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Abstract 

The work presented in this thesis has concerned the synthesis, manipulation and 

characterisation of gold nanowires. 

Porous alumina membranes have been electrochemically fabricated as templates for the 

deposition of gold nanowires. They consist of a thick oxide membrane, shown to be 

perforated by a high density array of isolated cylindrical pores, with a narrow size 

distribution. In addition, nanowires have been fabricated in commercially available 

porous alumina, and polycarbonate track-etched filtration membranes. Gold has been 

deposited by electrochemical and electroless techniques from a variety of solutions. 

A range of non-covalent interactions have been used to direct the aggregation of 

nanowires in solution, or assembly of nanowires on surfaces. These include hydrophobic 

interactions, surface wettability, hydrogen bonding, carboxylate salt formation, 

electrostatic interactions between charged surfactants, and biotin binding. Of particular 

interest is the ability to control both the placement and orientation of nanowires onto 

surfaces. These conditions have been best satisfied by the deposition of nanowires from 

solution onto surfaces patterned with alternating hydrophilic and hydrophobic stripes. 

Nanowires are located on the hydrophilic regions of the surface, aligned parallel to the 

patterned surface. 

The use of alternating electric fields to manipulate particles in solution is labelled 

dielectrophoresis. Considerable control over the assembly of nanowires is afforded by 

adjusting the assembly parameters. These conditions have been modelled, and 

investigated experimentally, to determine the optimum assembly conditions consistent 

with positioning a single nanowire across the electrode gap. After assembly, single 

nanowires displayed an Ohmic response with 35 Q resistance values predominantly due 

to contact resistance between the electrode and nanowire. By optimising the assembly and 

cleaning procedures the contribution of contact resistance to measured resistance has been 

reduced below values reported elsewhere in the literature. 
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Chapter 1: Introduction 

The word nanotechnology has come to span a wide variety of disciplines, where the only 
discernable similarity is that they concern systems where 1 or more dimension is within 
the range 1- 1000 nm. This may include nano-structured materials, instrumentation that 

allows nanoscale observations, and biological or chemical systems. The birthplace of this 
discipline can be traced directly to the 1959 lecture by Fevnman `Fhere's Plenty of Room 

at the Bottom". ' Here, Feynman discussed the benefits that would arise from the 

miniaturisation of current technologies. Although imaginative, his suggestions were only 
bound by practical rather than fundamental constraints. He discussed a range of topics 

which initiated new research into computers and electronics, information storage, 
instrumentation, and single-atom manipulation. As Fevnman commented, the largest 

single barrier to this field was instrumentation that allowed observation at the nanoscale. 
Although electron microscopy had already been invented, its development together with a 
host of other analytical techniques, including scanning tunnelling microscopy'` and atomic 
force microscopy', has allowed the rapid advance of this field in more recent years. The 

most accurate realisation of Feynman's suggestions was the manipulation of individual 

atoms, famously achieved by Eigler et al4 at IBM with an STM, figure 1.1. 

Figure 1.1. STM image of xenon atoms on nickel (100) after manipulation of 

individual xenon atoms with an STM tip to form the characters IBM. 4 

Around this period, the field of electronics was undergoing significant advances, like the 

development of solid state devices. Most notable amongst these was the transistor, which 

superseded valve technology and brought increased reliability, and durability, at a scale 

an order of magnitude smaller. In the years immediately following Feynman's lecture, 

advances in electronics were tracked by Moore'. He showed that the density of 



2 

components on a microchip had increased exponentially, and more importantly predicted 

that this trend would continue. Remarkably, this relationship has held to the present day, 

primarily due to advancement of lithographic techniques and silicon based integrated 

circuitry. Moore's statement has come to become something of a benchmark, known as 
Moore's Law. However, it is widely anticipated that in order for Moore's law to hold in 

the future there will need to be a paradigm shift in the nature of computing devices. 

Feynman's lecture was strongly biased towards the direct manipulation of components 

into devices, although he also suggested that nano-devices may self-replicate, or act as 

nano-factories for a yet smaller range of devices. This approach is now labelled the 'top- 

down' procedure, where components or materials are directly manipulated to construct 

architecture and devices. Lithographic techniques used for the commercial fabrication of 

integrated circuitry are typical of this approach. However, difficulties increase with every 

reduction in scale, and this technique is highly intensive. Future miniaturization of 

integrated circuitry with top-down fabrication techniques is limited by experimental 

barriers that are, as yet, unresolved. The alternative route, the `bottom-up' approach, 

exploits self-assembly such that component parts spontaneously assemble into functional 

arrangements, without the individual manipulation of each component. The promise of 

bottom-up techniques is reduced complexity and cost. However, these techniques rely 

upon nano-components that can be encouraged to interact in specific ways to cause their 

assembly into functional arrangements. Such systems routinely operate in biological and 

chemical systems. 

1.1: Nanoparticles 

Nanoparticles were first synthesised for use as pigment. In 1685 Andreas Cassius 

published a procedure for producing purple pigment by the reduction of gold salt, called 

Purple of Cassius. However, it was Sir Humphrey Davy and Faraday who first theorised 

about origin of the pigmentation and nature of colloidal gold. 6 Many interesting 

phenomenon occur with the reduction in scale of metallic particles. The mobility of 

electrons in the conduction band is confined, decreasing their mean free path. 

Consequently both the optical and electronic properties of nanoparticles are changed from 

those of the bulk metal. In addition, conductivity through particles becomes a quantum 

effect, where the population of electrons on any isolated particle is limited by their low 

total capacitance. Similarly, the increase in surface area to volume greatly enhances any 
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catalytic activity. Recently, research into gold nanoparticles has increased following the 

synthesis route developed by Brust et al. 7 

In addition to the development of nanoparticles, the pursuit of nanowires has seen 

significant activity in recent years. Carbon nanotubes8 have received considerable 

attention, however there are a wide variety of techniques available to produce other one 

dimensional structures. Nanowires may be fabricated by a variety of techniques, of which 

several of the most common are outlined below: 

" In a similar process to the surfactant controlled fabrication of nanoparticles7, 

reduction of salt in the presence of certain surfactants may also be used to 

generate metallic nanowires. 9 Gold salt is reduced in the presence of a mixed 

cationic surfactant solution, it is thought that a dynamic micelle systems acts as a 

template for the growth of nanowires. 

" Template fabrication of nanowires describes a process whereby gold is deposited 

either into, or onto, a physical template that defines the size and shape of the 

deposited material. Nanowires were first fabricated in porous membranes1°, but 

the technique has since been extended to the deposition of gold on DNA" and in 

micelle structures mentioned above. 

" The Vapour-Liquid-Solid (VLS) growth procedure requires that material is 

deposited from a vapour phase to a liquid-solid interface. Commonly a solid 

substrate is coated with metal nanoparticles, and heated until these nanoparticles 

melt. These metal particles alloy with the material from the substrate or vapour 

phase, until the composition of the alloy is at equilibrium. When more growth 

material is supplied at this temperature, the alloyed particle becomes 

supersaturated, and excess species deposit below nanoparticle resulting in one- 

dimensional growth. The metal particle is not consumed during growth and acts 

as a catalyst. 'r''3 

" The epitaxial deposition of metals on substrates tends initially to grow as 

dislocation-free islands. It has been found that these islands may form long thin 

nanowires, which allows better elastic relaxation of the island's stress. '4 

Alternatively, deposited material may collect at step-edges on the substrate 

surface producing nanowires. 15 

" Finally, nanowires have been seen to form directly between electrodes upon the 

application of high field conditions. 16,17 
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In recognition of the barriers faced by lithographic circuit fabrication, there has been 

considerable effort to construct devices from molecules18' 19, carbon nanotubes20 22, and 

nanowires23-25 - The formation of nanowires by template deposition into porous 

membranes allows the greatest control over the structure of the nanowire. They may be 

fabricated from a variety of materials26-28, or combinations thereof29. 

1.2: Nanoparticle Assembly 

To fabricate functional devices from nanoscale components, assembly routes must be 

developed that are capable of constructing specific arrangements of components. For 

example, one of the goals is to assemble an interconnected high density array of 

elements''' 30' 3'. Such arrays could form the basis of logic or memory circuits, and other 

integrated nanosystems such as chemical / biological sensors32' 33 or photonic devices34. 

The development of a viable bottom-up procedures to construct nano-scale circuitry 

requires not only the development of assembly techniques, but may also include aspects 

of surface pattern ing30' 35' 36, alternative circuit arch itectures23' 37' 38, and molecular 

electronics18' 19'38-40. Discussed below is a summary of some of the techniques used for 

nanoparticle assembly presented in the literature. 

The first demonstrations of nanoparticle self-assembly on surfaces used colloidal 

particles. Brust et a141 showed that networks of gold nanoparticles could be self-organised 

into 3-D structures via attachment between organic dithiols surfactants at their surface. 

Subsequent research has lead to a diverse range of assembly techniques42 that have been 

split into four key mechanisms, for the descriptive purposes of this thesis: 

0 Fluidic Assembly - interactions between the surface, solvent or colloid direct 

assembly. Nanoparticles may be driven together whilst suspended in solution by 

the evaporation of solvent434'. Alternatively upon evaporation of the solvent 

nanopartices may become trapped at certain positions within a template or on a 

surface46' a' Finally, assembly may be due to rearrangement at nanoparticles at a 

fluid-interface to adopt the highest packing density48' 49 as in Langmuir-Blodgett 

assembly. 

0 Chemical Assembly - chemical interactions can assemble specific arrangements 

of functional components. This technique is most notably applied to molecules 

during the formation of self-assembled monolayers. 50 However, when applied to 

colloidal particles some chemical functionality must be present at their surface to 

co-ordinate their assembly. Nanoparticle assembly has been demonstrated with 
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both covalent51 54 and non-covalent binding interactions55 56. Recently there has 

been considerable work on biochemical interactions which potentially add further 

selectivity. Interactions are due to the presence of biological components such as 
DNAS', or avidin / streptavidinss, s9 

Electrostatic Assembly - electrostatic interactions between charged components 
drive their assembly. These interactions may be interactions between identical 

polar molecules, or attractive and repulsive between oppositely charged and like 

charged particles respectively. Certain chemical groups may be charged at 

specific solvent conditions, and these have been used to functionalise colloids to 

control their deposition depending upon solvent conditions. 60-63 

" Field Mediated Assembly - where interactions between the components and an 

external field are used to define their assembly. Both external magnetic64 and 

electric65 fields have been used to assemble colloids onto surfaces. 

The assembly of non-spherical particles has allowed more complex arrangements and 

structures to be created. 66 However, complications are also introduced when manipulating 

anisotropic components, including the requirement to control both their placement and 

orientation. The directed assembly of carbon nanotubes has received considerable 

attention. Adding chemical functionality to carbon nanotubes is difficult, and 

consequently there a few examples of chemical assembly, although some success has 

been achieved with DNA binding processes . 
67' 68 Dielectrophoresis is the movement of 

dielectric particles in a fluid, with different dielectric properties, under the influence of an 

alternating field. The field not only directs the motion of the particle, but aligns 

anisotropic particles. Consequently, this is an ideal tool for the assembly of one- 

dimensional structures such as carbon nanotubes. 69' 7° Carbon nanotubes have also been 

assembled by fluidic processes71'7-, electrostatic forces'''', and magnetic fields''. The 

quantity of research undertaken on carbon nanotubes dwarfs that conducted on the 

assembly of metallic nanowires. However, there are specific examples of nanowire 

assembly in all the categories defined above. Langmuir-Blodgett techniques have been 

used to form liquid crystalline assemblies of nanowires both at fluid interfaces and on 

surfaces. "''" Furthermore, by varying the nanowire concentration transitions may be 

induced between the isotropic, nematic and semetic phases has been observed. 78 In 

comparison to carbon nanotubes, gold nanowires may be easily functionalised with 

chemical groups. Dujardin et at have shown the specific organization of gold nanorods 

into anisotropic 3-D aggregates after DNA hybridisation. 79 Similarly Mbindyo et al have 
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demonstrated this binding process is capable of binding nanowires to complementar-ý- 

surfaces . 
8° By functionalising the nanowires with charged surfactants, the assembly of 

nanowires can be controlled by tailoring the solvent pH. 81' 82 Finally, dielectrophoresis has 

also been applied to metallic nanowires to control their deposition either onto electrodes83. 
ý4 

, and to create integrated arrays85. Nanowire assembly under the influence of an external 

applied field is considered directed assembly, whilst interactions based between 

functional particles and surfaces are labelled (for the purposes of this work) self- 

assembly. 

1.3: Electrical Characterisation of Nano-Components 

The components used for the self-assembly of circuitry must in some way be addressed to 

determine their electrical behaviour. However, the manipulation of these components 

between electrodes, and the contact made once in place, presents some challenges to their 

characterisation. For example, one of the largest problems associated with electrical 

characterisation of molecules is their interface at the electrodes. 86 One solution to address 

molecular elements would be to embed them within metallic nanowires, and then 

assemble these between electrodes . 
84 Indeed, nanowires provide ideal hosts to a variety of 

devices in addition to providing interconnect leads, and may be used as hosts for more 

complex devices. ' 84 '4 

However, addressing nanowires to determine their electrical properties is not without its 

own problems. A variety of techniques have been used to provide contacts for the 

characterisation of these elements. Initially, nanowires were deposited at random on a 

surface, and electrodes were overlaid by either electron beam lithography87 or focused 

ion-beam induced deposition 84' 84,88 Alternatively, they could be addressed directly with a 

conducting AFM tip, either within the template membrane or on surfaces89 . AFM has also 

been used to manipulate individual nanowires directly between electrodes90. Although the 

in-situ fabrication of nanowires between electrodes is possible91, this technique does not 

extend to more complex nanowire devices. Currently, the preferred solution is to 

assembly nanowires between electrodes with dielectrophores is. 92 

1.4: Summary of Work and Description of Thesis 

During the course of the work presented in this thesis, research has been focused towards 

developing expertise for the fabrication of gold nanowires, controlling their self-assembly 

on surfaces, and characterising their electrical behaviour. 
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Chapter 2 introduces the theoretical background to the techniques important for the 

fabrication, assembly and electrical characterisation of nanowires. During this discussion. 

specific techniques that have been used during the course of this work are highlighted, 

along with the experimental requirements for their application. Finally, the range of 

instrumentation used for characterisation throughout this thesis is presented. The 

scientific basis of these techniques, and comments that aid the understanding of their 

application, is also included. 

The results and discussion surrounding the fabrication of gold nanowires is presented in 

chapter 3. Nanowires have been generated by template deposition. Both the templates 

themselves and the range of nanowire growth procedures used are documented. 

Following this, a complete characterisation of the gold nanowires is presented. In 

addition, the various chemical operations that have been performed during the creation 

and manipulation of gold nanowires are presented. These include techniques to expose or 

remove nanowires from templates, and the techniques used to modify the surface 

properties of these nanowires with thiol surfactants. Finally, a chemical analysis of 

surfactant coated nanowires is presented. 

Chapter 4 explores the potential of surfactant based interactions to direct the assembly of 

gold nanowires. To successfully self-assemble nanowires into functional circuit 

architectures, the assembly procedure must control both the location and orientation of 

components on surfaces. Here, we assess the potential for surfactant interactions to direct 

both the placement and orientation of gold nanowires onto surfaces. The driving force for 

assembly arises from competition between nanowire-surface, nanowire-fluid and fluid- 

surface interactions. The mechanisms are summarised below, and fully documented in 

chapter 2. 

0 Interactions between hydrophobic functionalised nanowires in aqueous solutions. 

0 Nanowire assembly from solution onto patterned hydrophilic / hydrophobic 

surfaces. 

" Chemical attachment of nanowires to surfaces by hydrogen bonding. 

" Chemical attachment of nanowires to surfaces by carboxylate salt formation. 

" Attachment of biotinylated nanowires to active streptavidin surfaces. 

" Aggregation of biotinylated nanowires in solution after the introduction of 

streptavidin. 
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0 The assembly of charged nanowires onto charged surfaces due to electrostatic 

interactions. 

0 Aggregation of charged nanowires in solution. 

Results concerning the dielectrophoretic assembly and electrical characterisation of 

nanowires are presented in chapter 5. The dielectrophoretic force is modelled, based upon 

the interaction between an alternating applied field and the induced dipole moment of 

gold nanowires in solution. These results are compared with experimental exploration of 

the variable-space available during dielectrophoretic assembly, to determine the optimum 

assembly conditions. Once assembled the transport properties of these nanowires are 

measured. 
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Chapter 2: Background, 
Techniques 

Theory and Experimental 

This chapter introduces the background for the techniques important to the fabrication, 

assembly, and electrical characterisation of gold nanowires. The specific relevance and 
theoretical basis of certain key techniques is discussed in further detail. This information 

is used to introduce the experimental procedures and instrumentation used during the 

work presented in this thesis. 

2.1: Structure and Electronic Properties of Gold 

Gold is a soft yellow metal. It is chemically inert, and unaffected by air, water, alkalis and 

acids, with the exception of aqua regia. It is a good thermal and electrical conductor and 
has excellent reflective properties to both light and infrared. It has a face centered cubic 

crystalline structure where the cubic cell has length of 407.32 pm. Within this structure 

the closest gold-gold separation is 288.4 pm. It has an electrical resistivity of 2.2x 10-8 Qm 

and a melting point of 1337 K. 

2.2: Nanowire Fabrication 

From the various nanowire fabrication techniques discussed in chapter 1, only template 

deposition has been used during the course of this work. The technique affords a high 

degree of control over the final shape, structure and functionality of fabricated nanowires. 

The template deposition technique is discussed in greater detail below. 

2.2.1 Template deposition 

Template deposition describes a process where thin fibrils of a desired material are 

synthesised within the voids of a porous host2. It is a versatile technique capable of 

producing complex structures from a variety of materials, but typically within the 

confines of a porous template. Deposition into template materials has been used to form 

magnetic', non-magnetic2 and superconducting3 nanowires, carbon4 and conductive 

polymer 2 nanotubes, and many more complex structures. 

The shape and structure of fabricated nanowires / nanostructures is defined by both the 

template geometry and the growth conditions. Many porous materials and zeolites 

provide suitable structures for template deposition of nanowires. At the larger end of the 
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scale, track-etched polycarbonate membranes and porous alumina are the two most 
commonly used materials. Huczko5 has summarised many other potential zeolites below 

this scale suitable for template deposition, including aluminophosphate, aluminosilicate 

and porous silicon. Template materials used during the course of this work are described 

below. 

2.2.1.1 Porous Alumina 

The formation of porous alumina by anodising aluminium has been widely studied to 

protect and decorate the surface of aluminium, and to make inorganic membranes. When 

aluminium is anodised in neutral or basic solutions (pH>5), a corrosion resistant, flat, 

non-porous barrier film is produced. ' However, at specific electrochemical conditions and 
in the presence of polyprotic acids a thick porous oxide layer is generated. ' The porous 

oxide originates from the valve effect that causes some metal surfaces to act as diodes or 

rectifiers when an oxide layer is formed. The transport of certain ionic components across 

the oxide layer, that enable the chemical process at the metal-oxide and oxide-electrolyte 
interfaces, is limited by the structure of the oxide layer itself. Among the valve metals, 

pores are known to form in anodised Al, Si8 and Ge9. 

Porous alumina is characterised by cylindrical pores of uniform diameter, perpendicular 

to the plane of the film. Whilst pores are open at the oxide surface, an oxide barrier layer 

closes each pore at its base and attaches the membrane to the aluminium substrate. The 

structural geometry is directly controlled by the anodising conditions. Pore diameters can 

be varied from -5 nm5 to several hundred nanometers'o'' 1 with remarkable uniformity, 

and may be self-organised in a close-packed hexagonal array. Porous alumina membranes 

possess excellent mechanical, thermal, and optical properties, offer good corrosion 

resistance and can be exposed to both organic, and inorganic solutions'2. These properties 

make porous alumina an ideal host material for template fabrication. 

The frequently cited structure of porous alumina, Figure 2.1, depicts uniform cylindrical 

pores packed in a hexagonal cellular arrangement. Many contributory processes must be 

considered before the theoretical basis for porous alumina film formation can be 

understood. 
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Figure 2.1. Schematic representation of hexagonally ordered pores in anodic 

alumina 

2.2.1.1.1 Formation of Porous Alumina 

Throughout the growth of porous alumina two factors dominate, dissolution at the oxide- 

electrolyte interface, and oxide formation at the metal-oxide interface. During steady state 

growth the processes at each interface must be balanced such that the barrier oxide 

thickness remains constant. Alumina is considerably, but not entirely, ionic, so that its 

dissolution requires the breaking of Al-0 bonds. Dissolution is enhanced by any process 

that weakens these bonds in the oxide, such as hydrogen bonding or the presence of an 

electric field, and the temperature dependence of the reaction rate. Whilst dissolution is 

dependent on the local field and chemical reaction kinetics, the growth rate is regulated 

by ionic transport across the oxide barrier layer, the current, Figure 2.2. '3 
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Figure 2.2. Oxide formation and dissolution at the metal-oxide and oxide-electrolyte 

interfaces13 

Aluminium-oxygen bonds are effectively polarised upon the application of an electric 

field. At the oxide-electrolyte interface A1" ions are ejected into the solution and Off or 

O2- ions are pulled into the oxide. 1 Under high field conditions, water molecules 

attracted to the alumina surface will also be polarised, with the negatively charged 

oxygen next to the surface. Hydrogen bonding between the hydrogen atoms of the water 

molecule and the oxygen atoms of the acid oxyanions is possible. Consequently, the O-H 

bond of the water molecule is weakened resulting in an Off or O2- ion. At higher fields 

the discharge of the larger acid anion may become more competitive, and any such anions 

incorporated into the film modify the structure and properties of the oxide. "' Aluminium 

is anodised more successfully in electrolytes that contain divalent or trivalent acid anions, 

which replace water molecules assembled at the alumina surface under the influence of an 

electric field. In addition such acids can form more than one anion by removal of 

successive protons from the acid molecule, equation 2.1 and 2.2. 

, Equation 2.1 H3 PO4 --> H++H, PO- --> H++ HPO2- -> H++ PO'_ 

Equation 2.2 H2 SO4 -> H' + HSO4 -> H+ +S04 - 

Chemical dissolution of the oxide, and consequently oxide growth, is also dependent on 

the electrolyte bath temperature 15. The local temperature at pore bases can be increased 

by two factors; heat generated by exothermic chemical dissolution of the oxide, and Joule 
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heating due to electrical power dissipation across the barrier layer. It has been predicted 
that the later effect is the more 16 Similarly, electrolyte pH affects the rate of 
dissolution. It has also been suggested the electrolyte pH drops at the pore bases, 
increasing the solubility of the oxide; this is an autocatalytic mechanism of pit 

propagation. 15 Vigorous stirring of the electrolyte has been shown to affect the current 

passed, and consequently, the growth rater'. Stirring does not affect the electrolyte at the 
base of pores; rather, it exchanges the bulk electrolyte at the pore-mouths. The exchange 

of species between the bulk electrolyte and pore bottoms is a diffusion-controlled process. 
As pore depth increases, the concentration gradient driving diffusion is reduced. It is the 

state of the electrolyte at the pore base that determines the chemical conditions for pore 

growth. " 

2.2.1.1.2 Barrier Layer Chemical Composition. 

Ionic transport, controlling oxidation at the metal-oxide interface, is highly dependent on 

the composition of the barrier layer. Transmission electron microscopy has shown that the 

barrier layer is not homogenous, but has a duplex structure containing microcrystallites of 

largely anhydrous alumina and intercrystallite regions containing molecular water, 

hydroxyl groups and the acid anions 1S-20. Alumina formed at the metal-oxide interface is 

anhydrous, but A13+, OH-, O2- and oxyanions from the acid are incorporated into the oxide 

with a concentration gradient towards the oxide-electrolyte interface. At steady state 

conditions the anhydrous alumina remains as columnar hexagonal support throughout the 

oxide and at the metal-oxide interface. Thompson's results20 suggest that the thickness 

ratio of anhydrous alumina to acid anion contaminated material in porous alumina films is 

dependent on the electrolyte used: sulphuric acid (0.05) < oxalic acid (0.1) < phosphoric 

acid (0.5) < chromic acid (oo). This may be significant for ionic transport and the growth 
s mechanism, but more recent results have failed to confirm these findings'' 19 

2.2.1.1.3 Porous Oxide Growth 

Coupled propagation of the metal-oxide and oxide-electrolyte interfaces determines how 

porous alumina is generated. The growth of porous alumina films at constant voltage has 

13, ' 21 been determined to follow the processes outlined in Figure 2.311' 
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Figure 2.3. Schematic representation of pore development at constant potential, 

relating the pore formation to current. I- barrier layer formation, II - pore 

nucleation, III - pore selection, and IV - equilibrium growth"' 13,15,21 

Stage I 

Initially, ionic mobility through the natural oxide layer is high causing rapid oxidation at 

the oxide-electrolyte interface, with associated high currents. As the metal oxide interface 

moves deeper into the metal the barrier layer thickens and the rate of ion transfer, and 

oxidation, decreases. 

Stage II 

Pitting and cracks appear at the oxide/electrolyte interface prior to any true pore 

formation. Further anodising results in the propagation of individual paths to form 

nanopores. Initially pore density is very high. 

Stage III 

Pores increase in size, either by merging with adjacent pores, or by becoming established 

as the most effective dissolution sites. 

Stage IV 

Finally, the metal-oxide and oxide-electrolyte interfaces attain a constant and equal speed, 

associated with a steady current. The barrier layer thickness and pore base geometry 

regulate field enhanced dissolution at the pore base such that a specific density of 

uniformly sized pores is established. 

Pores tend to nucleate first at grain boundaries, defects sites or depressions on the 

21,22 '-' 
surface . On smooth substrates pores nucleate preferentially above grain boundaries. 
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As a result the grain structure or surface roughness is commonly transferred to the pore 
structure, Figure 2.4'' 22 ' 
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Figure 2.4. TEM micrograph showing pore nucleation along substrate grain 
boundaries22 

Rapid pore nucleation along the substrate grain boundaries, Figure 2.4, is probably due to 

easier entry of ions into the film at defective sites leading to accelerated oxide growth,,. 

Depressions in rough surfaces act as precursors to pores due to field enhancement at their 

bases. For a hexagonally close-packed pore array to develop from these initial conditions 

some interpore force must be present to cause lateral adjustment of pores during their 

development. 

During steady state growth all main film parameters, barrier layer thickness, pore 

diameter, inter pore spacing, and the radius of the pore and cell bases, have been shown to 

be proportional to the applied potential, regardless of the electrolyte 22. Proportionality 

constants are 2.8,1.29 and 1.05 nm/V for the inter pore separation (Figure 2.5), pore 

diameter and barrier layer thickness, respectively 24. The oxide film thickness is 

determined by the total charge passed. 
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Figure 2.5. Proportionality between pore separation and anodic voltage for the three 

common electrolytes2' 

2.2.1.1.4 Theory of Porous Alumina Formation 

The reason that porous alumina forms with such regularity during steady state growth has 

been addressed with several different explanations. Observed proportionalities between 

the geometrical parameters of the porous oxide and the applied voltage have formed the 

basis of a structural-geometrical model20' ̀4' 26. In this model the electric field plays a key 

role in ionic transport and dissolution processes, and consequently controls the 

topography of the metal-oxide and oxide-electrolyte interfaces21. Similarly, a linear 

dependence of the pore size with applied potential can be predicted from a model based 

Assumptions that upon both the chemical reaction kinetics and pore base geometry'' 28 

' fix the geometry of pore base to be either hemispherical, or ninety degrees of a sphere4, 

cause these models to predict a constant porosity although this is known not to be the 

case 29. Importantly, the structural-geometrical model predicts that pores can be formed at 

any size, dependent only on the applied field. However, steady state pores can only be 

obtained at specific sizes dependent on the electrolyte used. At other potentiostatic 

conditions pores never achieve steady state growth, varying in diameter and splitting or 

4 terminating along their length. 

The most complete explanation for pore formation is offered by Thamida et al13. The 

propagation of the metal-oxide and oxide-electrolyte interfaces are coupled by ionic 

transport and the applied field, but their topography is not constrained. However, 

propagation of the metal oxide interface is slaved to the oxide-electrolyte interface since 

the metal-oxide reaction kinetics is limited by the reaction rate at the oxide-electrode 

interface. Dissolution at the oxide-electrolyte interface is deemed dependent on the local 
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electrolyte pH. The importance of the pH of the electrolyte is supported by observations 
that the current, (i. e. oxide growth rate) increases with increasing acid concentration 21 

- 
The diffusive time for ionic transport is assumed to be negligible when compared to the 

reaction times at the two oxide interfaces. Consequently, ionic transport is not rate 
dependent on the electric field, but an electric field of 2-3 V/nm is required to enable 
ionic transport across the barrier layer 13. 

During the initial stages of oxide formation, the metal-oxide and oxide-electrolyte 
interfaces are flat, parallel and lie perpendicular to the direction of propagation. The oxide 

thickness increases until both interfaces move at the same speed. It is determined that the 

planar oxide thickness is proportional to the applied voltage, where the constant of 

proportionality is dependent on the pH of the electrolyte. Above a critical pH of 1.77 it is 

expected that pores would not form because the planar oxide thickens indefinitely. '3 

The development of pores is initiated by oscillations in the metal-oxide and oxide- 

electrolyte interfaces. Pores are formed where these oxcillations combine to amplify the 

local electric field. Where oscillations betweent the two interfaces are out of phase, no 

amplicfication or pore formation occurs, and the oscillation decays back to a planar oxide 

layer. In addition, only a certain range of wavelength perturbations are stable because 

lateral interactions between the 2 interfaces can destabilise pore formation. Due to these 

stabilising and destabilising influences on the topography of the oxide layer, pores of only 

a particular separation are favoured. The predicted pore separations are dependent on the 

applied voltage and electrolyte pH, and can be determined to be -2 nm/V for 0< pH < 

1.13 Once pores are initiated they undergo a transient acceleration and finally approach a 

constant speed and shape. The exact pore shape and electric field distributions can be 

extracted as a function of pH. Consequently, the ratio of the pore to cell size (or porosity) 

is shown to be independent of potential but dependent on electrolyte pH and has good 

agreement with experimental results 13. Lower pH electrolytes have a lower potential 

threshold for field enhanced dissolution at the pore tip. It should be remembered that the 

local pH and temperature conditions at the pore base may be significantly different to the 

bulk electrolyte properties. 16 

2.2.1.1.5 Hexagonal Self-Ordering 

Whereas the structural-geometrical model suggests that porous oxide formation is not size 

selective, Thamida's model provides a mechanism for generation of only specific size 
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pores at steady state conditions. However, neither model predicts the hexagonal assembly 

of pores at certain steady state conditions, specific to the electrolyte used. Anodising at 

other conditions results in less or no self ordering, implying that pertubationless growth is 

essential for the construction of a regular array30. Optimum long range ordering occurs at 
25V in 0.5 M sulphuric acid solution31,40V in 0.3 M oxalic acid solution' o' 0,32 and 195' 

in 0.3 M phosphoric acid solution33, with inter-pore separation of 63,100 and 500 nm 

respectively. Recently, self-ordered porous alumina has also been fabricated in citric acid 

characterized by a 600 nm inter-pore separation. " 

Outside these experimentally determined self-ordering conditions little or no hexagonal 

structure is observed, although a variety of different pore distributions can produced by 

texturing the substrate aluminium prior to anodising34. However, where pore nucleation 

occurs randomly on the oxide surface, self-ordering can only be achieved with some 

inter-pore force35, acting both during the inception stage of the pores and steady state 

growth 13. Growth of coherent hexagonally ordered domains of pores proceeds with time, 

where expansion occurs by competitive ordering at the domain edges. Merged pores and 

point lattice defects can be observed where the structure has reorganised in an attempt to 

reconcile the differences in alignment of two adjacent domains 15. This illustrates that 

there must be a lateral force. Changing conditions at the pore base may act to destabilise 

' s'19 assembly for long growth periods, these include pH, temperature or ion concentration 

Some authors have extended the structural-geometrical theory to predict hexagonal close 

packing of pores as a natural consequence, increasing in regularity with depth''. It is 

proposed that automatic levelling of the pore bases, resulting in hexagonal order, is the 

logical conclusion of the trend towards the equilibrium electric field distribution. 

However, this does not explain ordering at only specific conditions. 

More recently the inter-pore force has been linked with stress generated at the metal- 

oxide interface, the interfacial-stress model25. Upon oxidation the atomic density of 

aluminium in alumina is a factor of two lower than in metallic aluminium35. For 

nonporous layers, with volume expansion -2, interfacial stress is maximal and decreases 

with porosity. Under the influence of an electric field, A13+ ions have mobility through the 

barrier layer and can be injected directly into the electrolyte without contributing to the 

oxide formation. Both this effect, and the dissolution of oxide at the pore-bases, reduce 

the expansion factor and associated stresses. The expansion factor associated with 
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hexagonally ordered oxide films grown at optimal ordering conditions is consistent for 

membranes formed in phosphoric, oxalic and sulphuric acid electrolytes25, 'S. There is 

some discrepancy in the literature whether the optimal volume expansion for ordering is 

1.4 25 or 1.2 35. Investigation of the expansion factor and its relationship with applied 

voltage and electrolyte concentration can be seen in Figure 2.6.24 
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Figure 2.6. Dependence of the expansion factor, K`,, on applied voltage, Ua, and 

electrolyte concentration, c. 24 

The expansion factor, Kv, follows an inverted parabola with voltage, Ua, whilst the 

maxima of these parabola scales linearly with decreasing phosphoric acid concentration, 

increasing pH. Altering the anodising voltage from the known self-ordering conditions 

results in little or no hexagonal ordering. This provides an important mechanism that 

maximizes the volume expansion factor with voltage for a particular electrolyte, and 

suggests a route for pore-ordering at only a narrow ranges of voltages. 

The interfacial-stress observations are supported by the 10% porosity rule'. Hexagonal 

ordering observed in the three commonly used electrolytes all have a porosity of -0.1, 

and pore radius to cell radius ratio -0.3. This porosity was produced when formation and 

dissolution of oxide was balanced and was morphologically most stable in terms of 

mechanical stress. Whereas Nielsch'9 believes the porosity at optimum ordering 

conditions to be a minimum, Ono's analysis" of the `burnt' oxide regions suggests that 

the porosity continues to reduce, and hexagonal ordering is improved with increasing 

current density. Due to gas evolution and burning these high field regimes are often 

unobtainable. Despite these experimental observations the mechanism for hexagonal 

ordering of pores is not comprehensively exposed. 

The role of pH on the formation of hexagonal structure was introduced by Thamida et 

al13. Modelled evolution of the pore structure from smooth substrates does not show 

significant hexagonal ordering. At steady-state conditions there is little lateral potential 
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gradient across the pore walls, and consequently there is little lateral dissolution as a 
result. 13 One suggested mechanism for the hexagonal ordering of disordered pores is 
horizontal mobility of ions in the barrier layer. The position of individual pores is 

adjusted by a change in shape of the pore base due to higher local ionic mobility in that 

region. This mechanism has been modelled in the Wheatstone bridge model, based upon 

simple circuit theory. 21 The size of the cell and barrier oxide for adjacent pores is 

considered to be electrically analogous to a Wheatstone bridge. Self ordering is achieved 
through spatial adjustment of the pore distribution in response to the feedback of the 
Wheatstone bridge. 21 

2.2.1.1.6 Synthesis of Porous Alumina Membranes - Procedure 

Aluminium samples (10 mm x 10 mm) were cut from rolled high purity sheet (0.5 or 0.25 

mm thickness, 99.99% purity, Advent), and annealed in a furnace at 450 °C overnight. 

Prior to anodising the samples, each was cleaned by sonicating in methanol, then DCM, 

and finally methanol before washing in MilliQ 18.2 MS2 water. These were placed into a 

custom built PTFE electrochemical cell to be anodised, figure 2.7. 
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Figure 2.7. Schematic diagram of the electrochemical cell used to anodise aluminium 

substrates 
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The cell was designed such that it can be immersed in a beaker of electrolyte and only the 

stainless steel cathode and aluminium substrates are exposed to the electrolyte, whilst all 

contacts are kept dry. From the three commonly used electrolytes, only oxalic acid 
(Aldrich) at 0.3 M concentration was used during the course of this work. Four 

aluminium samples were anodised simultaneously, all independently connected in 

parallel to the power supply (TTI EX752M DC supply, I,, aX 2A) with the potential 

maintained at 40 V. Only one side of the aluminium samples is exposed to the electrolyte 

solution, each separated from the cathode by 10mm. The electrolyte within the beaker 

was vigorously stirred with a magnetic stirrer beneath the centre of the cell. Electrolyte 

flowed down through the centre of the cell to maintain the temperature and concentration 

of electrolyte at the aluminium substrate. During the course of each growth procedure the 

current was recorded to monitor the growth rate, and regime, Figure 2.3. 

2.2.1.2 Whatman `Anodisc' Filtration Membranes 

Whatman `Anodisc' filtration membranes consist of porous alumina, separated from the 

aluminium substrate and with the barrier layer removed. Consequently, pores are open at 

both sides of the membrane, although pores are not necessarily a uniform size through the 

membrane. They have a randomly ordered pore array, available with a range pore 

diameters; 20,100 and 200 nm. The membranes are 66 tm thick, and are available in 13, 

25 and 52 mm diameters; the larger membranes have a supporting polypropylene annular 

ring. Quoted porosities range from 25-50 %. The 20 nm filtration membranes have been 

used throughout the work presented in this thesis. 

2.2.1.3 Whatman `Cyclopore' Filtration Membranes 

Polycarbonate Whatman `Cyclopore' filtration membranes are produced by track-etching 

pure polymeric films. They are hydrophilic and available with a range of pore sizes 

between 100 nm and 12 µm. They are typically 20 µm thick and available in the same 

diameters as `Anodisc' membranes. Membranes are free from contaminants, and stable at 

in variety of pH solution conditions and some organic solvents. The 200 nm filtration 

membranes have been used. 

2.2.2 Template Electrodeposition of Nanowires 

There are many reported methods used to fill the pores of template materials, including 

electrodeposition (the most common), electroless deposition, sol-gel deposition, and 

evaporation. 5 The techniques used during the course of this work are discussed below. 
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2.2.2.1 Electrodeposition 

During electro-deposition the base of the template acts as an electrode in an 

electrochemical cell. For the fabrication of nanowires the template itself is insulating, but 

pore bases represent the least impedance path between the 2 electrodes. 22 Ions of the 

desired material are reduced from an electrolyte and aggregate at the pore's base under 

the influence of a constant, alternating or pulsed electric field. Electro-deposition into the 

pores of porous alumina films have been shown to result in the formation of 

polycrystalline2 and single-crystal36 structures. 

The growth mechanism of nanowires within a porous template is complex, and must 

remain speculative. Zhang suggests that homogenous growth requires a slow rate of 

deposition36. Two factors can affect the growth rate, the applied potential and diffusion of 

ions to the deposition front. A certain over-potential is required for nucleation and growth 

processes, but the rate of nucleation at the deposition front, and size of these sites, 

increases with the potential. 37 The diffusion rate is most significantly controlled by the 

pore diameter and depth, although bulk ion concentration is important. 36 Hydrogen 

evolution at the deposition front becomes significant when deposition is diffusion limited, 

and disrupts the formation of homogenous nanowires. By reducing the number of 

nucleation sites at the deposition front and disruption due to hydrogen formation, fine 

crystalline nanowires without grain boundaries can be produced. Such nanowires grow 

with a preferential lattice orientation with respect to the axis of the pore, and are 

effectively single-crystal. 37 

A variety of electrolytes have been used during the course of this work. These are 

summarised below, and shall henceforth be referred to by their title. 

Sulphuric: An aqueous electrolyte containing 0.02 M HAuC13.3H20, pH adjusted to 2 by 

the addition of 5 wt% sulphuric acid. 

Hydrochloric: An aqueous electrolyte containing 0.02 M HAuC13.3H20 and 1M NaCl, 

pH adjusted to 1.5 by the addition of 5 wt% hydrochloric acid. 

Neutral: An aqueous electrolyte containing 0.02 M HAuC13.3H20, pH adjusted to 5 by 

the addition of 1M NaOH. 

2.2.2.2 Electroless Deposition 

Electroless metal deposition is a process whereby metal is deposited on a surface from a 

solution via chemical reduction. An active metal seed must be present as a catalyst to 
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initiate deposition, and subsequent growth is autocatalytic. A commercial solution 
Technic Oromerse Part B, has been used for all deposition procedures. The gold plating 
was performed as described by Menon et a138 in a solution that was 7.9x 10"3 M 
Na3Au(SO3)2 (the diluted form of the commercial plating solution), 0.127 M Na2SO3, 
(Aldrich) and 0.625 M formaldehyde (Aldrich). Prior to deposition the solution and 
equipment used was cooled to 2-4 °C, and this temperature was maintained thoughout 

growth. 

2.2.2.3 Deposition Procedure 

Deposition into all the template membranes discussed above was undertaken in a custom 
built PTFE electrochemical cell, Figure 2.8. 

OSC 

NAA 
1 KS2 

------------------------ 

Power Supply 
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Stainless Steel Reservoir 

Figure 2.8. Diagram showing the cell used to template deposit gold into porous 

membranes 

The template membrane is sandwiched between one stainless steel electrode, and a 

cylindrical electrolyte reservoir in the central PTFE block. A stainless steel counter- 

electrode fits above the reservoir, with a central hole to allow the escape of any gas 

produced during deposition, and excess electrolyte. The central reservoir is sealed with o- 

rings to prevent the leakage of electrolyte. The entire cell is bolted together, sandwiched 

by PTFE blanking plates on either side, with threaded bar and bolts. The porous alumina 

membranes are used whilst still attached to their aluminium substrate, which acts as the 

electrode base for the pores via contact with the bottom stainless steel plate. Whatman 

`Cyclopore' and `Anodise' filtration membranes had a 500 nm silver electrode evaporated 
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onto one side for the same purpose. The evaporation was effected using an Edwards Auto 
306 evaporator operating at a base pressure of 2x 10-6mbar. 

Electroless deposition has only been conducted in Whatman `Anodisc' and ' Cyclorpore' 

membranes, and was performed in the same cell with the electronics disconnected. The 

cell was filled with the electroless solution, sealed to prevent evaporation, and placed in a 
fridge at 4°C. The electroless solution filled the pores of the hydrophilic membrane, and 

gold reduction was catalysed by the evaporated silver film at the base of the pores. 

2.2.2.4 Removing Nanowires from the Template Host 

The procedure to liberate nanowires from their template host varied with each type of 

template used. For Whatman Anodisc and Cyclopore membranes it was first necessary to 

remove the evaporated silver electrode. This was achieved by sonicating the entire 

membrane in 70 wt% nitric acid for 1 hour. Aluminium oxide can be etched with sodium 
hydroxide, and nanowires were released from porous alumina and Whatman `Anodisc' 

membranes by immersion into a1M solution for approximately 1 hour. After the oxide 

membrane was completely etched the aluminium substrate or supporting annular ring was 

removed. Cyclopore membranes were dissolved in chloroform, leaving nanowires in 

solution. Sodium hydroxide, or contaminated chloroform, was removed by repeatedly 

centrifuging the sample and pouring away the supernatant. After every cycle 18.2 

MSZcnm 1 MilliQ water was added, and the sample sonicated to redistribute and clean the 

precipitated nanowires. Nanowires were transferred from water to HPLC methanol by the 

same procedure. 

2.3: Nanowire Assembly 

A variety of assembly techniques have been used to manipulate nanowires. Presented 

below is a summary of the background information for each technique. 

2.3.1 Surfactant Based Assembly 

By chemically modifying the surface properties of nanowires with surfactants, their 

interactions with polar fluids, other nanowires, and surfaces can be changed, thus 

providing a means for self-assembly. Surfaces were modified with organothiol 

surfactants. 
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2.3.1.1 Organic Thin Films 

Organic thin films are close-packed organisations of molecules. These assemblies were 
first investigated at fluid-air interfaces by Langmuir39 and Blodget40. Molecules were 
organised by compressive forces at the fluid-air interface, and could be transferred to 
solid substrates by physisorption40. In recognition of their work, monolayers and 
multilayers generated by this technique have become known as Langmuir-Blodget (LB) 
films. 

Self-organisation of molecular films was first reported in by Zisman et alp' . 
Rather than 

directing the organisation of molecules with compressive forces at interfaces, they were 
chemisorbed directly onto substrates. A single layer of molecules is assembled, followed 
by their spontaneous rearrangement to form an ordered structure. They are commonly 
referred to as Self-Assembled Monolayers, or SAMs. 

2.3.1.2 Self-Assembled Monolayers 

Self-assembled monolayers are formed spontaneously when molecules from a gas or 
liquid phase are exposed to a surface with which they bind strongly. The bonds can be 

covalent (organosilanes on SiO242-a'), polar covalent (organosulphurs on gold48), or ionic 
(carboxylic acids on silver49). The energies associated with these interactions are 

exothermic and typically in the order of tens of kcal/mol, i. e. energetically favourable. so 

For this reason, the surfactant molecules try to occupy every available reaction site. In 

general, molecules used in SAM formation are surfactants with an active head group that 
interacts with the substrate, and a tail group that determines the new surface properties. 
Only one region of the molecule should have a strong affinity for the substrate, such that 

upon absorption all molecules are oriented in the same ways' 

Order within the monolayer is achieved by a rearrangement of the molecules towards a 

minimum energy configuration. The final arrangement arises from a combination of van 
der Waals and electrostatic forces, in addition to steric repulsion. It should be noted that it 

is rare that molecules involved in SAM formation are oriented exactly perpendicular to 

the surface. The degree to which they are tilted however depends on many factors, 

including steric influences, and the nature of the bond between the molecule and surface. 

The functionality of the tail group can have a significant affect on the chemical and 

physical properties of the surface. 52 The tail-groups can be tailored for subsequent 
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reactions with biomaterials53' 54, colloids55, or polymers56. Substituted groups commonly 
found in the literature are methyl52,57,58 hydroxyl52,59-61, carboxyl62.63, amine52.55, and 
fluorinated alky164-67 units. 

2.3.1.3 Self Assembled Thiol Monolayers on Gold 

Although organothiol molecules have also been used to functionalise silvers2.68-7o 
copper 52, Gß' 70, platinum", mercury72''3 , and iron 7-1'75, they are most commonly assembled 
onto gold substrates48. The nature of the covalent bonding between thiol groups and gold 
substrates is sufficiently strong to displace most physisorbed impurities from a surface 
during monolayer formation76, although clean substrates improve the reproducibility of 
SAM formation. The "adsorption times" of monolayers typically vary from minutes to 

several hours, depending on surfactant molecular structure, solvent, and solution 

concentration. 57 Initially, molecules are absorbed onto the gold surface at a rate defined 

by the solution concentration, and described by diffusion controlled Langmuir absorption. 
The thiol group undergoes cleavage of the sulphur-hydrogen bond, followed by the 

binding of the sulphur group to gold, and the formation of a thiolate. Following the initial 

rapid absorption the molecules undergo conformation changes to minimise the free 

energy of the SAM. The molecular tilt of molecules within the SAM from perpendicular 
is governed by the interaction between the sulphur and gold in addition to interactions 

between the tail groups. This section on alkyl thiols on gold was designed to act as brief 

introduction to this field, for a much more detailed review of alkanethiols the reader is 

49directed towards the works of Ulman and Tredgold., so, sý, ýý 

2.3.1.3.1 SAM formation procedure 

Self assembled monolayers of thiol molecules were formed on planar gold surfaces, by 

immersion in solution overnight. Metal surfaces were fabricated by thermal evaporation 

onto silicon surfaces (Edwards Auto 306). A thin chromium film (10 nm) was first 

evaporated onto a freshly cleaned silicon surface, as an adhesion layer, followed by the 

deposition of 80 nm of 99.99% gold (Advent). All depositions were made at a base 

pressure of 2x 10-6 mbar and the evaporation rates were maintained between 0.05 and 

0.15 nm/s. The substrate surfaces were suitable for SAM formation if used immediately; 

otherwise they were cleaned in piranha solution at 80 °C for 20 s prior to SAM formation. 

During the course of the work presented here, four commercially available thiols have 

been used; mercapto-l-undecanol (HS-(CH2)11-OH) [OH], mercaptoundecanoic acid (HS- 
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(CH2), o-COOH) [COOH], 4-aminothiophenol (NH2C6H4SH) [ATP], and dodecanethiol 
(HS-(CH, )�-CH3) [CH3], all obtained from Aldrich. Two further thiols, a fluorinated 
[CF3] thiol (CF3(CF2)9(CH2)6SH) and an amine [NH-2] terminated thiol 
(NH2(CH1)2(OCH2CH2)8NHC=OCH2CH2SH), were supplied by the Seiko-Epson 

corporation. A thiolated biotin molecule [biotin] has been previously produced18 and used 
from stock. These materials shall be referred to henceforth by their abbreviation, or 
terminal group, shown in square brackets. Surfaces were functionalised by immersion 

into 1 mM concentrations of thiol in HPLC grade methanol, and left overnight. After 

removal, surfaces were sonicated, and washed in further HPLC methanol, washed in 18.2 

MI cm ' MilliQ water and dried under N2. 

2.3.1.4 Patterned Self Assembled Monolayers 

The ease of SAM formation, and the variety of molecules available, makes them an 

important route for changing surface functionality. Furthermore, patterned SAM surfaces 

can be generated by a variety of techniques with many potential applications. Several 

techniques are used to pattern SAMs on surfaces; electron or ion beam irradiation'9 86, 

SPM-surface interactions87-90, micro-contact printing and UV irradiation91-95. Only micro- 

contact printing is discussed here, further information on the other techniques mentioned 

may be found in the cited references. 

2.3.1.4.1 Micro-Contact Printing 

The micro-contact printing technique was developed by Whitesides and Kumar. 9G 

Typically, the substrate is patterned with single species of SAM by transfer from a 

textured elastomeric stamp, with resolution > 30 nm97' 98. Textured stamps are commonly 

fabricated from polydimethylsiloxane (PDMS), moulded from an etched silicon "master" 

The master is fabricated using conventional lithographic photo-resist or electron beam- 

resist procedures. 99 The PDMS stamp is `inked', dried, and lightly pressed onto the 

substrate, Figure 2.9. 
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Surfactant transfer from 
a PDMS stamp to a gold 
substrate by conformal 
contact 

Backfill bare regions with 
a second surfactant from 
solution 
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Figure 2.9. Schematic diagram of microcontact printing a patterned SAM 

Molecules absorbed onto the PDMS stamp are transferred to the substrate upon contact. 
Finally, the bare regions of substrate are back-filled by incubating in a solution containing 

a different SAM material . 
97, '00 Although quick, cheap, and effective this technique is not 

without its problems. The resolution of the pattern is limited by the master, and ultimately 

the PDMS material. '°' Furthermore, the reproducibility of the process is dependent on the 

stamps resistance to degradation, the replication of the contact pressure that is applied to 

the stamp, and the surface roughness. 

2.3.1.4.2 Patterned SAMS - Experimental Procedure. 

Silicon substrates were cleaned in piranha solution and washed in MilliQ water 

(resistivity = 18.2 MSZcm-1). A 100 nm gold film was evaporated onto the Si surfaces, 

bound with a 10 nm Cr adhesion layer. During microcontact printing a 

polydimethylsiloxane (PDMS - Sylgard 184) textured stamp was coated with one thiol 

material by immersion in a7 mM methanol based thiol solution for 60 seconds, and dried 

under nitrogen. The textured PDMS surface was brought into conformal contact with the 

gold substrate for 10 seconds. Where the textured stamp touches the gold surface 

surfactant is transferred from the stamp to the gold surface. The remaining bare regions of 

the substrate were `backfilled' by immersing the substrate in the second 3 mM methanol 
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based thiol solution for 1 hour. Using this technique it has been possible to produce a 
variety of patterned surfaces with repeat lengths above 2pm. 

2.3.1.5 Molecular Interactions 

The capacity of a variety of noncovalent binding interactions to assemble functionalised 

nanowires has been investigated. These interactions, and their experimental application, 

are discussed below. 

2.3.1.5.1 Hydrophobic Interactions 

The hydrophobic effect is associated with the ordering of water, or another polar solvent, 

around hydrophobic material. Non-polar hydrophobic material is unable to hydrogen 

bond with water molecules; and consequently water molecules form an ordered hydrogen 

bonded cage around the hydrophobic material. This provides an entropic driving force for 

the hydrophobic material to aggregate and thereby reduce the hydrophobic surface area 

available to the solvent. However, this ordering effect is only effective over the range of 

ordering in the water molecules, typically a few angstroms. Since the first observations of 

the hydrophobic interaction s°2''°3 experimental evidence has suggested that other, long 

range hydrophobic interactions exist 104-106 Suggested mechanisms for this long-range 

interaction include electrostatic charge or dipole-dipole interactions107, water structure1°2 

phase metastability108, and sub-microscopic bubbles109 although none offer a complete 

explanation. 

Hydrophobic interactions have been investigated as a possible route to drive the assembly 

of nanowires. The behaviour of nanowires functionalised with a hydrophobic surfactant 

in aqueous solutions has been investigated. Their interaction with the solvent may cause 

nanowires to aggregate in order to minimise the total surface area exposed to the solvent. 

In addition, hydrophobic nanowires have been interacted with patterned hydrophilic / 

hydrophobic surfaces, in methanol. 

2.3.1.5.2 Surface Wettability 

The wettability of a surface corresponds to minimisation of cohesive forces within the 

water droplet and adhesive forces between the surface and droplet"o Hydrophilic 

surfaces strongly interact with water, via dipole-dipole and hydrogen bonding. These 

adhesive forces dominate the behaviour of a water droplet, which will spread across the 

surface. Hydrophobic surfaces do not undergo hydrogen bonding, and have weak dipole- 
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dipole and van der Waals interactions with water. The cohesive forces within a water 
droplet on the surface are dominant, and the droplet tends to bead to minimise contact 
area with the surface. 

The interaction of the water with the surface is largely dependent on the chemical 
functionality of the surface. SAMs can be used to modify the wettabilty of surfaces to be 

either hydrophilic (OH or COOH terminated) or hydrophobic (CH3 or CF3 terminated). In 

this section we consider perhaps the simplest mechanism for the positioning of 
nanowires. A droplet of nanowire solution is placed upon a surface with patterned surface 

with stripes of contrasting hydrophobicity / hydrophilicity, Figure 2.10. 

Figure 2.10. Schematic diagram of nanowire assembly on surfaces with patterned 

wettability. Solvent preferentially wets the hydrophilic regions of the surface, 

drawing nanowires into these regions 

The behaviour of the droplet is determined by the surface-fluid interaction, and this in 

turn may determine how nanowires within the droplet behave. The situation is 

complicated since the nanowires may have either a hydrophilic or hydrophobic surface, 

and their final position may also depend upon this. 

2.3.1.5.3 Hydrogen Bonding 

Hydrogen bonding is a force of attraction between a hydrogen atom in one molecule and 

a small atom of high electro-negativity, such as 0, F or N, in another molecule. The 

hydrogen atom has a partial positive charge that induces a local dipole. The hydrogen 

Hydrophillic Hydrophobic 
OH terminated CF3/ CH3terminated 
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bond is a dipole-dipole attraction between the positively charged hydrogen and an 
electronegative atom in another molecule. 

Using patterned SAMs comprised of COOH and OH regions allows one to look at 
surfaces with similar wettability, but that interact with COOH functionalised nanowires 
quite differently. The carboxylic acid terminal groups of mercaptoundecanoic acid can 
bind by hydrogen bonding" '° 12, and this process has been investigated as a mechanism 
for attaching the wires onto the COOH regions of the surface, Figure 2.11. 

COOH OH 
Terminated Terminated 

Figure 2.11. Schematic diagram showing chemical attachment of nanowires to 

reactive surface regions by hydrogen bonding 

2.3.1.5.4 Carboxylate Complexes with Transition Metal Ions 

As discussed in the previous section, the electronegative oxygen atoms in a carboxylic 

acid group tend to pull the electron away from any bound hydrogen. The remaining 

proton can more easily leave the molecule, and the remaining negative charge is then 

distributed symmetrically between the two oxygen atoms. Carboxylates, the anions of 

carboxylic acids, can bind to a metal ion through one or both oxygen atoms, and are also 

capable of binding to two metal ions by co-ordinating one oxygen with each metal ion. 

The formation of carboxylate complexes with divalent metal ions can be used to bind 

molecules containing carboxylic acid groups. Similarly, metal ions can be selectively 

LEEDS UNIVERSITY LIBRARY 
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trapped by carboxylic acid groups of SAM surfaces, and used to form carboxv late salt 
multilayers13 

The use of carboxylate salt formation as an assembly technique between COOH 
functionalised surfaces is a logical step. Surfaces identical to those prepared for the 
previous section are exposed to 1M CdCl2 aqueous solutions. In such solutions the 
carboxylic acid terminal groups are expected to deprotonate, and form a carboxvlate salt 
with metals ions from solution. An identical procedure was used to expose these surfaces 
to COOH functionalised surfaces, and the carboxylate salt' 13-115 is expected to bind the 

nanowire to the surface, Figure 2.12. 

Figure 2.12. Schematic diagram showing chemical attachment of nanowires to 

reactive surface regions by carboxylate salt formation 

2.3.1.5.5 Electrostatic Interactions 

The interaction of charged groups within a molecule, or between molecules, results in a 

force determined by Coulomb's Law. These forces may cause the deformation of single 

molecules, the formation or molecular assemblies, or repulsive separation of molecules. 

The forces between like charges are repulsive and between opposite charges they are 

attractive, and consequently the molecular orientation is usually important. The origin of 

charged groups is dependent on the pH of the solution. Increasing salt concentration 

COOH OH 
Terminated Terminated 
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reduces the strength of charged interactions by providing an excess of ions in solution 
that shield the charged groups. Although many chemical groups can become charged, the 
following discussion shall concentrate on the ionization of carboxylic acid and amine 

groups. Whitesides16 determined that the creation of a charged group from a neutral one 

at the interface between functionalised surfaces and water is more difficult than that in a 
homogeneous aqueous solution. Subsequent investigations have shown that COOH SAM 

surfaces deprotonate to COO" with a pKa value of -5.5"'° 118 and NH2 SAMs protonate to 
NH3+ with a pKa value of -7.5117-120 

The capability of electrostatic interactions between nanowires and surfaces to drive 

nanowire assembly has been investigated. Electrostatic forces are derived from the use of 

surfactants on both the nanowires and patterned surfaces that can be either protonated or 

deprotonated by changing the pH of the solvent. Nanowires have been interacted with 

patterned charged surfaces in an attempt to control their assembly, Figure 2.13. 

Figure 2.13. Schematic diagram of nanowire assembly due to electrostatic 

interactions between negatively charged nanowires and negative regions of a 

negatively / positively charged striped surface 
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In addition to the assembly of nanowires on surfaces, nanowires functionalised with 
surfactants that may be either protonated or deprotonated have been allowed to interact in 

solution. 

2.3.1.5.6 Biotin Binding 

Biotin is a small molecule that binds with one of four binding sites on avidin, neutravidin, 

or streptavidin molecules. The avidin-biotin interaction is the strongest known 

noncovalent interaction between protein and ligand, with very high affinity Ka _1013 
M-1.12' The interaction mechanism between streptavidin and biotin'"" 123 has hydrophobic, 

van der Waals, and hydrogen bonding components, in addition to a binding surface loop 

which folds over the ligand. The bond formation between biotin and avidin, once formed. 

is unaffected by wide extremes of pH, temperature, organic solvents and other denaturing 

agents. The four binding sites of each streptavidin molecule are arranged in two opposing 

pairs. When binding streptavidin to planar biotin surfaces, two sites per streptavidin 

molecule are bound to the surface and the remaining two sites are unoccupied. The bound 

streptavidin thus presents a matrix of well ordered binding sites. 78 

The capability of biotin-streptavidin linkages to bind nanowires to patterned surfaces has 

been investigated. Both the nanowires and certain regions of the surface were 

functionalised with the thiolated biotin molecules, and allowed to interact in the presence 

of streptavidin. It is expected that nanowires remain bound to the biotin surface regions, 

providing selective attachment, figure 2.14. 
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Figure 2.14. Schematic diagram showing attachment of biotin functionalised 

nanowires to biotin functionalised surface regions with a streptavidin linker 

In addition to the assembly of nanowires on surfaces, nanowires functionalised with 
biotin have been allowed to interact in solution, in the presence of streptavidin. Specific 

nanowire aggregations are expected. 

2.3.2 External Forces 

A review of techniques using directed assembly or external forces to assemble nanowires 

has already been discussed in the introduction. Discussed below are non-surfactant based 

techniques to assemble nanowires used during the course of this work. 

2.3.2.1 Dielectrophoresis 

Dielectrophoresis is the use of non-uniform electric fields to selectively move neutral 
124 particles in a liquid dielectric medium' 125 When a polarisable object is subject to an 

electric field a dipole moment is induced. Equal and opposite charges accumulate at 

either end of the particle but, because the field strength is inhomogeneous, the charges at 

one end experience a larger force than those at the other resulting in a net 

dielectrophoretic force, FDEP, Figure 2.15. 

Biotin / OH OH 
Terminated Terminated 
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Figure 2.15. The origin of dielectrophoretic force in an inhomogeneous electric field 

When the polarity of the applied field is reversed so is the sign of the induced 

polarisation, but the direction of the dielectric force remains constant. The dielectric 

properties of the particle control the response of the induced polarisation with transient or 

alternating fields. Consequently the strength of the dielectric force is dependent on the 

applied field frequency. Figure 2.15 depicts a case where the particle is more polarisable 

than the medium, and the force acts in the direction of increasing field strength, positive 
dielectrophoresis. The opposite case is also possible, where particles are less polarisable 

than the surrounding medium. For negative dielectrophoresis net particle movement is 

towards the regions of lowest field intensity. 

The dielectrophoretic force can be approximated with a Taylor series expansion of the 

interaction between the electric field and the induced dipole, which ignoring 2' order and 

higher terms is given by Equation 2.3.125 

Equation 2.3 FDEP = (m(t) " \)E(t) 

Where E is the electric field, and in the induced dipole moment of the nanowire. The 

exclusion of higher-order terms means the dipole moment approximation is only valid 

when the particles are small in comparison to variations in the electric field. To 

accurately determine the dielectrophoretic force a Maxwell stress tensor should be 

used 124, however, this common approximation is sufficient for qualitative discussion of 

dielectrophoretic assembly. 

In a spatially inhomogeneous field the force acting on each side of the particle will be 

different, causing the particle to move in the medium 126 
. 
For anisotropic objects like 
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nanowires, a torque is produced which effectively aligns the nanowire with the field. The 
induced dipole moment can be calculated with Equation 2.4. 

Equation 2.4 m(t) = EmVVKE(t) 

Where E,,, is the absolute permittivity of the medium, VP is the volume of the particle and 
K is the complex polarisation factor, which depends on the complex permittivity of the 

particle and medium by Equation 2.5 

Equation 2.5 K=P `" 
ým + (e 

- C* )II 

Here, E* is the complex permittivity and the indices p and m refer to the particle and the 

medium respectively. The Lorentz depolarization factor, n=n. l+nv+fz-, describes the 

shape anisotropy of the particle, where each component describes how a certain particle 

orientation interacts with the electric field. Unlike isotropic spherical particles where 

nr1=nr2=nr_3=113, cylindrical particles are highly anisotropic and their polarisability is 

dependent on their orientation with respect to the electric field. For a long cylindrical wire 

the polarisability along the length of the wire is much greater than either radial 

orientation, consequently component depolarisation factors are 11L Z0 and nrJ = nr2 Z 0.5. If 

the x axis is arbitrarily chosen as the line bisecting the two electrodes, and it is accepted 

that the dielectrophoretic torque aligns the wire with the field, n, 'Z 0 and the cases for 

other orientations, ny and n,, need not be considered. The complex polarisation factor 

simplifies to Equation 2.6. 

Equation 2.6 K= 
Cp 

* 
Cm 

Cm 

The imaginary component of the complex permittivity, , *, contains the conductivity, a, 

and angular frequency of the applied field, w, Equation 2.7. 

Equation 2.7 ?=e-i 6/w 

Since the electric field and nanowire polarisation are in phase the time averaged 

dielectrophoretic force acting on a homogeneous dielectric particle, can be expressed by 

Equation 2.8 and Equation 2.9.127 
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Equation 2.8 FDEP = 
34 Re{m " VE* } 

Equation 2.9 FDEP = 
Y2 

7rr 21em Re{K}VIErms I2 

Where Erm,. is the root-mean-square value of the electric field, and the particle volume is 

calculated from its radius, r, and length, 1. If the real part of the complex depolarisation 
factor, Re{K}, is positive then the nanowires will undergo a net movement in the 
direction of increasing field strength (and vice versa). After a nanowire aligns on the 

electrode, the local electric field is reduced preventing additional wires from assembling 

in close proximity to the first. 

It is evident that the magnitude of the dielectrophoretic force is dependent on the applied 

potential, equation 2.9, its frequency, equation 2.7, and the mismatch between the 

dielectric permittivities of the particle and medium, equation 2.6. These relationships are 

shown explicitly in Equation 2.10 and Equation 2.11. 

Equation 2.10 FDEP = Trr'21 F,,, 
tK uV 

rm. s vCdV rm. s 

dx dx 

Equation 2.11 Re{K}= 
0) 2(EmEp 

-Em) +(um6p 07 2) 

2m((I2+6m 

For assembly, the dielectrophoretic force should be greater than other component forces 

acting on the particle. Dimaki et al'26 have calculated the velocity of a nanowire under the 

influence of dielectrophoretic and viscous drag forces. Similarly, fluid flow, static 

frictional forces, the rate of particle precipitation and nanowire-surface interactions may 

influence assembly. Here, the dielectrophoretic forces are calculated but competitive 

forces during assembly are not considered quantitatively. 

Dielectrophoretic forces have been used to manipulate the assembly of gold nanowires 

from methanol solutions. The nanowire solution was exposed to an electric field by 

contact with a planar electrode on an insulating substrate. Their construction is 

summarised below. 

2.3.2.1.1 Lithographic Fabrication of Electrodes 

Gold electrodes were fabricated on glass by a combination of electron beam lithography 

and photolithography. First, two rounded triangular electrodes with a separation of 2 µm 
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were defined in positive resist using electron beam lithography. After developing and 
washing the sample the exposed resist was removed to reveal the glass substrate. A thin 
chromium film (10 nm) was then evaporated onto the surface, as an adhesion laver, prior 
to the deposition of 80 nm of 99.99 % gold (Advent). Unexposed resist, and its metal 
coating, were removed by sonicating the sample in methanol. The second fabrication 

stage was the creation of contact pads for each electrode. Photolithography was used to 
define 2 mm2 pads separated by 75 p. m and centred on each electrode. Once again the 

structures were metalised with 10 nm of Cr and 80 nm of Au, and the excess material 
removed by sonication in methanol. 

2.3.2.1.2 Dielectrophoretic Nanowire Assembly Procedure 

Nanowire assembly was controlled by applying an alternating potential between the 

electrodes, in series with a1M current limiting resistor, RL, Figure 2.16. 

Figure 2.16. Schematic diagram detailed the procedure for dielectrophoretic 

assembly of nanowires 

The electrodes were then exposed to a methanol based nanowire solution for a period of 

15 s. Movement of nanowires towards the regions of highest field intensity, and 

alignment with the field, should encourage nanowire assembly at electrode edges, 

particularly in the region of the electrode gap. After 15 s, excess nanowire solution was 

removed and the electrode washed with methanol, whilst the potential was maintained 

until the excess methanol had evaporated. The current was monitored to provide an 
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insight into the assembly procedure, by measuring the potential drop across the current 
limiting resistor, RL, with a digital oscilloscope, 

2.3.2.1.3 Transport Properties of Nanowires 

Nanowires assembled between electrodes could be subjected to electrical characterisation 
to determine their transport properties. Conduction in bulk materials is determined by the 

mobility of electrons in the conduction band. This is, in part, determined by the electron 

mean free path, which for bulk gold is approximately 40-50 nm128. Kreibig and von 
Fragstein 129have proposed that electron scattering at the surface of materials must 

contribute to the mean free path, and scattering must be enhanced in small particles where 

the mean free path is limited by the physical dimensions of the nanoparticle. The 

adjustment of the mean free path is dependent on the nanoparticle geometry. 

Sondheimer130 presents a review of the necessary adjustments for a variety of basic 

geometries, including nanowires. Classical geometric resistance calculations may still be 

made, Equation 2.12, with a simple adjustment to the sample resistivity, dependent on the 

relative size of the mean free path and diameter for nanowires. 

L 
Equation 2.12 R=p- 

A 

Here, R is the calculated nanowire resistance, p is the resistivity, and L and A are the 

length and cross sectional area of the nanowire respectively. 

2.4: Experimental Equipment and Procedures 

Section 2.5 provides a description of the characterisation techniques undertaken during 

the course of this work. A discussion of their theoretical basis, operation and 

experimental application is also included. 

2.4.1 Scanning Electron Microscopy 

The scanning electron microscope images surfaces with a beam of electrons rastered 

across the sample. Electrons are generated by either thermionic or field emission, or a 

combination of the two, a Schottky emitter. The beam is collimated by an electromagnetic 

condenser lens, focussed by an objective lens, and scanned across the surface by 

deflection in an electromagnetic field. Secondary electrons released from the surface are 

measured with detectors reliant on scintillation. The output light flashes are then detected 

and amplified by a photomultiplier tube. The detected secondary electron signal is 
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correlated with the scan position to generate an image, similar to that seen through an 
optical microscope. 

2.4.1.1 Instrumentation 

Two electron microscopes have been used during the course of this work. A high 

resolution LEO 1530 FEGSEM and a field emission gun attached to Thermo VG 

Scientific ESCALAB 250 X-ray photoelectron spectrometer, discussed in section 2.5.2. 

Both use a Schottky electron source, outlined below. 

2.4.1.1.1 Schottky Electron Source 

The electron source is a Shotkey emitter, which offers high brightness, coherence and a 

narrow energy range. A Schottky emitter incorporates both thermionic, and field 

emission, of electrons from a tungston tip. Field emission results from electrons 

'tunneling' past the work function of the tip, aided by the presence of a high electrical 

field gradient. 

First crossover 

Figure 2.17. Field emission electron gun 

The voltage difference between the first anode and the cathode determines the emission 

current. The second anode is at ground potential, and the voltage difference between this 

and the cathode determines the acceleration given to the electrons. The shape of the 

anodes is carefully selected to minimize aberrations. While electrons are emitted from the 

surface of the tip, their apparent source is a single point beneath the surface. Because of 

the electrical fields present, electrons tend to be emitted tangential to the surface which, 

for a hemispherical tip, results in an apparent source at the focus of the hemisphere. The 

tip is typically a single crystal tungsten wire sharpened by electrolytic etching, with 
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diameter of 100 to 1000 A. The emission process itself depends on the work function of 
the metal, which can be affected by adsorbed gases. Thus, the tungsten tip can be very 
sensitive to surface contamination and high vacuum is required to maintain cleanliness. 

2.4.1.2 SEM Measurement Procedure 

Nanowires are imaged after dropcasting them from solution onto clean silicon substrates. 
Insulating samples have a conductive 2 nm platinum surface coating applied to the 

sample surface with an Agar 208HR sputter coater. The LEO FEGSEM was operated at 

pressures below 10-7 mbar with accelerating voltages of 1.5 kV and a typical working 
distances of 3 mm. The ESCA250 SEM component was operated at 7 kV at pressures 
below 5x10-9 mbar. Scanning electron microscopy is capable of differentiating between 

different species of organothiol monolayers on gold 131, this is very useful for imaging 

patterned SAMS, where image contrast highlights different thiol regions. 

2.4.2 X-ray Photoelectron Spectroscopy 

The X-ray Photoelectron Spectroscopy (XPS) technique uses X-rays to eject electrons 

from atoms present on the surface of a sample. The electrons are sampled and an energy 

spectrum measured allowing the chemical composition of the surface to be determined. 

The technique is based upon the photoelectric effect formulated by Einstein in 1905, 

equation 2.13. 

Equation 2.13. EB=hv- KE 

Where EB is the binding energy of the electron, lit) is the energy of the photon source and 

KE the kinetic energy of the emitted electron. When a photon is incident on matter, there 

are three possible outcomes: 

1) The photon passes through without interaction, no energy is transferred and no 

electrons are ejected. 

2) The photon is scattered by an electron in an atomic orbital, with partial energy 

transfer, but the electron remains bound. This inelastic scattering is known as Compton 

scattering. 

3) The photon interacts with an atomic orbital electron with complete energy 

transfer. The energy absorbed by the electron results in its promotion to a higher energy 

orbital, or complete ejection if sufficient energy is supplied. 

The distribution of core electronic orbitals is unique and well defined for every element. 

Negatively charged electrons are attracted to the positively charged nucleus, and arranged 
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in a series of discrete energy levels. The strongest interaction is observed for those 
electrons closest to the nucleus, and it is these that will be most affected by the nuclear 
charge. Consequently, it is these closely bound electrons that provide the best measure for 
atomic identification. After an incident X-ray photon has caused the photoemission of a 
core electron the atom is left in an ionized state, Figure 2.18. 

oelectron 

Figure 2.18. The XPS photoemission process 

In this case, an electron from a higher energy level can drop down to fill the "vacant 

hole" in the core level. Consequentially, the atom will have an excess of energy which 

can be lost by emitting a photon (X-ray) or by emitting a second electron from a higher 

energy level. The latter process is referred to as an Auger emission and forms the basis of 
Auger electron spectroscopy. 

To enable the photoemission of core electrons, soft X-rays (energy 200 - 2000 eV) are 

used. If sufficient energy is imparted to the electrons to cause their ejection, their energy 

spectrum provides information about what elements are present on the surface, what their 

chemical states are, and their relative quantities. 

2.4.2.1 Instrumentation 

All XPS measurements presented in this thesis were performed in a Thermo VG 

Scientific ESCALAB 250. In addition to monochromatic and non-monochromatic XPS, 

the system also allows surface characterisation with ultraviolet photoelectron 

spectroscopy and low resolution scanning electron microscopy. The system is maintained 

at UHV conditions, to prevent photoelectron interaction with gas molecules and surface 

contamination. Discussed here are the system components provided for monochromatic 

XPS, and their operation. 
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2.4.2.1.1 The X-Ray Source 
X-rays are generated by bombarding an aluminium source with electrons. The electron 
beam originates from a cathode, heated by electron-bombardment from a filament. This 

electron beam is passed though an aperture and lens system prior to striking an 

aluminium anode. Upon striking the anode, electrons decelerate rapidly emitting photons 

with a broad range of energies, where the minimum wavelength is associated with the 

maximum electron energy. Superimposed on this spectrum are fluorescence peaks, where 

the bombarding electrons have displaced a core electron. This core electron is replaced by 

an electron from a higher orbital, with the associated excess energy is ejected as a photon 

with a discrete wavelength. The commonly referred to Ka, X-ray peak is associated with 

the ejection of an electron in the n=1 (K) shell, and its replacement with an electron 
from the n=2 (L) shell. For an aluminium atom this photon has energy of 1468.8 eV. 

Although both monochromatic and non-monochromatic sources were available, 

monochromatic sources were used for all experiments to avoid problems associated with 

the use of non-monochromatic X-rays. These problems include the observation of 

satellite peaks in the XPS spectra (due mainly to the weaker Kß fluorescence line 

interacting with the sample), lower resolution due to broader X-ray spectra, and 

Bremsstrahlung radiation which may cause sample degradation. 

For monochromatic XPS, only a specific wavelength from the X-ray spectra is interacted 

with the sample. The Ka, peak is chosen because it is the most intense region. The X-rays 

are incident on a quartz crystal, positioned such that only the Ka, X-rays satisfy the Bragg 

condition. The coherent X-ray Ka, beam, with energy of 1486.7 ± 0.3 eV, is then 

interacted with the sample. 

2.4.2.1.2 The Analysis chamber 

The X-ray beam enters the analysis chamber at approximately 45° to the horizontal, 

interacts with the sample and the emitted photoelectrons are sampled vertically. The 

sample is attached to a stage with x, y movement to expose a specific area, height control 

to ensure the X-rays are coincident with the area from which photoelectrons are sampled, 

and angular adjustment to allow a variety of photoelectron take-off angles. 

Röntgen's first observations of X-rays demonstrated their ability to penetrate materials 

that are opaque to light. In comparison, photoelectrons are greatly attenuated by matter 
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and it is this factor that limits the sampling depth of XPS, and the reason it is a surface 
specific technique. The sampled depth is typically of the order of 10-50 A. For 
homogenous substrates the orientation of the sample relative to the direction in which the 
photoelectrons are sampled does not influence the observed energy spectra. If the same 
substrate has an overlayer, the contribution of this overlayer is dependent on the sample 
orientation. The substrate has the greatest contribution to the XPS spectra when 
photoelectrons are sampled perpendicular to the substrate. Other angles increase the 

contribution of the overlayer to the measured spectra. 

Where photoelectrons are emitted from a surface, their maximum energy is constrained 
by both the binding energy of the atom from which they originate, and the work function 

of the surface itself. Samples characterised by XPS share a common earth with the 

spectrometer used to analyse the energy spectra of emitted photoelectrons. As such, the 
Fermi levels of the sample and spectrometer equilibrate and photoelectron energy is 

measured relative to this Fermi level, i. e. the effect of the surface work function is 

negated. Where insulating samples are characterised it was necessary to expose the 

surface with low energy electrons, to compensate for those photoelectrons that were 

emitted. 

2.4.2.1.3 The Spectrometer 

The electrons are sampled though an input lens system designed to capture the maximum 

possible number of emitted photoelectrons, and transfer them to the analyser with 

minimum loss. The analyser is a narrow pass filter which allows only electrons within a 

specified energy range to meet the detector. Photoelectrons entering the analyser may be 

slowed to increase the energy resolution, but this reduces the intensity of the sampled 

electrons. Photoelectrons travel in a hemispherical path though the analyser defined by an 

applied potential and meet one of six channeltron detectors, each positioned to measure a 

different energy range. Each electron incident on a channeltron triggers an avalanche of 

electrons, subject to an external applied voltage. The measured signal is amplified and 

recorded to form the energy spectrum. 

2.4.2.2 Spectral Analysis 

Presented here is a brief description of the analysis techniques commonly applied to XPS 

spectra, used to yield information regarding the elemental surface constituents, their 

relative quantities and chemical states. 
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2.4.2.2.1 Peak Identification 

Firstly, each peak observed must be identified as being associated with a specific element 

and electronic orbital. Each electron within an atom can be identified with a unique set of 

quantum numbers; n is the principal quantum number associated with the separation of 

the electron and nucleus, 1 is the orbital quantum number associated with orbital angular 

momentum of the electron, and s is the spin quantum number associated with an inherent 

magnetic field. Whereas n can take values of 1,2,3..., 1 is constrained to values of 

0,1,2... n - 1, and s can only take values of ±1/2. The j -j coupling nomenclature has 

become the basis of labelling electrons for XPS. Here, the total angular momentum of the 

electron is characterised by a quantum number j=1+s. Each peak is labelled by 

combination of the quantum numbers (n)(l)(j), where the letters s, p, d, f are used to 

designate the values 1=0,1,2,3... The total angular momentum, j, is a multiple of one 

half and the denominator is commonly dropped since it is implicit, i. e. 2p3,2 becomes 2p;. 

The jj nomenclature is inadequate to describe Auger emission, where final state is 

doubly ionised. X-ray notation is adopted; n=1,2,3,4 ... are described by K, L, M, N ... 

respectively and the discrete levels associated with 1 and j are numbered sequentially with 

a suffix, for examples see table 1. 

N 
1 
2 
2 
2 
3 
3 
3 
3 

Quantum Numbers 

l 
0 
0 
1 
1 
0 
1 
1 
2 
Etc 

1/2 
1/2 
1/2 
3/2 
1/2 
1/2 
3/2 
3/2 

X-ray 
Suffix 

1 
1 
2 
3 
1 
2 
3 
4 

etc 

X-ray 
Level 

K 
L, 
L1 
L3 
M1 
M2 
M3 
M4 
etc 

Table 2.1. X-ray notation 

The transition is written as a combination of the two X-ray levels, for example KL1 L3. 

2.4.2.2.2 Spin-Orbit Splitting 

For 1>0 an energy level doublet arises due to spin-orbit coupling. The two states 

correspond to the parallel and anti-parallel nature of the spin and orbital angular 

momentum vectors of the remaining electron. The relative intensity of the doublet peaks 

is given by the relative degeneracy of each state, given by 2j + 1, thus the observed peak 

area ratios are given in table 2. 
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Subshell 
S 
P 
d 
f 

j values Area ratio 
1/2 - 

1/2 : 3/2 1: 2 
3/25/2 2: 3 
5/2: 7/2 3: 4 

Table 2.2. Spin-orbit splitting parameters 

2.4.2.2.3 Peak Intensity 

The relative intensity of core level peaks is due to the photoelectron cross-section, a. 

Values of a have been previously calculated and derived from X-ray mass absorption 

coefficients. The relative concentrations of various atomic species observed in XPS 

spectra are calculated by determining the peak area, and adjusting the value by the 

sensitivity factor associated with that peak. Sensitivity factors are documented in a variety 

of sources, although those reported in Briggs and Sear have been used. '3? 

2.4.2.2.4 Chemical Shift 

The chemical combination of atoms can be determined by analysing high resolution XPS 

spectra. Assemblies of elements increase the energy required for photoemission from that 

required in their pure form, peaks are shifted to higher binding energies. The largest shifts 

are observed where atoms are in combination with highly electronegative atoms132 

Beamson and Briggs133 published high resolution XPS spectra of many polymers 

documenting the chemical shifts of the carbon 1 s, nitrogen 1 s, fluorine 1s and oxygen 1s 

peaks are documented. Unless otherwise stated, XPS spectra have been compared with 

these references. 

2.4.2.3 XPS measurement procedure 

XPS spectra were collected with a chamber pressure maintained below 10-8 mBarr. A 150 

W, monochromatic Al Ka, X-ray beam was used to illuminate a 500 µm` region of the 

surface. Photoelectrons were collected at a take-off angle of 90°, with the pass energy set 

to 20 eV (150 eV for survey spectra). Measured spectra were analysed as above, and 

compared with collated reference data. 

2.4.3 Transmission Electron Microscopy 

Transmission electron microscopy is analogous to an optical microscope, except electrons 

are used instead of light. Whereas light has a wavelength typically of -500 nm, electrons 

used for TEM are accelerated at several hundred kV, giving much smaller wavelengths: 
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200 kV electrons have a wavelength of 0.025 A. However, the resolution of the TEM is 
limited by aberrations inherent in electromagnetic lenses, to about 1-2 A. 

The resolution of the TEM allows direct observation of the size and morphology of 

nanostructured materials134 

The electrons are focused with electromagnetic lenses and projected at the sample. 
Interaction between these electrons and the sample has three possible outcomes: They 

may pass undeflected through the sample, they may be scattered without energy loss, or 

they may be scattered with an associated energy loss. Contrast in the image may be 

derived from either scattering event. The image brightness is associated with the 

transmission of unscattered electrons, and consequently related to the sample thickness. 

Scattering events between electrons and crystalline samples show diffraction effects 

characteristic of the wave-like behaviour of electrons. The scattered electron intensity is 

dependent on the alignment between the electron beam and crystal orientations within the 

sample. Bragg diffraction from regions with different crystal orientations may result in 

diffraction contrast present in the image. The image may be observed either on a 

fluorescent screen, or recorded on film or digital camera. 

2.4.3.1 Instrumentation and Experimental Procedure 

The TEM used to obtain the images presented in this work was a Philips CM200 field 

emission gun transmission electron microscope, with a SIS CCD camera for direct 

recording of digital images. The electron source is a Schottky emitter, as discussed 

previously. The TEM system is kept under vacuum to prevent electrons scattering with 

gas molecules, sample contamination and to maintain the field emission gun. Samples 

were prepared by placing a dilute solution of nanowires on a carbon coated copper grid 

(400 mesh) and allowing the solvent to evaporate. The sample was then loaded into the 

TEM via a fast entry lock. 

2.4.4 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is a scanning probe technique capable of detailed 

surface analysis with atomic resolution. The technique relies upon interactions between 

an atomically sharp tip and the surface. The interaction strength is associated with 

deflection of the tip cantilever, or modification of its behaviour. This basic arrangement 

has been optimised for a variety of imaging methods in addition to standard topographic 

techniques. Surface images can be characterised for sample conductivity, surface 
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potential, magnetism, friction and chemical functionality. Non-imaging techniques have 
been developed to measure the interaction forces between the tip and surface, allow 
surface manipulation or effect surface modification. 

Discussed here is the background for topographic images, of which there are two main 

types, contact mode, and tapping mode. In contact mode the tip is pressed into the surface 

with a constant force, and dragged across the sample surface. The tip is deflected by 

short-range repulsive interactions between the sample and tip. These deflections are 

typically measured with a beam deflection system. This design uses a laser shining onto 

and reflecting off the back of the cantilever and onto a segmented photodiode to measure 

the probe motion135 In contact mode, damage to both the tip and surface may occur due 

to a lack of force control. In ambient conditions, contaminants or absorbed fluid that 

accumulate on the surface increase the attractive force on the tip, drawing it into the 

surface and potentially cause damage136. Tapping mode was developed to reduce damage 

to both the tip and sample. During tapping mode the tip is held at a constant height above 

the surface, typically 10-100 nm. As the cantilever is rastered across the surface it is also 

oscillated at close to its resonant frequency. 136' 137 Changes in the tip-surface interaction 

strength, F, are measured by monitoring the changes in the resonant frequency. This 

detection method is sensitive to changes in the force, rather than to the interaction forces 

themselves, equation 2.14. 

Equation 2.14 F=- 
aV 

aZ 
Here, V is the applied potential and z the separation. The force can be related to the spring 

constant of the cantilever, equation 2.15. 

Equation 2.15 F= -kz 

Any change in the interaction strength between the tip and surface results in a change in 

effective spring constant of the cantilever, and consequentially its resonant frequency, w, 

equation 2.16. 

k2 
Equation 2.16 w_- 

The sensitivity of the cantilever is determined by its mass, m. Changes in the resonant 

frequency result in a much larger change in the amplitude of oscillation. 
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2.4.4.1 Instrumentation 

The AFM system consists of an atomically sharp tip attached to a cantilever positioned 
parallel to the sample surface. The sample is attached to a piezoelectric tube scanner 
which rasters the sample beneath the tip. The behaviour of the tip is monitored with a 
laser beam reflected from the back surface of the cantilever, and detected on a split 
photodiode detector, figure 2.19. 

Split 

Piezoelectric 

Figure 2.19. Schematic showing the basic arrangement of components in and AFM 

A variety of cantilevers are available, those commonly used for tapping mode have 

typical spring constants of 20-100 N/m with resonance at 100 - 400 kHz. To reduce the 

influence of external vibrations the system is isolated on a vibration damping support. 
The ultimate resolution is dependent on the sharpness of the tip, resolutions of 0.1 A in 

the x and y directions and 0.01 A perpendicular to the surface are possible with an 

atomically sharp tip. However, most tips are either blunted or have some form of artefact. 

The final image observed is a convolution of the tip shape and size, surface topography, 

and alignment of the surface and tip. 

2.4.4.2 Measurement Procedure 

AFM images were obtained using a Digital Instruments Nanoscope IV in tapping mode 

with a Nanosensors NCL 50 silicon tips. These tips have a -10 nm tip radius, resonate at 

150 kHz and have a force constant of 48 N/m. Surface manipulation was performed on a 

Digital Instruments Nanoscope IV, which is similar in conception and design to the 

system described above, used with the same tips. 

Cantilever 

E- Sample 
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2.4.5 Contact Angle Goniometry 

The behaviour of a droplet of solvent on a surface can reveal information about the 

surface roughness, surface energy and chemical homogeneity. 10' 13' The droplet either 
completely or partially wets the surface, determined by the competition of interactions 

between solvent molecules and between the solvent and the surface. For water, the 

wettability is categorised as hydrophilic, semi-hydrophobic or hydrophobic, with 
increasing contact angle, figure 2.20. 

a) b) C) 

e-00 

Figure 2.20. The surface can normally be characterized as being a) hydrophilic, b) 

semi-hydrophobic, or c) hydrophobic 

The final shape of the water droplet corresponds to minimisation of cohesive forces 

within the water droplet and adhesive forces between the surface and droplet"o The 

interaction of the water with the surface is largely dependent on the chemical 

functionality of the surface. Hydrophilic surfaces, such as OH and COOH, undergo 

dipole-dipole and hydrogen bonding interactions with water. Semi-hydrophobic surfaces 

tend to have strong dipole moments but cannot hydrogen bond. Hydrophobic surfaces, 

such as CH3, contain non-polar groups which do not undergo hydrogen bonding, and have 

only weak dipole-dipole and Van der Waals interactions. This chemical sensitivity makes 

the technique particularly suitable for the investigation of self-assembled monolayers, 

where the strength of interaction is dependent on the terminal groups in addition to any 

exposed section of the assembled molecules. 

2.4.5.1 Contact Angle Hysteresis 

Rather than measuring static contact angles, further information can be made about the 

surface with dynamic measurements. Dynamic contact angles are measured when the 

contact area between droplet and surface expands or contracts, "advancing" or 

"receding". The difference between these measurements for an ideal surface would be 

zero, but commonly a difference - the hysteresis, is observed. Hysteresis is attributed to 
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pinning of the contact point at points on the surface, usually due to either surface 
roughness or chemical heterogeneity. Chemical heterogeneity on SAM surfaces can be 

attributed to poor packing, disorder, domain boundaries or contamination. 

2.4.5.2 Goniometry Measurement Procedure 

Sample wettability was measured with a home-built contact angle goniometer in the 

ambient environment. Millipore water was dispensed onto the surface with a 

microsyringe and the droplet volume increased or decreased for advancing and receding 

measurements respectively. The sample was illuminated with a sodium lamp and imaged 

with a video camera. When movement of the contact point was observed the video image 

was frozen and captured. The contact angle is measured on both sides of the water 

droplet, and measurements averaged across each surface analysed. 

2.4.6 Photolithography 

Photolithography is a process for transferring images from a mask to a surface. The 

surface is coated with a photoresist, which may be pattered with ultra-violet light. Upon 

exposing this resist to ultra-violet light the structure of the polymer resist undergoes a 

structure change. Two types of resist are commonly available; positive resist is 

`softerned' by exposure to UV radiation and are subsequently removed, negative resist is 

`hardened' by exposure to UV radiation, and the unexposed regions are subsequently 

removed. The removal of resist is performed by washing with a developer solution. To 

complete the pattern transfer from mask to substrate, bare regions of the substrate 

undergo some modification, for example etching, ion-implantation or the addition of an 

overlayer. The remaining resist layer provides protection to the underlying regions of the 

substrate during this final processing step. After modification of the exposed regions of 

the surface, protective resist may be easily removed. 

2.4.6.1 Procedure 

Photoresists are sensitive to a wide range of wavelengths of light, typically 200 - 500 nm, 

which can result in unintentional exposure from the blue and violet components of normal 

white light. For this reason, photolithography fabrication was undertaken in a special, 

filtered light, clean room area. Prior to use, substrates were piranha cleaned, rinsed with 

milliQ 18.2 MS2cm ' water, dried under nitrogen and baked at 150 °C for 5 minutes. 

Positive photoresist S1813 (Shipley) was spin coated onto the substrate at 3000 rpm for 

30 s, and baked at 60 °C for 1 min to evaporate excess solvent. To improve the resolution 
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of fabricated structures the substrate was immersed in dichlorobenzene for 30 s. This 

partially hardens the resist surface, and after exposure the resist structures are undercut. 
The resist was exposed though a patterned mask to UV light for 10 s. To develop the 

photoresist each substrate was immersed into Shipley MF-319 developer for 1 min, and 

subsequently rinsed with water. Samples were transferred immediately to the evaporator 
(Edwards Auto 306) for the formation of a metal overlayer. After evaporation, unexposed 

resist, and its metal coating, was removed by sonication in methanol. Due to the undercut 

nature of the resist the resolution of evaporated structures is improved, and excess resist is 

more easily removed. 

2.4.7 Electron Beam Lithography 

Analogous to the use of electrons to advance the resolution of optical microscopy with 

TEM/SEM, electron beam lithography is capable of defining surface features below the 

limits of optical lithography. The system is closely related to scanning electron 

microscopy, the path of an electron beam is directed across the surface and is used to 

expose a thin film of resist on the surface. Although the spot size of the electron beam can 

be very small (0.5nm), the resolution of the system is limited by the scattering distance of 

electrons upon hitting the resist. Resolutions down to approximately 20 nm are possible. 

2.4.7.1 Instrumentation 

A Raith50 electron column with a tungsten therm-ionic emission filament was used for 

electron beam lithography. 

2.4.7.2 Experimental Procedure 

Prior to use, substrates were piranha cleaned, rinsed with milliQ 18.2 MQcm-' water and 

dried under nitrogen. Before depositing the resist overlayer, samples underwent a 

dehydration bake (5 minutes at 150 °C) and were primed with hexamethyldisilizane 

(HMDS) by spin coating at 3000 rpm for 30 s to improve adhesion of the resist. PMMA 

950A4 positive resit was spun onto the surface at 3000 rpm for 60 s, and a final bake at 

130 °C for 2 minutes was performed. It was not necessary to treat the resist with 

dichlorobenzene, since secondary electrons generated when the electron beam strikes the 

substrate cause a similar `undercut' effect. After e-beam writing, exposed regions of the 

resist are broken up into polymer fragments. These exposed areas are removed by 

exposing the substrate in 1: 1 MIBK: IPA (MIBK is Methyl IsoButyl Ketone and IPA is 

IsoPropyl Alcohol), and finally the sample was washed with excess IPA. Samples were 
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transferred immediately to the evaporator (Edwards Auto 306) for the formation of a 
metal overlayer. After evaporation, unexposed resist, and its metal coating was removed 
by sonication in either methanol or acetone. 

2.4.8 Conductivity Measurements 

The conductivity of nanowires was measured on gold electrodes using the apparatus 

shown in figure 2.21. 

T7 '. 1 1/LIA 

Nanowire on 

Electrode 

(not to scale) 

Figure 2.21. Schematic diagram depicting the nanowire transport measurement 

apparatus 

Contacts were made to the electrodes with either wires bound with silver paint, or brass 

spring contacts. Voltage was then applied to the sample through a computer controlled 

Keithley 230 Programmable Voltage Source, with the resulting current measured by a 

Keithley 6514 Electrometer, also computer controlled. 

Keithley 230 / 
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Chapter 3: Fabrication and Characterisation of 
Template Materials and Nanowires 

This chapter presents results illustrating the various nanowire fabrication techniques that 
have been employed. The objectives of this chapter are: 

1) Characterise the structure and growth of anodised porous aluminium oxide. 
2) Characterise the structure of Whatman `Cyclopore' and `Anodisc' 

commercial filtration membranes. 
3) Demonstrate the use of these materials as templates for the fabrication of 

gold nanowires. 
4) Characterise nanowires manufactured by each template deposition procedure 

investigated. 

5) Characterise the functionalisation of gold nanowires with thiol based SAMS. 

3.1: Template Materials 

Template deposition requires a suitable host template that is stable to the deposition 

requirements, and that allows removal of deposited structures if required. During the 

course of this work three template materials were used, porous alumina membranes, and 

Whatman `Anodisc' and `Cyclopore' filtration membranes. 

3.1.1 Porous Aluminium Oxide 

Porous aluminium oxide is a thick oxide layer formed electrochemically on aluminium 

substrates when they are anodised, under specific conditions. Porous alumina is 

characterized by cylindrical pores of uniform diameter, perpendicular to the plane of the 

film. Whilst pores are open at the oxide surface, an oxide barrier layer closes each pore at 

its base and attaches the membrane to the aluminium substrate. 

The initiation of pores on the oxide surface is consistent with substrate grain boundaries, 

defects sites or depressions in the surface. ' Prior to anodising, aluminium substrates were 

annealed and washed, although no polishing was undertaken. As such, pores were 

observed to nucleate at depressions in the metal surface, figure 3.1. 
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Figure 3.1. AFM image of two separate porous alumina surfaces, after a) anodising 

at 40V in 0.3 M oxalic acid for 5 hours 40 minutes, and b) 1 hour at the same 

conditions 

Substrate aluminium foils received from manufacturers are rolled to the specified 

thickness. Consequently, pores nucleate initially in tracks caused during the rolling 

process. Pores are irregularly sized and shaped although no measurement of their 

dimensions is attempted due to complications with tip convolution. Interpore separation 

in figure 3.1b is approximately 90 nm although there is some variation parallel and 

perpendicular to the track direction. 

At the electrochemical conditions used, 40 V in 0.3 M oxalic acid, pores should develop 

into a hexagonal arrangement, with a uniform pore diameter and separation of 40 nm and 

100 nm respectively. 2,3 Due to texturing of the aluminium substrate by pore penetration, 

the position and arrangement of the pores at the base of the membrane may be determined 

by investigating the textured surface of the substrate. This requires the use of selective 

etching techniques. By immersing the sample in 1.8 wt% chromic acid combined with 6 

wt% phosphoric acid in aqueous solution at 60°C overnight, the oxide coating could be 

removed whilst leaving the substrate intact (figure 3.2). 

0 1.00 2.00 3 . 00um 0 0.2 0.50 v. 75 ý <<ý 
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Figure 3.2. AFM image of the aluminium substrate, after anodising at 40 V in 0.3 M 

oxalic acid for 5 hours 40 minutes and etching in phosphoric/chromic acid 

overnight, and the associated Fourier transform of the image. 

The aluminium substrate demonstrates how pore regularity and arrangement is improved 

during growth, when compared to the top surface of the oxide, figure 3.1 a. Associated 

with the development of steady state pore development is a planar metal-oxide interface, 

the surface imaged in figure 3.2 is flatter than the top surface of the porous oxide, figure 

3.1 a. The size of hexagonally ordered domains is approximately 2 µm2. The interpore 

separation is best identified with Fourier analysis, which has been used to determine a 

value of 88 +6 nm. 

Similarly, by etching the sample in an aqueous solution containing 0.1 M cupric chloride 

(CuC12) and 20 wt% hydrochloric acid (at room temperature) the substrate aluminium can 

be selectively etched from the oxide membrane. This technique was used to observe the 

oxide barrier layer that forms between the substrate and porous oxide regions, figure 3.3. 

0 1.00 2.00 3.00 



73 

'/ 'iii., /, ý/ 

AE 

iý 

4w 

/ 
%G 

x. ý, - ., 

A I 

Figure 3.3. SEM image of a cross-section through a porous oxide membrane 

anodised at 40 V in 0.3 M oxalic acid for 3 hours and removed from the substrate. A 

sputtered 2 nm platinum coating was applied to prevent charging. 

The base of the porous oxide membrane shows the final pore arrangement, its 

development, and the oxide barrier layer. The barrier oxide thickness of is approximately 
27 ±3 nm, smaller than expected from calculations based upon the 1.05 nmV-' 

proportionality4. Evidence for self-levelling of the pore bases during steady state pore 

development can be seen from the planar barrier layer. 

Once separated from the aluminium substrate the porous oxide can be etched with 5 wt% 

phosphoric acid solution or 1M sodium hydroxide. These techniques are commonly used 

to etch back the barrier layer and enlarge the pore's diameter. Figure 3.4 shows a 

sequence of topographic AFM images detailing the progress of a phosphoric acid etching 

procedure through the barrier layer. 
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Figure 3.4. AFM sequence showing an etch procedure through the barrier layer of a 

porous alumina membrane. a) after etching away the aluminium substrate, b) - e) 

after successive exposures to 5 wt% phosphoric acid for 30 minutes 
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The oxide texture associated with the pore bases (and which imprints the aluminium 
substrate) can be observed in figure 3.4a. After etching in 5 wt% phosphoric acid for 30 

minutes, figure 3.4b, the surface is smoothed such that the surface roughness reduces 
from 5.1 nm to 3.9 nm. After etching the membrane for 1 hour, figure 3.4c, the barrier 

layer is removed and the pores are opened at the base of the membrane. Additionally. 

each pore is outlined by a hexagon, which is proposed to be less susceptible to the etching 

procedure. This is speculated to be the amorphous alumina support structure observed by 

Thompson et al. 5 The hexagonal support material can also be observed in figure 3.4b, 

albeit less clearly. After 1 hour 30 minutes total exposure to the phosphoric acid solution, 
figure 3.4d, removal of the acid anion contaminated alumina regions increases the pore 
diameter. Further etching of the contaminated alumina causes the pores to appear 
hexagonal after 2 hours exposure, figure 3.4e, due to the remaining amorphous alumina 

support. Continued etching causes the amorphous alumina support to fail and the surface 

becomes too irregular to observe with the AFM. 

Textured aluminium substrates are the basis of Masuda's 2-step porous alumina growth 

procedure, when combined with selective etch procedures described above. 3 Using the 2- 

step anodising technique, the textured metal surface created after the removal of the first 

oxidation stage was used to initiate pores with a regular arrangement throughout the 

second anodising stage. By this process membranes were manufactured with pores 

hexagonally ordered at both surfaces, figure 3.5. 
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Figure 3.5. AFM image of the top surface of a porous alumina membrane fabricated 

by the 2-step process. Anodising times for the first and second anodising stages were 

5 hours 30 minutes and 2 hours respectively. 

The top surface of the porous oxide surface retains the hexagonal arrangement of the 

previous anodising stage. The steady state pore arrangement initiated at oxide surface 

continues though the oxide resulting in pores that are straight and parallel, figure 3.6, 

except at domain boundaries where the competitive ordering process continues. 

0 1.00 
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Figure 3.6. SEM image of a porous alumina membrane after 2-step growth. A 

sputtered 2 nm platinum coating was applied to prevent charging. 

The development of steady state porous oxide growth has previously been linked to the 

formation of a planar oxide-metal interface. The flattening of the oxide surface can be 

observed after short anodising periods, figure 3.7. 

dat, 

ýýa 

M., 

0 Y*.. r aa. M ; 
... "ý 

JR ýkYý" Mfl 

Aid adk 

1 R' d ý'. ' ý `_ 

ý' ' , 
ý. 

ýý 

lip 

4b ;ýI 

w. 

ýrw. 

Figure 3.7. AFM image of a 2-step porous oxide showing the development of a 

planar metal-oxidation interface showing a) bulk smoothing and b) development of 

pore regularity 

Figure 3.7 displays the surface following a 2-step porous oxide growth procedure, where 

the times for the first and second growth stages were 10 minutes and 2 hours respectively. 

The development of a planar metal-oxide interface can be observed compared against 

: k. r1 0 1.00 2.00 3.00 um 0 
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those surfaces shown in figure 3.1a. Similarly, figure 3.7b shows that pores have 

established a more uniform density across the surface than figure 3.1b, a precursor to the 
development of hexagonal structure. 

All the porous alumina fabricated during the course of this work has been fabricated in 

0.3 M oxalic acid electrolyte, at 40 V. No attempts have been made to grow different 

sized porous oxides, or use alternative electrolytes. However, by changing the 

electrochemical conditions during growth, the scale of the porous oxide may also be 

changed. This premise is the basis of the voltage reduction technique' used to thin the 

barrier layer at the base of membranes, and also capable of separating it from the 

aluminium substrate. The voltage reduction technique has been used to thin the barrier 

layer from approximately -40 nm at 40 V to -10 nm at 10 V. The voltage was scaled in 

10 % reductions, and the current allowed to stabilise between every adjustment. Figure 

3.8 shows a porous alumina membrane grown using the voltage reduction technique, 

separated from the aluminium substrate and imaged with the FEGSEM. 
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Figure 3.8. SEM image of a 2-step porous alumina membrane grown using the 

voltage reduction technique. A sputtered 2 nm platinum coating was applied to 

prevent charging. 

Approximately half way though the oxide growth the pores can be observed to split. 

Throughout the rest of the oxide growth pores continue to split until they are predicted to 

be approximately 10 nm in diameter at the base of the membrane. 
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3.1.2 Whatman `Anodisc' Membranes 

Whatman `Anodisc' filtration membranes are porous aluminium oxide membranes 

separated from the aluminium substrate with the barrier layer removed. Membranes are 

66 µm thick, have a randomly ordered pore array, and are available with a range of pore 

diameters. Those used during the course of this work are specified with a 20 nm pore 

diameter, although this is only present at the filtration surface of the membrane. Pore 

diameter at the opposite surface and through the majority of the membrane is 175 ± 25 

nm, figure 3.9. 
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Figure 3.9. SEM image of the non-filtration surface of a Whatman 'Anodisc' 

membrane. A sputtered 2 nm platinum coating was applied to prevent charging. 

Within approximately 1 µm of the filtration surface each pore splits to form a network of 

smaller pores which act as the filtration surface, figure 3.10. 
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Figure 3.10. SEM image of a cross-section through an Anodisc membrane at the 

filtration surface, showing pore splitting. A sputtered 2 nm platinum coating was 

applied to prevent charging. 

By imaging the membrane cross-section, the total membrane thickness was measured to 

be 55 µm. Whatman `Anodisc' membranes could be etched by the same procedures 

described for the treatment of porous aluminium oxide. 

3.1.3 Whatman Cyclopore Membranes 

Whatman `Cyclopore' filtration membranes are polycarbonate nuclear track etched 

membranes. Although available in a variety of sizes, the membranes used had a specified 

200 nm pore diameter and 7-20 µm thickness. The pore density is lower than that of 

porous alumina membranes, figure 3.11. 
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Figure 3.11. SEM image of the filtration surface of a 'Cyclopore' membrane, with a 

sputtered 2 nm platinum coating to prevent charging 

The pore density in `Cyclopore' membranes is approximately half that in `Anodisc' 

membranes, and an order of magnitude lower than porous aluminium oxide formed at 40 

V in 0.3 M oxalic acid. Additionally, the pores are not all directly perpendicular to the 

plane of the membrane. 

3.2: Nanowire Fabrication 

Various template deposition techniques have been utilised to form nanowires in the 

templates mentioned above, these are summarised below. 

3.2.1 Electrodeposition in Porous Aluminium Oxide 

Electrochemically fabricated porous aluminium oxide was used as a template with the 

aluminium substrate and oxide barrier layer intact. The aluminium substrate was used as 

the base electrode. 

Electrodeposition with a constant applied potential was unsuccessful. The presence of the 

highly resistive barrier layer made deposition susceptible to defect sites in the oxide. 

Cracks, or pores with the least resistive barrier layer, dominated the growth process 

preventing uniform deposition. Additionally, after long deposition periods the oxide was 

separated from the aluminium substrate. This is attributed to the accumulation of 
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hydrogen at the metal-oxide interface7, and continued anodising of the oxide in the acidic 

electrolyte. 

More uniform deposition was achieved with an alternating applied potential. For 

electrodeposition into oxide membranes where the voltage reduction technique had not 
been used to thin the barrier layer, a 25 Vpp (peak-peak) 50 Hz applied potential was 

necessary. Where the voltage reduction technique was used during the final stages of 

oxide formation to thin the barrier layer, an 8.5 Vpp (50 Hz) applied potential was 

sufficient. The deposition of gold within the pores was apparent by a change in the 

template's colour. The alumina template turned from transparent to a vibrant purple 

colouration, isolated oriented gold wires within the template structure were the origin of 

surface plasmon effects. 

By etching filled porous alumina oxides by the procedures outlined earlier, the deposited 

nanowires could be exposed. A porous aluminium template was fabricated by the 2-step 

procedure, with 3 hrs 50 minn and 1 hr 30 mins growth stages respectively. At the end of 

the second growth stage the barrier layer was thinned by the voltage reduction technique 

in 10 % steps with a final voltage of 9.5 V. Gold was deposited at 8.5 Vpp for 1 hour from 

the sulphuric electrolyte. The aluminium substrate was removed from the template oxide 

by etching in hydrochloric acid and cupric chloride, and the pore bases imaged with 

AFM, figure 3.12. 
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Figure 3.12. AFM sequence charting the progress of an etch procedure through the 

barrier layer of a porous alumina membrane. a) after etching away the aluminium 

substrate, b) - d) images after sequential exposures to 5 wt% phosphoric acid for 7, 

10 and 5 minutes, respectively. 

Once again, the series of images present in figure 3.12 demonstrates the progress of an 

etch sequence with 5 wt% phosphoric acid at room temperature, similar to figure 3.4. 

Initially, the pore bases were observed as expected, figure 3.12a. After etching for 7 

minutes in 5wt% phosphoric acid the barrier was smoother, figure 3.12b, and average 

surface roughness decreases. After an additional 10 minutes etching the barrier layer was 

removed and pores were opened, figure 3.12c. Continued etching for 5 minutes exposes 

the tips of the nanowires. Further etching causes the surface to become too irregular for 

0 D. 25 0.50 0 . 75pm 0 0.25 0.50 0.75Nm 
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AFM, as the nanowires stand proud from the membrane. This effect can be observed with 
the high resolution SEM after 22 s exposure to 1.25 M NaOH, figure 3.13. 
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Figure 3.13. SEM images of nanowires extending from the porous alumina template 

shown in figure 3.12 after continued etching for 22 s in 1.25 M NaOH. 

Individual nanowires can be resolved, and are outlined, in figure 3.13b and both images 

show how, after extending from the membrane, they clump together. The nanowires may 

require mutural support, or may aggregate due to hydrophobic interactions in solution. 
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Usually, the nanowires were removed from the membrane by dissolving the aluminium 

oxide completely by immersion in 1M aqueous sodium hydroxide, as discussed in the 

previous chapter. After this procedure, nanowires could be dropcast from solution onto 

silicon substrates for observation, figures 3.14 and 3.15. 
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Figure 3.14. SEM image of gold nanowires fabricated in porous alumina 

membranes, after release and deposition onto silicon surfaces 
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Figure 3.15. AFM image of a gold nanowire, fabricated in a porous alumina 

membrane 
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The nanowire imaged in figure 3.15, shows how gold deposition in the voltage reduction 
region leads to secondary wires at the base of the main wire. Although the pore structure 
grown by the voltage reduction technique should reduce the pore size to approximately 10 

nm diameter, the smallest wires shown here have a diameter (determined from the 
measured height) of 20 nm. It is assumed that smaller wires are broken during the 

cleaning procedure. The bulk of the nanowires have a diameter of 55-60 nm, from height 

measurements. To better determine the diameter of the nanowires a separate wire was 
imaged at higher resolution, figure 3.16, and the average height difference between the 

red and green areas was calculated 
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Figure 3.16. AFM image of a gold nanowire on silicon surface, used to determine the 

nanowire diameter 

By comparing the topographic profile of this single nanowire a diameter measurement of 

62.5 nm can be obtained. This is larger than expected for the membranes as grown, and in 

relation to the measured pore separation. It is thought that the electrolyte may act to etch 

the pores and increase their diameter during the growth process. 

A sample of nanowires fabricated in porous aluminium membrane with the voltage 

reduction technique was imaged with a transmission electron microscope, figure 3.17. 
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Figure 3.17. TEM image of a gold nanowires 
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Measurements of the nanowire diameter from those imaged shows they have a range of 

45-50 nm. The facetted end structure shown in figure 3.17 is typical, and may be due to 

the wetting properties of the template and electrolyte, or more likely the crystalline 

structure of the nanowire. The crystal structure of these gold nanowires can be observed 

at their edges. Here, the nanowire is thin enough to allow high transmission and 

interference from multiple crystalline domains is less likely. Atomic resolution has been 

demonstrated for a region of figure 3.17, figure 3.18. 
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Figure 3.18. TEM atomic resolution image at the nanowire edge 

i_ ox. 
044i* 

Bragg condition transmission across the centre of the image allows observation of the 

crystal structure in one (presumably coherent) region of the nanowire. The structure 

displays a hexagonal atomic arrangement with some bending / distortion (highlighted in 

blue) and fault lines (highlighted in red) also observed. 

To determine the lattice structure associated with these nanowires, a nanowire section 
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showing few defects was imaged and the Fourier transform analysed, figure 3.19. 
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Figure 3.19. TEM image of nanowire section and its diffraction pattern to determine 

the crystal structure. 

The diffraction pattern can be indexed as a fcc lattice structure with the [ 110] zone axis 

parallel to the beam direction, in agreement with previous work'. Lattice spacing 

associated with h'+k2+12 =3 and 4 are 0.25 nm and 0.28 nm, respectively. 

By imaging diffraction contrast along the length of a single wire, at different angles, 

faults in the crystal structure are highlighted. The action of tilting the sample with respect 

to the electron beam enables Bragg diffraction to highlight areas with different crystal 

orientation with changes in contrast, figure 3.20. 
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Figure 3.20. TEM showing Bragg diffraction from a nanowire at a) perpendicular 

and b) 13 degrees tilt 

In figure 3.20a longitudinal faults are apparent, however, by tilting the sample at 13°, 

figure 3.20b, transverse faults are observed. A potential source for the longitudinal faults 

is pore splitting at the base of the oxide, during growth crystal orientations will compete 

at the junction of dendritic pores. Transverse faults may be due to the cyclic growth 

potential. 

3.2.2 Electrodeposition in Whatman Anodisc Membranes 

The hydrated surface of porous aluminium oxide membranes requires the use of acidic 

electrolytes with high chloride concentrations. At higher pH, and lower chloride 

concentrations, the gold salt present in the electrolyte becomes partially or fully hydrated, 

by replacing the chloride ions. -'o The source for these OR ions can either be from 

solution, or the hydrated surface of the porous alumina. Where a chloride is replaced with 

a hydroxide from the pore walls it is possible for gold salt to spontaneously form a 

metallic deposit on the template, without the need for a reducing agent. " Consequently, 

electrodeposition in Anodisc membranes has been undertaken with both the sulphuric and 

hydrochloric electrolytes. Normally growth was performed with the hydrochloric 

electrolyte, typically at 1 Vpp (15 Hz) for 30 minutes in accordance with the description in 

chapter 2. After nanowires were removed from the template, cleaned and dropcast on 

silicon they could be imaged with SEM, figure 3.21. 



91 

Figure 3.21. Scanning electron micrograph of a well formed gold nanowire, 

electrodeposited into an Anodisc membrane, after release and dropcasting on 

silicon. 

Whereas figure 3.21 shows a well formed homogenous nanowire, such uniformity was 

not always achieved. Figure 3.22 shows an SEM image of a less well formed nanowire, 

electrodeposited in an Anodisc membrane by an identical procedure to that detailed for 

figure 3.21, except that growth was performed for 1 hour. 

Figure 3.22. Scanning electron micrograph of a poorly formed gold nanowire, 

electrodeposited into an Anodisc membrane, after release and dropcasting on 

silicon. 
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Nanowires could be observed to either poorly formed, figure 3.22, or well formed 3.21. 

with no observed intermediate state. In addition, the quality of electrodeposited nanowires 

was associated with the batch of membranes in which they were grown. If nanowires 
formed with poor quality from one membrane in a batch, other membranes showed 
identical growth characteristics. The problem is thought to be associated with the 

wettability of these membranes. Although alumina is naturally hydrophilic, hydrocarbon 

may increase the contact angle on planar substrates to >80°. 12.13 The source of this 

contamination may be atmospheric. 13 It is believed that electrolyte was unable to 

completely fill pores in contaminated batches of alumina membranes, causing the 

deposition of poor quality nanowires. 

To test the composition of the nanowire solutions, samples were investigated by X-ray 

photoelectron spectroscopy. Nanowires, and other solution constituents, were allowed to 

precipitate onto piranha cleaned silicon substrates. After precipitation, the silicon 

substrate was removed and dried under nitrogen. Almost complete surface coverage was 

achieved by this process, which in return allows fast and accurate spectroscopy, figure 

3.23. 
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Figure 3.23. XPS spectra for gold nanowires on a silicon surface including a) survey 

spectra, and high resolution scans of the b) gold 4f, c) silver 3d, d) carbon Is, e) 

oxygen is and f) sulphur 2p regions. 
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The XPS indicates the presence of several elements in the solution. In addition to the 
expected observation of gold, silicon, carbon and oxygen, the survey scan, figure 3.23a, 

shows the presence of sodium, silver, sulphur, nitrogen and aluminium. Sodium and 
nitrogen are probably derived from the sodium hydroxide and nitric acid etch procedures 
respectively. Remnants of the aluminium oxide template are the probable cause of 
aluminium contamination. The presence of silver is common in the analysis of nanowire 
samples, and has been very difficult to remove completely. By taking high-resolution 

scans of the gold 4f and silver 3d regions, 3.23b and 3.23c, the surface concentration of 
each metal can be calculated. The gold 4f doublet is positioned at 83.7 eV for the 4f7 

peak, and the doublet is split by 3.7 eV. The fitted peaks are constrained with a peak area 
ratio of 0.75: 1. The silver 3d doublet is positioned at 367.9 eV for the 3d5 peak, and the 
doublet is split by 6.0 eV. The fitted peaks are constrained with a peak area ratio of 
0.66: 1. After adjusting the measured peak areas by the sensitivity factors for these silver 

and gold peaks, the concentration of gold on the surface is found to be 6.3 times the 

concentration of silver. Significant amounts of carbon and oxygen are observed. Three 

peaks are required to fit the carbon Is spectrum, each representative of different chemical 

combinations of carbon. The sulphur 2p, figure 3.23f, can be fit with a peak centred at 
168.4 eV, which is not characteristic of elemental sulphur, expected to form a doublet at 

approximately 163 eV. The width of this peak suggests that it actually represents several 

chemical combinations of sulphur, probably oxidised and possibly in combination with 

the observed sodium. The XPS spectra presented in figure 3.23 does not highlight any 

unexpected contaminants. However, XPS characterisation of nanowires dropscast on 

silicon often showed zinc contamination, with a binding energy doublet above 1100 eV. 

This contamination was traced back to the use of unclean glassware or exposing the 

solution to metal implimnets, for example tweasers. To eliminate all zinc contamination, 

as in figure 3.23, all glassware was piranha cleaned prior to use, and exposure to metal 

implements was avoided. 

The rate of nanowire growth has been determined from a series of experiments where 

nanowires were grown for different periods under otherwise identical conditions. 

Nanowires were grown for durations of 1,2,3,5 and 8 minutes. After release from the 

membranes and transfer to HPLC methanol they were imaged with SEM to determine the 

length distribution within a sample, these results are shown in figures 3.24a to 3.24e. 
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Figure 3.24. Nanowire lengths after a) 1, b) 2, c) 3, d) 5, and e) 8 minutes growth, 

fitted with a Gaussian distribution to determine f) the nanowire growth rate. 

Each distribution is fitted with a Gaussian curve to determine the mean length, and this is 

plotted in figure 3.24f, where the error values are the standard deviation of each sample. 

The growth rate graph, figure 3.24f, would be expected to pass through the origin, but 

instead the line of best fit intersects the y axis at 245 nm, and the gradient is 



96 

90 nm/minute. However, this gradient is artificially reduced by a failure to measure the 
smallest nanowires. Short nanowires may form at the base of the membrane, where due to 
pore splitting they have diameters of -20 nm. Upon dropcasting onto the surface. these 

nanowires are observed in aggregates. Unfortunately it was not possibly to accurately 
measure the lengths of these aggregated nanowires. 

3.2.3 Electrodeposition in Whatman Cyclopore Membranes 

Prior to deposition into Cyclopore membranes a 500 nm thick silver electrode was 

evaporated onto the filtration side of the membrane. The pH neutral electrolyte was used. 

since the template was not expected to spontaneously catalyse elemental gold from 

solution. Electrodeposition was typically conducted with a1 Vpp (15 Hz) applied field for 

5 minutes. The nanowires produced were removed from solution, suspended in HPLC 

Figure 3.25. SEM image of a typical gold nanowire after 5 minutes growth in a 

Cyclopore membrane 

The tapered structure shown in figure 3.25 is characteristic of all nanowires deposited in 

Cyclopore membranes. The shape is thought to be replicated from the Cylopore 

templates, which is believed to originate from the changing energy of heavy ions used to 

track-etch of these membranes. 

methanol and dropcast on silicon prior to imaging with the SEM, figure 3.25. 
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Changing the time of electrodeposition can be used to adjust the length of observed 
nanowires. After 1 minute of growth, partial length nanowires are observed although the 

Figure 3.26. Gold nanowire electrodeposited into Cyclopore membranes after 1 

minute's growth 

At all deposition times longer than 3 minutes, observed nanowires were almost always 

2.5 -3 µm long, presumably limited by the thickness of the track-etched pores, figure 

3.27. 

total nanowire yield is low in comparison with longer times, figure 3.26. 
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Figure 3.27. Gold nanowires electrodeposited into `Cyclopore' membranes for 3 

minutes 

It is believed that deposition occurs preferentially in favourable pores first until they are 
filled, and only then does deposition occur in less favourable pores. The determining 

factor in which pores are favoured may be the active electrode area at the base of the 

pore, supported by the variation in the pore and nanowire tapering observed in figures 

3.25 and 3.27. Nanowires are not observed to grow beyond the confines of the template, 

although at long deposition times some disordered continued growth may be observed, 

figure 3.28. 
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Figure 3.28. Gold nanowires grown in Cyclopore membranes after 30 minutes 

growth 

3.2.4 Electroless Deposition in Whatman `Anodisc' Membranes 

Complete reduction of metallic gold from the electroless solution took approximately 1 

hour at the conditions described in chapter 2. To slow the growth process the reduction, 

or complete removal, of Na-2SO3 extended this time from 1 hour to up to 2 days. An 

example of nanowires grown by electroless deposition in an Anodisc membrane (without 

Na-2SO3) is shown in figure 3.29. 
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Figure 3.29. SEM image of a nanowire formed by electroless growth, without 
Na2SO3, dropcast on silicon 

The structure of the nanowire shown in figure 3.29 is characteristic of all nanowires 

grown by this technique. They consist of a well-formed section, thought to be formed at 

the base of the membrane closer to the silver electrode, and a more porous section. 

Typically, the porous section thins and becomes more irregular along the length of the 

nanowire. Finally, the nanowire diameter decreases below the expected pore diameter 

(when compared to figure 3.21) and the end of the nanowire is very poorly formed, prior 

to terminating. This structure is thought to be dependent on the growth kinetics of 

electroless deposition, however, attempts to slow the growth, by reducing both the salt 

concentration and temperature, do not show significant improvement. The range of 

lengths within a single sample has a high variation, when compared with those grown by 

electrodeposition, figure 3.30. 
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Figure 3.30. Nanowire length after electroless growth in Anodisc membranes 

3.3: Functionalised Nanowires 

Nanowires suspended in methanol, or those embedded in membranes, may be 

functionalised with a variety of thiol surfactants. Typically, thiol was added to nanowire 

solutions at 1 mM concentration and left overnight to allow the formation of a monolayer. 
Subsequently, the thiol solution was removed, by filtering the nanowires through an 
`Anodisc' or `Cyclopore' filtation membrane, and replaced with HPLC methanol. A 

minimum of 3 filtration cycles were required, with the nanowires sonicated between each 

stage, to remove excess thiol material. Alternatively, a membrane containing nanowires 

could be exposed to thiol solution such that one or both ends (or other exposed regions of 

the nanowire) could be functionalised. After removal from the thiol solution, nanowires 

were liberated from the membrane by the usual procedure. The surface properties of 

nanowires were modified with the materials outlined below. To characterise the 

attachment of thiol to the surface of the nanowires, a dense solution of nanowires was 

dropcast on silicon, and subjected to X-ray photoelectron spectroscopy. 

3.3.1 Hydroxyl Functionalised Nanowires 

Electrodeposited gold nanowires (formed in Anodisc membranes with the hydrochloric 

electrolyte) were functionalised with mercapto-1-undecanol [OH] by the solution method 

described above. For comparison purposes a SAM of [OH] was formed on gold from a1 

mM solution in methanol, figure 3.31. 

02468 
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Figure 3.31. XPS spectra for a SAM of [OH] on gold including a) survey spectra, 

and high resolution scans of the b) gold 4f, c) carbon is, d) oxygen is and e) sulphur 

2p 

The XPS spectra reveal all the expected constituents for a monolayer of [OH] 

(SH(CH2)�0H). The gold spectrum is fitted in accordance with the discussion in chapter 

2, with a 0.75 peak area ratio, and the doublet is split by 3.7 eV. The carbon 1s spectrum 

is fitted with 3 peaks. The main peak (1) is associated with saturated hydrocarbons, i. e. 

the alkyl chain of the thiol molecule, and is positioned as expected at 285.0 eV. Peak 2, 

centred at 286.8 eV, is associated with the COH terminal group. Peak 3, centred at 288.3 
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eV, cannot be explained by constituents of the monolayer and is due to some carbon 
contamination, possibly free carboxylic acid. From the surfactants structure, the expected 
peak area ratio of C1s peaks (1) / (2) can be calculated to be 10: 1. The measured ratio is 
7.9, presumably reduced by attenuation effects. A single oxygen peak is observed at 
533.1 eV, which is consistent with previous XPS measurements of this surface. 14 Both 

oxygen is and carbon, Cls (2) are associated with the terminal group of the monolayer, 

and should have an equal surface concentration. The O1s to C1s (2) peak area ratio 

measured is 1.0. The sulphur 2p spectrum is fit with two doublet pairs, constraints applied 
during the fitting procedure cause the peaks of each doublet to be split by 1.2 eV. 15 and 
the minor peak (S2p, ) has a peak area half the S2p3 peak. The larger of the two doublets 

S2p (1) has a position of 162.1 eV for the S2p3 as expected for thiol bound to gold. '5 18 

The binding energy shift between doublets (1) and (2) of the S2p spectrum is 1.2 eV. The 

presence of intensity at binding energies that are slightly higher (-1 eV) than those 

expected for metal thiolates suggests that some sulphur containing species are present as 
SH thiol species. 16 Unbound thiol molecules are generally due to either a poor choice of 

solvent, or a inadequate rinsing step. 15 Here it is probably the use of methanol, rather than 

ethanol, that has contributed most to the presence of unbound thiol. These unbound 

molecules could be either lying on top of the SAM or partially penetrating into the SAM. 

Oxidised sulphur species such as sulphonate appear at binding energies greater than 166 

eV, 15 although none are observed in these spectra. The surface concentration of the bound 

thiolate, S2p (1), is 2.8 % of that for gold, lower than the value expected for a complete 

well-formed monolayer (-4 %). 16 The relative total peak area of S2p (2) to S2p (1) is 2, 

suggesting that approximately a third of the molecules observed are unbound. The peak 

area ratios of both the 01s and C1s (2) peaks to the S2p(1+2) peak are 1.4. 

The XPS spectra observed for [OH] functionalised nanowires are shown in figure 3.32. 
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Figure 3.32. XPS spectra for [OH] functionalised nanowires on silicon, including 

high resolution scans of the a) gold 4f, b) carbon Is, c) oxygen is and d) sulphur 2p 

regions 

The gold signal is immediately apparent, and the additional peaks observed at higher 

binding energies in figure 3.32a are associated with the silicon 2p doublet. The 

separations of the carbon Is peaks are consistent with the planar SAM, although 
individually they are all positioned at binding energies -0.3 eV higher. The oxygen 1s 

peak is positioned at 533.0 eV. Figure 3.32d demonstrates the presence of bound thiol, in 

addition to the broad oxide peak also observed for bare nanowires, figure 3.23f. Now, 

three species of thiol are observed. The bound thiol S2p (1) is positioned at 162.4 eV for 

the 2p3 peak, the unbound thiol S2p (2) is positioned at 163.9 eV, and the oxidised thiol 

peak, at -168 eV, is consistent with that measured in figure 3.23f in both position and 

peak area. The relative concentration of unbound SH thiol is lower than observed for the 

planar SAM, and constitutes 15 % of the total bound thiol observed. The measured 

surface concentration of sulphur (1) to gold is 10.7 %. This observation is too high for a 

planar monolayer. The shape of nanowires may contribute to this high measurement; 

since the system is no longer planar but associated with a particulate a higher ratio may 

be expected. Alternatively, thiol may also be bound to silver contamination in the 

solution, originating from the evaporated silver electrode. 
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3.3.2 Carboxylic Acid Functionalised Nanowires 
Electrodeposited gold nanowires (formed in Anodisc membranes with the hydrochloric 

electrolyte) were functionalised with [COON] by the solution method described above. 
For comparison purposes a SAM of mercaptoundecanoic acid [COON] was formed on 
gold from a1 mM solution in methanol, figure 3.33. 
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Figure 3.33. XPS spectra for a SAM of a [COON] on gold including a) survey 

spectra, and high resolution scans of the b) gold 4f, c) carbon Is, d) oxygen is and e) 

sulphur 2p regions 
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The XPS spectra reveal all the expected constituents for a monolayer of [COOH] 
(SH(CH2)1o000H). The carbon is spectrum shows 2 peaks, including the saturated 
hydrocarbon peak 285.0 eV, peak 1. Peak 2, at a binding energy of 289.3 eV, is 

associated with the carbon of the carboxylic acid terminal group. 19 The CIs spectrum 

shows a flat plateau between the two fitted peaks, presumably associated with a range of 

carbon contaminants. However, this region has not been fit since it required the addition 

of 2 further peaks without basis in the monolayer composition, due to its breadth. The 

relative areas of the peaks Cls (1) to Cls (2) is measured to be approximately 9, which is 

presumably reduced from the expected 10: 1 ratio by attenuation effects. The binding 

energy of O(1 s) electrons does not generally change due to functional groups 18 
. 
The 

exception is for carboxyl groups where the singly bound oxygen will have a slightly 
higher binding energy, and the splitting observed in figure 3.33d is consistent with 

previously reported spectra'8. The peak Ols (1) has a binding energy of 532.6 eV, whilst 

the position of Ols (2) is 533.8 eV, approximately 0.4 eV higher than the expected peak 

positions for C=O and COH they respectively represent. It is possible that the spectrum 

includes other oxygen contributions, potentially from hydrogen bonding between the 

terminal groups of adjacent molecules, or the loss of the hydrogen to form a carboxylate 

where the double bonded is effectively shared. The sulphur spectrum again displays two 

doublets, where S2p (1) is associated with the S-Au moiety and the S2p (2) associated 

with unbound thiol. The surface concentration of the bound thiolate, S2p (1), is 2.1 % of 

the total gold measured, once again lower than the value expected for a complete well- 

formed monolayer. The relative area of the S2p (2) to the S2p (1) peaks is 2, suggesting 

that approximately 40 % of the molecules observed are unbound. The ratios of Cls(1+2) 

Cls(2) and Ols(1+2) compared to the total sulphur content are all approximately 30 % 

higher than predicted from the molecules structure. 

The XPS spectra observed for [COOH] functionalised nanowires are shown in figure 

3.34. 
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Figure 3.34. XPS spectra for [COOH] functionalised nanowires on silicon, including 

high resolution scans of the a) gold 4f, b) silver 3d, c) carbon is, d) oxygen is and e) 

sulphur 2p regions 

The silver spectrum is particularly strong for this sample, and has been recorded in figure 

3.34b. Indeed, there is three times more silver than gold observed on this surface. This is 

not entirely unexpected, during the precipitation of nanowires and other particulates onto 

the surface silver has been observed to settle on the top, in the form of silver flakes. 

Consequently, where silver is present in the sample, it will dominate the XPS 

characterisation. The carbon Is peaks (1) and (2) are positioned at 285.1 eV and 289.2 

eV, consistent with the observation of alkyl chain and carboxylic acid in figure 3.33. The 

oxygen spectrum, figure 3.34d, is fit with a single peak centred at 532.5 eV, no evidence 

of the doublet observed for the planar SAM is observed. The sulphur spectrum is not as 

well resolved as previously, but can still be fitted with a doublet pair associated with the 

bound and unbound thiol, and an oxidised contribution consistent with measurements on 
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uncoated nanowires, figure 3.23f. The bound thiol S2p (1) is positioned at 162.0 eV for 

the S2p3 peak, and unbound thiol S2p (2) is positioned at 162.8 eV. The relative 

concentration of unbound thiol is higher than observed for the planar SAM, and 

constitutes 60 % of the total thiol observed. The measured surface concentration of 

sulphur S2p (1) peak to gold is 28 %. The possibly of S-Ag bonds has been previously 

mentioned, but surface concentration of S2p (1) to the total silver and gold is still 9 %. 

3.3.3 Biotin Functionalised Nanowires 

Surfaces have been functionalised with an active biotin moiety by attachment of a 

biotinylated thiol molecule, Figure 3.35. 

H0H 
11 ÄT 

HS 

Figure 3.35. Structure of the biotinylated thiol. 

A SAM of this surfactant has been formed on a gold substrate, from a 0.1 mM 

concentration in methanol, for characterisation by XPS, Figure 3.36. 
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Figure 3.36. XPS spectra for a SAM of biotin on gold including a) survey spectra, 

and high resolution scans of the b) carbon is, c) oxygen is, d) nitrogen is and e) 

sulphur 2p regions 

The XPS spectra reveal all the expected constituents of the biotin monolayer, with no 

unexpected elements present. The structure of the thiol molecule is exposed by analysis 

of the carbon is and oxygen is spectra, figures 3.35b and 3.35c respectively. The familiar 

saturated hydrocarbon peak (1) at 285.0 eV, is associated with 16 of the 29 carbon of the 

biotinylated molecule, in addition to a contribution from the starred carbon atoms present 

in the two -C*H2C(O)NH- groups. There are three additional peaks all composed entirely 

of more complex carbon combinations. Peak 2, at 286.6 eV, can be associated with the 
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starred carbons of the -C*H2OC*H22- (expected at 286.3 eV), -C(O)NHC*H2 - (expected at 
286.0 eV), -CH2C*N- (expected at 286.5 eV) arrangements, contributing a total of 8 

carbons to this peak. Peak 3, at 288.3 eV can be associated with two carbons from the 
CH2C*(O)NH arrangement, where the expected binding energy of the starred carbon is 
288.0 eV. Finally, peak 4 is associated with the single carbon of the -NHC(O)NH- group 
in the molecule. Consequently, the expected ratio of Cla (1) : (2) : (3) : (4) is 100: 44.4 : 
11.1 : 5.5. The measured ratio of these peaks is 100: 55 : 15 : 6, which is in broad 

agreement. Similarly, the oxygen spectrum is comprised of two peaks at 531.8 eV (1) and 
533.3 eV (2). From the five oxygen atoms present in the biotinylated thiol, 3 oxygens in 

the NHC(O)NH and CH2C(O)NH arrangements are expected to have binding energies of 
531.8 eV. The other 2 oxygens in the CH2OCH2 groups are expected to have binding 

energies of 533.5 eV. The peak area ratio for Ols (1) / Ols (2) determined from figure 

14c is 1.2. The nitrogen is spectrum can be fit with a single peak at 400.4 eV. The 

sulphur 2p spectra is fit with two doublet pairs, The binding energy for the S2p (1) peak 
is 161.8 eV, for the S2p3 contribution, and 163.6 eV for peak 2. The surface concentration 

of the bound thiol, S2p (1), is 4.2 % of the total gold measured, consistent with a well 
formed alkanethiol monolayer. The 1.8 eV shift between S2p (1) and S2p (2) is too great 
for peak 2 to be attributed to an unbound SH thiol. The position of peak 2 is consistent 

with the sulphur in a CSC group, as found in the biotin region of the molecule. The ratio 

of S2p (1) / S2p (2) is 1, entirely consistent with expectations. However, attenuation 

effects should reduce this, particularly considering that the sulphurs occupy sites at 

opposite ends of the molecule. It is suggested that a small quantity of unbound 

biotinylated thiol is present on the surface of the monolayer, and the position of the 

unbound thiol SH peak cause it to be incorporated predominantly into the S2p (2) 

doublet. When compared to the S2p (1) peak, other elements have a lower than expected 

surface concentration. The total nitrogen observed is 2.3 times greater than the sulphur, 

the predicted value is 4, whereas for Ols (1+2) it is 3.7, compared to a predicted value of 

5. 

Surfaces functionalised with a SAM containing biotin terminated molecules with a 100 % 

concentration have been shown to not bind streptavidin effectively. 20''' The low binding 

of the protein is thought to be a result of the close packing of biotin groups that hinder 

molecular recognition with the biotin. 2' A mixed monolayer containing the biotinylated 

molecules and shorter alkanethiols has been shown to reduce steric hindrance to protein 

binding. 20 Consequently, where biotin-streptavidin attachment is required, the 
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biotinylated thiol has been used in combination with mercapto-l-undecanol as a mixed 
monolayer. Typically, the concentration of each species in a mixed monolauer can be 

controlled with the solution concentration, although their ratios are not equivalent. Long 

chain molecules are preferentially absorbed onto the surface over shorter chains, even 

where there are no specific interactions between the adsorbates and solvent . 
'`2°'' However, 

this is often driven by stabilisation afforded by intramonolayer hydrogen bonds between 

the hydroxyl tail groups of alkanethiols. 23 

To reduce steric hindrance, biotin functionalised surfaces were formed by immersion in a 

mixed solution of 80 % [OH] 20 % biotin in methanol, with a total concentration of 10-4 

M. On removal from solution, SAMs were rinsed with methanol, then milliQ water and 
dried in a stream of N2. This procedure has been previously determined to generate 

surfaces with optimal ability to bind streptavidin, using ethanol solutions. 14 These mixed 

monolayers on gold have also been characterised with XPS, Figure 3.37. 
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Figure 3.37. XPS spectra for a mixed monolayer of [OH] and biotin on gold 

including high resolution scans of the a) carbon is, b) oxygen Is, c) nitrogen is and 

d) sulphur 2p regions 

The XPS spectra are dominated by the presence of the [OH]. The similarity of the spectra 

associated with the [OH] and biotin SAMs makes it difficult to differentiate the two. The 

carbon Is spectrum consists of three peaks, where peak 3, at 288.3 eV is consistent with 
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peak 3 in figure 3.36b. Determining the surface concentration of biotinylated thiol from 
CIs (3) is problematic since its area is strongly dependent on the background fit. The 

oxygen spectrum can be fit with a single peak at 532.7 eV, and the three components due 

to the COH terminal group of the mercapto-1-undecanol and the two oxygen groups of 
the Biotin cannot be accurately resolved. The sulphur 2p spectrum shows two doublets 

separated by 1.2 eV. The CSC species present in the biotinylated thiol cannot be resolved 
from the spectra. The best determination of biotinylated thiol concentration can be made 
from the nitrogen 1s spectrum, where the N1s peak is solely derived from the biotinylated 

component. The surface concentration of the S2p (1) peak is 3.7 % of the total gold 

measured. The ratio of S2p (1) / S2p (2) is 1.6, suggesting that unbound thiol remains on 

the surface. Comparison between the Nis peak and the total sulphur content is deemed 

the best way to determine the surface concentration of biotinylated thiol. The area ratio of 

Nis to S2p (1+2) peaks is 0.29. When this is compared to the 100 % biotin surface, where 

the same ratio was 2.3, it can be calculated that the surface concentration of biotinylated 

thiol is - 12.5 %. This value is broad agreement if the calculation is based upon the Nls 

to Au4f ratio, which returns a surface concentration of 15 % for the biotinylated 

component. 

The XPS spectra observed for nanowires functionalised with the mixed biotin / [OH] thiol 

are shown in figure 3.38. 



113 

a) 

Au 4n--. 

Au 4f5- 

100 95 

C) 

b) 

CIs (1)-- 

N 

Ci 

C1s(2)-j 

- 
C1ýý 

90 85 80 
Binding Energy (eV) 

ols--_ 

C a) 
C 

d) 

U) 
c 
U) 
C 

295 290 285 280 
Binding Energy (eV) 

S2p U -- 

ý1 S2P (o)dde S (2)-7^` 

540 535 530 525 180 170 160 
Binding Energy (eV) Binding Energy (eV) 

e) 

410 400 390 
Binding Energy (eV) 

Figure 3.38. XPS spectra for [COOH] functionalised nanowires on silicon, including 

high resolution scans of the a) gold 4f, b) carbon Is, c) oxygen Is, d) sulphur 2p, and 

nitrogen is regions 

The observed spectra for gold, carbon, oxygen and nitrogen are analogous to those 

measured for a planar SAM, figure 3.37. The only significant difference is the surface 

concentration of bound and unbound thiol. The measured concentration of bound thiol, 

S2p (1), to gold is -10 %, consistent with measurements of other functionalised 

nanowires. 

3.3.4 Hydrophobic Nanowires 

Due to the hydrophobic nature of nanowires after functionalising with either the [CF3] or 

[CH3] hydrophobic surfactants it has not been possible to obtain XPS spectra of these 

samples. Whilst handling hydrophobic functionalised nanowires in aqueous solutions 

aggregation lead to a loss of nanowires, reducing the density of nanowires in solution 
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below that required for XPS characterisation. Consequently, it was necessary to cut short 

the cleaning stages with these nanowires. It is expected that excess unbound thiol remains 
in solution above the concentrations shown for the functionalised nanowires above. 
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Chapter 4: Characterisation of Surfactant Mediated 
Nanowire Assembly. 

This chapter explores the potential of surfactant based interactions to direct the assembly 

of nanowires. The surface properties of nanowires and / or substrates have been modified 

with a variety of SAMs. The driving force for assembly arises from competition between 

nanowire-nanowire, nanowire-surface, nanowire-fluid and fluid-surface interactions. This 

chapter presents specific examples of assembly, and supporting results, for the following 

cases: 

1) Nanowire aggregation stimulated by hydrophobic interactions between 

functionalised nanowires. 
2) Nanowire assembly from solution onto patterned hydrophilic / hydrophobic 

surfaces. 

3) The attachment of carboxylic acid functionalised nanowires to patterned 

surfaces by hydrogen bonding. 

4) The attachment of carboxylic acid functionalised nanowires to patterned 

surfaces via carboxylate salt formation. 

5) The attachment of biotin functionalised nanowires to streptavidin activated 

regions of patterned surfaces. 

6) Aggregation of biotin functionalised nanowires in solution after the 

introduction of a streptavidin. 

7) Nanowire assembly, via electrostatic interactions, onto patterned charged 

surfaces. Both nanowires and surfaces were functionalised with acid and / or 

amine surfactants that become charged at specific solvent conditions. 

8) Aggregation of nanowires functionalised with acid and / or amine terminated 

surfactants in solution, via electrostatic interactions. 

4.1: Nanowire Aggregation due to Hydrophobic Interactions 

Hydrophobic interactions in aqueous media and polar solvents cause strong adhesive 

forces, which have long range interactions (-10-100 nm) and are pH insensitive. 1' 1,2 This 

interaction has been discussed previously in chapter 2. 

Here, nanowires have been coated with a hydrophobic surfactant in an attempt to cause 

their aggregation. Nanowires were fabricated in laboratory grown porous aluminium 

oxide membranes, which had undergone both the 2-step growth procedure and voltage 
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reduction technique. Gold was electrodeposited into the template from the sulphuric 

electrolyte (section 2.2.2.1) with an 8.5 VP, (50 Hz) applied field. The aluminium 

substrate was removed from the filled porous template using the selective cupric chloride 
/ hydrochloric acid etch procedure. Nanowires were functionalised with dodecanethiol 

[CH3] as follows: After initially etching the membrane in 1M NaOH for 5 seconds, the 

sample was washed with millipore 18.2 MQcm' water, then methanol, before immersion 

into a solution of 1 mM [CH3] in methanol overnight. After removal from the thiol 

solution, the template was once again cleaned with methanol, then millipore water, before 

exposing again to 1M NaOH for 5 seconds. This cycle was repeated until the template 

started to degrade, and a final etch in 1M NaOH was used to completely dissolve the 

membrane. By this procedure, nanowires were progressively exposed and functionalised. 

Excess thiol was more efficiently removed by washing the entire membrane containing 

captive nanowires. Nanowires were cleaned from the sodium hydroxide solution by the 

usual procedure. For comparative purposes, SAMs of [CH3] were formed on planar gold 

substrates from identical methanol based solutions, figure 4.1. 
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Figure 4.1. XPS spectra for a [CH3] SAM on gold including a) survey spectra, and 

high resolution scans of the b) gold 4f, c) carbon is, d) oxygen is and e) sulphur is 

regions 

The XPS spectra for [CH3) (CH3(CHZ)�SH) is comparable with previously reported 

results. 3 A small oxygen peak at 531.3 eV is observed. Only a single peak is required to 

fit the carbon Is spectrum, associated with the saturated hydrocarbon and positioned at 

285.0 eV. The sulphur 2p spectra is fit with a single doublet pair, S2p, and S2p3. The 

surface concentration of the bound thiolate is 4.5 % of the total gold measured, in line 

with expectations for a well formed monolayer. 4 To ensure this surface was not degraded 

by sodium hydroxide, XPS characterisation was repeated after 5 hours exposure to 1M 
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NaOH. These results showed that the thiol remains bound to the surface, and the structure 
of the monolayer is not altered. Contact angle measurements of water droplets on these 
SAMs show advancing and receding contact angles of 110° and 101° respectively, in 

good agreement with previously reported values for these SAMs formed in ethanol. 5 The 
dodecanethiol surfactant causes the nanowires to become hydrophobic, and nanowire- 

nanowire adhesive interactions should result in aggregation. Nanowire solutions usually 

appear disperse, with a faint brown colouration. However, after functionalising with 
[CH3] small aggregates are seen in solution and the remaining solvent is colourless. 
Nanowires were dropcast from these solutions onto clean silicon substrates, and after 
drying under nitrogen, were imaged with atomic force microscopy, Figure 4.2. 

Figure 4.2. AFM images of hydrophobic nanowire aggregation showing a) 

macroscopic `fern-like' structures, and b) high resolution image of component 

nanowires in one of the `fronds' 

Nanowire aggregation causes `fern-like' assemblies of nanowires on these surfaces. 

Component nanowires are typically oriented parallel to the direction of the `frond', 

similar to nematic liquid crystal arrangements. In previous work, both semetic and 

nematic arrangements of nanowires have been observed. 6-8 This aggregation is attributed 

to two associated factors; capillary forces between nanowires upon solvent evaporation, 

and hydrophobic surfactant interactions in solution. This type of organized aggregation 

was only observed when nanowires were functionalised with a hydrophobic monolayer. 
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4.2: Nanowire Assembly onto Surfaces with Patterned 

Wettability 

The interaction of water with surfaces has been previously discussed in chapter 1. 

Surfaces with patterned wettability were used to manipulate the behaviour of solvent 

containing nanowires. The flow of solvent across these surfaces has been investigated as 

a route to assemble nanowires onto surfaces. Gold substrates were patterned with stripes 

of contrasting hydrophobicity / hydrophilicity by microcontact printing. Two 

hydrophobic surfactants have been used, [CH3] and [CF3], in conjunction with [OH] for 

the hydrophilic regions. For comparison purposes, SAMs of these surfactants have been 

produced on planar gold substrates. The [OH] thiol has already been characterised in the 

previous chapter, and results for [CH3] are shown in figure 4.1. XPS characterisation of 

the [CF3] thiol is shown in figure 4.3. 
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Figure 4.3. XPS spectra for a SAM of the flourinated [CF3] thiol on gold including 

a) survey spectra, and high resolution scans of the c) carbon is, c) oxygen Is, d) 

flourine is and e) sulphur 2p regions. 

The XPS spectra reveal all the expected constituents of a [CF3] (CF3(CF2)9(CH2)6SH) 

monolayer. A small oxygen peak at 532.2 eV is also observed. The carbon is spectra can 

be fit with 4 peaks representing the different carbon moieties within the monolayer. The 

saturated hydrocarbon peak is observed as expected at 285.0 eV, peak 1. A shoulder, fit 

by peak 2 centred at 286.0 eV, is associated with hydrocarbons in close proximity to the 

fluorinated regions, i. e. CH2CF2. Peak 3 has a binding energy of 291.7 eV and peak 4 is 

positioned at 294.0eV, these are associated with the CF2 and CF3 fluorinated carbon 
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species respectively. The expected area ratio for peak 3/ peak 4 is 9. Although a lower 

value of 6.6 was measured, attenuation effects are expected to reduce the signal of the 
CF2 species, which would be buried deeper within an ordered monolayer. Two fluorine 

peaks are expected, associated with CF2 at 689.7 eV and CF3 at 688.2 eV. The fluorine 

spectrum can be fitted adequately with a single peak centred at 689.2 eV. The relative 
concentration of the CF2 and CF3 species means that the CF3 species cannot be resolved, 

and its contribution will be included within the single fitted peak. The sulphur 2p spectra 
is fit with two doublet pairs. The larger of the two doublets, S2p (1), has a position of 
162.3 eV for the S2p3 peak, as expected for a gold-thiolate bond. The surface 

concentration of the bound thiolate, S2p (1), is 2.9 % of the total gold measured. This is 

lower than expected for a complete well-formed monolayer and suggests an incomplete 

structure4. The 1.3eV shift between sulphur doublets (1) and (2) is characteristic of 

unbound thiol, SH. The relative size of S2p (2) to S2p (1) is 2.22, suggesting that there is 

an approximately 30 % contribution of unbound thiol to the spectra present in Figure 4.3. 

Unbound thiol is commonly associated with the use of a non-ideal solvent, or inadequate 

rinsing. It may be positioned on top of the monolayer, or partially embedded into the 

structure. The ratios of other species to the total sulphur content show good agreement 

with the expected values. The terminal group, fit with Cis (4), has a surface concentration 

of 1.1 times the S2p (1+2) peak. 

The wettability of each of these SAMs were measured with contact angle goniometry. 

The [CF3] SAMs show advancing and receding angles of 118° and 102°. These values 

are slightly smaller, and have a greater hystersis than similar surfaces measured 

previously3, where values of 119° and 106° have been reported for HS(CH2)11(CF2)5CF3. 

The larger hysteresis is commonly due to a more disordered surface, this and the 

generally lower measurements are probably due to the presence of unbound thiol. Contact 

angle measurements of the [CH3] surfaces have been reported in section 4.1. The [OH] 

surfaces show advancing and receding contact angles of 40° and 20°. This is considerably 

higher than previously report values, where advancing and receding contact angles below 

30° and 15° respectively have been reported. 5,9 However, these high energy surfaces are 

renown for their propensity to be contaminated and to undergo reorganisation. Excess 

thiol on the monolayer surface will also increase the surface hydrophobicity. 

Patterned hydrophilic / hydrophobic striped surfaces were fabricated in a variety of 

scales, with 1,2,5 and 10 µm wide stripes. Textured PDMS stamps, approximately 10 
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mm square, were used to print hydrophobic stripes onto the centre region of the gold 
substrate. Subsequent immersion of the substrate into methanol containing 3 mM [OH] 
functionalised the unexposed regions with the hydrophilic surfactant. The behaviour of a 

water droplet receding across a 10 tm striped surface of [OH] and [CF3] illustrates the 

effect of patterned wettability, Figure 4.4. 
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Figure 4.4. Optical images of a water droplet receding across a surface patterned 

with alternating 10 gm wide stripes of [OH] and the [CF3] 

As the water recedes, fingers of the main droplet remain on hydrophilic stripes of the 

surface, whilst hydrophobic regions preferentially de-wet. After the main droplet has 

withdrawn, micro-droplets of water remain on the hydrophilic regions before evaporating. 

A range of assembly experiments have been conducted to assess the relative importance 

of solvent de-wetting and hydrophobic interactions. Hydropillic [OH] functionalised gold 

nanowires in methanol were placed upon striped [OH] / [CF3] surfaces. Similarly, 

hydrophobic [CF3] functionalised gold nanowires in methanol were interacted with 

striped [OH] / [CH3] surfaces. Nanowires used for this work, and all further results 

presented in this chapter were formed in the Anodisc membranes. Electrodeposition was 

performed at an applied potential of 1 Vpp (15 Hz) for 30 minutes, from the hydrochloric 

electrolyte. 

Droplets of functionalised nanowires in methanol were placed on to these patterned 

surfaces, and the solvent was allowed to evaporate. As the volume of solvent decreases, 

the droplet was observed to retreat from the patterned hydrophobic region, onto the 

surrounding planar hydrophilic area. 
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The nanowires functionalised with [OH] assembled selectively onto the hydrophilic 
regions of 1 µm striped [OH] / [CF3] surfaces, aligned with the striped pattern. Figure 
4.5. 

; 'l 

,.. 

p 

15 Jim 

i 
'z 

Figure 4.5. SEM images showing [OH] functionalized nanowires assembled onto 1 

µm wide [OH] regions of a [OH] (light) / [CF3] (dark) patterned surface. 

1 

The different species of thiol in the patterned SAM could be differentiated by contrast in 

the scanning electron microscope. They were identified at the edge of the stamped region, 
the darker stripes are the [CF3] regions, and the lighter regions are [OH]. The assembly of 

nanowires onto striped hydrophilic / hydrophobic surfaces is driven by the surface-fluid 
interaction. The nanowire coverage on the patterned region of the surfaces is of lower 

density than those on the [OH] region surrounding the patterned region. The droplet 

containing the nanowires flowed from the more hydrophobic patterned region onto the 

surrounding hydrophilic [OH] regions. Nanowires suspended in the solution are thus 

drawn from the stamped region and precipitate in higher concentration at its edge as the 

solvent dries. Those nanowires already precipitated onto the surface are believed to be 

drawn onto the hydrophilic stripes, by the flow of solvent across the patterned region. 

The assembly of nanowires onto 5 µm striped [CF3] / [OH] surfaces shows similar 

behaviour, Figure 4.6. 
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Figure 4.6. SEM images showing [OH] functionalized nanowires assembled onto 5 

gm wide [OH] regions of a [OH] (light) / [CF3] (dark) patterned surface. 

Nanowires predominantly align on a single stripe of the 1 µm patterned surfaces, 

although those wires that are not aligned are positioned such that each end lies upon a 

hydrophilic region, figure 4.5b. Nanowires assembled onto 5 µm striped surfaces, figure 

4.6, are positioned onto a single hydrophilic stripe, although the larger stripes allow a 

greater range of orientations. The forces orienting the wire are believed to be associated 

with the scale and geometry of the droplet at the point of assembly. This would explain 

the greater angular distribution observed for nanowires assembled onto 5 µm striped 

surface. 

The surface-fluid interaction, believed to be primarily determined by the wettability of the 

patterned surface, drives the assembly of hydrophilic nanowires onto hydrophilic surface 

regions. The contribution of the fluid-nanowire interaction, and its effect, is explored in 

the next experiment presented: Hydrophobic nanowires, functionalized with [CF3], were 

assembled onto [CH3] / [OH] patterned surfaces, Figure 4.7. 
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Figure 4.7. SEM images showing [CF3] functionalized nanowires assembled onto 1 

gm wide [OH] terminated regions of a [OH] (light) / [CH3] (dark) patterned surface. 

Nanowires functionalised with [CF3] were observed to assemble onto the lighter [OH] 

regions of the mercaptoundecanol / dodecanethiol patterned surface. Whereas previously 

the driving force for assembly was solely due to the surface wettability, assembly in 

figure 4.7 is complicated by the hydrophobic nanowires. Nanowires functionalised with 

the [CF3] moiety introduce hydrophobic interactions between the surface and the 

nanowire. 10-13 These additional interactions might be expected to assemble nanowires 

onto the hydrophobic regions, in the same way that nanowire aggregation is observed in 

the previous section. The interaction between nanowire and fluid is also changed, and the 

hydrophobic nature of the nanowires may be expected to favour placement of nanowires 

at the edge of the fluid regions. Despite these new factors, assembly forces drive these 

nanowires onto the hydrophilic regions of the surface. Consequently, surface wettability 

is believed to dominate the assembly process for these examples. 

4.3: Nanowire Attachment by Hydrogen Bonding 

Hydrogen bonding has been investigated as a binding mechanism to attach [COOH] 

functionalised nanowires to similarly functionalised regions of patterned surfaces. 

[COOH] functionalised nanowires have already been characterised in chapter 3. [COOHI 

/ [OH] patterned surfaces with 10 µm wide stripes were fabricated by microcontact 

printing. [OH] was chosen for the background surfactant, due to its similar wettability, 

and because it should undergo less specific binding interactions with acid functionalised 

nanowires. 
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For comparison, SAMs of [COON] and [OH] have been formed on planar gold 
substrates. The XPS spectra for both of these SAMs have already been analysed in 

chapter 3. Contact angle measurements of these planar SAMs are broadly similar. The 
[OH] surfaces are reported in the previous section to have advancing and receding contact 
angles of 40° and 20° respectively. This is in comparison to the [COOH] SAMs, that 

show advancing and receding contact angles of 24° and 16°, larger than similar 
previously reported measurements of 15° and 8° 5°14 To determine the concentration of 
the constituent thiols in [OH] / [COOH] patterned SAMs these surfaces were also 

characterized by XPS, Figure 4.8. 
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Figure 4.8. XPS spectra for a [COON] / [OH] patterned SAM with 10 µm wide 

stripes on gold including high resolution scans of the a) gold 4f, b) carbon Is, c) 

oxygen is and d) sulphur 2p regions 

The XPS spectra show peaks which can be attributed to both of the constituent molecules, 

previously detected by the characterisation of planar SAMs. The only significant 

difference between those SAMs formed in solution, and this patterned SAM fabricated by 

microcontact printing, is the sulphur S2p (1) to gold ratio. The surface concentration of 

the bound thiolate, S2p (1), is 4.4 % of the total gold measured, equivalent to the value 

expected for a complete well-formed monolayer. In addition, the surface concentration of 

unbound thiol, S2p (2), is lower, and accounts for only 20 % of the total sulphur 

observed. The relative size of the peaks C1s (2) and C1s (3), associated with the C OH of 
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mercapto-1-undecanol, and the [COOH] of mercaptoundecanoic acid respectively, yields 
the ratio of these two species comprising the patterned SAM. Following this 
methodology, the patterned SAM can be determined to be 70 % in [OH] and 30 % in 

[cooH]. 

Mercaptoundecanoic acid functionalised nanowires were allowed to precipitate, from 

methanol, onto these surfaces which were then washed with methanol, dried under 
nitrogen and imaged with scanning electron microscopy. Assembly due to hydrogen 
bonding between carboxylic acid terminated nanowires and surfaces causes selective 
placement, Figure 4.9. 
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Figure 4.9. SEM image showing [COOH] functionalized nanowires assembled onto 

10 pm wide [COOH] terminated regions of a [COOH] (dark) / [OH] (light) 

patterned surface attached by hydrogen bonding 

Darker stripes are the [COOH] regions whilst lighter areas are [OH]. As can be seen, the 

width of the [COOH] and [OH] stripes on the surface are approximately equal. However, 

XPS has revealed that the chemical composition of these surfaces is typically 30 % 

[COOH] and 70 % [OH]. These surfaces were patterned by printing the [COON] stripes, 

and backfilling with [OH], to reduce the incorporation of [COOH] in the [OH] regions. It 

is believed that [COOH] was printed at a relatively low density, and [OH] may have been 

incorporated into these regions during immersion in the second thiol solution. Whereas 

the contamination of [OH] in [COOH] regions is expected to be high, the incorporation of 

[COON] in [OH] stripes is believed to be low and should not significantly increase 

binding interactions in these areas. The wires assembled by hydrogen bonding onto the 

[COON] regions in Figure 4.9 are circled, whilst those on the [OH] regions are 



130 

highlighted with a triangle. Nanowires assembled by hydrogen bonding constitute 77 % 
of those sampled. 

4.4: Nanowire Attachment by Carboxylate Salt Formation 
The formation of a carboxylate salt between carboxylic acid terminal groups has also 
been investigated as a mechanism to bind mercaptoundecanoic acid nanowires and 
surfaces. [COOH] / [OH] patterned surfaces with 10 µm wide stripes were fabricated by 

microcontact printing, identical to surfaces used in the previous section. The [COON] 

regions of the patterned surface were functionalised with cadmium by immersion into a1 
mM aqueous solution of CdCl2. The salt formation was observed by X-ray photoelectron 

spectroscopy, Figure 4.10. 
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Figure 4.10. XPS characterisation of a [COOH] SAM after exposure to Cd2+ ions in 

aqueous solution, showing high resolution a) carbon Is, b) cadmium 3d, c) sulphur 

2p, and d) oxygen is spectra 

The carboxylic acid converts from [COON] to COO" upon salt formation15, evident in the 

C1s spectra. Peak 3 of the carbon spectrum is now observed to be positioned at 288.4eV, 

shifted 0.9 eV lower than for the acid, and is now associated with the carboxalate. 16 No 

remaining intensity can be seen at higher binding energies, indicating that all the free 

acids have been converted. However, the presence of peak 2 at 286.4eV, commonly 

associated with a COH moiety, is not understood. The 0 Is spectrum characteristic of 
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carboxylic acid has a doublet with peaks at 532.6 and 533.8, figure 3.32d. After exposure 
to cadmium in solution the oxygen peak still requires a doublet to be fit adequately. with 
peaks at 532.4 eV and 533.8 eV. The ratio of these two peaks changes from 01 s (1) / (2) 
from 1.4 for the acid to 2.9 after exposure to Cadmium. Compared to figure 3.33e the 
sulphur spectrum has a similar structure and the gold / sulphur ratio is maintained. This 

suggests exposure to the cadmium salt solution does not degrade the monolayer. The 

presence of cadmium in the results, figure 4.10b, is thought to be bound to as a metal- 
carboxylate salt at the terminal group, as has been previously demonstrated. " This is 

supported by the ratio of total sulphur S2p (1+2) to cadmium present on the surface equal 
to 1.2. Previous studies of the attachment of copper ions to carboxylic acid terminated 

monolayers have shown a Cu : S2p a ratio of - 2.5.14°'s These studies concluded that the 

copper metal ions may be bound to neighbouring carboxylate pairs at the monolayer 

surface. Here, it is suggested that cadmium ions are bound to single carboxylates. The 

cadmium 3d5 peak is observed at 405.9eV, although it was expected at 405.1eV. The 

higher binding energies may be associated with the ionisation state of the cadmium ions. 

Photoelectrons generated during the measurement will change the ionisation state of 

cadmium, 14 and although no doublet is observed, this may explain the shift from expected 

values. 

Nanowires functionalised with [COOH] were allowed to precipitate, from methanol, onto 

these surfaces which were then washed with methanol, dried under nitrogen and imaged 

with scanning electron microscopy. The formation of a carboxylate salt bridge between 

the carboxylic acid terminated nanowires and surfaces caused selective nanowire 

attachment, Figure 4.11. 
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Figure 4.11. SEM image showing [COOH] functionalized nanowires assembled onto 
10 µm wide [COON] terminated regions of a [COOH] (dark) / [OH] (light) 

patterned surface attached by a cadmium ion linker. 

Darker stripes are [COON] regions whilst lighter areas are [OH]. Nanowires positioned 

on the [COON] regions in figure 4.11 are circled, whilst those on the [OH] regions are 
highlighted with a triangle. Nanowires assembled onto the [COOH] regions constitute 71 

% of those sampled. 

The chemical attachment of nanowires to reactive surfaces is a simple surface-nanowire 
binding process, without any long-range assembly forces. Nanowires precipitate at 

random onto the patterned surface and unbound or weakly bound wires are removed 
during the washing process. Those wires that remain attached to the reactive regions are 

said to be assembled. A stronger binding process would be expected to improve the ratio 

of assembled nanowires. The results presented in figures 4.11 and 4.9 show a broadly 

similar percentage of assembled nanowires, and the number of sampled nanowires is not 

great enough determine a statistically meaningful determination of the relative interaction 

strength. 

Nanowires appear aligned parallel to the pattern direction for the carboxylic salt binding 

experiment, Figure 4.11, whereas those observed on Figure 4.9Figure 4.10 show no 

preferential orientation. Alignment may arise after adsorption, for example during the 

washing or drying procedures, where the behaviour of the clean solvent on the surface 

may introduce order to precipitated nanowires. From the results presented in section 4.2 it 

is speculated that nanowires are oriented perpendicular to the edge of a receding droplet. 



133 

After formation of the cadmium carboxylate salt the wettability of the surface may be 

expected to change, although this has not been measured. If patterned wettability is 

introduced this could cause a similar de-wetting behaviour to the hydrophilic / 

hydrophobic patterned surface shown in Figure 4.4. This would act to align nanowires 

parallel with the orientation of the striped patterned surface. 

4.5: Nanowire Assembly with a Streptavidin / Biotin Linker 

Stronger binding interactions between nanowires and surfaces are expected to improve 

nanowire assembly. Consequentially, the strongest non-covalent binding mechanism, that 

of the biotin-streptavidin bond, has been investigated as a method to attach bintinylated 

nanowires to complementary regions of patterned surfaces. These interactions have a free 

energy of binding which is comparable to that of a covalent bond9, see chapter 2. SAMS 

of biotin and the mixed biotin / [OH] thiol on planar gold substrates have already been 

characterised in chapter 3. The binding of the protein streptavidin to the surface of these 

mixed monolayers was undertaken in a phosphate buffer, pH 7.4, with a streptavidin 

concentration of 30 mg ml-'. One hour was allowed for binding to complete. The 

substances were then removed, washed with milli-Q water and dried in a stream of N,. 

Previous studies have observed streptavidin attachment by an increase in surface 

roughness measured with an AFM. 9 Here the attachment of streptavidin is observed by 

XPS characterisation, figure 4.12. 
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Figure 4.12. XPS spectra for a mixed monolayer of [OH] and biotin on gold 

activated with streptavidin, including high resolution scans of the a) carbon Is, b) 

oxygen Is, c) nitrogen is and d) sulphur 2p regions. 

Due to the complexity of the protein, the XPS data for streptavidin has not been modelled 

with specific moieties in mind. Simply, the presence of streptavidin is noted by the 

increase of certain molecular combinations in the XPS spectra. The gold / sulphur ratio 

was consistent with the mixed SAM before exposure to streptavidin, and the total sulphur 

S2p (1+2) is used as a benchmark against which other species can be compared. The 

carbon 1s spectrum was fitted with three peaks, their positions show good agreement with 

figure 3.36a, but the total carbon component C1s (1+2+3) / S2p (1+2) increased from 0.7 

to 1. The greater carbon signal was predominantly due to the increase in peaks 2 and 3. 

The total oxygen 01 s (1+2) / S2p (1+2) increased from 0.1 to 0.2, and contains has a 

shoulder fitted with a new peak at 533.5 eV. The most dramatic change was observed in 

the nitrogen 1s peak, where the total area ratio for N1s/ S2p (1+2) increased from 0.3 to 

2.3. 

4.5.1 Nanowire attachment to surfaces with a streptavidin linker 

Biotin functionalised nanowires were allowed to interact with streptavidin functionalised 

surfaces. Patterned biotin surfaces were generated by microcontact printing on gold 

substrates. The mixed biotin / [OH] thiol was stamped first, with a PDMS chequerboard 

410 400 390 
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stamp. The unexposed regions were backfilled with a 100 % [OH] SAM. By patterning 
the surface in this order contamination of biotin in 100 % [OH] regions was minimised. 
The surface was patterned with 30 micron squares of the mixed biotin / [OH], with a 
darker colouration, and lighter squares of 100 % [OH]. After exposure to the streptavidin 

solution, by the procedure outlined above, the contrast difference between the two surface 

components was increased. These patterned surfaces were transferred to a phosphate 
buffer solution containing nanowires functionalised with the mixed biotin / [OH] 

surfactant. After allowing the nanowires to precipitate from solution, and interact with 

the surface, the samples were cleaned and imaged with the low-resolution SEM. Figure 

4.13. 
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Figure 4.13. SEM of a biotin-streptavidin / [OH] patterned surface after assembly of 

biotin functionalised nanowires. 

The density of nanowires observed across the surface was very low, and nanowires were 

not necessarily positioned on the darker biotin binding regions. Figure 4.13 shows an 

image of a single nanowire, positioned on one of the biotin-streptavidin regions of the 

surface. The streptavidin-biotin binding process was expected to bind biotinylated 

nanowires to streptavidin functionalised surface regions. The washing process was 

intended to remove unbound nanowires on the 100 % [OH] regions. A variety of cleaning 

procedures were used in an attempt to observe nanowire assembly, but nanowire density 

remained low and conclusive evidence for biotin-streptavidin binding was not observed. 

The explanation for the lack of bound nanowires is not fully understood. However, a 

possible flaw of the procedure outline above is discussed at the end of the following 

section, for reasons that will become apparent. 
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4.5.2 Nanowire aggregation in solution caused by biotin-streptavidin 
bonds 

Nanowires were functionalised with the mixed biotin / [OH] surfactant in a variety of 
ways. In addition to the complete coverage produced by the exposure of nano'. ires to the 
biotin / [OH] solution, chapter 3, nanowires have also been exposed to the mixed 
surfactant whilst embedded in the template host. This has allowed the biotin functionality 
to be added to one or both ends of the nanowire, by the exposure of one or both sides of 
filled templates. The sides of the nanowire were believed to be protected by the template 
host. Pilot experiments using XPS characterisation of SAMs on planar gold substrates 
have shown that the mixed biotin / [OH] surfaces are stable during the sodium hydroxide 

etch procedure, although any streptavidin is removed. However, these SAMs were 
considerably degraded by exposure to 70 wt % nitric acid, used to remove the silver 

electrode. Consequently, the silver electrode was removed from filled templates prior to 

exposure of the nanowires within. The electrochemical cell, figure 2.8, allowed exposure 

of only one side of the template (one end of the nanowires) to the surfactant solution. The 

membranes were etched in 1M NaOH to release the nanowires, and they were transferred 

to milli-Q water by the centrifuge procedure. After cleaning, nanowires were transferred 

to the phosphate buffer solution, and then exposed to streptavidin. Streptavidin was added 

at 30 mg ml-' concentrations, and solution was left overnight. Nanowires were again 

transferred back to clean phosphate buffer solution by the centrifuging procedure. 

Aggregation of nanowires in solution was not observed for either the nanowires with full 

surfactant coverage, or those with one or both ends coated with surfactant. Neither was 

any aggregation observed when these samples were dropcast onto silicon surfaces. 

Aggregation due to biotin-streptavidin binding interactions may not be expected, since all 

available biotin sites may already have bound streptavidin, blocking the binding process. 

To test these binding interactions, nanowire solutions functionalised with streptavidin 

were mixed with identical nanowires that had not been exposed to streptavidin. These 

nanowires were obtained by splitting the nanowire solutions prior to streptavidin 

exposure. After reintroduction, the concentration of nanowires with and without bound 

streptavidin should be approximately 1: 1. No aggregation in solution was observed, and 

similarly, no binding interactions were observed for these mixed nanowire solutions when 

dropcast on silicon surfaces. 

Despite the failure of experiments designed to bind nanowires to surfaces, discussed in 

section 4.5.1, nanowires with a full coverage of the mixed biotin surfactant were observed 
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to aggregate in solution after the patterned substrate was withdrawn. Nanowire solutions 
appeared dispersed immediately after removing the patterned substrate, but aggregation 
occurred when the sample was left undisturbed for several days. Such was the strength of 
the interaction that solution particulates aggregated into a single mass. To reproduce these 
results, nanowires with one end, both ends, and complete coverage of the mixed biotin 

surfactant, were exposed to streptavidin activated patterned biotin surfaces. After removal 
of the substrate, nanowires in each solution were observed to aggregate. These solutions 
were sonicated for 20 s each, to partially disperse the nanowires, and dropcast onto 
silicon substrates for observation with the low resolution SEM. The results for nanowires 

with a single end, both ends, and their complete surface exposed to the mixed biotin 

surfactant are present in figures 4.14,4.15 and 4.16 respectively. For comparison, 

nanowires dropcast from the mixed nanowire solutions are also shown in the same 
figures. 

Figure 4.14. Nanowires with biotin / [OH] thiol at a single end dropcast on silicon; a) 

after mixing streptavidin functionalised wires and bare biotin / [OH] wires in 

solution, b) after being exposed to a patterned biotin surface functionalised with 

streptavidin 
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Figure 4.15. Nanowires with biotin / [OH] thiol at both ends dropcast on silicon; a) 

after mixing streptavidin functionalised wires and bare biotin / [OH] wires in 

solution, b) after being exposed to a patterned biotin surface functionalised with 

streptavidin 

Figure 4.16. Nanowires with complete coverage of the mixed biotin / [OH] thiol; a) 

a) after mixing streptavidin functionalised wires and bare biotin / [OH] wires in 

solution, b) after being exposed to a patterned biotin surface functionalised with 

streptavidin 

As previously mentioned, none of the nanowire solutions created by mixing streptavidin 

activated nanowires with biotinylated nanowires without streptavidin, show any 

aggregation. In comparison, aggregation is observed for all the nanowires exposed to 

streptavidin activated surfaces. Furthermore, the size and density of these aggregates 

increase with increasing surfactant coverage, suggesting that the procedure for selectively 
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exposing different areas of the nanowires has been successful. Figures 4.14b and 4.15b 
demonstrate specific binding at the ends of nanowires, with either one or both ends of the 
nanowires connected in the corresponding samples, as would be expected. With further 

sonication, nanowire aggregates in solution continued to break down. Figure 4.17 shows 
the doubled-ended nanowire sample dropcast on silicon after sonication for 1 minute. 

Figure 4.17. Nanowires with both ends functionalised with the mixed biotin 

surfactant, and exposed to patterned streptavidin activated surfaces, after sonication 

for 1 minute. 

The large aggregations of figure 4.15b are no longer observed, instead, small collections 

of nanowires are seen, typically in chain-like formations, presumably due to the 

functionality at the ends of the nanowires. After leaving the nanowire solutions 

undisturbed for several days, the large-scale aggregations returned. 

These results suggest that nanowires exposed to streptavidin in solution are saturated with 

streptavidin, blocking binding interactions between wires. The attachment of free 

streptavidin to a biotin site is kinetically favourable to the binding of a two nanowires 

with a single streptavidin linker. Similarly, solutions of these nanowires mixed with 

active biotin nanowires do not demonstrate binding interactions, presumably due to 

excess streptavidin remaining in solution. However, after exposure of biotin nanowires to 

streptavidin activated surfaces, it appears as though a small quantity of streptavidin is 

leached from the surface and this causes aggregation of nanowires, after precipitation 

from solution. 
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The desorption of streptavidin from biotin-streptavidin surfaces has previously been 

reported in the presence of solutions containing free biotin. 18 For mixed biotin / 

alkanethiol SAMs complete desorption of streptavidin molecules was achieved, and faster 

desorption rates were observed for SAMs with lower surface concentration of biotin. '8 

Additionally, the attachment of streptavidin to biotin surfaces does not necessarily form a 

streptavidin monolayer. Streptavidin absorption is not uniform, and aggregates of 

streptavidin molecules have been observed on biotin surfaces that are between two and 

eight protein molecules thick. 19 Excess streptavidin on our patterned biotin surfaces, and 
leaching of bound streptavidin, provides a mechanism for the transferral of streptavidin 
from the patterned surfaces to nanowires in solution. 

Despite repeated attempts to clean nanowires exposed to streptavidin in solution (to 

remove excess streptavidin) no aggregation was observed when these were mixed with 

biotin functionalised nanowires. The leaching of streptavidin from surfaces is the only 

way that low concentrations of streptavidin in the nanowire solutions have been achieved. 

These low concentrations are required to prevent excess streptavidin blocking all active 

biotin sites, and breakdown of attachments between nanowires by desorpition of the 

biotin-streptavidin link with kinetically favourable streptavidin, or biotin, present in 

solution. These binding interactions could be broken by sonication of the nanowire 

solution, but reformed after nanowires had once again precipitated. 

4.6: Nanowire Assembly Directed by Electrostatic Surfactant 

Interactions 

Finally, the capability of electrostatic interactions between nanowires and surfaces to 

drive assembly has been investigated. Electrostatic forces are derived from the use of 

surfactants on both the nanowires and patterned surfaces that can be protonated or 

deprotonated by changing the pH of the solvent. The surfactants used were [COOH], 

aminothiophenol [ATP], and NH2(CH2)2(OCH2CH2)8NHC=OCH2CH2SH [NH2]. SAMs 

of these surfactants have been formed on planar gold substrates, and characterised with 

XPS. The results for mercaptoundecanoic acid have already been characterised in the 

previous chapter. The results for [ATP] and [NH2] are shown in figures 4.18 and 4.19, 

respectively. 
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Figure 4.18. XPS spectra for a SAM of [ATP] on gold including a) survey spectra, 

and high resolution scans of the b) carbon is, c) oxygen Is, d) nitrogen is and e) 

sulphur 2p regions 

The XPS spectra reveal all the expected constituents for a monolayer of [ATP] 

(NHZC6H4SH). The carbon Is spectrum shows 3 peaks, (1), (2) and (3), which have 

binding energies of 284.5 eV, 285.5 eV and 286.7 eV respectively. This spectrum is 

consistent with results presented by Lukkari20, who assigns peak 1 to the aromatic C-C 

and Carom S carbon species, peak 2 to Carom N, and Carom-S03. Previous studies of 

aminothiophenol monolayers have shown a considerable sulfonate species in the sulphur 

spectrum. 20,21 The sulphur spectrum shown here displays two doublets, where S2p (1) has 
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a position of 161.5 eV for the S2p3 peak, and S2p (2) has a binding energy raised by' 1.6 
eV from bound thiolate peak. The contribution of the S2p (2) doublet is only 20 % of the 
total sulphur observed. However, figure 4.18e does not display a sulfonate peak, and this 
brings into question their assignment of the C1s (2) peak with a Carom-S03 moiety". The 
location of the N Is peak, at 402 eV, suggests that the nitrogen terminal group of the 
monolayer is charged. A small oxygen peak, at 532.6 eV, is also observed. 
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Figure 4.19. XPS spectra for a SAM of [NH2) on gold including a) survey spectra, 

and high resolution scans of the b) carbon is, c) oxygen 1s, d) nitrogen is and e) 

sulphur 2p regions. 
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The XPS spectra reveal all the expected constituents of the [NH2] monolayer 
NH2(CH2)2(OCH7CH, )gNHC(O)CH2CH2SH. The structure of the thiol molecule is 
exposed by observation of the carbon Is, oxygen is and nitrogen is spectra. The familiar 
saturated hydrocarbon peak (1) at 284.7 eV, is associated with the two hydrocarbons at 
the thiolated end of the molecule. The proximity of the C(O) bond increases the binding 

energy of one of these hydrocarbons by -0.4 eV. There are two additional peaks 
composed entirely of more complex carbon combinations. Peak 2, at 286.7 eV, can be 

associated with the starred carbons of the -C*H2OC*H2- (expected at 286.3 eV), 

-C*H2NHCC(O)- (expected at 286.0 eV), and -NH2C*H2CH, - (expected at 285.9 eV), 
contributing a total of 18 carbons to this peak. Peak 3, at 288.7 eV can be associated with 
the single carbon with the double bond to oxygen, with an expected binding energy 288.0 

eV. Consequently, the expected ratio of CIa (1) : (2) : (3) is 11 : 100: 5.5. The measured 

ratio of these peaks is 15 : 100: 8, which is in broad agreement. Similarly, the oxygen 

spectrum is comprised of two peaks at 531.5 eV (1) and 533.4 eV (2). Peak 1 can be 

associated with the NHC(O)CH2 group, with an expected binding energy of 531.4 eV, 

whereas peak 2 can be associated with CH2OCH2, expected to have binding energies of 
533.5 eV. The peak area ratio for Ols (2) / Ols (1) determined from figure 4.19c is 5, 

compared with an expected value of 1. Similarly, the nitrogen is spectrum is split, with 

peaks at 398.3 eV (1) and 400.3 eV (2). The two nitrogen combinations in the molecule 

are expected to have binding energies of 399.8 eV for NH2 and 399.7 eV for NH, thus the 

position of peak 1 cannot be explained. The sulphur 2p spectrum is fit with two doublets. 

The peak position for the S2p3 peak of the S2p (1) doublet is 161.9 eV, and 165.7 eV for 

S2p (2) doublet. The surface concentration of the S2p (1) peak is 6% of the total gold 

measured. Peak 1 is positioned as expected for a gold thiolate bond, but the 3.8 eV 

separation between peak 1 and 2 is too great for peak 2 to be attributed to a unbound SH 

thiol. The position of peak 2 is consistent with an oxidised sulphur group present on the 

surface. The wettability of these surfaces was determined to be 46 and 21 degrees for the 

advancing and receding contact angles respectively. 

4.6.1 Assembly of Nanowires on Patterned Surfaces Using 

Electrostatic Interactions 

Patterned surfaces were incubated with nanowires where both the nanowires and surfaces 

contained charged regions, under specific solvent conditions. The nanowires were 

functionalised with [COON]. Two experiments have been performed; to assemble 

negatively charged nanowires onto neutral regions of patterned neutral / negatively 
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charged surfaces, and to assemble negatively charged nanowires onto positively charged 
regions of patterned positively / negatively charged surfaces. 

Patterned surfaces with stripes of [COOHI / [OH] were fabricated by microcontact 
printing on gold substrates. Nanowires were allowed to interact with such surfaces in pH 
controlled aqueous solutions. Nanowires precipitate from solution onto the patterned 
surface, which were then washed with milli-Q 18.2 MS2cm-' water and dried under 
nitrogen. 

Electrostatic assembly of nanowires onto mercaptoundecanol / mercaptoundecanoic acid 
surfaces is reliant on repulsive interaction between the COO- terminated regions of the 
surface and COO- terminated surface of the nanowires. To ensure sufficient deprotonation 

of the carboxylic acid terminal groups the nanowire solution was adjusted to pH 8 by the 

addition of NaOH (the pKa value of a mercaptoundecanoic SAMs is -5.5 ," 23 ). After 

r 

4, 

4. 

Figure 4.20. SEM images showing COO- functionalized nanowires assembled onto 

10 µm wide [OH] (light) stripes of a [OH] / COO- (dark) patterned surface from pH 

8 NaOH solution. 

Electrostatic repulsion causes the nanowires to assemble onto the mercapto-l-undecanol 

(lighter) regions of the surface, where approximately 85 % of the sampled nanowires 

were observed. Assembly in solutions with lower pH values was not successful. 

nanowire assembly, the surface was imaged by the SEM, Figure 4.20, which shows the 
[OH] regions lighter, and [COOH] regions darker. 



145 

The assembly of mercaptoundecanoic acid functionalised nanowires onto [COON] / 

[NH2] patterned surfaces is dependent on both repulsive and attractive electrostatic 
forces, and potentially amide bond formation 24. It is possible to tailor the pH of the 

nanowire solution such that NH-2 terminated regions protonate to NH3' and have a net 

positive charge, whilst the [COOH] surfaces deprotonate to COO- and have a net negative 

charge. The pKa of [COOH] and similar [NH2] SAMs has been previously determined so 

that the range of pH where this applies is approximately -5.5-7.5 2225. The solvent used 

was 18.2 MQcm-' water, pH -6.5. After assembly the surface was imaged with a SEM. 

Figure 4.21, which showed the mercaptoundecanol regions with a lighter coloration, and 

[NH2] regions as darker. 

15 um 

Figure 4.21. SEM image showing COO- functionalized nanowires assembled onto 5 

µm wide NH3+ terminated regions of a COO- (light) / NH3+ (dark) patterned surface 

from water, pH 6.5. 

Nanowires have assembled predominantly onto the amine regions, with relatively few 

wires falling on the acid regions despite the high overall nanowire density. Electrostatic 

interactions between the nanowires and surfaces provide long-range assembly forces but 

weak attachment at the surfaces. Although successful assembly is observed on both the 

surfaces investigated here, no nanowire alignment was observed. Assembly from 

solutions with different pH values was not successful 
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4.6.2 Aggregation Nanowires via Mutual Electrostatic Interactions in 
Solution 

Nanowires have been functionalised with [ATP] and [COOH] acid surfactants in a variety 

of ways. The procedure used to functionalise the ends of nanowires whilst captive in the 

template membrane, outlined for biotin nanowires, has been used again here. Two similar 

experiments were performed, in the first case nanowires were functionalised with 
[COOH] at one end, and [ATP] at the other. In the second experiment, nanowires 
functionalised with [COOH] at both ends were mixed with a solution of nanowires 
functionalised at both ends with [ATP]. Pilot experiments (not shown) using XPS 

characterisation of SAMs on planar gold substrates have shown that [COON] and [ATP] 

SAMs were not degraded during the sodium hydroxide etching procedure, used to release 

the nanowires from the membrane. However, SAMs of these surfactants were 

considerably degraded by exposure to 70 wt% nitric acid, used to remove the silver 

electrode. Consequently, prior to exposure of one or both ends to the mixed surfactant 

solution, the silver electrode was removed. Nanowires with different surfactants at each 

end were fabricated by exposure of each side to surfactant solutions in the 

electrochemical cell, figure 2.8. To functionalise both ends of nanowires with the same 

surfactant, membranes filled with nanowires were immersed in thiol solutions. 

Both nanowire samples are expected to display identical behaviour; they should aggregate 

into nanowire chains or rafts at specific pH ranges in solution. Nanowire aggregation in 

solution could not be observed at any pH conditions by eye, and certainly not to the 

extent demonstrated by the biotin functionalised nanowires. However, dropcasting the 

nanowires from mili-Q water (pH 6) onto a silicon surface did highlight some elements of 

nanowire aggregation. Slightly better results were observed for nanowires with different 

functionality at each end, Figure 4.22. 
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Figure 4.22. SEM images of aggregation of nanowires functionlaised with [ATP] at 

one end and [COOH] at the other, dropcast from water onto silicon. 

Figure 4.22a shows a long chain of nano-wires, and smaller groups of nanowires attached 

end to end. A nanowire `raft', where nanovvires aggregate parallel but are oppositely 

directed, is shown in figure 4.22b. These expected nanowire assemlies suggested that 

electrostatic interactions are also capable of driving nanowire aggrsegation in solutiori. 
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Chapter 5: Dielectrophoretic Assembly and Electrical 
Characterisation of Nanowires 

Nanowires have been manipulated with dielectrophoretic forces to facilitate their 
assembly between electrodes. This chapter presents results illustrating the assembly of 
nanowires between electrodes, and the electrical characterisation of nanowires. Specific 

areas discussed are: 
1) The fabrication and characterisation of electrodes. 
2) Dielectrophoretic assembly of nanowires between electrodes. 
3) Transport measurements of nanowires assembled between electrodes. 

5.1: Electrodes 

During the course of this work, a variety of electrodes have been used. Preliminary 

experiments used 4-probe aluminium electrodes on silicon dioxide, received from Haoli 

Zhang, at Lanzhou University. Subsequent experiments used electrodes made from gold, 

on glass substrates. These are discussed in more detail below. 

5.1.1 Aluminium Electrodes 

Aluminium electrodes on silicon dioxide were fabricated by the photolithographic lift-off 

technique, where the aluminium electrode was etched with a strong sodium hydroxide 

solution. Each electrode had a contact pad of approximately 2 mm2, for attaching wires 

and connecting to the external circuitry. Each individual electrode tapered towards the 

junction region, Figure 5.1, yielding a minimum separation of -5 µm between adjacent 

electrodes. Wires were bound to each contact pad with silver paint, and strengthened with 

epoxy glue anchoring the wire to the substrate. These electrodes were characterised prior 

to experiments. A low resolution SEM image of the central area of an electrode, and its 

electrical characterisation made with the transport apparatus outlined in section 2.5.8, is 

shown in figure 5.1. 
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Figure 5.1. SEM image of an aluminium electrode on silicon dioxide, and electrical 
characteristion between two adjacent contacts 

The SEM image in figure 5.1 shows the electrode geometry described above, the lighter 

areas are the aluminium whilst the darker background is the silicon dioxide substrate. The 

electrically insulating behaviour of these electrodes is also demonstrated. The voltage 
between adjacent electrodes was ramped from 0- 12.5 V. The electrodes insulating 

properties break down at 7.2 V, and on the subsequent scan at 2.8 V (where the current 

exceeds 1 nA). The voltage at which this breakdown occurs is too low to be associated 

with the dielectric between the electrodes, whether through the air or silicon dioxide. It is 

possible that some aluminium remains on the silicon dioxide surface after etching, and 

this film can form a conducting pathway at higher voltages. Alternatively, electrical 
breakdown may occur via ion diffusion of aluminium through the silicon dioxide film. 

Conducting pathways may form directly between the metallic electrodes, or via the 

underlying silicon substrate. The change in the voltage at which breakdown occurs would 

suggest that the process is irreversible once the potential has exceeded 7.2 V. 

5.1.2 Gold Electrodes on Glass 

The fabrication of gold electrodes on glass substrates was undertaken as described in 

section 2.3.2.1.1. Further to this description, an additional stage was required. Electron- 

beam lithography, used to define the central electrode area, was found to be susceptible to 

charge accumulation on these glass substrates. The resist could be patterned by the 

electron beam with a variety of procedures, for example, either line by line or section by 

section. However, whenever the electron beam shifted from one section to the next or one 

electrode to the opposite one, the accumulated charge offset the position of the electron 

05 10 
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beam defining the next section. Written electrode structures were distorted to the extent 

that electrode pairs were joined and all were completely unusable. To circumvent this 

problem, the surface of the resist was coated with a2 nm platinum layer, sputtered onto 

the surface with an Agar 208HR sputter coater. This overlayer dissipated the excess 

electrons introduced by the electron beam. Exposure of the resist to the electron beam still 

resulted in degradation, and was entirely removed by the same developing procedure 

described in section 2.5.7.2. 

Gold was deposited onto glass substrates to form 2 opposing electrodes separated by 3 or 

5 µm, although all the results presented used electrodes with the 3 µm gap. Once again. 

each electrode had a contact pad of approximately 2 mm2 for attaching wires and 

connecting to the external circuitry. Scanning electron microscopy and electrical 

characterisation of these bare electrodes is shown in figure 5.2. 

i 
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Figure 5.2. SEM image of a gold electrode on glass, and electrical characteristion 

The SEM image, figure 5.2, shows the two opposing electrodes, and the entire area 

patterned by electron beam lithography. The overlaid gold contact pads are 2 mm squares, 

separated by 75 . im. In the locality of the central electrode area the gap between contact 

pads is reduced to 50 µm, with a pattern used for alignment of the e-beam and 

photolithography fabrication stages. One edge of this narrowed region in the contact pads 

is highlighted with a dashed line in Figure 5.2. The electrode shows insulating behaviour 

up to 20 V (and indeed 40 V, not shown), with no electrical breakdown observed. 
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5.2: Dielectrophoretic Assembly of Nanowires 
The origin of the dielectrophoretic force has already been discussed in section 2.3.2.1. 
Nanowires were assembled onto the electrodes described above. A droplet of nanowire 
solution was placed on the electrode structure, whilst an alternating potential was applied 
across the electrode gap. After assembly, the electrode was washed with methanol whilst 
the alternating potential was maintained. After drying under N2, the electrodes were 
observed with an SEM. Here, results are presented describing the assembly of nanowires 
onto both the aluminium electrodes on silicon dioxide and gold electrodes on glass. at a 
range of assembly conditions. 

5.2.1 Dielectrophoretic Assembly onto Aluminium Electrodes 
Due to the insulating breakdown of aluminium electrodes, Figure 5.2, the applied 
potential was generally minimised whilst assembling nanowires onto these electrodes. An 
SEM image of one typical electrode after assembly of nanowires at a2 V1 , (150 kHz) is 

shown in Figure 5.3. 

Figure 5.3. Dielectrophoretic assembly of nanowires at 2 Vpp (150 kHz) onto a pair 

of contacts of an aluminium / silicon dioxide electrode 

It should be noted that assembly was observed for all applied potentials above 1 VP,, 

including potentials significantly higher than the breakdown voltage of these electrodes. 

At these higher potentials, excess nanowires and other constituents of the solution, i. e. 

silver flake, were assembled onto the central electrode area. At lower applied potentials, 

very few nanowires remain on the surface. Generally, the density of assembled nanowires 
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is related to the local electric field strength, i. e. by the magnitude of the applied potential 

and the electrode geometry. It would be expected that nanowires assemble at the highest 

densities where the gap between electrodes is smallest. This is not observed, and 

nanowires are assembled with a uniform density all around the electrode and contact pad 

edges. The relationship between the dielectrophoretic conditions and nanowire assembly 
has been explored in greater detail (both theoretically and experimentally) for gold 

electrodes. 

5.2.2 Dielectrophoretic Assembly onto Gold Electrodes 

Dielectrophoretic assembly of nanowires onto gold electrodes shows significantly 

different behaviour to the assembly of nanowires onto aluminium electrodes. The 

placement of nanowires still occurs at the edges of the electrodes, but nanowire density is 

dependent on the local electrode separation (local electric field). An SEM image of 

nanowires assembled onto a gold electrode with a2 Vpp (150 kHz) alternating potential is 

shown in Figure 5.4. 

Figure 5.4. SEM image of gold nanowires assembled onto a gold / glass electrode at 2 

Vpp (150 kHz) for 15 s. 

The high local electric field directly between the electrodes acts to assemble wires in 

greater density here. Once again, applied potentials below 1 V1 show a very low density 

of assembled nanowires, this is discussed in greater detail later. Pilot experiments to 

determine the effect of the assembly time have shown this to be of importance as well. 

Typically, electrodes are exposed to the nanowire solution for 15 s prior to washing with 
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methanol. However, longer time periods, at identical conditions, show an increase in the 
number of assembled nanowires. It is thought that precipitation of nanowires within the 
droplet increases the number of nanowires whose behaviour is significantly modified by 
dielectrophoretic forces. Therefore, the number of assembled nanowires increases with 
the time of exposure to the nanowire solution. For consistency, all other results presented 
here have been exposed to the nanowire solution for 15s. 

As mentioned previously, during assembly the current passed between the electrodes was 
monitored with a digital oscilloscope across a1 kQ load resistor, RL figure 5.5. The 

assembly process was characterised at four distinct stages of assembly; prior to assembly 

with a dry electrode (Dry), prior to assembly with the electrode exposed to HPLC 

methanol (Methanol), during assembly where the electrode is exposed to the nanowire 

solution (Nanowire), and after assembly, washing and drying (Assembled), Figure 5.5. 

CE 

Figure 5.5. Schematic diagram showing how assembly process has been modelled as 

an RC circuit 

During assembly the electrode can be considered to behave as an imperfect capacitor, 

with parallel contribution from the gap resistance (RE) and electrode capacitance (CE). 

This circuit may be modelled as a driven RC circuit. The recorded traces, with the voltage 

measurement across RL converted to current, are shown in Figure 5.6. 
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Figure 5.6. Applied voltage, and current measured across RL during the assembly of 
nanowires on a gold electrode, a) prior to assembly, b) exposed to HPLC methanol, 
c) exposed to nanowire solution, and d) after assembly 

The measured parameters were used to calculate the circuit time constant, electrode 

capacitance and resistance, i, CE and RE respectively, of the proposed RC circuit 

arrangement shown in figure 5.5. These results are summarised in table 1. 

Electrode Applied Max Total Electrode Time 

State Voltage current Phase Impedance Resistance Capacitance Const 
VA /Vpp Imp /A /degrees z /S2 RE /Q CE /F -1/s 

Dry 0.97 1.5x 10'6 80 6.5x105 3.9x 106 1.66x 10-' 1.6x109 

Methanol 0.97 3.5x106 37 2.8x105 3.5 x105 2.36x10"12 2.3x10-9 

Nanowire 0.97 4.8x 10-6 21 2.0 x 105 2.2 x 105 1.96x10'2 1.9x 10-9 

Assembled 0.94 6.3xl0A -4 1.5x103 500 - - 

Table 5.1. Electrical parameters detailing the progress of dielectrophoretic assembly 

of nanowires on a gold electrode 

Throughout assembly, the capacitance remains approximately constant, despite changes 

in the permittivity of the dielectric. The progression of assembly is characterised by a 

reduction in the electrode resistance, from 3.9 MO to 500 0. Importantly, direct contact 
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between the nanowire and electrodes is not observed until the methanol has dried from 

the electrode area. After assembly and drying, the low resistance path of assembled 
nanowires bypasses the electrode capacitance. This analysis demonstrates that although 
assembly of wires occurs in solution, Ohmic contact between the electrodes and 
nanowires is not established until the drying stage. This is in contradiction to the 

previously documented process of nanowire assembly''', where nanowires were believed 

to form Ohmic contact with the electrodes in solution. The associated reduction in local 

electric field, when a nanowire completely bridged the gap, was thought to prevent 
further nanowire assembly. The reduction of the electric field upon nanowire assembly 

would be very useful for the assembly of single nanowires bridging the electrode gap. 
Electrodes with a single bridged nanowire would be advantageous for determining the 

transport properties of nanowires. Since this electric field reduction does not occur for 

these samples, the control afforded to dielectrophoretic assembly by the applied potential 

was investigated with the aim of assembling single bridged nanowires. 

5.2.3 Modelling the Dielectrophoretic Force 

A theoretical description of dielectrophoresis has been provided in section 2.3.2.1, in 

which the relationship between the dielectrophoretic force and the applied potential has 

been determined. Here, these relationships are applied to the specific case for gold 

nanowires assembled between the gold electrodes on glass, and the dielectrophoretic 

force has been modelled. 

5.2.3.1 Potential Dependence of the Dielectrophoretic Force 

The dielectrophoretic force, FDEP, is dependent on the strength, and gradient, of the local 

electric field, equation 5.1. 

vx 

dx 
Equation 5.1 FDEP = irr 

2l 
em Re {K 

d ýrms 

dx ý 

The force is also proportional to the volume of the nanowire, nr21, the permittivity of the 

surrounding medium, 8m' and the real part of the complex polarisation factor K, given by 

equation 5.2. 

0)2(EmEP -cm)+(6m6p -6m 
Equation 5.2 Re{K}= 

emýÜ2 + am 

The real part of the complex polarisation factor K is derived from permittivity, e, and the 

conductivity, 6, and angular frequency of the applied potential, a See section 2.3.2.1 for 
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further information. The indices m and p relate to the medium (methanol) and particle 
(gold) respectively. Finite element modelling of the electrode has been used to determine 
the spatially averaged electric field, and its gradient, for a specific nanowire location 
close to the electrode gap (width 150nm, length 4µm). The software used to perform 
these calculations was QuickField version 5.2, published by Tera Analysis. These 
calculations were based upon a steady state applied potential, equal to the RMS voltage of 
the applied field. Typical output from these finite element calculations is shown in figure 
5.7, based upon assembly with a4 Vpp applied field. 

Figure 5.7. Finite element calculations of a) the electric field strength, and b) the 

electric field gradient shown by colour variation for the gold electrode with a3 µm 

gap. The black lines are lines of equipotential. 

The geometry of this model is consistent with the gold electrodes on glass, within the 

confines of meshing constraints. The gold electrodes are coloured in gold, and the width 

of the model covers the central 50 pm of the electrodes. As such, fixed voltage boundary 

constraints were applied at the electrode edges, and the left and right hand edges of the 

modelled area. The only additional data required was the permittivity and conductivity of 

methanol, values of sm = 32.68o and am = 2.2 x 10-5 SM -1 were used. 3 The images shown in 

figure 5.7 show the electric field strength and field gradient for the gold electrodes with a 

3 µm gap on glass. It should be noted that whilst the electric field strength is at a 

maximum directly between the electrodes, the electric field gradient is negligible. There 

is no spread in the electric field strength along the line bisecting both electrodes. 

Calculations were made for applied potentials between 0 and 5 Vpp. In addition to the 

permittivity and conductivity of methanol, the values for gold of Eý = 6.9so and c= 

4.5x107 SM -1 were used for the nanowire component in the complex polarisation factor, 

equation 5.2.3 A quadratic dependence of the dielectrophoretic force was observed with 
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the applied potential, Figure 5.8, which is consistent with expectations and preliminary 
results suggesting improved nanowire assembly at higher applied potentials. 
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Figure 5.8. The dependence of the dielectrophoretic force on the applied potential 

5.2.3.2 Frequency Dependence of the Dielectrophoretic Force 

The complex polarisation factor's dependence on the permittivity introduces a 

relationship between the dielectrophoretic force and frequency of the applied field. 

Equations 5.3 and 5.4 show the high and low frequency limits respectively 

Equation 5.3 Re{K} = 
(SA,, - Em )/ Em (Ö ->oo 

69 Equation 5.4 Re{K}= (up 
- a,, )/6,,, 

At the low frequency limit the dielectrophoretic force is determined by the relative 

conductivity of the particle and the medium, whilst at high frequencies the force will be 

dependent on their relative permittivity. The transition between these two regimes is 

demonstrated by plotting the dielectrophoretic force against frequency, Figure 5.9. All 

calculations were performed with an assumed voltage of 2.5 Vpp. 

012345 
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Figure 5.9. The dependence of the dielectrophoretic force on the applied field 

frequency 

Below 10 kHz there is no strong dependence of the dielectrophoretic force on the 

frequency of the applied field. In this regime the factor Re{K}, equation 5.2, is dominated 

by the difference between the conductivities of the particle and medium. Above 10 kHz 

the permittivity component significantly reduces the strength of the dielectrophoretic 

force. For frequencies above 20 GHz the permittivity component cause the 

dielectrophoretic force to become negative. 

5.2.4 Exploring the Variable Space of Dielectrophoresis 

The aim to assemble a single nanowire between electrodes requires greater control of the 

assembly procedure via optimisation of the electric field. Presented below are results that 

investigate the variable space of dielectrophoretic assembly, by adjusting both the applied 

potential and applied field frequency. 

5.2.4.1 Variation of the Applied Potential 

To test these relationships a series of eight experiments was performed, with nanowires 

assembled from methanol onto gold electrodes at applied potentials between 0.5 and 4 

Vpp (150 kHz). Across this range the dielectrophoretic force is expected to increase by a 

factor of 64. Nanowires were assembled from the same solution in each case, ensuring 

that the nanowire density remained constant. After assembly, each sample was imaged 

with SEM, and the results are shown in figures 5.10a-h. 

10° 10' 102 10 7 10° 105 106 107 108 
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Figure 5.10. The series of scanning electron micrographs showing nanowire 

assembly between electrodes at different applied potentials: a) 0.5 Vpp9 b) 1 Vpp, c) 

1.5 VPP, d) 2 Vpp, e) 2.5 VPp, f) 3 VPP, g) 3.5 Vpp, h) 4 Vpp 

The SEM images for 0.5 Vpp and 1 Vpp, figures 5.10a and 5.10b, show that the assembly 

of bridged nanowires is not observed under these conditions. The only evidence for 

dielectrophoretic assembly is a few nanowires captured by one end at the electrode edges, 

other nanowires can be observed randomly distributed on the electrode surface. These 

results are consistent with preliminary experiments discussed above. 

I 
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Between 1.5 and 3 Vpp, figures 5.10 c-f, the electrodes are bridged by multiple nanowires. 
Nanowires are deposited along the edges of the electrode and contact pad, with a much 
greater density across the electrode gap. The high density of nanowires in this region is a 
consequence of the fact that an Ohmic contact between the nanowire and electrode is not 
formed until the drying phase. 

Above 3 Vp,, figures 5. lOg and 5.10h, many nanowires are assembled onto the electrodes 
both at the electrode gap, and at slightly lower density along other edges of the electrode. 
Closer inspection reveals structures around the electrode gap that appear to be melted 

objects or partial nanowires. After assembly at these conditions, currents would be in 

excess of 2 mAr and it is quite possible that these currents are capable of 

melting/evaporating bridged nanowires. 

5.2.4.2 Variation of the Applied Field Frequency 

An investigation into the frequency sensitivity of dielectrophoretic nanowire assembly 

was conducted with the applied potential fixed at 2.5 VP,. The frequency was varied 

between 10 Hz and 100 kHz with experiments performed at each order of magnitude. In 

addition, an assembly experiment was performed at a constant applied field of 2.5 VDC for 

comparison. The theoretical results derived above show that below 10 kHz the 

dielectrophoretic force is dominated by the conductivity of gold, and Re{ K} lies within 

the low frequency regime, equation 5.4. Above 10 kHz, the contribution of particle, and 

medium's, permittivity is significant. The ratio of the dielectrophoretic forces at 10 Hz : 

100 Hz :1 kHz : 10 kHz : 100 kHz has been calculated to be is 100: 99.9: 99.3: 59.5 : 

1.4. After assembly, each electrode was imaged with SEM and these results are presented 

in figure 5.11. 
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Figure 5.11. The series of scanning electron micrographs showing nanowire 

assembly between electrodes at different applied field frequencies: a) DC, b) 10 Hz, 

c) 100 Hz, d) 1 kHz, e) 10 kHz, and f) 100 kHz 

These experiments were conducted with a different nanowire solution to that used to 

observe the voltage dependence. Consequently, they are not directly comparable with the 

results present in figure 5.10, since the density of nanowires in solution was lower. 

The observed assembly behaviour does not completely follow that predicted theoretically. 

At a frequency of 10 Hz, figure 5.11b, very few assembled nanowires are observed 

although the dielectrophoretic forces were expected to be at their strongest. At higher 

frequencies more assembled nanowires are observed. Figures 5.1 Ic and 5.11d, at 100 and 

1000 Hz respectively, show an increasing density of nanowires with frequency. The 

density of assembly nanowires is seen to decrease slightly at 10 kHz, figure 5.1 le, and 

decreases again by 100 kHz, figure 5.1 lf. 
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In summary, a decrease in the number of assembled nanowires is observed at higher 

frequencies, as expected, but assembly at lower frequencies is not as successful as 

predicted. Although the reason for poor nanowire assembly is not completely understood. 
it may be associated with frequency of the applied field. The dependence of 

dielectrophoresis on the electric field strength means that the dielectrophoretic force has 

the same frequency as the applied potential. The dielectrophoretic force is transient, and 

at low frequencies the dielectrophoretic force may reduce for significantly long periods 

such that nanowires may be removed during the washing process. At all the frequencies 

investigated here the electric field between the electrodes would be expected to drop to 

zero, since the circuit time determined from table 1 is negligible when compared to the 

period of the applied field. 

From the examples presented in figure 5.11, only one electrode shows the formation of a 

nanowire bridge, figure 1 lc. Unexpectedly, this nanowire is clearly broken and appears to 

have melted. This has occurred at applied potentials 1V lower than similar bridged 

nanowires were observed to have melted in figure 5.10. 

5.3: Electrical Characterisation of Nanowires 

The electrical transport properties of nanowires have been characterised after their 

assembly between electrodes. Measurements were made with the apparatus described in 

section 2.5.8. The results, and their intricacies, are presented below. 

5.3.1 Electrical Characterisation of Nanowires Assembled on 

Aluminium Electrodes 

Gold nanowires were assembled onto the aluminium / silicon dioxide electrodes at a 

range of dielectrophoretic conditions, as discussed previously. With regard to the 

insulating breakdown of these electrodes, figure 5.1, the applied potential during 

assembly was minimised. It should be noted that at voltages beyond the electrical 

breakdown of these electrodes assembly was still observed. Nanowire bridges usually 

contained multiple nanowires, arranged either side-by-side or linked end to end. Figure 

5.12 shows a higher resolution image of figure 5.3, detailing the central electrode area 

and bridged nanowires. 
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Figure 5.12. Observation of nanowires bridging an aluminium / silicon dioxide 

electrode after assembly at 2 Vppq 150 kHz 

The two electrodes are connected by one main nanowire, with each end attached to 

different electrodes, and several further interconnected nanowires. It is not known which 

nanowires will contribute towards conduction across the electrode gap. Transport 

measurements between the leftmost contacts of figure 5.12 show an Ohmic behaviour 

with a resistance of 1100 Q, figure 5.13. 
0 

Figure 5.13. Transport properties for the leftmost contacts of the electrode shown in 

figure 5.12 
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The expected resistance for a single nanowire bridging this gap is approximately 
6Q (determined classically using equation 2.12, radius 75 nm, length 5 tm and 

resistivity 2.2x10"8 Qm. The observed resistance is larger than expected, however, it was 
highly reproducible and all nanowires assembled between gold electrodes returned 

consistent measurements. In light of the electrical breakdown of these electrodes, figure 

5.1, a control experiment was undertaken. An aluminium electrode was subjected to 

typical assembly conditions, whilst exposed to HPLC methanol. A potential of 2 Vpp (150 

kHz) was applied for 5 minutes, consistent with the total time taken for nanowire 

assembly, and the washing and drying processes. After drying the electrode, the transport 

characteristics were measured and shown to be identical to figure 5.13 (without any 

bridged nanowires). Apparently, the dielectrophoretic assembly conditions cause a 

permanent breakdown of the electrode such that its insulating behaviour is replaced with 

a -1 W, resistance. It is thought that conducting pathways form between the electrodes 

and the silicon substrate. 

The potential dropped across the electrode gap is negligible when compared to the 

potential dropped, in parallel, between the aluminium electrodes and the silicon substrate. 

The assembly of nanowires was due to an electric field associated with the potential drop 

between electrode and substrate. As such, the electrode geometry does not significantly 

influence the local electric field, and the electric field is uniform at the electrode edges. 

The observation of a constant density of nanowires all around the electrode edges, figure 

5.3, supports this argument. Consequently, aluminium electrodes on silicon dioxide have 

been superseded by gold electrodes on glass. 

5.3.2 Electrical Characterisation of Nanowires Assembled on Gold / 

Glass Electrodes 

Nanowires have been assembled onto gold electrodes at a variety of assembly conditions. 

These structures typically contain many nanowires that could potentially contribute to 

conduction between the two contacts. They samples display Ohmic transport behaviour, 

with resistance values routinely measured below 20 Q. For example, figure 5.14 shows an 
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Figure 5.14. SEM image of gold nanowires assembled across a gold / glass electrode 

at 2 Vpp (15OkHz) 

This electrode has two nanowires clearly bridging the gap, in parallel, with no other 

nanowires forming a conduction pathway. When the electrical properties of this electrode 

are tested, an Ohmic 17.5 Q resistance is observed, figure 5.15. 

n0 

Figure 5.15. Transport measurement of the electrode shown in figure 5.14 showing 

20 S2 total resistance 

If each nanowire is thought to have an equal contribution to these transport properties, 

individual nanowire resistance is 35 S2, although practically this figure represents an 

electrode assembled at 2 Vpp. 
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upper limit to the nanowire resistance. Expected resistance values for gold nanowires 
(radius 75 nm, length 2 µm and resistivity 2.2x10-8 Qm) can be determined classically as 
2.5 Q. However, given that the bulk resistivity of gold is 2.2x10-8 Sim, the nanowires 
have an approximate diameter of 150 nm, and the mean free path of conduction electrons 
in gold is -40 nm, the resistivity should be increased by a factor of 1.2.5 An assumption 
has been made that no electrons are scattered elastically at the surface of the nanowire. 
but instead suffer a complete loss of their drift velocity. By subtracting the expected 

nanowire resistance, a value for the contact resistance can be calculated to be 16 Q. This 

is significantly lower than contact resistance values reported by Cai at 70 Q6 and Evoy at 

130 Q' on similar systems. 

The presence of contact resistance is thought to be primarily due to the presence of 

contaminants in solution. Upon drying the electrode, solvent surrounding the nanowires 

will dry leaving a film of contaminants between the electrode and nanowire. Initially, 

transport measurements typically returned resistance values of several hundred Ohms, 

figure 5.16. 
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Figure 5.16. Transport measurement of figure 5.10c showing variable resistance. 

The resistance measurement shown in figure 5.16, across the electrode shown in figure 

5.1Oc, varies between 580 and 270 Q. The change is predominantly due to a sequence of 

jumps during the transport measurement, points 1 and 2 in figure 5.16. These jumps occur 

on the increasing sweep of the voltage cycle, and affect a permanent change to the 

electrode resistance. They are presumably associated with significant changes in the 



169 

contact resistance contribution to the electrode resistance. These jumps have been 
observed on electrodes bridged by single and multiple nanowires. 

The association between contact resistance and solution contaminants is supported by 
AFM manipulation of nanowires. AFM was used in an attempt to move a nanowire on the 

L. 5 Cr jm ur 

Figure 5.17. AFM images of a nanowire on the surface of the electrode imaged in 

figure 5.10b a) before and b) after manipulation 

The image shows the initial nanowire position at the edge of the electrode. After the AFM 

image figure 5.17a was recorded the tip was approached to the surface, and moved along 

the path directed by the white arrow. After manipulation, the bulk of the nanowire has not 

moved, rather the end protruding from the electrode has bent. A `shadow' of the original 

nanowire position can still be seen in figure 5.17b, it is believed that this artefact is 

surface contamination dried from solution underneath the nanowire. To remove these 

signs of surface contamination additional cleaning of the nanowires in solution was 

required. The nanowire solution was filtered through a Whatman `Cyclopore' membrane 

filter, and captured nanowires were washed and resuspended in methanol. After this 

additional cleaning stage the AFM manipulation experiment was repeated, figure 5.18. 

electrode imaged in figure 5.1 Ob, and the results shown in figure 5.17. 
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Figure 5.18. AFM images of gold nanowires assembled onto an electrode at 1.5 V1, ß, 
(150 kHz) a) before and b) after manipulation 

Now, the nanowires attachment to the surface is much weaker and upon manipulation 

with the AFM the wire completely detaches. In figure 5.18b no outline of the previous 

nanowire position can be seen. After the filtering procedure was adopted, electrical 

characterisation of nanowires assembled between electrodes consistently returned 

resistance values of approximately 20 Q. 

It has been hypothesised that certain assembly conditions drive currents through bridged 

nanowires sufficient to melt them. To determine the current required to melt a nanowire, 

the electrode shown in figure 5.10c was subjected to repeated transport measurements 

over increasing larger voltage ranges, with the potential ramped at 0.01 Vs-'. During this 

series of experiments, of which figure 5.16 is one measurement, the resistance between 

the two electrodes varied from 500 to 60 Q. During the final transport measurement, 

where the potential was ramped to 0.6V, the electrode gap once again became insulating, 

figure 5.19. 
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Figure 5.19. Transport properties of the electrodes shown in figure 5.10c, with the 

voltage range increased until the electrode became insulating 

The electrode became insulating at 0.57 V with a current of 6.5 mA. The voltage cycle 
continued up to 0.6V before returning to OV and through a negative potential sweep 
during which currents remained -10-'OA, shown in blue. Immediately after this 

experiment the electrode was imaged with high resolution SEM, figure 5.20 shows before 

Figure 5.20. SEM image of nanowires assembled at 1.5 V (150 kHz) (a) before and 

(b) after melting. 

After the electrode becomes insulating, the three main nanowires bridging the electrodes 

have been removed. Additional nanowires on the surface of the electrode are altered or 

removed, but noticeably the two nanowires that bridge the gap end-to-end remain intact. 

Apparently, these nanowires do not contribute to conduction between the two contacts. 

The structures observed are consistent with what one would expect for melted nanowires. 

In addition, figure 5.20b displays -100 nm particulate on the electrode surface, which is 

presumably remnants of nanowires that once bridged the electrodes. Experimental 

observations of melted nanowire bridges, figure 5.10, occur at applied potentials above 3 

and after images showing the state of the electrode. 
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Vpp. These results are consistent with the determination here that approximately 2.2 mAr... 

was required to melt a single 150 nm diameter nanowire. During the low frequency 

assembly conditions observed in section 5.2.4.2 melting was observed at 2.5 %, 'PP (100Hz). 

figure 5.11c. Although RMS currents would be below the currents required for melting 

measured here, it is possible that at these lower frequencies the transient current is higher 

for sufficiently long to melt the bridged nanowire. 
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Chapter 6: Conclusions and Further Work 

The work presented in this thesis has considered the formation, assembly and 
characterisation of gold nanowires. 

The template synthesis of nanowires has been undertaken by both electroless and 

electrochemical deposition in a variety of template materials. The first results chapter 
(chapter 3) includes a discussion concerning the variety of template materials used, the 

deposition procedures undertaken, and characterisation of the nanowires produced. Three 

types of template have been used; electrochemically formed porous alumina, and 

Whatman `Anodise' and `Cyclopore' filtration membranes. Deposition was successfully 

achieved in all these materials, although the bulk of results presented in this thesis used 

nanowires derived from the Whatman `Anodise' membranes. Important to the deposition 

procedures was the wettability of pores in the template. The polycarbonate from which 

`Cyclopore' membranes are produced is hydrophilic, which allowed complete filling of 

pores with electrolyte solutions. Although naturally hydrophilic, having contact angles 

with water as low as 5°, alumina is known to absorb hydrocarbon contamination which 

increases its hyrophobicity. Potentially, the contact angles of alumina contaminated with 

hydrocarbons from the atmosphere increases to greater than 80°. '' 2 Deposition was 

unsuccessful in certain batches of `Anodise' membranes, and it is believed that failure 

was due to the decreased wettability of contaminated membranes. After deposition, 

nanowires could be removed from each of these templates by a range of simple chemical 

procedures. XPS characterisation of gold nanowires from the filtration membranes 

showed the presence of silver in solution, originating from the electrode used for 

deposition into `Anodise' and `Cyclopore' membranes. Nanowires were successfully 

functionalised with a range of thiol surfactants, both whilst contained in the template and 

suspended in solution. 

In comparison to studies of colloid or carbon nanotube self-assembly, there is relatively 

little work published on the assembly of metallic nanowires onto surfaces. In the second 

results chapter (chapter 4) a discussion concerning the surfactant mediated self-assembly 

of nanowires has been presented. Nanowires were assembled via nanowire-nanowire, 

nanowire-surface, and nanowire-fluid interactions. Specific functionality was imparted to 

the nanowires with a range of thiol based surfactants, which determined the assembly 
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process. Nanowires assembly was successfully achieved on surfaces, and in solution. 
Typically, the surfaces used were patterned with thiol surfactants by microcontact 
printing, such that they contained regions of different functionality. A summary of the 
nanowire self-assembly techniques used are shown in table 6.1, and results of particular 
interest are commented on below. 

Hydrophobic Nanowires aggregated into fern-like anisotropic structures. 
functionalised nanowires where component nanowires were aligned parallel. 
Nanowire assembly onto Nanowires assembled onto hydrophilic surface stripes, 

surfaces with patterned preferentially aligned parallel to these stripes. 

wettability 

Nanowire attachment by [COOH] functionalised nanowires bound preferentially to 

hydrogen bonding [COOH] regions of patterned [OH] / [COOH] surfaces, 

due to formation of an acid dimer. 

Nanowire attachment by [COOH] nanowires assembled onto carboxylate regions of 

carboxylate salt patterned [OH] / [COOH] surfaces, functionalised with 

formation cadmium ions, bound via a carboxylate salt. 

Nanowire assembly with Attachment of nanowires to surfaces was unsuccessful. 

a streptavidin / biotin Aggregation of biotinylated nanowires in solution was 

linker observed if the streptavidin concentration was limited. 

Nanowire assembly Charged nanowires could be directed onto charged 

directed by electrostatic surfaces by electrostatic interactions, but alignment of 

interactions nanowires was not observed. Similarly, charged nanowires 

in solution may be encouraged to aggregate. 

Table 6.1. Summary of nanowire self-assembly from the various surfactant based 

systems presented in chapter 4. 

The self-assembly of nanowires has the potential to create complex structures'. For 

example, nanowires possess several advantages over spherical colloids as components for 

nanoscale circuitry; they are better suited to replicating wire based structures4, forming 

nanoscale interconnects5, and can be used to assemble complex devices themselves6-10 

However, added complications are also introduced when manipulating anisotropic 

components, including the requirement to control both their placement and orientation. 

To date, there are only two studies known that have demonstrated the assembly of 

metallic nanowires with both a specific placement and orientation of nanowires on 
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surfaces", 12 These studies have used complementary surfactant based interactions to 
bind nanowires at selected regions of a patterned surface, in addition to either fluid 
flow", or an external magnetic fields'`, to control their alignment. The assembly of 
nanowires onto surfaces with patterned wettability was an entirely self-contained process. 
and both nanowire placement and alignment are successfully derived solely from the 
surface-fluid interaction. 

It has been shown that chemical reactions between functionalised nanowires and surfaces 
are capable of selectively binding nanowires to reactive surface regions, whilst unbound 
or weakly bound nanowires were washed away. The exception to this is the attachment of 
biotinylated nanowires to patterned streptavidin surfaces. Here, binding of excess 
streptavidin to nanowires in solution was thought to kinetically more favourable than the 
formation of a bond between the surface and nanowire. Although it was not possibly here 

to demonstrate the biotin binding of nanowires to surfaces, it has been done so previously 
in the literature. '2 Interestingly, biotinylated nanowires were shown to aggregate strongly 
in solution after exposure to these surfaces. 

Negatively charged nanowires assembled onto neutral regions of a COO- / [OH] patterned 

surfaces, due to electrostatic repulsion between the deprotonated surfactants. This result 

should be compared with nanowire attachment to patterned surfaces via hydrogen 

bonding, where [COOH] functionalised nanowires bound preferentially to [COOH] 

regions on [COOH] / [OH] surfaces. Both experiments used identical surfaces and 

nanowires, whilst different assembly mechanisms were utilized by tailoring the solvent. 

With electrostatic interactions the nanowires assemble onto [OH] regions of the surface, 

whilst hydrogen bonding caused the nanowires to attach to the [COOH] regions. 

In the third results chapter (chapter 5) a discussion relating to the directed assembly of 

nanowires by dielectrophoretic forces has been presented. Subsequently, the transport 

properties of nanowires assembled between electrodes has been characterised. Theoretical 

modelling and experimental results were used to characterise the dielectrophoretic forces 

a nanowire was subjected to during assembly. Consequently, optimum assembly 

conditions could be approximated. To maximise the dielectrophoretic force, at any given 

potential, the frequency of the applied field should be minimised. However, a certain 

threshold frequency is required such that the dielectrophoretic force is sufficiently stable 

to the prevent removal of nanowires during washing. For the assembly procedure 
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developed during the course of this work, frequencies below 100 Hz should be avoided. 
However, since variations in the dielectrophoretic force below 1 kHz are negligible, it is 

suggested that 1 kHz frequencies are used. In addition, the applied potential. and load 

resistor, should be optimised to maximise the dielectrophoretic force, but prevent excess 
current upon assembly. For the purpose of assembling single nanowires bridging the 

electrodes the applied potential should be minimised, whilst ensuring that the 
dielectrophoretic force is sufficient to prevent the removal of nanowires during the 

washing stage. The time the electrodes were incubated with the nanowires. and the 
density of nanowires in solution, were also deemed important factors 

Once assembled, the electrical characterisation of nanowires was possible. Transport 

measurements are believed to be dominated by contact resistance between the electrode 

and nanowires. The contact resistance was minimised by filtering contaminants from the 

nanowire solution, causing the resistance of electrodes with bridged nanowires to fall 

from several hundred Ohms to -20 Q. The maximum contribution of a single nanowire to 

these structures is less than 35 Q, including contact resistance. The intrinsic resistance of 

these nanowires is thought to approximately 1.5 Q/µm, showing that a contact resistance 

per nanowire of -16 Q is still present. However, these measurements have significantly 

lower contact resistance than 70 Q 13 and the 130 SZ 14 values previously reported for 

similar systems. In addition it was shown that these nanowires melt when approximately 

2.2 mA is passed through them. 

6.1: Further Work 

The initial aims of this project broadly followed the three results chapters presented in 

this thesis. The goals were to fabricate gold nanowires, and to devise a technique capable 

of directing their assembly between electrodes. It was initially thought that the technique 

developed for the assembly of nanowires between electrodes would be based upon thiol 

surfactants. A variety of techniques were to be investigated, from simple binding 

mechanisms, to interactions that directed the positioning and / or alignment of nanowires 

across the electrode gap. Preliminary experiments were undertaken on patterned planar 

substrates, a selection of which is presented in chapter 3. However, the control afforded 

by dielectrophoresis superseded these surfactant based techniques, and was adopted. 

In addition, it was hoped that the research could be extended to characterise the transport 

properties of gold nanowires by alternative methods. There are two specific experiments 
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that it has not been possible to complete, discussed below, that will hopefully be 

addressed in the future. 

The first has already been alluded to; nanowires may be manipulated on surfaces with 
SPM probes, initial results are shown in figures 5.17 and 5.18. The presence of contact 

resistance is thought to be due to solution contaminants condensing around, and 

underneath, the nanowire. Once deposited, it was planned that individual nanowires Could 
be manipulated with an AFM tip to move them from their original position to one that 

bridges the electrode gap. In so doing, surface contaminants on the nanowire would be 

abraded away, and the electrode should be free from contaminants. It was of interest to 

see what resistance values could be obtained by this process. Following from this was the 

idea to create a `nano-switch'. By manipulating one end of a bridged nanowire on and off 

the electrode, the current could be turned on and off. Initial problems were associated 

with significant adhesion of nanowires to the surface by contaminants. Rather than move, 

the nanowire would bend or break, figure 5.17. After reducing the quantity of 

contaminants in solution, nanowires were significantly easier to manipulate, but problems 

exist with nanowires adhering to the AFM tip, or being flicked large distances across the 

surface. 

The second was to perform 4-probe transport measurements of nanowires, by addressing 

a single nanowire with 4 STM tips. As such, the contact resistance present during 

measurements on electrodes (and between the tips and nanowires) would be negated. An 

Omicron 4-probe STM is now is place that is capable of such measurements. Each STM 

tip may be individually controlled and addressed, whilst the tips and sample below are 

monitored simultaneously with a LEO FEGSEM, figure 6.1. 
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Figure 6.1. SEM image of a gold nanowire positioned perpendicularly at an 

electrode edge, being addressed with three STM tips. 

Preliminary experiments have demonstrated the capability to position the STM tips at 
different locations along the nanowire. However, problems remain when supplying 

current or monitoring voltages with these tips. Continued work with this instrumentation 

is expected to produce interesting and original results. 

The development of 4-probe STM measurements would also allow accurate 

characterisation of more complex structures. Template fabrication of nanowires allows 

the incorporation of different elements along the length of the nanowire. These may be 

metal15 ", semi-conductor`, or organic stripes`ý''ý' °. However, electronic 

characterisation of these structures and devices has generally been performed by 2-probe 

techniques. The most closely related example to work presented in this thesis was 

published by Cai et al. 13 Here, monolayer junctions were embedded within gold 

nanowires by a5 stage growth procedure. Although only a low yield of non-defective 

nanowires were achieved, they managed to assemble some of the intact nanowires 

between electrodes by dielectrophoresis. They measured resistance values of 60 M52 for a 

single nanowire, attributed to an incorporated C12 monolayer. Originally it was hoped that 

our research would yield nanowires containing molecular junctions and multilayers. A 

procedure to develop nanowires containing a monolayer junction was developed. In our 

work, the nanowires were formed by an initial electrodeposition phase, adsorption of a 

dithiol monolayer, and the attachment of gold nanoparticles which catalysed a final stage 
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of electroless gold deposition. Some nanowires have been produced by this method. 
figure 6.2. 

Figure 6.2. Nanowire with a sequence of electrodeposited gold, nonanedithiol 

monolayer, gold nanoparticles and electroless gold. 

The initial electrodeposition stage was formed at 1 Vp, for 1 minute from the HCl 

electrolyte. Comparison with figure 3.23 shows that this section should be -300 nm long. 

The narrowing in the nanowire is presumed to be due to the monolayer junction, where 

growth continued from only a few gold nanoparticles bound to this monolayer. The 

electrical characterisation of these nanowires, with reference to bulk gold nanowires, is 

the best way to determine their structure. Unfortunately, the yield of potentially 

successfully formed nanowires has been too low for their assembly between electrodes 

with dielectrophoretic forces. The development of the alternative methods for electrical 

characterisation has not been fast enough to characterise these nanowires. Although the 

encapsulation of organic layers in gold nanowires has already been demonstrated' '' , 20 

(with similar problem of low yield) it was intended to extend the fabrication procedure to 

produce nanowires with multilayer surfactant-nanoparticle multilayers within the 

nanowire. In addition, 4-probe measurements would be able to plot the voltage drop along 

the length of the nanowire, and locate the position of any incorporated devices. 



181 

6.2: References 

1. Paula-Santos, F.; Campos, E.; Costa, M., et al., Materials Research, 'OO 3s. 6t ý): p. 

353. 

2. M. R. Alexander, T. L., G. E. Thompson, E. McAlpine and A. J. Roberts. Chan age's 

in the Al Surface upon Exposure to Ambient Conditions. 2000, Kratos. 

3. Whitesides, G. M.; Boncheva, M., Proceedings of the National Academy of 

Sciences of the United States of America, 2002.99(8): p. 4769-4774. 

4. Melosh, N. A.; Boukai, A.; Diana, F., et al., Science, 2003.300(5616): p. 112- 

115. 

5. Li, C.; Zhang, D. H.; Liu, X. L., et al., Applied Physics Letters, 2003.82(4). p. 

645-647. 

6. Fuhrer, M. S.; Nygard, J.; Shih, L., et al., Science, 2000.288(5465): p. 494-497. 

7. Keren, K.; Berman, R. S.; Buchstab, E., et al., Science, 2003.302(5649): p. 1380- 

1382. 

8. Bachtold, A.; Hadley, P.; Nakanishi, T., et al., Science, 2001.294(5545): p. 

1317-1320. 

9. Rueckes, T.; Kim, K.; Joselevich, E., et al., Science, 2000.289(5476): p. 94-97. 

10. Huang, Y.; Duan, X. F.; Cui, Y., et al., Science, 2001.294(5545): p. 1313-1317. 

11. Huang, Y.; Duan, X. F.; Wei, Q. Q., et al., Science, 2001.291(5504): p. 630-633. 

12. Salem, A. K.; Chao, J.; Leong, K. W., et al., Advanced Materials, 2004.16(3): p. 

268-+. 

13. Cai, L. T.; Skulason, H.; Kushmerick, J. G., et al., Journal of Physical Chemistry 

B, 2004.108(9): p. 2827-2832. 

14. Evoy, S.; DiLello, N.; Deshpande, V., et al., Microelectronic Engineering, 2004. 

75(1): p. 31-42. 



182 

15. Wang, J. G.; Tian, M. L.; Mallouk, T. E., et al., Nano Letters, 2004-4(7)- p. 1313- 

1318. 

16. Nicewarner-Pena, S. R.; Carado, A. J.; Shale, K. E., et al., Journal of Physical 

Chemistry B, 2003.107(30): p. 7360-7367. 

17. Keating, C. D.; Natan, M. J., Advanced Materials, 2003.15(5): p. 451-454. 

18. Bjork, M. T.; Ohlsson, B. J.; Sass, T., et al., Applied Physics Letters, 2002.80(6): 

p. 1058-1060. 

19. Kratochvilova, I.; Kocirik, M.; Zambova, A., et al., Journal of Materials 

Chemistry, 2002.12(10): p. 2927-2930. 

20. Kovtyukhova, N. I.; Martin, B. R.; Mbindyo, J. K. N., et al., Journal of Physical 

Chemistry B, 2001.105(37): p. 8762-8769. 


