masks for the creation of patterned gold islands (nanoparticles) on 

a variety of substrates. From this study, we conclude that: 

1. Argon ion-milling of the polymer film-coated substrates results in a high

fidelity transfer of topological features to the substrate. The methodology 

is believed to be applicable to many substrate/film combinations, given 

that both are sufficiently smooth (-1 nm rms roughness over 1 I-Im2), and 

particularly if the film presents a faster ion-milling rate compared to the 

polymer film or substrate. 

2. Contrast observed in the FEGSEM imaging of distinct gold islands is 

opposite that of continuous, nanopatterned gold films and can be used to 

track the formation of distinct gold islands. 
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3. In the case of a Si/SiOx substrate, the gold islands are formed, and slightly 

embedded in a "nano-pillar" of Si/SiOx, whereas in the case of a mica 

substrate, they are formed directly on the substrate. This is the Iikely 

result of the exceptionally low ion-milling rate observed for mica. 

Chapter 4: The contact angle made between small drops of water and 

nanopatterned surfaces was measured and compared to measurements 

made on fiat counterparts. We conclude that: 

1. The observed contact angle is the result of complete wetting of the 

nanostructured interface by water (Wenzel-type wetting). 

2. Wenzel-type and not Cassie-type wetting is the preferred configuration 

associated with the topology and surface energies (chemical 

compositions) explored in this experiment. 

3. The current phenomenological model predicts that increasing the height 

of the nanopatterned features to - 180 nm in a go Id island pattern 

derivatized with octadecanethiol will make the Cassie-type wetting 

situation equally favourable to the Wenzel-type situation. 

Chapter 5: The extinction of light by gold nanoparticles generated using the 

block copolymer patterning methodology was explored with respect to the 
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quasistatic approximation to Mie theory, the effect of different solvent media, 

and the effect of adsorption of an alkylthiol monolayer. We conclude that: 

1. The quasistatic approximation is effective in predicting peak positions of 

extinction maxima associated with the surface plasmon resonance of 

isolated, quasi-ordered gold island arrays. 

2. The substrate has a significant effect on the optical properties of gold 

nanoparticles made using this methodology due to fact that they are 

partially embedded in the substrate during the pattern transfer process. 

This can have significant implications on the sensitivity of the nanoparticle 

surface plasmon resonance towards long-range and short-range changes 

in the effective medium. 

As a whole, this Thesis has explored issues pertaining to making and 

measuring nanostructured surfaces using the block copolymer patterning 

methodology, and characterizing the properties of the resulting patterns. It 

was found that the methodology can reliably create high-fidelity surface 

patterns which can have interesting surface wettability and optical properties. 

However, deliberate exploration of these properties requires secondary 

elaboration of the pattern aspect ratio either via selective chemistry, or using 
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more chemically selective pattern transfer method (such as reactive ion beam 

etching). 

6.2 Original Contributions to Knowledge 

1. An original methodology for patterning topology on a surface using 

block copolymer surface micelle arrays is described. The methodology 

readily generates 5 nm thick circular features of 50 nm diameter, with a 

center-to-center spacing of 110 nm, and can be changed with a 

change in block length of the block copolymer starting material. 

2. An original methodology for creating nanoparticle arrays on surfaces is 

described. 

3. Characterisation of these unique nanopatterned surfaces by lateral 

force microscopy, field emission (gun) scanning electron microscopy 

(FEGSEM), and contact angle measurements were obtained for the 

first time. 

4. Optical characterisation of uniquely patterned gold nanoparticle arrays 

was obtained for the first time. 

6.3 Ideas for Future Work 

1. Increasing the Aspect Ratio of the Surface Features 
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Increasing the aspect ratio of the a) the mask and b) the final 

structures are both of vital importance in using the block copolymer patterning 

methodology in-depth studies of wetting/dewetting of films of water, polymers, 

metals, etc. for secondary pattern decoration. Several efforts have been 

made to this end throughout the duration of this doctoral project: chemical 

etching using KOH and single crystal silicon wafers, chemical vapour 

deposition using SiCI4 and H2 (g) at elevated temperatures on gold island

patterned substrates (where go Id is believed to act as a catalyst toward Si 

whisker nucleation), and some (minimal) reactive ion etching (CF4, C12, 12) 

through the polymer mask, as weil as through gold islands as a mask for 

silicon. The latter two methods have been met with some success so far. In 

the former, silicon whiskers have been grown to long lengths (IJm's) but with 

diameters corresponding to that of the gold islands (- 30 nm). However, the 

challenge still remains to create silicon whiskers anisotropically upwards 

(epitaxially) from the substrate. Moreover, there are significant challenges in 

creating a reproducible synthesis of these whiskers. In the latter, the use of 

RIE to selectively etch silicon over gold has been demonstrated, and is 

expected to eventually yield maximum etch depths of -50 nm for a 30nm 

diameter gold nanoparticle mask. However, RIE or other chemical etching 

mechanisms, combined with the block copolymer mask has yet to be 
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explored, in the case of the block copolymer masks used here (PS-P2VP) 

and others (PS-PEO, PS-PMMA, etc.) this may provide an alternative route 

for patterning features with greater aspect ratios than obtained in this work. 

2. Surface plasmon resonance studies 

The exploration of the effects of applied potential to the gold 

islands/nanoparticles, especially with immersion in highly polarizable media, 

and control over interparticle spacing via the choice of a shorter P2VP block 

length to < 30 nm will present an intriguing system for studying the mediation 

of short-range electronic coupling. Preliminary work with amorphous go Id 

islands on indium tin oxide (ITo)a looked at the effect of applied potential on 

the localized surface plasmon resonance frequency and sensitivity to 

localized dielectric changes in the surrounding medium. Applying -1V to 

these surfaces (with respect to a Ag/Agel electrode) in sodium fluoride 

solution resulted in a 15 (2) nm blue shift. However, a proper 

spectroelectrochemical cell is required in order to perform further experiments 

and eliminate reactions with oxygen under a broad range of applied 

potentials. 

a "Amorphous go Id islands" result from the evaporation of a thin (-4-5 nm), discontinuous 

layer of Au onto ITO substrates. 
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Appendix 1 

Appendix 1: 

Supplementary Information for Chapter 2 

1.1 Langmuir films of PS-b-P2VP 

The interfacial properties of polystyrene-b-poly(2-vinylpyridine) at the air-

water interface was explored in depth by Zhu et a1.1-6 

A typical surface pressure-area isotherm is shown below of PS510-b-P2VP480 

obtained at 23°C, spread from a O.5mg/ml chloroform solution (see Chapter 2 

for details). 
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Figure A-1: A typical Pressure-Area isotherm for PS-P2VP spread at the air-

water interface. 

Langmuir-Blodgett deposition of these films was performed at 2 mN/m. At 

this pressure it is believed that the P2VP corona of adjacent surface micelles 

are in slight contact with one another, however compression and/or 

interdigitation of the PVP chains is considered to be minimaP. 
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1.2 The Effect of Different Substrate Properties on the 
Feasibility of Pattern Transfer 

1.2.1 Substrate Roughness 

Because the aspect ratio of the surface micelles made fram polystyrene-b-

poly(2-vinylpyridine) is relatively small (Le. 1 :10), and a chemically 

unselective pattern-transfer method is used, raughness in the substrate that 

one wishes to pattern is probably the main factor limiting this methodology. 

To demonstrate, AFM images of gold substrates prepared in different ways 

are provided in Figure A-2. The most common method of preparation is 

thermal evaporation. Gold is evaporated and deposited onto a substrate 

(located about 12 inches above the source) whereupon it nucleates and 

grows into a continuous filma. Figure 1 shows two substrates (Si/SiOx and 

mica) onto which - 200 nm of gold was deposited. A PS-P2VP film was 

subsequently deposited using the Langmuir-Blodgett technique. The gold 

evaporated onto SilSiOx has a raugh morphology (- 1.5 nm rms roughness 

over 1 ~m2) due to grains of gold which are comparable in size (-30-50 nm) 

to the surface micelle pattern. 

a Evaporation was typically done at a rate of 1.4 AIs, start from a base pressure of -9x1 0-7 

torr. 
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Figure A-2: 5 IJm x 5 IJm AFM (topography) images of gold evaporated on a) 

Si/SiOx and b) mica with (right) and without (Ieft) block copolymer film 

coating. 

Once superimposed, the topology of the surface micelle film is not discernible 

from this type of gold substrate. An unselective ion-milling process will give in 

turn give rise to a similar topology as seen in Figure A-2a. Unlike Si/SiOx, 
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gold evaporated onto mica grows in large fiat grains, although the RMS 

roughness is 1.22 nm over 1 IJm2, due to the voids in between adjacent 

grains. Since the grains of gold on mica are large and fiat the topology of the 

surface micelle pattern is easily identifed and remains discernable after ion

milling. 

Sputter-deposited go Id was also found to be suitably smooth to 

pattern, as was seen in Chapter 3. The best gold substrate found was made 

by evaporating a gold film onto SilSiOx, gluing the exposed go Id surface to 

another substrate such as a glass slide, and then separating the gold film 

from the Si/SiOx "template", exposing a fiat gold surface (Figure A-3a). 

Figure A-3: AFM (topography) images of template-stripped gold surface 

before (a) and after (b) nanopatterning. Cross-section line scan for line drawn 

in (a) is shown in inset. 
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1.2.2 Hydrophobie and Hydrophilie Substrates 

Another factor limiting the generality of this pattern transfer methodology is 

the substrate related to the purposes of the Langmuir-Blodgett (LB) 

deposition of the polymer film. Extremely hydrophilic substrates that 

chemically dissolve or react with water are not suitable for LB films as they 

must be submerged in the aqueous phase until film transfer begins (typically 

around 1 hour). Extremely hydrophobic substrates pose a problem of a 

different sort for LB deposition. In order for film transfer to be successful, the 

film must be able to wetladhere to the substrate. In the LB technique, the 

components of the film in contact with the aqueous phase (the most 

hydrophilic components) are the components of the film which are in direct 

contact with the substrate. If the film does not wet the substrate, contact 

instabilities arise, and the film may slip across the substrate until it adheres to 

another spot. This slip-stick phenomenon is believed to have occurred for the 

transfer of PS-P2VP at the air-water interface to a highly ordered pyrolytic 

graphite (HOPG) substrate (Figure A-4). One way to circumvent these 

problems could be the Langmuir-Schaeffer deposition in which a substrate is 

lowered onto the film in the horizontal position (parallel to the subphase) until 

contact with the film is made. This deposition method is, however, more 

difficult to control. 
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Image of an LB-deposited film of PS-P2VP 

surface micelles onto HOPG. 

1.2.3 Refractory Substrates 

Refractory substrates (materials that can withstand extremely high 

temperatures) also restrict the generality of this nanopatterning methodology 

by being resistant to the ion-milling pattern transfer step. lon-milling of these 

materials is extremely slow compared to that of the polymer resist. As in the 

case of mica, minimal pattern transfer occurs because the polymer film is 

milled away before the mica is removed (Figure A-5). 

A-6 



Appendix 1 

Figure A-5: AFM image (height ranges from 0-5 nm) of mica after ion-milling 

(180 s) to remove the PS-P2VP polymer film for pattern-transfer. 

Because argon ion-milling occurs mainly through a physical process, 

introducing chemical selectivity to the pattern transfer step, by using reactive 

ions or a chemical etch, is one way to circumvent the problem that refractory 

materials present to this methodology. Alternatively, using higher aspect ratio 

(thicker) films of surface micelle arrays, where the micelle core is considerably 

thicker than 5 nm, would also alleviate the problem, albeit to a lesser degree. 
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Appendix 2: 

Further Details Concerning Making Gold Island Arrays 

2.1 Elemental Analysis of Gold Island Arrays 

Energy-dispersive x-ray spectroscopy (EDS or EDX) was used to detect the 

(qualitative) presence of Au in the gold island arrays on Si/SiOx• 
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Figure A-6: EDS spectrum of gold islands patterned on Si/SiOx• Spectrum 

was obtained on the Hitachi S-4700 FEGSEM, using a beam energy of 15 kV, 

and obtained after 7000 counts. 
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As shown in Figure A-6, Au is definitively shown to be on the surface of the 

ion-milled and imaged samples. This is verification that the images are 

indeed of Au islands. 

2.2 Surface Resistance during Pattern Transfer 

During the pattern transfer process (argon ion-milling) associated with 

fabrication of gold island arrays (Chapter 3), the surface resistance was 

measured in order to correlate resistance changes with the removal of gold in 

between the patterned features. 

a) 
Ar+ Ar+ At Ar+ At 

~ ~ ~ ~ ~ 
Au (20 nm) & 0.5 nm Ti 

Il 

b) t Au 

Figure A-7: Schematic cross-section view of the pattern-transfer 

methodology. a) film of surface micelles covering a substrate consisting of a 

thin gold film adhered to SilSiOx with a 0.5 nm Ti layer. Ar+-milling removes 

material from the surface, transferring the topology of the mask. b) Ar+-milling 

is stopped once the gold located between PS-masked domains has been 

removed, leaving an array of Au islands on Si/SiOx• 
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The resistance across the surface of a silicon wafer (n-doped) coated with a 

thin (-20 nm) gold film and the block copolymer surface micellar film, was 

tracked as a function of ion-milling time. Measurements were made using a 

multimeter (Fluke 175) by gently touching the probes, spaced -0.5 cm apart, 

to the surface within 30 s of removal from vacuum. The uncertainty was 

estimated by taking at least 3 measurements at different spots on the sa me 

sample. FEGSEM images were obtained for other ion-mi lied samples whose 

similar resistance values span the range measured. 
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9 

o ~a~~~~+==---~----~------_,------,_----~ 
o 100 200 300 400 500 600 
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Figure A-8: Variation of the resistance across the surface of a sample with 

exposure to the Ar+-milling conditions. The sample (silicon wafer) was initially 

coated (Os) with a thin gold film and block copolymer sacrificial mask (see 

Figure A-7a). a-g refer to the images shown in Figure A-9. 
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Figure A-9: FEGSEM secondary electron images of the progressive ion

milling of a block copolymer/Au-coated silicon wafer. Inset: measured 

resistance for each sample. 

One can see in Figure A-8 and Figure A-9 that there is a correlation between 

the surface resistance and the ion-milling time. At t = 0 s the resistance is 

very low and corresponds to that of a gold film. It is likely that because the 

block copolymer film is so thin, the method used to measure the surface 

resistance is insensitive to such a thin film. Once the ion-milling is initiated, 

the resistance increases slowly as more and more of the gold film is etched, 

developing cracks in the film. The morphology of the gold film, consisting of 

small and randomly oriented crystalline Au domains, is thought to determine 

the crack formation. lon-milling is known to exaggerate surface roughness by 

virtue of faster milling rates at edges and grain boundaries. After about 3 

minutes of ion-milling, the resistance rises quickly during which time the 

measurement also becomes increasingly noisy. At the point where there are 

large voids in the gold film (ca. 40 kG measured resistance), the film is still 

mostly continuous. At this point, electrons can likely choose percolation paths 

through the gold film. However, continued etching leads to a continued rise in 

the resistance to -90 kG, at which point the FEGSEM image (Figure A-ge) 
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shows an array of distinct gold islands. The high resistance measured here is 

puzzling given that the resistance of the silicon substrate is <10 kO. One 

possibility is that at 90 kO, the native oxide layer (SiOx), present on the silicon 

wafer before coated with Au, while very thin (typically 2-5 nm) is sufficienUy 

insulating to create a barrier to current flow. Additional ion-milling after this 

point results in removal of more Au and SiOx, making it easier to pass current 

through the silicon substrate. 

Unfortunately,' the large uncertainty in the resistance, particularly at 

high resistance, and slighUy varying thicknesses of the gold film across 

samples, makes this resistance measurement a poor protocol to monitor the 

ion-milling process. A more stable measurement, such as a 4-point probe 

method, performed in situ, is needed in order to do real-time monitoring of the 

pattern transfer process. 

2.3 Making Au Islands on Iro 

Chapter 3 describes the generation of Au island arrays on both Si/SiOx and 

mica substrates, and Chapter 5 describes the synthesis of Au island patterns 

on quartz. Indium tin oxide (ITO) has also been successfully implemented in 

this methodology in order to make substrates suitable for 

spectroelectrochemical studies. Thin films of ITO are commonly used for 

such studies as they are mostly transparent in the UV-visible spectrum, and 
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they are conducting. Cleaning of ITO films on glass substrates (150-200nm 

thick, Delta Technologies Inc.) was performed in the conventional way (by 

immersing in recently boiled, hot 50:50 chloroform/ethanol solution followed 

by 2 mins bath sonication). 0.5 nm Ti was sputter-deposited onto a thin gold 

film (-20 nm), onto which the LB polystyrene-b-poly-2-vinylpyridine surface 

micellar film was deposited. The substrates were then ion-mi lied at 6.5 kV, 

3.5 IJAlcm2 (rocked at 400 /s from 0-50° from surface normal, 60 rpm rotation) 

for -300 s, until distinct Au islands were observed by FEGSEM imaging 

(Figure A-1 0). 
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Figure A-1 0: FEGSEM images (top at 20,000X, bottom at 100,000X 

magnification) of pattern-transfer after 330s of Ar+-milling to result in gold 

islands on ITO substrate. 

Transmission mode UV-vis spectroscopy (Cary5000, Varian) was performed 

on these substrates. Curiously, these gold islands do not show an 

observable peak in the UV-vis transmission mode spectra (Figure A-11), 

unlike the gold islands on quartz. Unlike the quartz substrates, ITO-glass 

substrates have non-negligible absorption in the UV-vis. Additionally, 
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different ITO film thicknesses between sample and reference (milled or 

unmilled ITO-glass substrate) are a consequence of the pattern-transfer 

process (ion-milling) and make accu rate blank-subtraction difficult to obtain. 

This effect, cou pied with the low gold island concentration (Ieading to low 

extinction) may result in the inability to detect the surface plasmon resonance 

response of these nanoparticles. 
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Figure A-11: Transmission UV-vis spectra for Au islands on ITO (spectrum 

shown in blue has been blank-subtracted using an ion-milled ITO substrate as 

a blank). A milled ITO (yellow) and unmilled ITO substrate (pink) is also 

shown. 
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Appendix 3: Calculation of rand f (Chapter 4) 

The contact ratios, rand f, were calculated in order to estimate the 

apparent contact angles defined by Wenzel (equation 1) or Cassie (equation 

2). 

cosew = rcose Equation 1 

cose = "J,. cose. e ~ l l 
Equation 2 

where r is the ratio of the total area in contact with the liquid to the projected 

area and f is the fraction of the area of the solid in contact with the drop to the 

projected area. The shape of the nanostructures was approximated using 

cylinders of the sa me radius and height as measured by AFM (Table 4-1). 

a) 2a 2a 
h --
~ 

b) 

Figure A-12: Schematic of the side profile (a) and top view (b) of the 

nanostructured surfaces studied in Chapter 4. 
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Given that the areal density of the pattern is -1 x 1014 features/m 2, rand f 

were then calculated as follows. 

Total Surface Area 1014 (SA) + (1-1014 ;ra2) 
r = = ---.;....-'---'-----'-

Projected Area lm 2 
Equation 3 

f = Surface Area in Contact = 1014
;ra 2 

Projected Area 1m 2 
Equation 4 

Equation 5 

where a is the feature radius (m), h is the feature height (m), and SA is the 

surface area of a cylinder. 

For example, for the patterned SiiSiOx sample described in Table 4.1, (h = 4.0 

nm, a = 28 nm), the calculation is as follows. 

SA = 2JZ"(28x10-9 m)( 4.0xlO-9 m) + JZ"(28x1W9 m)2 

f = 10
14 

JZ"(28x;0-9 m)2 = 0.25 
lm 
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Appendix 4: Calculation of Pquartz (Chapter 5) 

The fraction of surface area of an oblate gold nanoparticle in contact 

with its quartz substrate is pquartz. The surface area of an oblate spheroid can 

be calculated as a surface of revolution; Le. by rotating an ellipse around its 

minor axis. 

1 

SA ~ 2J,R AI + (R - r)~~ + r)y2 r dy 

y 

----t-----t--+ X -+ --
R 

.y 

1 
r-- ...... --;--- .... -

ri" 
/ l , 

~' 
Z 

, , 

Figure A-13: The surface of revolution (an ellipse, where R>r) used to 

generate an oblate spheroid surface from -r to d (the depth embedded in the 

quartz substrate). 

The surface area of the spheroid in contact with the substrate simplifies to: 

SA = 2ffR[A(-r + d) - A(-r)] Equation 6 

A(y) ~ ~ y~1 + ky2 + 1n(.fk;y +jr ky2 ) 
2 2 k 

Equation 7 

k= (R-r)(R+r) 
r 4 Equation 8 
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The ratio, pquartz, is then the ratio of the surface area in contact with the 

substrate to the total surface area. 

21Z"R[A( -r + d) - A( -r)] A( -r + d) - A( -r) 
Pquartz = 2nR[A(r)-A(-r)] = A(r)-A(-r) 

Equation 9 

For example, for the sam pie "Au-Quartz 1" studied in Chapter 5, with a major 

axis of 22 nm, minor axis of 5.75 nm, and embedded 0.9 nm into the 

substrate, pquartz is calculated as follows. 

= A(-S.7S+0.9)-A(-S.7S) = 441 = 0.13 
Pquartz A(S.7S) - A(-5.75) 3475 
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Appendix 5: Calculation of Extinction for Oblate 
Spheroids in the Quasistatic Approximation 

The following Matlab program was written to calculate and plot the extinction 

coefficient for oblate metal nanoparticles using the quasistatic approximation 

to Mie theory. The results of these calculations were used to produce the 

plots shown in Chapter 5. 

5.1 Mat/ab program for Calculation of Extinction Coefficients 
of Oblate Gold Spheroids 

% Computation of Mie Efficiencies for oblate spheroids in the quasistatic 

% approximation given complex dielectric function for the gold (epsilon1 and 

% epsilon2), the corresponding wavelengths in the UV-VIS range, the real 

% component to the refractive index of the medium, and size parameters for 

the % major and minor axes. 

% see Bohren and Huffman (1983), p. 141. 

% Result: extinction coefficient per nanoparticle (kappa), 

% Written for Matlab, by Vicki Meli, 25/02/2004. 

clear ail 

close ail 
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R=input('What is the radius of the major axes (nm)?'); 

Radius=R*101\(-9); %converts to meters 

r=input('What is the minor axis radius (nm)?'); 

radius=r*1 01\(-9); 

Real_refractivejndex_oCmedium=input('What is the refractive index of the 

medium?'); 

Epsilonm=ReaLrefractivejndex_oCmediumI\2; 

AR=Radius/radius; %aspect ratio 

Ecc=sqrt(1-ARI\(-2)); %Eccentricity 

G=( (1-EccI\2)/EccI\2)1\0.5; 

N=1; %Number of spheroids 

V=(4/3)*pi*(RadiusI\2)*radius; %Volume of spheroid 

P1 =(G/(2*EccI\2)) * ((pi/2)-atan(G))-(GI\2)/2; 

P2=P1; 

P3=1-2*P1 ; 

%polarization factors 
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lambda=[ ]; 

epsilon1=[ ]; 

epsilon2=[ ]; 

Ext=[ ]; 

load lambda.dat 

load epsilon1.dat 

load epsilon2.dat 

for s=1 :225 

Appendix 5 

S=((epsilon2(s)/P1 "2)/((epsilon1 (s) + ((1-

P1)*Epsiionm/P1))"2+epsilon2(s)"2)) + ((epsilon2(s)/P2"2) / ((epsilon1(s) + 

(( 1-P2)*Epsilonm/P2))"2+epsilon2(s )"2)) +( (epsilon2(s )/P3"2) / ( (epsilon 1 (s) + 

(( 1-P3)*Epsiionm/P3) )"2+epsilon2(s )"2)); 

Kappa=(2*pi*N*V*Epsilonm"1.5)/(3*lambda(s))*S; 

Ext=[Ext, Kappa]; 

end 

PEAKMAX=[ ]; 

Lambda=lambda'. *10"9; 
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[C,I]=max(Ext); 

PeakMax = Lambda(I); 

Appendix 5 

PEAKMAX = [PEAKMAX; , Lambda Max = ' num2str(PeakMax, '%3.1f) , nm']; 

plot(Lambda, Ext) 

xlabel('Wavelength (nm)') 

ylabel('Extinction Coefficient (mA 2/particle)') 

title(['Extinction of Oblate Au Nanoparticles, ' num2str(R) , nm x ' num2str(R) , 

nm x ' num2str(r) , nm']) 

legend([PEAKMAX, 'n(medium )=' 

num2str(ReaLrefractivejndex_oCmedium,'%2.3f)]); 

hold on 

v=axis; 

v(1)=400; 

axis(v); 
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