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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. Ot particular
interest i1s the ability to control both the placement and orientation of nanowires onto
surtfaces. These conditions have been best satistied 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 surtace.

The use of alternating electric fields to manipulate particles in solution 1s labelled
dielectrophoresis. Considerable control over the assembly of nanowires 1s atforded 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. Atfter assembly, single
nanowires displayed an Ohmic response with 35 €2 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 1n 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 Feynman “There’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 Feynman 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 vears. The
most accurate realisation of Feynman’s suggestions was the manipulation of individual

atoms, famously achieved by Eigler ef al* 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.*

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



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
circultry. 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 ot
Iintegrated 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 ot
bottom-up techniques 1s 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 tirst synthesised tor 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 ftirst theorised
about origin of the pigmentation and nature ot colloidal gold.® 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 tree 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 1solated particle 1s limited by their low

total capacitance. Similarly, the increase in surface area to volume greatly enhances any



catalytic activity. Recently, research into gold nanoparticles has increased tollowing the

synthesis route developed by Brust ef al.’

In addition to the development of nanoparticles, the pursuit of nanowires has seen
significant activity in recent years. Carbon nanotubes® 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:

e In a similar process to the surfactant controlled fabrication of nanoparticles’,
reduction of salt in the presence of certain surfactants may also be used to
generate metallic nanowires.” 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 tor the growth of nanowires.

e Template tabrication of nanowires describes a process whereby gold is deposited
either into, or onto, a physical template that detines the size and shape ot the
deposited material. Nanowires were first fabricated in porous membranes'". but
the technique has since been extended to the deposition of gold on DNA' and in
micelle structures mentioned above.

e 'The Vapour-Liquid-Solid (VLS) growth procedure requires that material 1s
deposited tfrom a vapour phase to a liquid-solid intertace. Commonly a solid
substrate 1s 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 1s at equilibrium. When more growth
material 1s supplied at this temperature, the alloyed particle becomes
supersaturated, and excess species deposit below nanoparticle resulting in one-
dimensional growth. The metal particle 1s not consumed during growth and acts

12,13
as a catalyst.

e The epitaxial deposition of metals on substrates tends 1nitially 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.'

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

. . . ]
surface producing nanowires."

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

application of high field conditions.'* "’



In recognition of the barriers faced by lithographic circuit fabrication, there has been

77

20-22
'8.19 carbon nanotubes™ ", and

considerable ettort to construct devices from molecules

: 73 : . : . .
nanowires™ ~. The formation of nanowires by template deposition into porous
membranes allows the greatest control over the structure of the nanowire. They may be

26-28

, . : : . . g,
fabricated from a variety of materials™®*, or combinations thereof™ .

1.2:  Nanoparticle Assembly

To tabricate tunctional 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

23, 30, 31

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

32,33 34

Integrated nanosystems such as chemical / biological sensors or photonic devices
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

30, 35, 36 23,37, 38

of surface patterning , alternative circuit architectures , and molecular
. 18,19,38-40 1. - - ..
electronics %40 Discussed below is a summary of some of the techniques used for

nanoparticle assembly presented 1n the literature.

The tirst demonstrations of nanoparticle self-assembly on surfaces used colloidal
particles. Brust er al*' showed that networks of gold nanoparticles could be self-organised
into 3-D structures via attachment between organic dithiols surfactants at their surtace.
Subsequent research has lead to a diverse range of assembly techniques®” that have been

split into four key mechanisms, for the descriptive purposes ot this thesis:
¢ Fluidic Assembly — interactions between the surtace, solvent or colloid direct
assembly. Nanoparticles may be driven together whilst suspended 1n solution by
the evaporation of solvent™ ™. Alternatively upon evaporation of the solvent
nanopartices may become trapped at certain positions within a template or on a

46, 47

surface™ *'. Finally, assembly may be due to rearrangement at nanoparticles at a

¥-4% as in Langmuir-Blodgett

fluid-intertace to adopt the highest packing density
assembly.

¢ 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 monol.a.yers.50 However, when applied to
colloidal particles some chemical functionality must be present at their surtace to

co-ordinate their assembly. Nanoparticle assembly has been demonstrated with



both covalent®'* and non-covalent binding interactions>> >°. 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
DNA’’, or avidin / streptavidin®®>°.

* 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.*”®’

 Field Mediated Assembly - where interactions between the components and an
external field are used to define their assembly. Both external magnetic®* and

electric® 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.”® 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 tunctionality to carbon nanotubes is difficult, and
consequently there a tew examples of chemical assembly, although some success has

67, 68

been achieved with DNA binding processes. Dielectrophoresis 1s the movement of

dielectric particles 1n a fluid, with difterent dielectric properties, under the influence of an
alternating tield. The field not only directs the motion of the particle, but aligns
anisotropic particles. Consequently, this 1s an ideal tool tor the assembly of one-

69, 70

dimensional structures such as carbon nanotubes. Carbon nanotubes have also been

713,74 5

assembled by fluidic processes’" ', electrostatic forces’ ", and magnetic fields”. The

quantity of research undertaken on carbon nanotubes dwarts that conducted on the
assembly of metallic nanowires. However, there are specitic examples ot nanowire
assembly in all the categories detined above. Langmuir-Blodgett techniques have been
used to form liquid crystalline assemblies of nanowires both at tluid interfaces and on

70, 77

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

induced between the isotropic. nematic and semetic phases has been observed.” In
comparison to carbon nanotubes, gold nanowires may be easily functionalised with

chemical groups. Dujardin et al have shown the specitic organization of gold nanorods

into anisotropic 3-D aggregates atter DNA hybridisation.79 Similarly Mbindyo et al have



demonstrated this binding process is capable of binding nanowires to complementary
surtaces.” By functionalising the nanowires with charged surfactants, the assembly ot

31, 82

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

also been applied to metallic nanowires to control their deposition either onto electrodes’
%4 - - -

, and to create integrated arrays . Nanowire assembly under the influence of an external
applied tield is considered directed assembly, whilst interactions based between

tunctional 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.”® One solution to address
molecular elements would be to embed them within metallic nanowires, and then
assemble these between electrodes.® Indeed, nanowires provide ideal hosts to a variety of
devices 1n addition to providing interconnect leads, and may be used as hosts for more

.
complex devices.™ **

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 ot these elements. Initially, nanowires were deposited at random on a
surface, and electrodes were overlaid by either electron beam lithography®’ or focused

* % Alternatively, they could be addressed directly with a

1on-beam induced deposition
conducting AFM tip, either within the template membrane or on surfaces®”. AFM has also
been used to manipulate individual nanowires directly between electrodes . Although the
in-situ fabrication of nanowires between electrodes is possible’, this technique does not
extend to more complex nanowire devices. Currently, the preterred solution 1s to

assembly nanowires between electrodes with dielectrophoresis.”

1.4: Summary of Work and Description of Thesis

During the course of the work presented in this thesis, research has been tocused towards
developing expertise for the fabrication of gold nanowires, controlling their self-assembly

on surtfaces, and characterising their electrical behaviour.



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

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

application, 1s also included.

The results and discussion surrounding the fabrication of gold nanowires 1s presented 1n
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 1s 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 modity the surface
properties of these nanowires with thiol surfactants. Finally, a chemical analysis of

surfactant coated nanowires 1s 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 ot
components on surfaces. Here, we assess the potential for surtactant 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 tluid-
surface interactions. The mechanisms are summarised below, and fully documented in

chapter 2.
e Interactions between hydrophobic functionalised nanowires in aqueous solutions.
e Nanowire assembly from solution onto patterned hydrophilic / hydrophobic
surfaces.
e Chemical attachment of nanowires to surfaces by hydrogen bonding.
e Chemical attachment of nanowires to surfaces by carboxylate salt formation.
e Attachment of biotinylated nanowires to active streptavidin surfaces.
o Aggregation of biotinylated nanowires in solution after the introduction ot

streptavidin.



e The assembly of charged nanowires onto charged surfaces due to electrostatic

Interactions.

e Aggregation of charged nanowires in solution.

Results concerning the dielectrophoretic assembly and electrical characterisation ot

nanowires are presented in chapter 5. The dielectrophoretic force 1s modelled, based upon
the interaction between an aiternating 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 assembied the transport properties ot these nanowires are

measured.
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Chapter 2: Background, Theory and Experimental
Techniques

T'his 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 2.2x10° Qm

and a melting point of 1337 K.'

2.2: Nanowire Fabrication

From the various nanowire tabrication 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 1s 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 host”. 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

. ) . 3 : 4 .
magnetic”, non-magnetic” and superconducting’ nanowires, carbon” and conductive

* nanotubes, and many more complex structures.

polymer
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. Huczko’ 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

oxlde 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, 1s limited by the structure of the oxide layer itself. Among the valve metals,

pores are known to form in anodised Al, Si® and Ge”’.

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 1s directly controlled by the anodising conditions. Pore diameters can

‘%11 with remarkable uniformity,

be varied from ~5 nm’ to several hundred nanometers
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'~. These properties

make porous alumina an ideal host material for template tabrication.

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, 10nic, so that its
dissolution requires the breaking of Al-O bonds. Dissolution 1s 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 1s regulated

by ionic transport across the oxide barrier layer, the current, Figure 2.2.7
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Figure 2.2. Oxide formation and dissolution at the metal-oxide and oxide-electrolyte

interfaces®

Aluminium-oxygen bonds are effectively polarised upon the application of an electric
field. At the oxide-electrolyte interface Al’* ions are ejected into the solution and OH or
O~ ions are pulled into the oxide.'* 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 OH or O™ 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.

Equation2.1 H,PO, —» H" +H,PO; - H" + HPO;” - H" + PO",

Equation2.2 H,SO, —» H' +HSO; — H" + SO,

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

the electrolyte bath temperature'. 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 significant.' 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." Vigorous stirring of the electrolyte has been shown to affect the current
passed, and consequently, the growth rate'’. 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.

lonic 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 i1s not homogenous, but has a duplex structure containing microcrystallites of
largely anhydrous alumina and intercrystallite regions containing molecular water.

2 Alumina formed at the metal-oxide interface is

hydroxyl groups and the acid anions
anhydrous, but Al’*, OH’, O” 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 results” suggest that the thickness
ratio of anhydrous alumina to acid anion contaminated material in porous alumina films 1s
dependent on the electrolyte used: sulphuric acid (0.05) < oxalic acid (0.1) < phosphoric
acid (0.5) < chromic acid (o0). This may be significant for 1onic transport and the growth

mechanism, but more recent results have failed to confirm these ﬁndingslg’ 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

been determined to follow the processes outlined 1n Figure 2.3 11>
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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'" '*'>*!

Stage 1

Initially, 1onic 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 11

Pitting and cracks appear at the oxide/electrolyte intertace prior to any true pore
formation. Further anodising results in the propagation of individual paths to form

nanopores. Initially pore density 1s very high.

Stage 111

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

surface?"" **. On smooth substrates pores nucleate preferentially above grain boundaries.™
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As a result the grain structure or surface roughness 1s commonly transferred to the pore

21, 22

structure, Figure 2.4
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Figure 2.4. TEM micrograph showing pore nucleation along substrate grain

boundaries*

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™. 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, respectivelyz4. The oxide film thickness 1s

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

common electrolytes*

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

120, 24, 26

basis of a structural-geometrical mode . In this model the electric field plays a key
role 1n 1onic transport and dissolution processes, and consequently controls the
topography of the metal-oxide and oxide-electrolyte interfaces”'. Similarly. a linear
dependence of the pore size with applied potential can be predicted from a model based
upon both the chemical reaction kinetics and pore base geometry”” *°. Assumptions that
fix the geometry of pore base to be either hemispherical, or ninety degrees of a sphere ',
cause these models to predict a constant porosity although this 1s known not to be the
case™ . 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

terminating along their length®

The most complete explanation for pore formation is offered by Thamida et al > The
propagation of the metal-oxide and oxide-electrolyte interfaces are coupled by 1onic
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



23

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™ .
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

lonic transport across the barrier layer'.

During the 1nitial 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 1s 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."

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
amplictication 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 intertaces can destabilise pore formation. Due to these
stabilising and destabilising influences on the topography of the oxide layer, pores ot 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 <
[."> 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'”. 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.

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 array™. Optimum long range ordering occurs at
25V in 0.5 M sulphuric acid solution’’, 40V in 0.3 M oxalic acid solution'® **. and 195V’
in 0.3 M phosphoric acid solution™, 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 1s observed, although a variety of different pore distributions can produced by
texturing the substrate aluminium prior to anodising’*. However, where pore nucleation
occurs randomly on the oxide surface, self-ordering can only be achieved with some
inter-pore force™, acting both during the inception stage of the pores and steady state
growth'”. 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 detects can be observed where the structure has reorganised in an attempt to
reconcile the differences in alignment of two adjacent domains'>. This illustrates that
there must be a lateral force. Changing conditions at the pore base may act to destabilise

assembly for long growth periods, these include pH, temperature or ion concentration ™ 2

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, 1s 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 model™. Upon oxidation the atomic density of
aluminium in alumina is a factor of two lower than in metallic aluminium™. For
nonporous layers, with volume expansion ~2, interfacial stress is maximal and decreases
with porosity. Under the influence of an electric field, AI’* 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 electrolytes™ *°. There is
some discrepancy in the literature whether the optimal volume expansion for ordering is

23 35 . : . . : . . ,
1.4 = or 1.2 7. Investigation of the expansion factor and its relationship with applied

voltage and electrolyte concentration can be seen in Figure 2.6.™
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Figure 2.6. Dependence of the expansion factor, Ky, on applied voltage, U,, and

electrolyte concentration, ¢.**

The expansion tactor, Ky, tollows an inverted parabola with voltage, U,, 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 1n little or no hexagonal ordering. This provides an important mechanism that
maximizes the volume expansion factor with voltage tor a particular electrolyte, and

suggests a route for pore-ordering at only a narrow ranges ot 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 ot ~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'” believes the porosity at optimum ordering
conditions to be a minimum, Ono’s ::malysis11 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 otten
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
al". 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.”” 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.”' The size of the cell and barrier oxide for adjacent pores 1S
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.”’

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 1n 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 MQ water. These were placed into a
custom built PTFE electrochemical cell to be anodised, figure 2.7.

-+
@
40 V DC

Stainless steel cathode

i PTFE cell

.............

Cutaway (1llustration)

Aluminium samples

Electrolyte flow

Figure 2.7. Schematic diagram of the electrochemical cell used to anodise aluminium

substrates



27

The cell was designed such that it can be immersed in a beaker of electrolvte 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« 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 um thick, and are available 1n 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 um. They are typically 20 wm 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.’ 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.*” 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

polycrystalline” and single-crystal’® 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
deposition™. Two factors can affect the growth rate, the applied potential and diffusion of
lons 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.”’ The diffusion rate is most significantly controlled by the
pore diameter and depth, although bulk ion concentration is important.”® Hydrogen
evolution at the deposition front becomes significant when deposition is diffusion limited,
and disrupts the formation of homogenous nanowires. By reducing the number ot
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.”’

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 HAuCl5.3H,0, pH adjusted to 2 by

the addition of 5 wt% sulphuric acid.
Hydrochloric: An aqueous electrolyte containing 0.02 M HAuCl3.3H,O and 1 M NaCl,

pH adjusted to 1.5 by the addition of 5 wt% hydrochloric acid.
Neutral: An aqueous electrolyte containing 0.02 M HAuCl3.3H,O, pH adjusted to by

the addition of 1 M 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 ef a/*® in a solution that was 7.9x10°> M
Na3Au(S0s), (the diluted form of the commercial plating solution), 0.127 M Na,SO-.
(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.

. ——— W = . — o — e —

Power Supply
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PTFE Template O-rings
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 ‘Anodisc’ 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 2 x 10° mbar.

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 a 1 M 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 1n
solution. Sodium hydroxide, or contaminated chloroform, was removed by repeatedly
centrifuging the sample and pouring away the supernatant. After every cycle 13.2
MQcm™' 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.



31

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 Langmuir®® and Blodget™. Molecules were
organised by compressive forces at the fluid-air interface, and could be transferred to

solid substrates by physisorption®. In recognition of their work, monolayers and

Self-organisation of molecular films was first reported in by Zisman et al*'. 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

42-47
),

covalent (organosilanes on Si0, polar covalent (organosulphurs on gold*), or ionic

(carboxylic acids on silver®). The energies associated with these interactions are
exothermic and typically in the order of tens of kcal/mol, i.e. energetically favourable.*°
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 way”'.

Order within the monolayer 1s 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
1s rare that molecules involved in SAM formation are onented 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.”” The tail-groups can be tailored for subsequent
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reactions with biomaterials™ >, colloids™, or polymers®. Substituted groups commonliy
found in the literature are methyl>~>" %, hydroxyl” >>*!| carboxyl® ®*, amine®* **. and

fluorinated alkyl®**’ units.

2.3.1.3 Self Assembled Thiol Monolayers on Gold

Although organothiol molecules have also been used to functionalise silver’> %7°

52, 69, 70

73 74,75

copper , platinum’’, mercury’> ", and iron’™ 7, they are most commonly assembled
onto gold substrates*®. The nature of the covalent bonding between thiol groups and gold
substrates 1s sufficiently strong to displace most physisorbed impurities from a surface
during monolayer formation’, although clean substrates improve the reproducibility of
SAM ftormation. The “adsorption times” of monolayers typically vary from minutes to
several hours, depending on surfactant molecular structure, solvent, and solution
concentration.’’ Initially, molecules are absorbed onto the gold surface at a rate defined
by the solution concentration, and described by diffusion controlled Langmuir absorption.
T'he 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
1s 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

directed towards the works of Ulman and Tredgold.‘w’ 20, 31, 77

2.3.1.3.1 SAM formation procedure

Selt 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 2 x 10 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-1-undecanol (HS-(CH,),,-OH) [OH], mercaptoundecanoic acid (HS-
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(CH,),,-COOH) [COOH]. 4-aminothiophenol (NH-C¢H,SH) [ATP], and dodecanethiol
(HS-(CH,),,-CH;) [CH;], all obtained from Aldrich. Two further thiols, a fluorinated
[CF3] thiol (CF3(CF,)o(CH,)¢SH) and an amine [NH-] terminated thiol
(NH»(CH,),(OCH,CH,){NHC=0OCH,CH,SH), were supplied by the Seiko-Epson
corporation. A thiolated biotin molecule [biotin] has been previously produc:ed78 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

MQcm™' MilliQ water and dried under N>.

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
79-86

b

techniques are used to pattern SAMs on surfaces; electron or ion beam irradiation

87-90 - .. . . .. 9] .
, micro-contact printing and UV irradiation’' . Only micro-

SPM-surtace interactions
contact printing 1s discussed here, tfurther 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.”

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

7.9 Textured stamps are commonly

textured elastomeric stamp, with resolution > 30 nm
fabricated from polydimethylsiloxane (PDMS), moulded from an etched silicon “master’.
The master is fabricated using conventional lithographic photo-resist or electron beam-
resist procedures.g9 The PDMS stamp is ‘inked’, dried, and lightly pressed onto the

substrate, Figure 2.9.
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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.”” ' Although quick, cheap, and effective this technique is not
without 1ts problems. The resolution of the pattern 1s 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 1s 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 MQcm™'). 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 a 7 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

variety of patterned surfaces with repeat lengths above 2 um.

2.3.1.5 Molecular Interactions

T'he 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

2,10

the hydrophobic interaction'* '’ experimental evidence has suggested that other, long

104-106

range hydrophobic interactions exist . Suggested mechanisms for this long-range

. . . . . . . . )
interaction include electrostatic charge or dipole-dipole interactions' ', water structure'">,

109

phase metastability'”, and sub-microscopic bubbles 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 surtactant
In aqueous solutions has been investigated. Their interaction with the solvent may cause
nanowires to aggregate in order to mintmise 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
110

water droplet and adhesive forces between the surface and droplet ™. 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 (CH; or CF; 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.

Hydrophillic Hydrophobic
OH terminated CF,/ CH,terminated

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 1s

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 O, F or N, in another molecule. The
hydrogen atom has a partial positive charge that induces a local dipole. The hydrogen
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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' ', 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 lons

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 1s 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



functionalised surfaces is a logical step. Surfaces identical to those prepared for the
previous section are exposed to 1 M CdCl, aqueous solutions. In such solutions the
carboxylic acid terminal groups are expected to deprotonate, and form a carboxylate salt
with metals ions from solution. An identical procedure was used to expose these surfaces

to COOH functionalised surfaces, and the carboxylate salt'>'" is expected to bind the

nanowire to the surface, Figure 2.12.
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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
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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. Whitesides''® 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"'"''*, and NH, SAMs protonate to
NH;" with a pKa value of ~7.5'"7'%°,

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.

COO NH.
Terminated Terminated

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 1s 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 K, ~10""
M™."*! The interaction mechanism between streptavidin and biotin'~* '** 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.
1s 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.”

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 surtace regions,

providing selective attachment, figure 2.14.
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Biotin / OH OH
Terminated Terminated

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

12412 When a polarisable object is subject to an

particles in a liquid dielectric medium
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 n a net

dielectrophoretic force, Fpgp, Figure 2.15.



Figure 2.15. The origin of dielectrophoretic force in an iInhomogeneous 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 tields. Consequently the strength of the dielectric force is dependent on the
applied tield 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.'*
Equation 2.3 F,., =(m(t)-V)E(t)

Where E is the electric field, and m the induced dipole moment of the nanowire. The
exclusion of higher-order terms means the dipole moment approximation 1s 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'**, 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
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different, causing the particle to move in the medium . 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 24 m(t)=¢,V KE(t)

Where &, 1s the absolute permittivity of the medium, V, is the volume of the particle and

K 1s the complex polarisation factor, which depends on the complex permittivity of the

particle and medium by Equation 2.5

Equation2.5 K=—"—"
£+ (Ep — & )n
Here, €* 1s the complex permittivity and the indices p and m refer to the particle and the

medium respectively. The Lorentz depolarization factor, n = n,+n,+n., describes the

shape anisotropy of the particle, where each component describes how a certain particle
orientation interacts with the electric field. Unlike 1sotropic spherical particles where
n,=n,=n,;=1/3, cylindrical particles are highly anisotropic and their polarisability 1s
dependent on their orientation with respect to the electric field. For a long cylindrical wire
the polarisability along the length of the wire 1s much greater than either radial
orientation, consequently component depolarisation factors are n;, = 0 and n,;=n,,=0.5. If
the x axis is arbitrarily chosen as the line bisecting the two electrodes, and 1t 1s accepted
that the dielectrophoretic torque aligns the wire with the field, n,= 0 and the cases for
other orientations, n, and 1., need not be considered. The complex polarisation factor
simplifies to Equation 2.6.

e —¢
Equation2.6 K =————

The imaginary component of the complex permittivity, £*, contains the conductivity, o,

and angular frequency of the applied field, @, Equation 2.7.
Equation2.7 € =¢€—-io/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

27

Equation 2.8 and Equation 2.9.’
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Equation2.8 F, _, = %Re{m-VE *}

Bauation 29 Foep = J 1716, ReAK VIE, |

Where E,,, is the root-mean-square value of the electric field, and the particle volume is
calculated from its radius, r, and length, /. 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 1s 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.

dVv A7
Equation 2.10 F,_, =mr‘le Re\K |—2=V rms
q DEP m { }I [ _r( }I

w (e e —€)+(0,0,—0.)
Equation 2.11 Re{K}= —"%2 " " F "=
e, W +0,

For assembly, the dielectrophoretic force should be greater than other component forces
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acting on the particle. Dimaki et al = 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 ot 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 1S

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 um
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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 layer, 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 mm* pads separated by 75 um 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, 1n series with a 1 kQ2 current limiting resistor, Ry, 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, Ry, with a digital oscitloscope,

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 nm'*®. Kreibig and von
Fragstein' > have 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.
Sondheimer'”” 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 tor nanowires.

L
Equation 2.12 R = p;

Here, R is the calculated nanowire resistance, o 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 1s
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correlated with the scan position to generate an image, similar to that seen throu gh an
optical microscope.

2.4.1.1 Instrumentation

T'wo 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 1s 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.

Field emission tip

(Cathode)

First Anode

Second Anode

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 1tself 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 107 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” mbar. Scanning electron microscopy 1s capable of differentiating between
different species of organothiol monolayers on gold'”', this is very useful for imaging

patterned SAMs, where 1mage 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 sumpled and an energy
spectrum measured allowing the chemical composition of the surtace to be determined.

The technique 1s based upon the photoelectric eftect formulated by Einstein in 19053,

equation 2.13.

Equation 2.13. £, =hv—- KE

Where Ej is the binding energy of the electron, /v 1s the energy of the photon source and
KE the kinetic energy of the emitted electron. When a photon 1s incident on matter, there
are three possible outcomes:

1) The photon passes through without interaction, no energy 1s 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 attractzd 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 1dentification. 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.

j/" 3 .

/ - _~"photoelectron

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™ 1n 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 1s 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 €jection, 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

A-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 len