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Abstract 

Surface enhanced Raman spectroscopy (SERS) and the closely related surface enhanced 

resonance Raman spectroscopy (SERRS) play increasingly more important roles in both 

sensing and optical imaging applications. However, their widespread commercial use has been 

restricted in part by the lack of suitable substrates. Those currently available provide some but 

not all of the properties desirable in an ideal SERS substrate. Therefore, there is a need to 

provide a substrate with substantial signal enhancement with uniformity and repeatability of 

response over the entire surface. It is also advantageous for certain applications that the 

nanostructured substrate is also electrically conducting. The ideal substrate would also be 

capable of both single- and multi-analyte analysis, providing versatility through end user 

customisation to meet specific needs. In addition to robustness, ease of handling, surface 

regeneration and cost effectiveness are also desirable. 

This work details the progress made towards developing such a SERS substrate. The main 

focus was the electrochemical production of ordered gold nanorod arrays (AuNR) in a porous 

anodised aluminium oxide (AAO) template that enabled good control of morphology, height, 

width and the spacing between vertically orientated rods. Optimisation work performed on the 

AAO template fabrication significantly reduced ‘pore branching’ that had previously occurred 

at the top of the AAO template. Comparison studies of electrodeposited AuNR that were 

formed in the pores to create SERS substrates were carried out. A controlled etching step was 

developed to partially expose the AuNR while maintaining electrical contact. SERS studies 

were initially performed using two well-established reporter molecules, one resonant 

(malachite green) and one non-resonant (4-mercaptobenzoic acid) with the excitation laser. 

The signal enhancement achieved with the AuNR was vastly superior to that obtained from a 

commercially available substrate (Klarite®), a monolayer of gold nanoparticles (NP) and a thin 

gold film. The signal was found to be uniform over the whole surface. A number of cleaning 

methods were also explored to enable repeat use and surface regeneration over several cycles.  

An AuNR surface patterning method was also developed to multi-analyte detection on a single 

substrate. This comprised of AuNR ‘dots’, which can be individually functionalised. Finally, 

the application of the substrate for in-situ electrochemical studies was demonstrated in a 

specially designed flow-cell that allowed for controlled etching, cleaning and surface 

modification of the SERS substrate to be effected. 
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AAO  Anodic Aluminium oxide 

AgNP Silver nanoparticles 

AuNP Gold nanoparticles 
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1. Introduction 

1.1 Sensing and nanotechnology 

Sensors have become invaluable and are now common place and a part of everyday life1–3. We 

are surrounded by them whether in the home, at work or at leisure, from heavily built up urban 

areas to the remotest rural environments. Increasingly sophisticated technology has been 

reduced in size and complexity in order to enable its use by persons with little or no scientific 

or technical knowledge of the processes involved in operating the devices satisfactorily. For 

example, hand held devices for home pregnancy testing4, crop analysis5, environmental 

analysis6–9 the monitoring of insulin levels in diabetics10 and in laboratories too, where space 

is of the essence. 

From the development of the oxygen probe in 195611, the list of analytes able to be detected 

has expanded rapidly12,13. The principles and methods by which the detections occur fall within 

the areas of optical1, thermal14, mass and electrochemical2. This already wide range of detection 

methods coupled together with the emergence of nanotechnology in the 1980’s15 has seen the 

subsequent rapid increase and divergence in the areas of interest. Thus, research and 

development of sensors have resulted in a myriad of collaborations among scientists from the 

fields of chemistry, physics, computing and engineering. 

Nanotechnology has come to the forefront of sensors research. It has been described as the 

practical application of scientific knowledge at the nanoscale15 and is characterised by the 

production and/or use of materials where at least one dimension lies within the range of 1 – 

100 nm (i.e. 10-9 m – 10-7 m). The concept was first postulated by Richard Feynman in 1959 

who stated that “The problems of chemistry and biology can be greatly helped if our ability to 

see what we are doing, and to do things on an atomic level, is ultimately developed”. However 

it was Norio Taniguchi who is credited with first introducing the term in 1974 and not until 

early in the following decade with the development of the scanning tunnelling microscope 

(STM) and the atomic force microscope (AFM) that it became a reality13.  
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1.2 Metallic character and properties 

The chemical properties associated with metals result from how readily metals lose their 

electrons to form positively charged ions, i.e. cations. The physical properties associated with 

metals include a lustrous shiny appearance, high density, good thermal and electrical 

conductivity. Most metals are solid and malleable with one notable exception being mercury 

which is liquid at room temperature16. 

1.2.1 Band theory of metals 

The conductivity of metals is a result of atomic orbitals at similar energy levels combining to 

form a band. The outer valence band is either partially filled with electrons or overlaps with an 

unoccupied conduction band. As a result electrons can easily flow between the two under an 

applied electric field, resulting in the metal exhibiting high conductivity. The energy spread of 

this band is a result of the difference in energy between the most strongly bound “bonding 

orbital” and the highest energy “antibonding orbital”. Electrons become delocalised i.e. 

detached from their original atom, moving freely within the molecular orbitals in the valence 

band. Strong forces of attraction exist between these delocalised electrons and the positive 

nuclei. Band theory derives these bands and band gaps by examining the allowed quantum 

mechanical wave functions for an electron in a large, periodic lattice of atoms or molecule17–

19. 

An important factor in band theory is the Fermi energy; this refers to the energy associated 

with a particle in thermal equilibrium with a system of interest. The Fermi level is a 

hypothetical energy level of an electron, which at thermodynamic equilibrium has a one in two 

probability of being occupied at any given time. The Fermi level of a material expresses the 

energy required to add or remove an electron (µ). As such, the observed difference in voltage 

between two points, A and B, VA-VB in an electronic circuit is exactly related to the 

corresponding chemical potential difference, µA − µB, in the Fermi level20,21 is given in 

Equation 1.1.  

 

𝑉𝐴 − 𝑉𝐵 =
𝜇𝐴−𝜇𝐵

−𝑒
  Equation 1.1 

where e is the electron charge. 

 

https://en.wikipedia.org/wiki/Electron_charge


3 

 

Electrons move from a body of high µ (low voltage) to low µ (high voltage) if a simple path is 

provided. This flow of electrons will cause the lower µ to increase (due to charging or other 

repulsion effects) and likewise cause the higher µ to decrease. Eventually, µ will settle down 

to the same value in both bodies, having reached the equilibrium (off) state of an electronic 

circuit22. 

The position of the Fermi level in relation to the band energy levels is a crucial factor in 

determining electrical properties. The Fermi level does not necessarily require the existence of 

a band structure or to relate to an actual energy level and is a precisely defined thermodynamic 

quantity. The bands and band gaps most relevant for electrical conductivity and optoelectronics 

are those with energies close to the Fermi level. A selection of elements Fermi energy levels 

are given in Table 1.1. Note that the Fermi energies of silver and gold are the lowest and iron 

and magnesium the highest21. 

 

 

Element 

 

 

Copper 

(Cu) 

 

Silver 

(Ag) 

 

Gold 

(Au) 

 

Iron 

(Fe) 

 

Manganese 

(Mn) 

 

Zinc 

(Zn) 

 

Cadmium 

(Cd) 

 

Mercury 

(Hg) 

 

Tin 

(Sn) 

 

Lead 

(Pb) 

 

Fermi 

Energy 

(eV) 

 

7.00 

 

5.49 

 

5.53 

 

11.1 

 

10.9 

 

9.47 

 

7.47 

 

7.13 

 

10.2 

 

9.47 

Table 1.1 The Fermi energy levels of a number of elements.  Silver and gold have the lowest 

values. 

In cases where the gap between the valence band and the conduction band is large, electrons 

are unable to jump from the valence band to the conduction band. Such compounds show little 

or no conductivity e.g. glass, polystyrene. When the gap between valence band and conduction 

band is small, some electrons may jump from the valence band to the conduction band and thus 

show some conductivity. Such materials are known as semiconductors e.g. silicon and 

germanium23. 

It is evident from looking at the band gap diagram in Figure 1.1 that in the case of a metal there 

is no separation between the bands. This helps the excited electrons move easily from one band 

to another and hence metals are good conductors of electricity. In the case of semi-conductors, 

there is only a small gap between the valence and conduction bands. As a result, only a small 

fraction of the electrons have enough energy to jump but it is possible to increase the 

conductivity of semiconductors by increasing the temperature or doping20. However, 
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with insulators the size of the gap between the valence band and conduction band is too great 

to allow any electrons to make the leap and therefore these materials exhibit no conductivity 

19.  

 

Figure 1.1 Schematic representation of the band gap in metals, semi-conductors and 

insulators. 

 

1.2.2 Gold, silver and copper 

Gold, silver and copper are often referred to as the coinage metals. These metals possess 

qualities, some similar and some different, that make them attractive in numerous 

applications24. As indicated in Table 1.2, they have the highest electrical and thermal 

conductivities of all metals, and are the most ductile and malleable. The most common 

oxidation state of 1+ occurs due to the loss of a single electron. However, a 2+ oxidation state 

is also common for copper and, to a lesser extent silver. This is due to the relatively low values 

of their second ionisation energies. While a 3+ oxidation state exists for gold due to its low 

third ionisation energy. Gold can also react with powerful reductants and solutions of the alkali 

metals in liquid ammonia to produce the gold anion Au−. 

All three elements have significant electron affinities due to half-filled orbitals in the neutral 

atoms.  

 

BAND GAPFermi level

Conduction Band

Conduction Band

Conduction Band

Valence Band

Valence Band

Valence Band

Overlap

E
Metal Semi conductor Insulator 
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Element Symbol Atomic 

number 

Electron 

configuration 

Electronegativity Radius 

(pm) 

Melting 

point 

(°C) 

Density 

(g/m3) 

Copper Cu 29 4s13d10 1.90 128 1085 8.96 

Silver Ag 47 5s14d10 1.93 144 962 10.50 

Gold Au 79 6s15d104f14 2.40 144 1062 19.30 

Table 1.2 Properties of gold, silver and copper. 

 

Copper, silver and gold respectively are increasingly resistant to oxidation, with copper the 

most reactive and gold the least. Silver exhibits the greatest electrical and thermal conductivity 

of all the elements, as well as the least contact resistance.  

 

1.2.3 Plasmonics  

For centuries the unique optical properties of minute gold and silver particles was known to 

artists and craftsmen who utilised their vibrant colours for decorative purposes. However, it 

was not until the middle of the 19th century that the unique optical properties of gold and silver 

nanoparticles (NP) first aroused scientific interest25,26. This key property is linked to surface 

plasmon resonance27 (SPR), which arises from the oscillation of free conduction band electrons 

at a metal/dielectric interface that have been excited by the absorption of incident 

electromagnetic radiation. They oscillate at a phase and amplitude matching that of the incident 

light and are associated with intense confined electric fields12,28,29, as  illustrated in Figure 1.2.  

Electrons in the conduction band of metals move both freely and independently from the ionic 

background. It should be noted that the electron cloud of noble metals exhibit higher 

polarisability than other metals which shifts the plasmon resonance to lower frequencies within 

the visible spectrum30. Localised surface plasmon resonance (LSPR) occurs within a confined 

nanostructure and is associated with characteristic excitation wavelength ranges31. While the 

majority of metals exhibit plasmon resonance in the ultraviolet (UV) region, gold, silver, and 

copper exhibit LSPR at longer wavelengths in the visible-NIR region. For all three metals the 

position of the LSPR λmax varies across the range depicted in Figure 1.3 and is also dependent 

on the nanoparticle size and shape32,33.  
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Figure 1.2 Schematic depicting LSPR excitation within a gold nanoparticle in response to an 

applied electromagnetic field.  

 

Figure 1.3 Schematic representation of the LSPR excitation wavelength ranges associated 

copper, gold and silver. For all three metals, the LSPR λmax varies across the range 

depending on the nanoparticle size and shape.  

In the case of thin noble metal films (~50 nm thick), the excitation of surface plasmon 

polaritons (SPP’s) along the metal/dielectric interface (see Figure 1.4) results in plasmon 

propagation lengths that are significantly longer (i.e. micron scale) compared to that associated 

with LSPR in nanostructures.  The SPP electric field is orientated perpendicular to the metal 

surface and propagate non-radiatively along the metal/dielectric interface and are sensitive to 
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the refractive index of the local dielectric environment. This allows their properties to be 

tailored using applied electric or magnetic fields in composite nanomaterials systems. 

 

Figure 1.4 Propagating SPP’s on a thin gold film excited at the gold film/air interface. 

Other metals such as the alkali metals and gallium, indium, and rhodium, as well as metal alloys 

have all been explored as plasmonic substrates17. However, the reactivity of the alkali metals 

in air presents challenges and limitations for their effective use.  Aluminium supported SPR 

falls within the UV region as do metal oxides such as titanium oxide34.  

 

1.2.4 Gold colloid 

The unique health benefits of silver and gold have been known and utilised since ancient times, 

gold for its benign biocompatibility and silver for its antibacterial properties. The first purified 

colloidal gold solutions were produced in 1857 by Michael Faraday25. While in the 1930’s, 

colloidal gold was used to prolong the lives and alleviate the suffering of terminally ill cancer 

patients reducing the quantities of opiates required to be prescribed25.  

Gold colloidal solutions are commonly produced using the Turkevich method35 by boiling 

chloroauric acid  (HAuCl4.3H2O) with a citrate reducing agent. In 2007 Haiss et al36 used 

colloidal UV-vis spectra to correlate both size and concentration of gold nanoparticles within 

synthesised solutions containing nanoparticles between 5 and 100 nm in diameter with their 

corresponding LSPR λmax falling between 520 nm and 580 nm. Figure 1.5 shows the extinction 

spectrum of a gold colloid ~20 nm in diameter. 

+ + + +           - - - - + + + +           - - - -
Au Film
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Figure 1.5 Extinction spectrum for 20 nm gold nanospheres with λmax at 520 nm produced 

using the Turkevich method.  As the diameter of the sphere increases, the λmax is increasingly 

shifted towards the NIR. 

 

For a metal colloid solution the size, shape and distance between particles, together with the 

dielectric function of the medium, have the greatest influence on the extinction bands of LSPR 

in the nanostructures37,38. The extinction cross section (σex) is the sum of the absorption (σabs) 

and scattering (σsc) cross sections of a given nanoparticle20,39, given in Equation 1.2.  

σex = σabs + σsc      
         

Equation 1.2 

The shape of the LSPR profile depends strongly on the NP size. At low diameters (< 4 nm) the 

spectrum is dominated by interband electronic transitions. Between ~10 and 30 nm, the most 

dominant effect is that of excitation of plasmon dipole modes within the visible region. Above 

30 nm in diameter, scattering effects (and other higher order plasmon modes) start to have an 

increased influence25. SPP’s lose energy by depolarisation and the damping effect of electron 

scattering on their motion. As a result, the plasmon peak is wider, less intense and red-shifted 

with increasing diameter of the NP. At diameters greater than 100 nm scattering effects 

dominate the plasmonic response. El Sayed et al40 have shown that the sum of all these effects 

caused a red shift on the λmax of LSPR of about 0.7 nm for every 1 nm increase in particle radius 

(for diameter >25 nm). For particle sizes smaller than 25 nm, the λmax is almost independent of 

particle size.  
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In the case of rod-like or ellipsoidal-shaped structures the extinction spectrum shows that the 

plasmon appears to have split into two modes corresponding to the oscillation along and 

perpendicular to the long axis of the particle40 (Figure 1.6) as a result of being anisotropic. 

Nanorods (NR) can also be synthesised by a seed mediated growth mechanism41. The two 

extinction band maxima observed are associated with a transverse mode (Tm) across its 

diameter and a longitudinal mode (Lm) along the length of the rod. The position and intensity 

of the band maxima for each are strongly influenced by the aspect ratio (i.e. length/diameter), 

which in turn influences the optical properties and subsequent applications42,43. Typically, by 

increasing the aspect ratio, the LSPR of the longitudinal mode can be shifted from ~600 nm to 

> 1200 nm while the transverse mode will remain around ~520-550 nm44,45. 

Figure 1.6. Extinction spectrum of a gold nanorod colloid with an aspect ratio of ~4, width is ~15 nm. 

The λmax of the Lm (along the length of the rod) is shown at 720 nm and a transverse mode Tm 

(across its diameter) at 520 nm. 

In general, other geometrical shapes of nanoparticles (e.g. triangle38, cube46, shell47) exhibit a 

red-shifted LSPR band compared to their spherical analogs26. In vivo applications require 

structural and compositional tuning of the nanoparticle, as tissue absorption in the near-infrared 

window (650–900 nm) is minimal48. The plasmon resonance wavelength of a metal 

nanoparticle is also affected by the presence of other NP in close proximity. When two or more 

NP are brought close together, their dipoles couple, and a shift in the LSPR mode takes place. 

An AuNP colloid containing AuNP ~15 nm in diameter shows a typical plasmon extinction 

maximum at 520 nm.  However, if these particles agglomerate (induced by the addition of an 
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analyte or from a change in pH or increased ionic strength) a red-shift and widening in the 

extinction band is observed30,. This effect has been investigated both theoretically and 

experimentally for fixed and non-fixed distances50. The magnitude of the assembly-induced 

plasmon shift depends on the strength of the interparticle coupling which, in turn, depends on 

the distance between individual NP51. Therefore, the plasmon shift can give a measure of the 

distance between pairs of NP. El-Sayed and co-workers derived a method to estimate the 

interparticle separation from experimentally observed plasmon shifts in vitro or in biological 

systems52.  

 

1.3 Spontaneous Raman Spectroscopy 

When light interacts with matter, a number of outcomes are possible53. The light may be 

absorbed, scattered, or may not interact with the material and may pass straight through it. 

However when monochromatic light interacts with a material, the vast majority of photons are 

scattered elastically i.e. with the same frequency/wavelength as that of the incident radiation 

which is referred to as Rayleigh scattering. However a tiny proportion of photons, c.a. 1  107, 

are scattered inelastically i.e. with a different frequency/wavelength to that of the incident 

radiation53, as illustrated in Figure 1.7. 

Figure 1.7 Schematic representation of the Rayleigh and Raman light scattering. 

Raman scattered 
(Anti-Stokes) 

λ < λex
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(Rayleigh) 

λ = λ
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This phenomenon was first postulated by A. Schmekal in 192354 but was not discovered until 

much later in that decade. Two groups are credited with its discovery, but it is Sir CV Raman 

that is most closely associated with the phenomenon which was named after him55–57.  

 

A Jablonski diagram highlighting the different basic types of light scattering is given in Figure 

1.8. Raman shifted photons can be of either a higher or lower energy (i.e. anti-Stokes or 

Stokes), depending on the initial vibrational state of the molecule58. The relative intensity of 

anti-Stokes Raman scattering is significantly less than that of Stokes Raman scattering due to 

the substantially fewer numbers of molecules that are initially in an excited vibrational state 

relative to that in the ground state. This energy difference between incident and scattered light 

corresponds to the difference between the two vibrational energy levels of the molecule as 

expressed by the Boltzmann population distribution59, given in Equation 1.3. This states that 

the natural logarithm of the ratio of the number of particles in the upper state to the number in 

the lower state is equal to the negative of their energy separation divided by kT. 

𝑙𝑛 (
𝑁1

𝑁0
) =  −

(𝜀1−𝜀0)

𝑘𝑇
=  −

Δ𝜀

𝑘𝑇
    Equation 1.3 

Where the lower energy state N0 contains molecules at an energy of 0, and the upper state N1 

contains molecules at an energy of 1, k is the Boltzmann constant (1.38 × 1023 J K1) and T is 

the absolute temperature in Kelvin. 
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Figure 1.8 Jablonski diagram for Raman spectroscopy illustrating that the wavelength shift of 

both Stokes and anti-Stokes Raman scattering either side of the Rayleigh line is the same.  

 

Raman and infrared (IR) spectroscopy are both forms of vibrational spectroscopy providing 

information from the interaction of light at a specific wavelength with a molecule. The resulting 

shift in wavelength of the scattered radiation is converted to a wavenumber (1/λ) and the 

difference between the shifted wavenumber with that of the incident light is calculated. In 

Raman spectroscopy this is referred to as Raman shift with the unit cm-1. The spectrum 

produced consists of bands corresponding to the energy transitions resulting from specific 

molecular vibrational differences between the wavenumbers on the horizontal axis and the 

intensity of signal on the vertical axis. Thus, the horizontal axis relates to molecular vibration 

information, and the vertical axis relates to the strength of activity. This provides a unique 

fingerprint spectrum of the chemical and structural information of a molecule enabling its 

identification and quantification within a given sample. Where IR and Raman spectroscopy 

differ is that IR bands are the result of a change in the dipole moment of a molecule, whilst 

Raman bands result from a change in the polarisability of the molecule 60.  

As Stokes-shifted Raman bands involve transitions from lower to higher energy vibrational 

levels these bands are more intense than anti-Stokes bands and hence are measured in 

conventional Raman spectroscopy while anti-Stokes bands are sometimes measured with 

fluorescing samples because fluorescence causes interference with Stokes bands. The 

magnitude of the shifts observed are independent of the excitation wavelength and are instead 

Stokes Raman Raleigh            Anti-Stokes Raman         Fluorescence 

Vibrational
States

Ground State

Excited states

Virtual states
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dependent on the type of vibration responsible for the scattering. Since Raman scattering due 

to water is low, water is an ideal solvent for dissolving samples61. Raman measurements are 

typically performed using filters to block the incident light whilst passing the collected 

scattered light, followed by optical gratings to reflect specific Raman-shifted photons into a 

sensitive detector59,63.  

Raman spectroscopy is not normally capable of measuring samples with concentrations less 

than 1% w/v.  For bulk samples, the benefits of Raman spectroscopy typically out-weigh its 

limited sensitivity, but when performing trace analysis spontaneous Raman generally cannot 

provide the required sensitivity63. 

 

1.3.1 Surface enhanced Raman spectroscopy  

Surface enhanced Raman spectroscopy (SERS) is a means by which large increases in Raman 

scattering intensity can be obtained, and overcoming the traditional drawback of Raman 

scattering, viz. its inherent weakness64,65. With SERS, varying enhancement factors of the order 

of 104 to 108 times that of conventional Raman scattering have been observed for molecular 

species adsorbed on a range of different plasmonic substrate configurations13. SERS is of 

interest for trace material analysis, flow cytometry66 and other applications where the current 

sensitivity/speed of a Raman measurement is insufficient. Enhancement takes place at the 

surface of a metal that has nanoscale roughness67. However, reducing the amount of variability 

in the SERS enhancement signal achieved across the entire surface area of many of the 

available substrates has still proven to be a major challenge68.  

The largest contributing factor to the enhancement observed is the distance of the adsorbed 

molecule from the plasmonic surface and its relative orientation69. Typically a distance range 

of 2–4 nm from the metal surface is required to produce the highest plasmonic electromagnetic 

field contribution to the Raman signal enhancement67. While a secondary contribution is 

thought to be due to a chemical effect involving the mixing of the orbitals of the adsorbed 

molecules with those of the metal atoms. The range of influence of this effect is much shorter 

at 1–5 Å64 and it contributes less to the overall enhancement factor obtained. The SERS 

enhancement factor (EF) has been described by Le Ru and Etchegoin70 as the ratio of SERS 

signal to  Raman signal obtained for the same molecule in the absence of the SERS substrate 
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and with all other conditions being identical (Equation 1.4). However therein lies the greatest 

problem with using enhancement factors when trying to compare often vastly different 

topographies of SERS substrates. The density of molecules being probed within the incident 

laser beam focus is also often estimated. The EF can be defined as:  

𝐸𝐹 =  
𝐼𝑅𝑎𝑚𝑎𝑛

𝑁𝑅𝑎𝑚𝑎𝑛
 ×  𝑁𝑆𝑢𝑟𝑓  ×  𝐼𝑆𝑢𝑟𝑓  Equation 1.4 

where the NRaman and Nsurf denote the number of probe molecules which contribute to the 

normal and SERS signals respectively, while IRaman and Isurf denote the corresponding normal 

Raman and SERS intensities. 

Another advantage of the SERS technique involving plasmonic substrates is that the 

fluorescence background signal can be significantly quenched71. This is important because 

fluorescence quantum efficiency is typically many orders of magnitude greater than that of 

Raman scattering. In the presence of fluorescence, the Raman signal is seen to sit on top of that 

of the much broader fluorescent background signal provided that the signal is not saturated. 

 

1.3.2 Surface enhanced resonance Raman scattering  

Surface enhanced resonance Raman Scattering (SERRS) was discovered around ~22 years 

ago72 and adds the enhancement obtained from resonance Raman scattering to that obtained by 

SERS. This is achieved when the molecule under analysis contains a chromophore whose 

absorption maximum overlaps with the excitation wavelength of the laser used, giving rise to 

additional signal enhancements several orders of magnitude over that obtained from a non-

resonant molecule. This phenomenon was first reported in 1997, where such enhancements 

were achieved through the adsorption of Rhodamine 6G (R6G) onto aggregated silver colloid 

films and is attributed to the random occurrence of “hot spots,” at the films surface75,76. In this 

project malachite green isothiocyanate (MG) was used due to its compatibility with one of the 

excitation wavelengths used i.e. 633 nm and its low fluorescence75. 
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1.4 SERS sensors application and challenges 

The earliest SERS substrates involved the use of first silver and then gold electrodes76, 77.  More 

recently, less interest has been directed towards the combination of electrode surfaces and 

plasmon–enhanced optical sensing31 compared to the application of colloidal systems78. There 

are however clear advantages to be gained from the in-situ monitoring of plasmonic sensing 

surfaces and the changes induced due to electrochemical reactions. This is evident from  work 

by groups in Switzerland79 and South Korea80  who have exploited the plasmonic properties of 

gold and silver nanoparticles and wires for label free in-situ analytical investigation and 

manipulation through the incorporation of flow cells. 

In this section, an overview of different routes related to the preparation of SERS substrates 

and their applications is provided.   

 

1.4.1 Fabrication of nanostructured materials 

Ideal SERS substrates should be highly reproducible and provide optimal signal enhancement 

with the structure optimized for the largest enhancement13,87. The fabrication of nanostructured 

materials can essentially be split into two processes, that of “top–down” and “bottom–up” 

methods of creating nanoscale structures. Top–down approaches may be thought of as the 

creation of nanostructures through the erosion of a larger material from the surface down, either 

mechanically or chemically to, create nanostructures68. Bottom–up approaches involve 

creating complex nanoscale structures that have been built up from atoms or molecules to form 

directed/self-assemblies through complex mechanisms12.  

Top-down methods include film deposition20 and laser82 and mechanical83 processing.  

Lithography is by far the most widely used top-down method employed industrially due to 

good reproducibility and large-scale fabrication84. Disadvantages related to top-down 

techniques include high cost, low throughput, low area density, and limited spatial resolution 

below a few nm. However, this has been largely overcome through the sequential deposition 

of a metal and a spacer68.   
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 1.4.1.1 Top-down assembly methods  

Optical lithography has been used extensively in the manufacture of microelectronic 

chips manufacturing, with current short-wavelength lithography reaching dimensions just 

below 100 nm (the traditional threshold definition of the nanoscale85. However the use of 

extreme UV93 and X-ray88, are being developed to allow lithographic printing techniques to 

reach dimensions from 10–100 nm. Electro-beam lithography enables patterns down to about 

20 nm. Here the pattern is written by sweeping a finely focused electron beam across the 

surface89,90. Focused ion beams91 are also used for direct processing and patterning of wafers, 

although with somewhat less resolution than with electron-beam lithography. Even finer 

features can be obtained using scanning probes to deposit or remove thin layers.  

Nanoscale mechanical printing techniques, such as stamping and moulding have produced 

substrates with features within the 20–40 nm range. Controlled patterning of a molecular 

monolayer on a surface has been achieved by stamping an ink of thiol functionalized organic 

molecules directly onto a gold-coated surface92. In another approach, a stamp mechanically 

presses a pattern into a thin layer of material. This surface layer is typically a polymeric 

material that has been made pliable for the moulding process by being heated during the 

stamping procedure93. Plasma etching can then be used to remove the thin layer of the masking 

material under the stamped regions. Thus, any residual polymer is removed and a nanoscale 

lithographic pattern is left on the surface94. Still another variation is to make a relief pattern on 

a silicon wafer using a photoresist, i.e. a light-sensitive material, typically a polymer, used to 

produce a patterned film coating on a surface95 by optical or electron-beam lithography.  A 

liquid precursor, e.g. polydimethylsiloxane51, is poured over the pattern and then cured to 

produce a stamp that can then be covered in ink and capillary action ensuring the raised regions 

of the mask are fully covered and then cured in place. A benefit of this approach is that the 

stamp is flexible and can therefore be used to print nanoscale features on curved surfaces96. 

These nanoscale printing techniques offer several advantages beyond the ability to use a wider 

variety of materials with curved surfaces. In particular, such approaches can be carried out in 

ordinary laboratories with far-less-expensive equipment than that needed for conventional 

submicron lithography. The challenge for all top-down techniques is that, while they work well 

at the microscale, it becomes increasingly difficult to apply them at nanoscale dimensions. A 

second disadvantage is that they involve planar techniques, which means that structures are 

https://www.britannica.com/technology/photolithography
https://www.britannica.com/technology/manufacturing
https://www.merriam-webster.com/dictionary/threshold
https://www.britannica.com/science/electron-beam
https://www.britannica.com/science/polymer
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created by the addition and subtraction of patterned layers (deposition and etching), so arbitrary 

three-dimensional objects are difficult to construct83. 

The manufacture and role of porous anodised alumina templates in the production of SERS 

substrates is discussed in depth later in Section 1.6. 

1.4.1.2 Bottom up assembly  

Bottom-up synthesis methods for nanoparticles involve creating larger systems from smaller 

units, including atoms, molecules, polymers, and/or nanoparticles12. Techniques used include 

chemical synthesis32, laser printing97, colloidal aggregation98 and self-assembly42,105. 

Historically, the synthesis of chemically stable silver nanoparticles with high size and shape 

tunability, as well as monodispersity, has been more arduous than for gold. During the last few 

years, silver and gold nanoparticles have been prepared in very diverse shapes12,46. In addition 

to tuning the nanoparticle composition, size, and shape, bottom-up approaches also permit fine 

manipulation of the interparticle distance, making it easier to create hot spots (i.e., the 

intersection or close interaction of two or more plasmonic objects where the distance between 

objects is on the nm-scale)100. Hot spots are localised regions of highly concentrated, 

chemically driven assembly of nanostructures that often require linking molecules with 

specifically selected functional groups such as thiols101 and amino-acids102. Silicon nanowires 

in a field–effect transistor (FET) arrangement have proved to be a popular choice in the 

development of optoelectric biosensors103 as do carbon nanotubes104 . 

 

1.4.2 Plasmonic SERS nanosensors 

Plasmonic nanosensors typically employ metallic nanostructures which support the excitation 

of SPR upon interaction with light29,105. Gold and silver colloidal solutions are by far the most 

commonly applied plasmonic sensing materials with the colloid either freely suspended having 

undergone controlled aggregation98,106 or immobilised on or within a solid substrate107,108. 

These have been shown to support large enhancement factors (EFs) associated with SERS109, 

where the weak Raman signals can by enhanced by as much as 106 to 1014.  There is now a 

wide variety of different substrate designs associated with attempts to optimise and reproduce 

the maximum possible SERS enhancement possible but this has continued to be challenging. 
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Noble metal nanostructures with sharp edges110 and sharp, pointed tips111,112  or nearly touching 

NP dimers113,114 tend to exhibit some of the highest localised field enhancements.  

There are two main approaches to SERS substrate design: (i) bulk solution measurements 

involving suspended metallic colloid which is often aggregated in a controlled fashion due to 

salt or the presence of a target48,106, and (ii) the creation of planar substrates upon which 

metallic nanostructures are supported115,116. The latter option offers more opportunities for 

reproducibility and multiplexing than colloidal measurements as well as integrating into 

electrochemical systems. A summary of some of the different plasmonic substrates created on 

planar supports for SERS is given in Table 1.3.  
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Substrate  Description Comments 

Bulk metal colloid 

deposited on a 

planar substrate. 
 

 

Nanospheres117,118  

Nanorods42,119  

Cylinders104  

Cubes46 

Pyramids120  

Flowers37  

Shells121 

 

Assembled metal nanoparticles on glass slide, 

forming clusters. 

Originally only nanospheres, but over time, 

more shapes were developed. 

Hot spots can form in the spaces between 

particles but no uniformity across the surface. 

The sharp points on stars and pyramids result 

in a lightning rod effect further enhancing the 

effect. 

Lithography-Based 

Methods 

Electron beam 

lithography (EBL)122 

 

Popular method used since 1990’s producing 

substrates with good reproducibility and 

flexibility. 

Nanoimprinting 

lithography (NIL)83,123 

 

Colloidal self-assembly and electrochemical 

deposition methods. 

Bead self-assembly39 

Nano hole templates124 

Au or Ag nanoholes prepared using 

polystyrene ball to create nanoholes or 

covering silica template in a noble metal film. 

Klarite125 

 

Gold deposited onto Si wafer structures. Once 

the industry standard. 

AAO templates126,112,127 

 

Two-stage anodisation process. AAO 

templates can either be totally or partially 

removed after metal deposition. 

 

 

Novel Methods 

Deposition (no template) 

e.g. gold islands128 

 

DNA scaffolding produced by folding DNA 

into random structures between islands. 

Oblique Angle Deposition 
129 

 

A physical deposition technique used to 

produce Ag nanorods. 

Inkjet printing130 

 

3D Printing131 

Single use micro/nanofabricated substrate on 

disposable hydrophobic cellulose paper. 

Hotspot-Engineered 3D Multipetal Flower 

Assemblies 

 

Simleco132 
Leaning Silicon Nanopillars covered in noble 

metals 

Table 1.3 Summary of various gold and silver SERS substrate designs created on a supporting surface. 

While SERS analysis is mostly confined within the visible to near infrared region, as this is 

where the majority of SERS substrates exhibit the strongest enhancements, tentative progress 

has been made towards using SERS in the ultraviolet frequency range13,141,142.  UV SERS is 

highly desirable, especially in the detection of biological molecules such as protein residues 

and DNA bases with electronic resonance and SERS enhancement in the deep UV123. The 

challenges of achieving surface enhancement in the UV region include determining suitable 

substrate materials. Research has focused on the transition metals for this purpose such as 

gallium103, cadmium135 and titanium136 nanowires which have attracted significant attention. 
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However, the enhancement factors achieved are many orders of magnitude less than those for 

silver and gold in the visible range. SERS enhancement in the deep UV has been achieved on 

Aluminium (Al) substrates137 at excitation wavelengths of 244 nm and at 266 nm with 

aluminium tip coated silicon where an enhancement factor of ∼210 was achieved146, 147. 

Another major challenge associated with SERS analysis in this region is that of photo 

degradation of samples140.  

Other metals such as the alkali metals13 as well as metal alloys141 have all been explored as 

plasmonic substrates. However, their reactivity in air presents challenges and limitations for 

their effective use.  Aluminium SPR falls within the UV region as does titanium dioxide142, 

and quantum dots. The electronic characteristics and band gap of quantum dots are closely 

related to their size and shape143. By increasing the size of quantum dots, the colour of emitted 

light shifts from blue to near-infrared, which allows their excitation and emission wavelengths 

to be highly adjustable, making them attractive for use in sensitive cellular imaging, 

photovoltaic devices, solar cells, and light emitting devices144. 

 

 

1.4.3 Surface functionalisation 

From the earliest SERS experiments utilising pyridine, surface functionalisation of noble metal 

nanostructures has been used extensively in the development of applications for use in areas 

such as photonics1, catalysis145 and forensic146, however it is their use in biolabelling and 

biochemical sensing where most interest has been focused. The surface modification of noble 

metal nanostructures can be modified by thiols147, disulfides148, amines149, nitriles150, 

carboxylic acids151, and phosphine groups152 with which they have an affinity to bond 

covalently. 

In particular, the strong affinity between sulfur atoms and metal surfaces such as gold enables 

the immobilisation of thiol containing molecules on the surface of metals. This is underpinned 

by the relatively high chemisorption energy of 126 kJ/mol involved in facilitating the gold-

sulfur (Au–S) bond. The formation of self-assembled monolayers (SAM’s) onto the surface of 

gold substrates is the basis of many immobilisation and surface functionalisation 

chemistries12,153,154. The thiol-modified gold surface can be coupled to different biomolecules 
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including DNA and RNA sequences consisting of, for example, AuNP functionalised with 

thiol-modified DNA and incorporating a linker molecule128.  

Amines have also been employed in the functionalisation of silver nanoparticles with 

hexadecylamine resulting in an improved dispersion and stability of the particles155. However, 

the bond between amino groups and the metal surface is considerably weaker in comparison to 

that between the noble metal surface and a thiolate group. Both methods can be applied for the 

modification of AgNP by peptides through thiol or amines. Noble metal NP can be stabilised 

by the adsorption of tetraalkylammonium halides on the surface of the NP156. 

Typical SERS nanotags consist of a metal nanoparticle core, Raman reporter molecules  such 

as a self-assembled monolayer of small molecules on the metal surface, and a biocompatible 

layer with targeting ligands157. The coating of SERS substrates with ligand molecules of 

specific terminal groups is extremely effective to boost the selectivity of the SERS substrate158. 

This functionalisation of SERS substrates is particularly useful in the case of complex 

molecules such as proteins or for molecules with low affinity to metal. The reporter molecules 

should possess the following qualities: 

 High Raman scattering cross sections for high signal levels. 

 Low numbers of atoms and/or high symmetry, resulting in a minimal number of 

Raman bands to facilitate multiplexing. 

 Low or no photobleaching, for signal stability.  

 Surface groups for binding the metal colloid surface with target molecules.  

 

While, as previously stated, work with nanotags is predominantly within the visible spectrum 

range, a number of nanotags have been developed for NIR excitation. For example, recent 

work159 developing reporters incorporating chalcogen atoms, which adsorbs strongly onto the 

surface of gold, resulted in exceptional SERS signals at excitation wavelengths of 1280 nm. 

This has seen picomolar (pM) limits of detection (LOD) with individual reporters identified by 

principal component analysis and classified according to their unique structure and SERS 

spectra. 
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1.4.4 Multiplex SERS analysis 

SERS analysis has several advantages for use in molecular multiplexing160,161. Compared to 

absorbance and fluorescence techniques, SERS has narrower spectral widths allowing for the 

analysis of a greater number of species simultaneously. Low detection limits and good signal 

to noise ratios enable image applications and also real-time analysis such as high-throughput 

screening in flow-cytometry66 or microfluidic systems12. In addition, as the SERS spectrum is 

a unique signature containing all the vibrational information of the target molecule162, analysis 

can be carried out under biological conditions with little or no prior sample preparation. 

The simultaneous analysis, identification and quantification of several different target 

molecules within a single sample provides time and cost saving benefits over conventional 

single analyte analysis163. The two general approaches to multiplexing are: (i) analysis of 

mixtures in the same sample where each target can be spectrally separated, and (ii) an array 

format where the specific measurement of each analyte is spatially separated on a surface 

substrate.   

Multiplex SERS analysis of mixtures is proving to be an invaluable tool in cellular detection. As a 

result of real time analysis with the ability to both simultaneously detect and discriminate amongst 

individual  proteins164 and bacterial pathogens165.  Noble metal colloidal solutions have been used 

to attach reporter molecules to strands of DNA that are then used to carry out studies within 

cells48, as well as determining how cells respond to various toxins and environmental effects. 

Multiple analyte SERS detection from a single sample has been made possible using dyes of 

similar Raman cross sections and affinities for the surface of a metal substrate166. Successful 

multiplex analysis of tissue samples is helping increasingly earlier detection of cancer cell 

biomarkers167,168. At the University of Strathclyde, an example of this type of multiplexing is 

the application of silver colloidal solutions to monitor multiple dye-labelled DNA sequence 

strands in a sample169. However, one drawback with this approach is the overall SERS intensity 

of each analyte in the mixture is reduced in comparison to that obtained on a single analyte 

sample.  

Nano-plasmonic materials have been used to support high-throughput screening and 

multiplexing due to  the availability of a large surface area for receptor conjugation158 or solid 

phase synthesis99. These provide improved accessibility of analytes to the entire sample volume 

for interaction with receptors and greater versatility in sample analysis and data acquisition 
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Work continues on improving the repeatability of dispersion of nanoparticles within metallic 

colloids49, which may in future help to increase the number of analytes identifiable within a 

single sample and the signal strength achieved from each.  

Noble metal arrays are also used for multiplex SERS analysis. These consist of organised 

periodic structures across a planar surface that can consist of a myriad of shapes such as rods119, 

holes131, triangles126, cubes47 and flowers37. While improved uniformity may be achieved, even 

slight variations in the size, shape and distribution of the component parts of a nanoarray may 

lead to a notable difference in the intensity of SERS signal across the entire surface area and 

so affect the reproducibility of the SERS signal under investigation. Often the EFs and the 

intensity of the SERS signal vary significantly with variation in size and morphology. Metallic 

nanowires consisting of two or more different materials have been produced by sequentially 

changing the electrolytic solution during the electrodeposition with the length of each segment 

controlled throughout the electrodeposition process170. These can then be used as platforms for 

multiplexed bioassays through utilisation of the differential reflectivity of the adjacent 

segments and the selective self-assembly of appropriate molecules on specific metal segments, 

enabling identification by conventional optical microscopes. Multisegmented nanowires have 

been utilised for developing nanogap devices171. Qin et al.172 developed a generic approach to 

lithographically process 1D nanowires called on-wire lithography (OWL). This involves the 

selective removal of at least one of the segments of the multisegmented nanowire to create 

gaps, by wet-chemical etching of targeted segments and one side of the multi-segmented 

nanowires subjected to the deposition of a thin layer of insulting silicon dioxide. In this way 

nm sized gaps were created from as little as 5 nm up to several hundred nm in length on 

nanowires. Additionally, by means of dip-pen nanolithography nanoscopic conducting 

polymer were deposited within the created nanogaps to investigate the transport properties of 

nanogaps. Chen et al173 demonstrated the use of heterometallic nanogaps for molecular 

transport junctions. Thiol terminated molecules were assembled into heterometallic nanogaps 

such as, platinum and gold molecules with a 2 nm gap between them, in order to observe the 

molecular diode behaviour.  
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1.4.4.1 Direct SERS detection 

Direct detection requires spectroscopic signals from the target molecules to be complex enough 

to be different from one another. The absorption and emission signals from UV–vis–NIR and 

fluorescence are broad and lack fine structure making them unsuitable for the multiplex direct 

sensing of more than two or three molecules at a time174. SERS produces a complex vibrational 

pattern specific to each analyte that can be considered a vibrational fingerprint of that chemical 

entity. Direct SERS sensing requires the analyte to be as close as possible to the plasmonic 

surface of the substrate. These methods can only be  applied to samples of moderate complexity 

unless using gold or silver substrates175 in order to be able to be easily distinguished them from 

the background components in solution. Non-functionalised plasmonic particles have been 

employed for the simultaneous determination of textile fibres and dyes166, thiols / amines in 

water, prions in plasma11 and pharmaceuticals177. 

 

1.4.4.2 Indirect SERS detection 

Indirect detection requires functionalisation of plasmonic surfaces with target-specific  

molecules178. This method has two main advantages over direct detection in that it can be used  

with substances that do not produce SERS signals or possess very small cross-sections, such 

as atomic ions or small inorganic molecules179. The second is in limiting the number of targets 

to interact with the plasmonic surface. Biomolecules tend to be the most common to be 

functionalised. The first biosensors were prepared by assembling antibodies (proteins) or 

nucleic acids onto the plasmonic surfaces111,118. Also, aptamers are becoming more 

popular 180 due to their simplicity of synthesis, in comparison with antibodies164, and improved 

target specificity. However, due to the fact that most of the proteins and nucleic acids have a 

low to moderate SERS cross-section, SERS and fluorescent Raman reporters are used to 

identify specific biomolecules and their interactions. Recent advances in the fabrication of 

nanophotonic substates181,173 has allowed the preparation of highly active SERS platforms68, 

thus, paving the road for the label-free detection of the bio-interlayer and their interactions184. 

Again as with direct detection, problems arise due to vibrational overlapping of the modes of 

the different specific biomolecules. However, it is even more so here as indirect detection is 

dependent, on minute changes in the vibrational spectra of the free ligand as compared with 

the complexed one185. Thus, although this functionalisation usually works perfectly well for 

the selective determination of single analytical targets dispersed in complex fluids (i.e. blood, 



25 

 

plasma, urine) the multiplexing capability of this approach is not comparative with that of 

encoded particles. 

Indirect SERS detection with encoded particles utilising nanoparticles, or hybrid 

microparticles45, as SERS-active quantitation labels, has been employed. Externally labelled 

particles have been produced by adding dyes186, photonic crystals187, or quantum dots  to 

silica188 or polymer particles143. The chemical/physical nature of the particle such as shape, 

vapour permeability189, spectroscopic properties  have also been used as a codifying 

alternative. The use of SERS as labelling alternative is rapidly gaining relevance not only 

because of its unprecedented detection limits that dramatically decrease the detection times, 

but also owing to the practically unlimited number of fingerprints that can be used for 

simultaneous detection. 

 

1.4.5 Reproducibility of SERS signals 

Interest in SERS is predominantly fuelled by the high signal enhancement that can be achieved.  

However, SERS enhancement factors can vary substantially and not only from one sample to 

the next for a given substrate but also across the entire surface of each individual sample. Thus, 

consistent reproducibility of achieved results has proved to be somewhat elusive. Substrates 

made using colloids, where particle aggregation abounds, or roughened surfaces, suffer from 

an inability to control the uniformity and spacing between features190. As a result "hot-spots” 

i.e. areas exhibiting high enhancement are randomly interspersed amongst relatively large areas 

where little or no enhancement occurs. In this case identification of these hotspots, in order to 

maximise signal enhancement from a substrate, requires both time and a level of skill that 

precludes their use commercially131. 

Lithographic methods  have facilitated the fabrication of well ordered, periodic noble metal 

nanoparticle arrays79,191. However there is a risk that the improved signal repeatability is at the 

expense of enhancement68.  Noble metal arrays are organised periodic structures across a planar 

surface that can consist of a myriad of shapes such as rods119, holes131, cylinders109, triangles126, 

and cubes47 and flowers37. While improved uniformity can be gained, Gopinath et al. found 

that even slight variations in the size, shape and distribution of the component parts of a 

nanoarray can lead to notable differences in the intensity of SERS signal and therefore the 

reproducibility of SERS signal that can be achieved126.   
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The measured SERS signal is an average of the signal obtained across a given area. Therefore, 

random orientations of the reporter molecules can affect the repeatability of signal due to the 

uniformity of the orientations of all adsorbed molecules on a substrate. For the optical 

absorption process, the effective Raman cross-section of molecules is linked to their orientation 

and relates to the intensity and direction of incident light to that of the intensity of light scattered 

by the molecule20,192.  The quality of the instruments constituent parts, such as the objective 

lens, laser frequency, incident power, temperature and integration time all play a part in the 

reproducibility of signal. Indeed Etchegoin et al observed that different laser powers induce 

different SERS EF’s193. Variations in instrumental excitation, transmission and detection 

efficiency as well as variations in laser spot size will affect the reproducibility of the SERS 

signal achieved. Therefore, it is essential to keep the optical system used as stable as possible. 

However normalising the signal obtained can eliminate/reduce instrumental variations194.  

 

A significant motivation of this thesis is to create uniform SERS arrays of high reproducibility 

and signal enhancement with the SERS substrate manufactured via the use of porous AAO 

templates.  

 

1.5 Anodised Aluminium Oxide  

Aluminium is a soft and lightweight metal that is silver-white in appearance. It has a high 

thermal conductivity, excellent corrosion resistance and is both non-toxic and nonmagnetic. It 

is the second most malleable and the sixth most ductile metal and does not spark when struck195.  

Aluminium is a good electrical conductor, far superior to and cheaper than copper and is often 

used in electrical transmission lines196. Alloys made from aluminium with copper, manganese, 

magnesium and silicon are both lightweight and strong. When evaporated in a vacuum, 

aluminium forms a highly reflective coating for both light and heat. Unlike silver coatings, it 

does not deteriorate and thus aluminium coatings have many uses, including mirrors, films and 

decorative items195.  

While aluminium is one of the most abundant metals in the Earth’s crust it is rarely found 

uncombined in nature due to being highly reactive. It reacts readily in an oxygen rich 

environment to form aluminium oxide (Al2O3), see Equation 1.5, commonly referred to as 

alumina, occurs naturally and is predominantly found in the mineral bauxite comprising of a 
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mixture of aluminium hydroxides and oxyhydroxides in addition to a number of impurities, 

mostly iron oxides and silicates197,198.  

2Al3+ + 3O2-  → Al2O3 Equation 1.5 

 

Campbell et al199 found that a 4 nm thick oxide film formed on the surface of aluminium within 

100 ps of the exposure of aluminium to oxygen. Conditions such as surface morphology and 

crystallography are found to have a significant effect on the surface film growth rate, 

composition, surface topography and crystallography.  During prolonged heating to 500–600°C 

the oxide film grows to 100–400 nm. While at temperatures of 300°C and below the oxide 

takes the form of a continuous amorphous film, the thickness of which can be controlled by 

temperature. At higher temperatures oxide films comprising of both amorphous and crystalline 

oxides are formed, with the amorphous inner layer having a thickness of 1–1.5 nm196. The 

growth of the oxide film occurs by the outward diffusion of cations through the oxide film at 

low temperatures, and the inward migration of oxygen at high temperatures. The rate of film 

growth or thickening is temperature dependent and ultimate thickness is reached in about 

20 hours198. 

Anodic oxidation (anodisation) of metals is an electrochemical process that enables the 

controlled formation of a surface oxide, thus changing the surface texture and nature of the film 

formed on the material. As previously stated aluminium when exposed to an oxygen rich 

atmosphere at ambient temperature self-passivates through the formation of a protective oxide 

layer between itself and its surrounding environment. Aluminium oxide is described as 

amphoteric200, that is to say that while it primarily acts as a base it can also ionise to form a 

weak acid.  Two anhydrous forms of aluminium oxide exist, α-Al2O3and γ-Al2O3, as well as 

two hydrated forms corresponding to the stoichiometries AlO.OH and Al(OH)201.  

Anodised aluminium is used in the manufacture of electronic components and capacitors, 

cookware, indoor and outdoor domestic products, medical equipment and devices, vehicles, 

architectural and construction materials, to name but a few. Increasing the thickness of the 

oxide layer provides a barrier to corrosion195. This was first used commercially in 1923 to 

protect parts of seaplanes from corrosion and known as, the now largely redundant, Bengough-

Stuart Process202 using a chromic acid based electrolyte solution. That year also saw the first 

use of oxalic acid with Gower and O'Brien popularising the use of sulfuric acid in 1927203. 
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Phosphoric acid was introduced as an electrolyte in the anodisation process mid-century204. 

However, sulfuric acid remains to this day the most widely used205. In recent years, this long 

established process has been utilised in the field of nanotechnology. Whereby the novel 

structural features of porous AAO films that can, to a large extent, be tuned to each end users 

specific requirements has enabled their use in synthesizing a wide range of nanostructured 

materials205, 206. 

Two types of anodic oxide films can be grown on an aluminium surface, porous and non-

porous208. Tartaric acid and sodium borate are examples of electrolytes used to produce non-

porous alumina films209. Anodisation by acidic electrolytes such as phosphoric, sulfuric and 

oxalic acid form a porous alumina film on top of a non-porous barrier layer210.  

Figure 1.9 Al3+ ions form at the aluminium/aluminium oxide interface and migrate into the 

oxide layer where they meet O2- ions formed at the aluminium oxide/oxalic acid interface to 

form Al2O3.  

The hexagonal porous film formed consists of cylindrical pores that are perpendicular to the 

surface of straight non-intersecting channels with pore densities of up to 1011/cm2. See Figure 

1.9 The diameter of the pores are within the range of 5 – 100 nm and is a linear function 

dependent upon the anodisation voltage. In both cases, the film growth involves the migration 

of Al3+ ions and O2− ions in the alumina by Brown and Mackintosh in 1973211. 

The choice of electrolyte too influences the pore size. The thickness of the porous film formed 

depends on the anodisation time whereas the thickness of the barrier layer is voltage dependent 

only198. Table 1.4 demonstrates the use of different acids and voltages can yield templates with 

different pore sizes and interpore spacings212. 
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Electrolyte Chemical 

Formula 

Pore diameter 

(nm) 

Inter pore spacing 

(nm) 

Voltage 

(V) 

Sulfuric acid H2 SO4 30 – 55 60 - 70 25 – 27 

Oxalic acid H2C2O4 40 -100 80 - 200 30 – 80 

Phosphoric acid H3PO4 130 -250 250 - 500 100 – 195 

 

Table 1.4 The expected pore diameter and interpore spacing produced in a hexagonally 

ordered porous alumina film that can be achieved across the optimum voltage range for each 

electrolyte.  

The porous film that forms on top of the non-porous barrier layer  consists of an array of self-

ordered hexagonal pores which form a honeycomb-like structure213 as illustrated in Figure 

1.10. 

 

Figure 1.10  Schematic illustration of (i) the honeycomb like pattern on the surface of a porous 

anodic aluminium oxide (AAO) film on top of aluminium base and (ii) cross-sectional view. D 

= pore diameter, λ = interpore spacing and d= barrier layer thickness. 

Porous AAO fabricated by the anodisation of aluminium in an acid electrolyte, can be carried 

out either under a constant potential214 (i.e. potentiostatic) or a constant current215 (i.e. 

galvanostatic) conditions. The potentiostatic anodisation method is the most widely employed 

for the fabrication of self-ordered porous AAO. There is a linear relationship between the 

applied potential and the structural parameters of the resulting AAO. In the case of 

galvanostatic anodisation the potential changes as a function of time. Under constant-current 

conditions, in accordance to Faraday’s Law16 the oxide growth rate should be proportional to 

the applied current density with a constant electric field required to sustain the applied constant 

D

D

λ

λ

d

(i) (ii)
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current resulting in the thickness of the growing barrier oxide increasing with increasing 

potential. However, in practice, the increase in potential is not linear with time. The various 

mechanisms involved, such as surface undulation/pore initiation during aluminium anodisation 

result in morphological instability during the transition from the formation of barrier layer 

oxide growth to that of porous oxide growth. Su et al.216 has proposed the field-dependent 

nature of the heterolytic dissociation of water in the reaction have related the dissociation rate 

of water to the porosity of AAO. 

The porous nature of AAO was initially used for aesthetic purposes. The pores were 

impregnated with dye and sealed, a technique widely used in the production of many household 

and decorative items in the 1950’s and 1960’s195. A variety of coloured effects was produced 

through the electrochemical deposition of dyes and metal salts into the pores. The exact 

mechanism of which was not known and indeed initially attributed to the formation of complex 

salts incorporating the metal oxides. However. this myth was subsequently dispelled through 

initially Keller’s investigations into the morphology of porous alumina in the 1950’s204. This 

was followed a decade later by the self-ordered growth mechanism proposed by research 

carried out in the 70’s by O’ Sullivan and Wood201. TEM analysis has also identified un-

oxidised aluminium within the anodised film217. 

Work carried out in the early 1970’s revealed, through the images obtained by electron 

microscopy from cross sectional analysis of porous anodic alumina films grown in both acid 

and alkaline electrolytes, smaller ‘secondary’ cells branching off from the main pores218. These 

branches were found to occur in both thick and thin films and were not affected by either 

sample pre-treatment or sub-grain structure. Recent work carried out at Imperial College has 

linked this phenomenon to the deployment of anodisation voltages greater than 24 V219. 

Branching at lower voltages either did not occur or was greatly reduced. This property has been 

utilised to help understand the ordered pore formation in a thin film of porous alumina on a 

polycrystalline sample of annealed aluminium.  

Traditionally, during self-assembly porous alumina template formation, the ordered pore 

structure of the aluminium oxide is formed by ‘mild anodisation’ a two-stage anodisation 

process developed in 1995 by Masuda and Fukuda220. After the initial long anodisation stage, 

typically of duration of twenty hours and subsequent removal of the thick porous alumina film 

formed, an imprint in the underlying metal surface is revealed which can then be used as a 
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template with which to grow a thin highly ordered porous alumina film. Careful control of the 

operating conditions, such as voltage, electrolyte and temperature, enables control of 

morphology with the porous film thickness determined by the time of the second anodisation. 

The lengthy initial anodisation period is required due to the grain boundary breakdown of pore 

ordering within the grain domains. However this problem can be overcome by imprinting the 

sample surface with a silicon carbide template that yields a ‘dimpled’ surface, similar to that 

produced by the first anodisation process of AAO template production 221. Studies have shown 

that this first anodisation period can be reduced substantially with no discernibly impact on the 

resultant template222. In addition, this process can be used to produce films with pores arranged 

in a square rather than hexagonal pattern223. Barrier layer thickness was widely thought to 

remain constant throughout the steady state growth due to a dynamic equilibrium between the 

rate of pore growth at the metal/oxide interface and that of field assisted dissolution at the 

oxide/electrolyte interface. However in recent years this mechanism has been disputed through 

tungsten tracer studies224, which failed to detect any significant amount of the expected field 

assisted dissolution but instead found a flow of ions from pore base to cell suggesting the 

dissolution takes place via the ejection of Al3+ into the electrolyte with the oxide formation due 

to oxygen transportation. 

 

1.6 Development of AAO nanomaterials 

Porous alumina structures have played an important role in the development of nanomaterials 

with the pores providing tailor-made vessels to facilitate the production of nanorods 127 and 

wires225 of specific length, width and morphology. The electrochemical templating method is 

especially useful for small areas in the mm2 size and is therefore highly suitable for the 

fabrication of thin films suitable for nanorod formation and their subsequent 

charactersiation226. Research in this area has focused on producing films of between a few nm 

to several µm thick in addition to extending the range of surface area covered227. As well as 

altering the interpore spacing by increasing the voltage range of the existing techniques as well 

as the search for new electrolyte solutions228.    
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1.6.1 Electroless deposition 

Electroless deposition of the metal into the nanopore array has many benefits, not least allowing 

the subsequent formation of non-conducting compounds as well as deposition onto non-

conducting substrates. In the case of porous alumina films, it allows the deposition of 

conducting materials without the need to first thin/remove the electrically insulating, non-

porous barrier layer that separates the porous alumina film from the aluminium metal base 

229,230 . Typically, once the desired structure has been formed the template is either partially or 

completely removed 231–234. One of the simplest methods of production is that of sputter coating 

that can produce metal or silica arrays. Chemical vapour deposition232, 233 (CVD) is used in the 

formation of carbon nanotubes, which can in turn be used as templates28. Intricate multi-walled 

carbon nanotubes are produced by predominantly the arc-discharge method or from the metal-

catalysed decomposition of ethylene in a hydrogen environment. 

Electroless deposition of metals into porous templates by Martin et al 237 initially concentrated 

on the electroless deposition of gold within the pores of track-etched polycarbonate 

membranes. The deposition process consisted of three stages: 

1. Sensitisation: by immersing the porous template into an aqueous solution of SnCl2 to 

deposit Sn2+ onto the surfaces of the membrane.  

2. Activation by dipping the Sn2+- sensitised template into a AgNO3 solution, forming 

AgNP on the surface through. 

3. Electroless deposition by immersing the template into a gold plating solution, in which 

the surface-bound AgNP act as catalyst for the reduction of Au+ to form AuNP on the 

template surface.  

 

The AuNP act as autocatalysts for the reduction of Au+ to Au along the entire template surface 

and into the pores form nanotubes supported on a continuous gold film227,234,235. These have 

proved useful in selective ion-transport, biosensing180, and electroanalysis239. However it has 

been noted that this type of electroless deposition method does not work in porous AAO 

templates because of insufficient binding sites240 for the Sn2+ on the pore wall surfaces. This 

problem can be overcome by modifying the surface of the porous AAO template with 2- 

(succinic anhydride) propyl trimethoxysilane (SAPT), forming a covalent Al−O−Si bonds with 

functionalised OH on the oxide surfaces. Anhydride in the SAPT molecule hydrolyses to 
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dicarboxylic acid, which then chelates tin ions (Sn2+) during the sensitisation process221. The 

incubated porous AAO membrane are treated with 35% hydrogen peroxide solution prior to 

Sn2+ sensitisation to increase the density of oxygen groups on the oxide surface241.  

The rate of electroless gold deposition increases with the pH of the plating bath242. At a high 

temperature, the porous AAO has been found to dissolve243 and the pores of the AAO template 

become closed due to the higher rate of metal deposition relative to the rate of mass transfer of 

gold and formaldehyde down into the pores240. Yu et al.244 reported that gold nanotubes formed 

by electroless deposition are characterised by a nanoclustered morphology, in which the size 

of the gold nanoclusters increases with the pH of the plating bath. They showed that the size 

of the gold nanoclusters determines the catalytic properties of gold nanotubes embedded in an 

AAO membrane. 

 

1.6.2 Electrochemical deposition 

Electrodeposition of metals into the pores requires either total or at least partial barrier layer 

removal245–249. The thinning of the barrier layer is essential to enable a current to pass though 

the effectively electronically insulating barrier film. Even with the thinner barrier layer, an a.c 

current of sufficient magnitude and frequency typically in the range of 101 to 102 Hz, is 

normally employed to force the current across the barrier layer, allowing for the deposition of 

metals into the pores during the cathodic part of the sinusoidal cycle127. The technique of 

electrochemical deposition of metals into a track-etched mica template to obtain 40- nm-thick 

and 15-μm-long Sn, In, and Zn nanowires was introduced by Possin250. Electrochemical 

deposition of materials into the pores of AAO template provides a number of advantages over 

other preparation methods of nanostructures, such as chemical vapour deposition236 (CVD) 

atomic layer deposition31 (ALD), and physical vapour deposition129 (PVD).  Electrochemical 

deposition into a porous template is simple and inexpensive, and can be performed without any 

specialist instrumentation24 , 226, 246–248.  

A common method of producing nanowires involves depositing a thin silver layer onto one 

face of an AAO membrane255. This silver layer then acts as the working electrode allowing the 

electrochemical deposition of a thin layer of sacrificial silver or nickel into the pores, to avoid 

the deposited nanowire spreading out at the pore mouth. The selected material is then 
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electrochemically deposited. The resultant nanowire/AAO composite sample produced is then 

is dipped into a nitric acid solution to remove both the silver working electrode layer and the 

silver or nickel sacrificial layer. The nanowires are subsequently collected by dissolving the 

AAO template in either a potassium hydroxide or phosphoric acid solution. The pore size of 

the porous AAO template determines the width of the nanostructure, while their length is 

proportional to the total amount of charge passed during the electrochemical deposition. 

Various metal nanowires (e.g. gold42, silver256, platinum257, nickel14, copper,258 zinc oxide259, 

and cobalt257) have been synthesised into porous AAO templates.  

Pulsed electrochemical deposition258, 259 has been used to produce multi-segmented nanowires 

with prescribed periodicity to fabricate gold/nickel, silver nickel and copper/nickel superlattice 

films229,262,263 using a two component electrolytic solution containing salts of the nickel and 

either gold, silver or copper. Alternatively pulsing the cathodic potential between values above 

and below the reduction potential of the less noble metal component. As the less negative 

potential is pulsed, the more noble metal is exclusively deposited. However, on depositing a 

less noble metal, the more noble metal can be co-deposited. Therefore, it is necessary to ensure 

the concentration of the nobler metal ions is less than that of the less noble metal ions to allow 

the deposition of the nobler metal ions during pulsing of the more negative potential to be 

limited by ion diffusion. 

Pulsed electrochemical deposition has been extended by other researchers to prepare 

multilayered films with alternating magnetic/nonmagnetic metals264 Recently, Liu and 

coworkers265 have demonstrated fabrication of tailor-made inorganic nanopeapods by pulsed 

electrochemical deposition of cobalt/platinum multilayers into porous AAO template, followed 

by a solid-state reaction between cobalt and aluminium oxide at a high temperature. Fabrication 

of multi-segmented metal nanotubes has also been demonstrated by Lee et al.266 This method 

was based on the preferential electrochemical deposition of metal along the surface of pore 

walls decorated with metallic nanoparticles. Immobilised Ag nanoparticles (AgNP) were 

deposited on the pore wall surfaces of an AAO template by the spontaneous reduction of silver. 

The process for AgNP immobilisation is a slight variation of the well-established sensitisation-

pre-activation protocol used with AAO and track-etched polycarbonate templates prior to the 

electroless deposition of metals267. Sn2+ ions are first chemisorbed on the pore wall surfaces by 

dipping the AAO membrane for two minutes into an aqueous solution of 0.02 M stannous 

chloride in 0.01 M hydrochloric acid. After thorough rinsing with water and drying, the 
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resulting AAO template was immersed into 0.02 M AgNO3 solution. The cycle was repeated 

several times resulting in uniform deposition of AgNP on the oxide surfaces. These AgNP, 

immobilised on the AAO template facilitate the electrochemical formation of metallic 

nanotubes within the AAO pores. By periodically changing the electrolytic solution during 

electrochemical deposition to create nanotubes consisting of multiple metal segments. 

 

1.6.3 Polymer nanostructures  

In addition to metals semiconductors267 and conducting polymers141 are increasingly utilised in 

the development of nanostructures. Park and co-workers51 found that two-component nanorods 

consisting of metal/conducting polymer layer can behave as mesoscopic amphiphiles. The 

synthesised segmented gold/polypyrrole nanorods were created by electrochemical deposition 

of gold into porous AAO template, followed by electrochemical polymerisation of pyrrole with 

the length of each segment controlled by the deposition time. These nanorods, once removed 

from the template, exhibited amphiphilic characteristics because of the hydrophilic gold 

segments and hydrophobic polypyrrole segments.  

Electropolymerisation268 is used in the synthesis of conducting polymer nanotubes within AAO 

pores as well as track-etched polycarbonate membranes. Electrically insulating  

polyacrylonitrile (PAN) nanotubes have been produced by dipping a porous template into a 

solution containing acrylonitrile and a polymerisation reagent269. While Steinhart et al.270 

developed a method based on the spontaneous spreading (or wetting) of a polymer melt or 

solution on a surface with high surface energy. The direct contact of porous inorganic templates 

(i.e. high-surface-energy materials) with polymer melts or solutions (i.e. low-surface-energy 

materials) results in the immediate wetting of pore wall surfaces with thin precursor film. They 

suggest that pore wall wetting is kinetically stable (but thermodynamically unstable), when the 

strong adhesive forces between the liquid and solid are neutralised upon complete surface 

wetting, due to the finite surface area of an individual pore of the template. To attain a 

thermodynamically stable state (i.e., complete pore filling), the cohesive force should dominate 

the viscous forces of the wetting liquid. Thus, pore wall wetting and complete filling occur on 

different time scales with the latter requiring several months or even several years of time. 

Complete pore filling was found to occur when the pore diameter of the porous template is 

smaller than the thickness of wetting layer (10−30 nm). The wetting layer thickness is thought 
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to be dependent on both the nature of the chosen polymer and the surface state of wetting solid 

as in the case of polystyrene melted into the pores of AAO results in arrays of polystyrene 

nanowires, rather than nanotubes  they suggest that wetting of polymer melt or solution would 

occur through surface diffusion271. Therefore, individual polymer chains should align. Almost 

all polymer solutions with a low surface energy can be used to synthesize functional or 

composite nanotubes. Preparations of polymer nanotubes with high technical importance such 

as polyether ether ketone (PEEK) or polytetrafluoroethylene (PTFE), both of which are very 

difficult to process by conventional methods (e.g., extrusion or injection moulding of polymer), 

have been demonstrated by wetting of polymer melt impregnation into porous templates272. 

Multicomponent composite nanotubes273 have also been utilised to prepare inorganic 

nanotubes, whereby the polymers are mixed with inorganic precursors that act as a carrier in 

the wetting process. Chemical transformation of the inorganic precursors within the composite 

nanotube walls yields inorganic nanotubes274. 

 

1.6.4 AAO mask techniques  

Mask Techniques have been used to produce two-dimensional (2D) periodic arrays of 

nanostructures of metal275, complex metal oxide276 and semiconductor materials 277 to be used 

in  applications such as electronic/optoelectronics, bio-sensing as well as high-density data 

storage. In 1996 Masuda et al reported the first fabrication of arrays of gold nanodots on a 

silicon substrate by using ultrathin AAO as a stencil mask for depositing gold. The group then 

added to these findings in 2000278, 279. Since then, thin AAO-based surface patterning has 

become increasingly popular due to offering quicker throughput time, reduced cost benefits, 

and good compatibility with high-temperature nanofabrication processes, in comparison to 

other surface nanopatterning techniques such as electron-beam direct writing (EBDW)280, 

focused ion beam (FIB)91, nanoimprinting lithography(NIL)83, and scanning probe microscope 

(SPM)-based writing)81. Ultrathin AAO membranes can be transferred onto desired substrates 

by supporting AAO membranes with appropriate polymers (typically, poly(methyl 

methacrylate) (PMMA) or polystyrene (PS)282. A thin polymer layer is coated onto one face of 

an ultrathin porous AAO film, with both the barrier layer and aluminium substrate completely 

removed. The resulting AAO/polymer composite film is then transferred onto the required 

substrate where the polymer is removed by immersing the sample into an appropriate solvent 

or by oxygen plasma. However, this method is only suitable for use on a small scale as placing 
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largescale ultrathin AAO membranes onto a substrate often results in damage to the ultrathin 

AAO. Wafer-scale ultrathin AAO membranes (thickness = 200 nm) onto hydrophilised 

substrates by the selective etching of the aluminium base leaving an aluminium frame 

surrounding the AAO film which stabilised the ultrathin AAO film during transfer283. The 

ultra-thin AAO is first attached onto the wafer-scale substrate before removing the backside Al 

and alumina barrier layer. Ordered arrays of nanoholes284 have been fabricated which because 

of their high regularity and density, have resulted in these nanostructures exhibiting many 

interesting properties that can be exploited in the development of effective antireflection 

structures20, high performance electrodes 285 waveguides and photonic crystals12 and optical 

devices286. Nanorings of gold285 and bismuth ferrite (Bi FeO3)
286 have been produced as well 

as  nanopillars289 whereby conducting polymer nanopillars of poly[3,4-

ethylenedioxythiophene]:poly[styrene sulfonate] (PEDOT:PSS) were prepared for use in cell 

adhesion studies with cells fabricated using ultrathin AAO membranes masks. Nanodots can 

easily be produced by depositing a desired material through an ultrathin AAO membrane, in 

which the array pattern, size and inter space distance of the nanodots are defined by those of 

the ultrathin AAO mask290.  Most physical vapour deposition (PVD) methods can be employed 

to create surface nanostructures, including e-beam evaporation291, sputter deposition292, and 

molecular beam epitaxy 293(MBE). 

Fabrication of gold nanotube membranes through sputter deposition of thin gold film on the 

pore wall surfaces to produced nano-baskets. When followed by the electrochemical deposition 

of gold, to thicken the metal layer and subsequent removal of the AAO membrane by with a 

30 wt % phosphoric acid solution produced a free-standing gold nanotube array membrane. 

This was then transferred onto the substrate of choice294,295. These were found to have a high 

degree of flexibility, enabling adhesion to curved surfaces. The inner diameter of the gold 

nanotubes is again controlled by deposition time. Thus smaller nanostructure smaller than the 

pore diameter of the starting AAO can be fabricated. Metal meshes have been utilised as stencil 

masks for patterning in the manufacture of transparent conductive electrodes296,  as well as  

metal-assisted chemical etching of silicon wafers used in the preparation of arrays of silicon 

nanowires in order to control size, surface morphology, and crystallographic 297. However 

subsequent chemical vapour deposition (CVD) of materials into the pores of the AAO achieved 

uniform deposition of materials on the entire surface of the pore walls has proved to be a 

challenge. A fast rate of deposition may cause blockage of pores. The uniform deposition of 

carbon was first reported by Kyotani et al.298 who performed the thermal decomposition of 
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propylene at 800 °C. Pyrolytic carbon deposition from propylene resulted in carbon tubes 

within the pores of AAO. Multiwalled carbon nanotubes (CNTs) embedded in porous AAO 

have also been obtained by CVD of a gaseous precursor, such as acetylene, in the temperature 

range of 550−650 °C in the presence of electrodeposited Co catalyst at the bottom of AAO 

pores299. The ordered arrays of CNTs have been utilised as field emitters290, and platforms for 

intracellular delivery300. Porous AAO has also been utilised as a structure-guiding template in 

CVD growth of nanowires. It has been well established for the vapour-liquid-solid growth of 

silicon nanowires, that the nanowires grow preferentially along the ⟨111⟩, ⟨112⟩, or ⟨110⟩ 

directions depending on the diameter. While vertically aligned silicon nanowires on silicon 

substrate are popular for most practical applications in the current complementary-metal oxide-

semiconductor technology301. Shimizu et al.302 demonstrated homoepitaxial growth of silicon 

nanowires on a silicon  substrate by utilising porous AAO as an orientation guiding template. 

This has been employed by Gorisse et al.303  to prepare extended arrays of vertically aligned  

silicon nanaowires with tightly controlled diameters. 

 

1.6.5 Novel AAO nanostructures  

AAO templates are being increasingly used in the fabrication of novel nanostructures. A 

process pioneered by Martin et al. was used for the synthesis of a variety of semiconductor and 

insulator oxide nanostructures such as titanium dioxide304, zinc peroxide305, manganese 

dioxide306, cobalt oxide307, and silicon dioxide308. This method involves sol−gel deposition into 

the pores of an AAO template through the hydrolysis of precursor molecules, such as metal 

alkoxides in an organic media or inorganic salts in an aqueous media, in the preparation of a 

suspension of colloidal particles (sol) and their subsequent condensation to obtain a gel. 

Subsequent groups have produced inorganic nanotubes and wires by dipping the template 

directly into a solution containing sol particles for a set period of time309. These have been used 

extensively in the development of photovoltaics310, gas sensing311, ferromagnetic/electric312, 

superconducting313 and luminescence314 properties.  

Immersion of porous AAO template into a sol solution for prolonged periods of time produces 

nanowires136, while immersion for short periods of times yields nanotubes315. The formation of 

these nanotubes indicates that the sol particles are adsorbed onto the pore wall surfaces due to 

electrostatic interaction between the negatively charged pore wall surfaces and the positively 
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charged sol particles. The formation of the nanotubes is heavily dependent on the temperature 

of the sol solution316. Short dipping times of less than 1 min produced ‘bamboo-like’ nanowires 

prepared from a sol solution at 50 °C. Whilst perfectly smooth walled nanotubes were 

synthesised from a solution at 5 °C. This showed that as the temperature of the sol solution 

decreased, the inside wall of silicon dioxide nanotube became smoother. Limmer et al. pointed 

out that filling of sol particles into oxide nanopores is mainly driven by the capillary force114. 

Heat treatment of sol-coated AAO templates often results in porous nanostructures or hollow 

tubes due to insufficient packing of sol particles with the oxide nanopores. An electrophoretic 

sol−gel process has resolved problems associated with low particle packing density317 with 

utilisation of the electrophoretic motion of positively charged sol particles under an electric 

field. However, this method is not suitable for use with porous templates of small pore 

diameters.  

Lipid bilayers318 on porous AAO substrates  have been found to be electrically insulating, and 

their ion-channel proteins, reconstituted in bilayer membranes, are fully functional. The optical 

transparency of porous AAO substrates enables fluorescent molecules deep inside its pores and 

lipid membranes at the surface of the pores to be examined by confocal laser scanning 

fluorescence microscopy319. This technique when combined with a label-free nanoporous 

optical waveguide sensor developed by Hotta et al.320 enabled changes in reflection spectra of 

the AAO/aluminium layered films that were measured in the Kretschmann configuration321, 

similar to the conventional surface plasmon resonance (SPR) sensor.    

Semi-conductor quantum dots comprising of particles only a few nm in size have aroused much 

research interest. Their optical and electronic properties differ from that of larger light-emitting 

diodes (LEDs) that emit light when an electric charge passes through them, in that their band 

gap and electronic characteristics are closely related to their size and shape. Thus by increasing 

the size of the quantum dots, the colour of emitted light shifts from blue to near infrared, 

allowing the excitation and emission wavelengths to be highly adjustable322. This quality makes 

them ideal for use in sensitive cellular imaging, photovoltaic devices, solar cells, and light 

emitting devices,323. The characteristic long-lived plasmonic excitations of semiconductor 

quantum dots, embedded in the pores of AAO film, in combination with the SPR of metallic 

nanostructures has proved beneficial in optical coupling at the nanoscale level324. 
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1.7 Project Aims 

This study aims to produce and utilise a porous anodic aluminium oxide (AAO) template and 

focuses on the optimisation of sample preparation, both template and gold nanorods, with the 

controlled etching back of the porous alumina to expose the gold nanorods. Indeed rather than 

removing the rods from the template, as is common practice, here the template remains in place 

and is instead etched back only as far as to expose the rods. Thus the template helps not only 

to support the deposited gold nanorods which are of several hundred nm in length, but also, by 

keeping the aluminium base in place, it enables electrochemical reactions to be performed on 

the gold nanorod arrays. 

 

The central aim of this thesis was to produce and utilise porous anodic aluminium oxide (AAO) 

templates with which to develop electroactive SERS substrates by means of the following: 

 The controlled anodisation of an electro-polished aluminium sample to create a porous 

alumina template with a defined pore size on an aluminium base.  

 Develop a quick method to measure the alumina template film thickness. 

 Develop a method for partial removal of the alumina barrier layer to enable 

electrochemical deposition of gold into the pores to create gold nanorod arrays 

(AuNR).  

 Develop a method for the controlled etch-back of the alumina template to expose the 

vertically orientated AuNR  whilst keeping the template in place; 

 Characterisation of the substrate; 

 Determine the effectiveness of the AuNR as a substrate with both resonant and non- 

resonant reporter molecules through comparison studies with known SERS substrates; 

 Comparison of the signal strength of resonant and non-resonant reporter molecules at 

excitation wavelengths of 633 nm and 785 nm; 

 Determine the robustness of signal and recyclability of the substrate; 

 Design a flow cell to enable in-situ electrochemical polarisation experimentation; 
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 Devise a method to enable the selective electrodeposition of gold into the pores of the 

AAO template to create patterned surface to enable multiplex sensing on a single 

AuNR surface.  

 

1.8 Thesis overview 

Chapter 1 has introduced the concepts of sensors, properties of metals, plasmonics, SERS and 

AAO giving a brief overview of the history and background of the area of research in addition 

to literature pertinent to this thesis.  It is in this chapter that the aims of this study are stated.  

Chapter 2 examines the interaction of light with materials and lays out the underlying theory 

for light absorption, reflectance and ellipsometry. The fundamentals of electrochemistry are 

then explored leading to the electrodeposition of metal particles. The preparation of the 

anodised alumina templates is then described, starting from the basic electrochemical metal 

dissolution reaction to the formation of the barrier layer and under certain conditions, pores-

size formation and control.   

Chapter 3 states the materials, instrumentation and methods employed during this research 

work, listing the chemicals and giving the basic protocols used in the electrochemical 

measurements, Raman spectroscopy and Dark-field imaging.  

Chapter 4 presents the procedures employed in the production of the alumina template from 

annealed high purity aluminium samples.  The analysis of the ellipsometry data from in-situ 

monitoring of the film growth is presented and compared with that obtained by Fourier-

transform infrared spectroscopy (FTIR) data on the film. This chapter’s main focus is on the 

optimisation of sample preparation methods, both of the template and that of the gold nanorods. 

Controlled etch-back of the porous alumina is used to expose the gold nanorods. Thus the 

template helps not only to support the rods which are several hundred nm in length but also, 

by keeping the aluminium base in place, enables electrochemical reactions to be performed on 

the gold nanorod array. Having optimised the production of vertically orientated AuNR 

samples in the previous chapter, the focus of Chapter 5 is to establish their effectiveness as a 

robust SERS substrate. Desirable qualities include such as ease of handling, good signal 

enhancement, signal uniformity across the sample surface as well as surface regeneration and 
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repeatability are investigated. Comparison of the signal enhancement obtained from the 

samples compared to that of a number of other available substrates were performed using both 

resonant and non-resonant Raman species. In addition, the deposition of electroactive species 

and nanoparticles onto the AuNR is also explored.  

Chapter 6 introduces the concept and development of patterned samples to enable a means by 

which multiplex analysis of a wide variety of analytes on a single sample surface can be 

achieved. The challenges and eventual successes involved in this process are discussed. In 

addition, the spectra obtained for the attached reporter molecules at excitation wavelengths of 

633 nm and 785 nm are compared. In effect, the essence of the work was to be able to produce 

reusable, multi analyte sensors with the capacity to be customised for specific and/or varied 

requirements in a very cost effective way.  

Chapter 7 serves as a review of the main points established in the previous chapters to provide 

clarity, in addition to suggesting areas of further work to enable future advancement in the 

field.    
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 2. Background theory  

2.1 Light  

Light325,326 is electromagnetic radiation that is visible to the human eye at wavelengths of 

between approximately 400 nm – 800 nm325. Light is emitted and absorbed as photons which 

have wave – particle duality. That is to say they exhibit the properties of both particles and 

waves. Light transverse waves consist of both an electric (E) and a magnetic (B) field which 

oscillate perpendicular to the direction of travel and are orthogonal to one another. These waves 

oscillating in a multitude of directions are said to be unpolarised whereas polarised light waves 

oscillate in only one direction.  

 

 

                                                                        

 

 

Figure 2.1 Illustrates unpolarised, s polarised and p polarised light with respect to the plane 

of incidence.  

 

Polarised light can be described by resolving the electric vector into two orthogonal 

components (p and s) which are at right angles to each other and to the direction of propagation 

of the wave. As illustrated in Figure 2.1, light is said to be p - polarised if it is polarised parallel 

to the plane of incidence and s polarised if it is polarised perpendicular to the plane. These 

polarisations can be achieved by passing light through crystals which have different refractive 

indices for these two directions. 

 

     unpolarised      s-polarised        p-polarised 

Plain of incidence ⊙ ⊙ ⊗ ⊗ 
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The p and s components of the incident wave are described respectively by the Equations 2,1 

and Equation 2.2: 

 

𝑬𝒑  =  |𝑬𝒑|𝐜𝐨𝐬(𝝎𝒕 + 𝜹𝒑) Equation 2.1 

𝑬𝒔  =  |𝑬𝒔|𝐜𝐨𝐬(𝝎𝒕 + 𝜹𝒔) Equation 2.2 

where ω = 2𝜋𝑓, which is the angular frequency in time, and 𝛿𝑝 𝑎𝑛𝑑 𝛿𝑠  are the respective phase 

shifts of the electric field parallel and normal to the plane. 

 

2.1.1 Reflection of Light from a dielectric surface 

The reflection of light from a dielectric surface is explained by the Fresnel Equations325 which 

quantifies the fraction of incident light reflected by the surface as illustrated in Figure 2.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Geometrical arrangements for reflection from a dielectric surface where i, r and t 

refer to incident, reflected and transmitted light respectively and where the refractive indices 

for the two media are n1(unshaded region) and n2 (shaded region). 
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For a dielectric medium, the Fresnel's equations represent reflection and transmission 

coefficients of electromagnetic waves at an interface for both p and s polarised light.  Fresnel's 

Equations can be stated in terms of the angles of incidence and transmission or more 

commonly, angle of refraction. The Fresnel reflection coefficients for p and s polarised light 

are derived from Maxwell’s equations327 regarding the electromagnetic theory of light and are 

given as:  

 

𝒓𝒑 =
𝑬𝒑

𝒓

𝑬𝒑
𝒊 =

𝒏𝟐 𝐜𝐨𝐬 𝝓𝟏−𝒏𝟏 𝐜𝐨𝐬 𝝓𝟐

 𝒏𝟐 𝐜𝐨𝐬 𝝓𝟏+ 𝒏𝟏 𝐜𝐨𝐬 𝝓𝟐 
  Equation 2.3 

𝒓𝒔 =
𝑬𝒔

𝒓

𝑬𝒔
𝒊 =

𝒏𝟏 𝐜𝐨𝐬 𝝓𝟏−𝒏𝟐 𝐜𝐨𝐬 𝝓𝟐

 𝒏𝟏 𝐜𝐨𝐬 𝝓𝟏+ 𝒏𝟐 𝐜𝐨𝐬 𝝓𝟐 
 Equation 2.4 

  

Maxwell’s equations state that light can be both reflected and refracted. While the angle of 

reflection 𝜙r is equal to the angle of incidence 𝜙i, the angle at which light is refracted can be 

derived from Snell’s law (Equation 2.5). This relates to the refraction of light waves as they 

move from one optical medium to another and states that when light passes from one medium 

(1) to another (2) the ratio of the sine of the angle of incidence to that of the sine of the angle 

of refraction is equal to the inverse ratio of their refractive indices (n): 

n1sin(𝝓i) = n2sin(𝝓r) Equation 2.5 

when n2  n1 it follows that 𝜙I  𝜙2 therefore as can be seen from Equation 2.4, rs is negative 

for all values of 𝜙I .  This implies a phase shift of 180° between the incident and reflected 

waves. When 𝜙I =0 (i.e. normal incidence), rp is positive but as 𝜙I increases, rp decreases until 

it reaches zero at the point when 𝜙I + 𝜙2 = 90o. This point is known as Brewster angle or the 

polarising angle, 𝜙B, and is the angle at which only s polarised light is reflected. While for all 

angles where 𝜙I  𝜙B,  rp is negative. 
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Figure 2.3 Fresnel plots for s-polarised (red) and p-polarised (blue) light evaluated at an air 

aluminium interface for r, top, and R (r2) bottom. 

 

The Fresnel plots evaluated at an air/aluminium interface showing the variation in r and R (R 

= r2) as a function of angle of incidence are given in Figure 2.3. The p polarised light can be 

seen to exhibit lower intensity of reflectance than that of the s polarised light with zero 

reflectance for p polarised light at the Brewster angle. 

2.1.2 Reflection from metal surfaces 

Polished metallic objects reflect light particularly well, as such mirrors have been made from 

silver or aluminium coated glass. Metals contain large numbers of delocalised electrons which 

undergo oscillations by the electric field of an electromagnetic wave incident on the metal.  
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However not all of the light is necessarily reflected and it can also be partially absorbed and in 

certain cases transmitted, over a wide range of wavelengths through the surface of the metallic 

substrate. This is due to tightly packed energy levels in the conductance band and can be 

accounted for by defining the complex refractive index, 𝑛 ̃ as follows  

𝒏 ̃ = 𝒏 − 𝒊𝒌 Equation 2.6 

where n is the refractive index and k is the extinction coefficient which is related to the normal 

absorption coefficient α, through: 

𝜶 =
𝟒𝝅𝒌

𝝀
 Equation 2.7 

 

2.1.3 Reflection from a thin film surface 

Measurement of reflection from thin films grown on substrates introduces a third phase and 

additional complications, as shown in Figure 2.4, which must be considered and accounted for. 

The thin film growth on top of a substrate introduces another phase with potentially different 

optical properties to that of the substrate. In addition, multiple internal reflections occur within 

the film itself. 

 

Figure 2.4 Schematic representation of reflection from thin film covered surface.  
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The ambient refractive index, in the analysis below, is assumed to be non- absorbing and 

therefore not considered complex. Therefore, for a semi-infinite parallel sided film of thickness 

d the multiple reflected and transmitted waves are given by: 

 

�̂�𝒑/𝒔 =
�̂�𝟏𝟐 + �̂�𝟏𝟐 𝐞𝐱𝐩(−𝟐𝐢𝜷)

𝟏 +  �̂�𝟏𝟐  �̂�𝟐𝟑 𝐞𝐱𝐩(−𝟐𝐢𝜷) 
  Equation 2.8 

where �̂�𝑝/𝑠 is the overall reflection coefficient and r12 and r23 refer to reflections from the 

ambient-film and film-substrate interfaces respectively for p and s polarised light. 𝛽 represents 

the phase film thickness and corresponds to the phase introduced as a consequence of the light 

travelling through the film. It is defined as: 

𝜷 = 𝟐𝝅 (
𝒅

𝝀
)  𝒏𝟏 𝒄𝒐𝒔𝝓𝟐 Equation 2.9 

The ratio between s and p polarised light is known as the ellipsometry equation and is given 

by: 

𝝆 =
�̂�𝒑

�̂�𝒔
= 𝐭𝐚𝐧 𝚿 𝐞𝐱𝐩 (𝒊𝚫) Equation 2.10 

where Δ = phase shift and ψ = amplitude ratio and is discussed in the following section. 

 

2.2 Ellipsometry  

Ellipsometry can be used to calculate film thickness and its refractive index328, 329.  In order to 

understand the principals of the technique, consider two perpendicular polarised waves in 

phase. They will produce a single linearly polarised wave at 45o with respect to the plane of 

polarisation as seen in Figure 2.5. If they are polarised out of phase by 90o they will produce a 

circularly polarised wave. However these two are special cases and more generally, when two 

waves are out of phase by any other angle they produce an elliptically polarised wave as shown 

in Figure 2.5.  
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Figure 2.5 Representation of, linearly polarised and circularly polarised light and elliptically 

polarised light. 

Ellipsometry measures the change in the polarisation state of light after reflection from the 

surface of a sample. The measured ellipsometry parameters are the angles Δ (phase shift) and 

ψ (amplitude ratio). These parameters are defined in Equation 2.11, which is reproduced below: 

�̂�𝒑

�̂�𝒔
= 𝐭𝐚𝐧 𝜳⦁ 𝒆𝒊∆   Equation 2.11 

 

2.3 UV-vis Spectroscopy  

Ultraviolet and visible (UV-Vis) radiation interact with matter which cause electronic 

transitions (promotion of electrons from the ground state to a higher energy state)238. The 

ultraviolet region falls in the range between 190-380 nm and the visible region lies between 

380 nm - 750 nm. Different molecules absorb radiation at different wavelengths. By recording 

the wavelengths and amount of absorption, this results in the creation of an individual molecule 

specific absorption spectrum consisting of absorption bands corresponding to the structural 

groups within the molecule. Moreover, the perceived colour of a substance is closely linked to 

its electronic structure. When radiation in the form of white light is fully reflected the perceived 

colour is white and when fully absorbed, black. However, when light of a specific wavelength 

is absorbed by a molecule it is the complementary colour created from the wavelengths of light 

not absorbed that is observed, as indicated in Table 2.1. 
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Absorption λ (nm) Absorbed Colour Observed Colour 

400-435 Violet Yellow-green 

435-480 Blue Yellow 

480-490 Green-blue Orange 

490-500 Blue-green Red 

500-560 Green Purple 

560-580 Yellow-green Violet 

580-595 Yellow Blue 

595-605 Orange Green-blue 

605-750 Red Blue-green 

Table 2.1 Table depicting the absorption wavelength of light, the associated colour and the 

resulting observed colour  

In addition, the amount of absorbance exhibited by any given sample is proportional to the 

number of absorbing molecules, i.e. the molar concentration, within the path of the source light 

beam. Therefore, it is necessary to correct the absorbance value for this. The corrected 

absorption value is known as "molar absorptivity", and is particularly useful in the comparison 

of the spectra and relative strength and concentration of the light absorbing components 

(chromophores). This is known as the Beer Lambert Law, given in Equation 2.12 that relates 

absorbance to solute concentration: 

A = b c  Equation 2.12 

where A is absorbance,   is the molar absorptivity (L mol-1 cm-1), b is the path length (cm), c 

is the concentration (mol L-1).  

 

2.4 Dark-field microscopy  

In dark-field microscopy directly dispersed light from a light source, within the ultraviolet to 

near infrared range, is removed with only scattered light directed at the specimen under 

investigation. This results in a cone of light which is observed as a ring on the surface of the 

sample under investigation within which the scattered light is diffracted, reflected and/or 

refracted off the object330,331. This facilitates investigation of specimens, such as those with 

refractive index values similar to that of the background, the features of which are unable to be 

distinguished using conventional microscopy. 
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In contrast to bright-field microscopy, in dark-field, the sample appears light and the 

background dark. This can be achieved through an adaptation of the conventional microscope 

set up by placing an opaque object below the sub-stage in order to block out any light shining 

from the base unit.  The light source used is typically a tungsten-halogen lamp where the 

emitted light passes through a collector lens and then through the aperture and field diaphragms 

before striking the opaque stop in the opening port. The fitting of a dark-field condenser 

produces a hollow cone of light as the centre of the beam of light is blocked. Light passes 

around it and so only scattered light from the sample enters the objective lens that is located in 

the dark centre of the cone. The image observed is produced from the scattered light captured 

in the objective lens. This technique can be used to determine a sample’s surface characteristics 

and morphology, such as depressions, ridges and boundaries in addition to defects such as 

cracks and scratches. In comparison to that obtained from bright-field the contrast amongst a 

sample’s features is increased with some features only visible with dark-field microscopy.  

Reflectance dark-field microscopy has become a useful tool in nanotechnology by helping to 

facilitate the study of single metal nanoparticles, such as how size and shape affect LSPR and 

line width through predominantly Rayleigh scattering experiments as well as electron surface 

scattering experiments.  

 

2.5 FTIR – Fourier Transform Infrared Spectroscopy  

FTIR is a method of measuring molecular vibrational frequencies that lie in the IR region 

(typically 700 nm to 25 m wavelength) of the electromagnetic spectrum332, 333. Light from a 

source across a range of frequencies is passed through a sample and the intensity of the 

transmitted light is measured at each frequency. When molecules absorb IR radiation, 

transitions occur from a ground vibrational state to an excited vibrational state. To be IR active, 

a change in dipole moment of the vibration of the species must occur when the IR radiation is 

absorbed.  

The beam emitted from the source passes through a beam splitter, which splits it in two and 

sends each half in two directions at right angles to one another.  While one beam is sent to a 

stationary mirror and then back to the beam splitter, the other is sent to a moving mirror and 

then back to the beam splitter.  The motion of the moving mirror results in the two beams 

having different path lengths. As a result, when they recombine, the difference between the 
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two path lengths results in an interference fringe pattern i.e. an interferogram. The recombined 

beam is sent to the sample, which absorbs the specific wavelengths characteristic of its 

spectrum, subtracting specific wavelengths from the interferogram.  The variation in energy 

levels for all wavelengths are plotted against time simultaneously.  The mathematical function 

Fourier transform is then used to convert the intensity vs. time spectrum into an intensity vs. 

frequency spectrum.  

 

2.6 Field emission scanning electron microscope  

 Field emission scanning electron microscopy (FE-SEM) produces images of a sample by 

scanning the surface with a focused beam of electrons. The electron beam, which typically has 

an energy ranging from 0.5 keV to 40 keV, is focused by one or two condenser lenses to a spot 

about 0.4 nm to 5 nm in diameter. The beam passes through pairs of scanning coils or pairs of 

deflector plates in the electron column, typically in the final lens, which deflect the beam in the 

x and y axes so that it scans in a raster fashion over a rectangular area of the sample surface20, 

291. The SEM images in this work were produced using HITACHI SU-6600, a high resolution 

analytical variable pressure, field emission scanning electron microscope. This instrument is 

equipped with a variable pressure mode. This enables non-conductive samples such as alumina 

to be analysed without needing to be coated in gold coating. 

As the primary electron beam interacts with the sample, the electrons lose energy by repeated 

random scattering and absorption within a teardrop-shaped volume of the specimen known as 

the interaction volume, which can extend from less than 100 nm to around 5 µm into the 

surface. The size of the interaction volume depends on the electron's landing energy, the atomic 

number of the specimen and the specimen's density. The energy exchange between the electron 

beam and the sample results in the reflection of high-energy electrons by elastic scattering, the 

emission of secondary electrons by inelastic scattering and the emission of x-rays. Specialised 

detectors can detect each of these secondary effects. The beam current absorbed by the 

specimen can also be detected and used to create images of the distribution of specimen current 

on the sample. Electronic amplifiers are used to amplify the signals which are displayed as 

variations in brightness. The raster scanning of the display is synchronised with that of the 

beam on the specimen in the microscope, and the resulting image is therefore a distribution 

map of the intensity of the signal being emitted from the scanned area of the specimen.  

http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Electronvolt
http://en.wikipedia.org/wiki/Raster_scan
http://en.wikipedia.org/wiki/Elastic_scattering
http://en.wikipedia.org/wiki/Inelastic_scattering
http://en.wikipedia.org/wiki/Electronics
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Field emission systems require an extremely high vacuum in which to operate. In this system, 

the source filament is not heated in order to emit electrons. Electrons are instead drawn from 

the field emission gun by subjecting the filament to a potential gradient, large enough that 

electrons are drawn out of the filament. Two anode plates are placed below the gun assembly. 

The first anode is responsible for the extraction voltage, typically 3-5 kilovolts, that draws the 

electrons out from their source. While a second anode produces a voltage that dictates the 

velocity at which the electrons travel down through the column. Both of these anodes act as 

electrostatic lenses, focusing the beam into a small initial crossover. 

Magnification in a SEM can be controlled over a range of up to 6 orders of magnitude. Unlike 

optical and transmission electron microscopes, image magnification in the SEM is not a 

function of the power of the objective lens.  The condenser and objective lenses focus the beam 

to a spot, but not to image the specimen. The resulting magnification is due to the ratio between 

the raster on the specimen and the raster on the display device. Increased magnification results 

from reducing the size of the raster on the specimen, and vice versa. Thus unlike conventional 

microscopy magnification is not controlled by the objective lens but by either the current 

supplied to the scanning coils or the voltage supplied to the deflector plates. 

 

2.7 Electrochemical reactions  

Electrochemical reactions are heterogeneous and usually involve the transfer of charge between 

a solid (electrode) and a species in solution (electrolyte)334,335. The direction of electron transfer 

is dependent on electrode potential with electrons moving from higher to lower energy level. 

Therefore, electrons will transfer from the electrode surface to the species in solution or from 

species in solution to electrode depending on whichever path leads to the occupation of a lower 

energy level. There are two basic types of electrochemical reactions, oxidation and reduction 

with oxidation of the species involving transfer of electrons from the electroactive species to 

the electrode and vice versa for reduction. For charge transfer to take place the electrodes need 

to be connected via an electrical circuit with an electrolyte that contains the electroactive 

species in close proximity to the electrode and oxidation at the anode must be balanced with 

reduction at the cathode336,  SEE Figure 2.6 . 

𝐎 +  𝒏𝒆− ⇌ R Equation 2.13 

http://en.wikipedia.org/wiki/Magnification
http://en.wikipedia.org/wiki/Order_of_magnitude
http://en.wikipedia.org/wiki/Objective_(optics)
http://en.wikipedia.org/wiki/Condenser_(microscope)


54 

 

Consider the above reaction in Equation 2.13 occurring at an electrode surface. For the reaction 

to proceed O must be present at the electrode surface. As O is consumed, for the reaction to 

continue a mechanism to replenish O and remove R from the surface of the electrode is 

required. Thus the overall reaction scheme is as follows: 

1.  Obulk                            Oelectrode  (Mass transport) 

 

2.  Oelectrode + e-                         Relectrode  (Electrochemical reaction) 

 

3.  Relectrode                                    Rbulk   (Mass transport) 

 

The rate at which the reaction proceeds is determined and limited by whichever one of these 

three reactions is the slowest and is referred to as the rate-limiting step.  

 

Figure 2.6 A simple three electrode electrochemical cell comprising of a working electrode 

(WE) a reference electrode (RE) and a counter electrode (CE).  
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As illustrated by the simple cell shown in Figure 2.6 where the electrolyte contains a dilute 

solution of the electroactive species O and R together with the inert electrolyte species A+ and 

X- which are present at much higher concentrations than the electroactive species. The 

reference electrode (RE) can be seen to be in close proximity to the working electrode (WE). 

This is where the reaction pertinent to the electrochemical study occurs. However, no current 

flows between the WE and RE. This is in order for the potential to be applied accurately across 

the electrode/solution interface while the counter electrode (CE) allows the current to flow 

through the circuit between CE and WE. 

When no external power is applied, the system containing reactants O and R at the WE is in 

equilibrium resulting in a steady potential at the working electrode that is known as the 

reversible or equilibrium potential and this value can be calculated using the Nernst equation:  

𝑬𝒆 = 𝑬𝒐 + 
𝑹𝑻

𝒏𝑭
𝒍𝒏

𝑪𝑶

𝑪𝑹
 Equation 2.14 

where 𝐸𝑒 is the equilibrium potential,  𝐸𝑜 is the standard potential for O/R redox species, R is 

the gas constant, T is absolute temperature, F is the Faraday constant  and  𝑐R
∞ and 𝑐𝑂

∞ the  bulk 

concentrations of R and O respectively. At the equilibrium potential, the net current (i) is zero.  

𝒊𝟎 =  𝒊 + 𝒊   Equation 2.15 

The exchange current density 𝑖0 is equal to the partial anodic, �⃖�, and cathodic, 𝑖, current densities 

at the equilibrium potential, Equation 2.15. 

On application of a potential, E, which is not equal to  𝐸𝑒 , the resulting change from equilibrium 

conditions potential causes a net flow of electrons, i.e. a current. This potential, which is away 

from equilibrium, is known as the overpotential and is defined as: 

𝜼 = 𝑬 − 𝑬𝒆   Equation 2.16 

The reactions involving electron transfer at the electrodes, Equation 2.17 and Equation 2.18, 

are assumed to follow first order kinetics: 

Rate of reduction of O = �⃗⃗⃗� 𝒄𝑶
𝒔   Equation 2.17 

Rate of oxidation of R = �⃗⃗⃐� 𝒄𝑹
𝒔   Equation 2.18 
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where 𝑐𝑂
𝑠  and 𝑐𝑅

𝑠  are the concentrations of electroactive species O and R respectively at the 

electrode surface. 

The partial cathodic current density, Equation 2.19, and partial anodic current density, Equation 

2.20, are then given as: 

𝒊 =  −𝒏𝑭�⃗⃗⃗� 𝒄𝑶
𝒔   Equation 2.19 

𝒊 =  +𝒏𝑭�⃗⃗⃖� 𝒄𝑹
𝒔     Equation 2.20 

Here the convention is adopted that a reduction reaction gives a negative current and an 

oxidation reaction gives a positive one. The rate constants are dependent on the overpotential 

according to Equation 2.21 and 2.22. 

�⃗⃗⃗� = �⃗⃗⃗�𝟎 𝐞𝐱𝐩 (
−𝜶𝑪𝒏𝑭𝑬

𝑹𝑻
) Equation 2.21 

 �⃗⃗⃖� = �⃗⃗⃖�𝟎 𝐞𝐱𝐩 (
𝜶𝑨𝒏𝑭𝑬

𝑹𝑻
) Equation 2.22 

where �⃗⃗�0  and �⃖⃗�0  represent the rate constant when E = 0 and   𝛼𝐶  and 𝛼𝐴 the cathodic and 

anodic charge transfer  coefficients  which  for simple systems sum to unity. Algebraic 

manipulation of the above equations leads to the Butler-Volmer equation, Equation 2.23, used 

to describe electrode kinetics: 

𝒊 = 𝒊𝟎 [𝐞𝐱𝐩 (
𝜶𝑨𝒏𝑭𝜼

𝑹𝑻
) 𝐞𝐱𝐩 (

−𝜶𝑪𝒏𝑭𝜼

𝑹𝑻
)]    Equation 2.23 

where 𝑖0 is known as the exchange current density and represents the amount of current flowing 

in both directions at equilibrium. The Butler-Volmer equation has three limiting forms, viz, 

when 𝜂 is small (≤ 10 mV); large and negative or large and positive (|𝜂| ≥
118

𝑛
mV). The latter 

two give rise to the cathodic, Equation 2.24, and anodic, Equation 2.25, Tafel equations: 

𝒍𝒐𝒈|𝑰𝑪| = 𝒍𝒐𝒈𝑰𝒐 −  
𝜶𝒄𝒏𝑭ƞ

𝟐.𝟑𝟎𝟑𝑹𝑻
    Equation 2.24  

𝒍𝒐𝒈|𝑰𝑨| = 𝒍𝒐𝒈𝑰𝒐 +  
𝜶𝑨𝒏𝑭ƞ

𝟐.𝟑𝟎𝟑𝑹𝑻
        Equation 2.25 
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This produces a plot as shown in Figure 2.7. These equations predict that as 𝜂 is increased, 

current growth is exponential. However, this growth in current with respect to 𝜂 is 

unsustainable and becomes limited by the speed of transportation of the species from solution 

to the surface of the electrode. As such, the system eventually becomes mass transport limited.  

 

The three methods of mass transport are diffusion, migration and convection. Diffusion can be 

defined as the movement of a species due to a concentration gradient and occurs when there is 

a change in the concentration of the reacting species at the electrode surface during 

oxidation/reduction. This reaction converts the starting species to product (O → R). This 

creates a boundary layer close to the surface and up to 103 cm in thickness in which the 

concentrations of O and R vary as a function of distance from the electrode surface. The 

concentration of O is lower at the electrode surface (i.e.as it is consumed at the cathode) than 

in the bulk and the concentration of R is higher at the surface than in the bulk. It therefore 

follows that O will diffuse towards the electrode and R away from the electrode surface. 

Natural convection occurs in all solutions and is due to small thermal or density differences 

that cause the solution to mix in a random and unpredictable manner. However, this effect can 

be overcome through forced convection where the solution is mixed by means of a spinning 
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Figure 2.7 Tafel plot logI vs ƞ 
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bar, pump or by using a rotating disc electrode. In such circumstances the effects of natural 

convection are negligible and forced convection controls the amount of material arriving at the 

electrode surface. 

Migration happens as a result of an electrostatic effect that occurs on the application of a 

voltage between the electrodes. In essence, this creates an electric field between the electrodes 

causing positive ions (cations) to move towards the negative electrode (cathode) and negative 

ions (anions) to move towards the positive one (anode). 

 

2.7.1 Cyclic Voltammetry 

Cyclic voltammetry is the technique most widely used to gather qualitative information from 

the initial studies into electrochemical reactions in order to characterise electron transfer 

reactions. Thus providing a means by which to locate the redox potentials of the electroactive 

species in solution or adsorbed at an electrode surface.  

A three electrode system is normally used to obtain the most accurate results, comprising of a 

working electrode (e.g. gold, glassy carbon), a counter electrode (typically platinum) and a 

reference electrode such as a standard calomel electrode (SCE), silver/silver chloride 

(Ag/AgCl) or copper/copper sulphate (Cu/CuSO4). However cyclic voltammetry can also be 

carried out using a two electrode system employing a pseudo reference electrode. The open 

circuit potential (OCP) can be used as a guide in the initial selection of these values because at 

this potential no current will flow through the cell, The voltage is typically scanned between 

the OCP and one or more set values. The current response is plotted as a function of voltage 

and the resultant plot is referred to as a voltammogram. This shows that the current  increases 

as the voltage is swept away from its initial value. The equilibrium position is shifted   till 

eventually reaching a peak, denoting the reduction potential after which the cathodic current 

decreases as the concentration of reducible analyte is depleted. On reaching the voltage set as  

the upper limit the scan is reversed  and the voltage swept back to either the initial OCP value 

or a third value. The scan rate v dictates the timescale over which the reaction occurs and is 

usually set between 0.5 mV s1 and 1000 mVs1. In the forward reaction electrons flow from 

the electrode to the species in solution while the reverse reaction sees the current flow from the 
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solution species back to the electrode. If the reaction is reversible a peak, denoting the oxidation 

potential, will be seen in the reverse scan 337.  

 

2.7.2 Rotating Disk Electrode  

The Rotating disc electrode (RDE) is a hydrodynamic working electrode and comprises of a 

polished metal core surrounded by an insulation material e.g. platinum disk encased in epoxy 

or PTFE 338. The disk's rotation is normally measured in cycles or rotations per unit time. The 

electrode’s rotation induces a flux of the solution containing the electro-active species towards 

the electrode surface. As the disk rotates the resulting centrifugal force pushes the solution 

upwards and away from the electrode creating a hydrodynamic boundary layer at the electrode 

surface. The rate of flow, and thus the thickness of the boundary layer, is controlled by the 

electrode's angular velocity. Consequently mass transport is controlled by convective flow 

rather than being controlled or limited by the diffusion rate, as would be the case in cyclic 

voltammetry at stationary electrodes. 

 

2.7.3 Electropolishing  

Electro polishing of a metal surface is carried out in order to smooth and level out the flawed 

uneven surface of a metal. The initial process is known as macro smoothing and is achieved 

through the selective dissolution of at first µm-sized surface features, which is then followed 

by micro smoothing which involves the dissolution of surface features that are sub- micrometre 

in size. As a result of these selective dissolutions, the metal surface reflects light with a mirror-

like finish, known as micro smoothing.  Within the electrochemical cell the metal sample to be 

polished is the anode. The importance of electropolishing in preparing a smooth aluminium 

surface prior to anodisation to produce the ordered pores in the alumina layer cannot be 

understated.  In the case of the two-stage anodisation process of aluminium,  the resultant self-

ordered arrangement of the pores is greatly influenced by firstly the purity of the aluminium 

sheet used (the purer the better) and secondly, the degree of sample surface smoothness 

achieved by electropolishing 339. 
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3. Experimental 

All reagents used were of the highest grade available and the full list is given in the appendix. 

Milli-Q deionised water (DIW) with a resistivity 18.2 M cm was used throughout. Prior to 

use all glassware used for nanoparticle work was soaked overnight in aqua regia, rinsed 

thoroughly in DIW then acetone and finally dried in a nitrogen stream. The glass 

electrochemical cell used for electropolishing and alumina film growth was also periodically 

cleaned with aqua regia. 

 

3.1 Fabrication of an anodic alumina template  

This section seeks to describe the steps involved in the production of a porous anodic alumina 

for use as a suitable template for the electrochemical production of gold nanorod arrays for use 

as a suitable SE(R)RS substrate. 

 

3.1.1 Aluminium Substrate 

A sheet of high purity aluminium (99.999%) was cut into 15 mm  15 mm squares. Each 

aluminium sheet produced nine samples, which were annealed by heating in a nitrogen 

atmosphere.  The heating rate employed was 20 °C/min, from ambient temperature to 600 °C. 

The temperature was then held at 600 °C for two hours and then allowed to cool to 30°C at a 

rate of 2 °C/minute.  Annealing the aluminium provided the surface with large single crystalline 

grains that aid the growth of a self-assembled and highly ordered porous alumina matrix. 

In order to get a smooth flat surface, the samples were individually mechanically polished using 

an E W Jackson & Sons LTD motorised polisher using initially 600 grade followed by 1200 

grade emery paper and then finished with 1 μm and 0.3 μm alumina powder in conjunction 

with a wet polishing cloth.  In order to avoid surface scratching and/or pitting the sample was 

kept wet throughout the polishing process.  To degrease and remove any surface debris from 

the sample prior to the next step, the samples were rinsed thoroughly with deionised water 

(DIW), and then ultrasonicated in propan-2-ol for five minutes before being finally rinsed in 

ethanol and dried in a nitrogen stream.  
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3.1.2 Instrument set-up for the fabrication of AAO template 

The dried aluminium sample was mounted onto the stainless steel base of the sample holder 

unit using silver conducting paint that provided an electrical contact in addition to a means of 

adhesion. After allowing fifteen minutes for the paint to dry, the sample holder’s sheath was 

put on and screwed in place. The sample holder was then inserted into a glass cell surrounded 

by a water jacket and secured in place by a clip.  

 

Figure 3.1 The stages involved in assembling the cell for electropolishing in addition to first 

and second stage anodisation. A) Al sample mounted on sample holder base. B) Assembled 

sample holder (side view). C) Top view of sample in sample holder. D) Assembled cell. 

 

The sample therefore acted as the working electrode and while a rotating disc electrode 

consisting of a stainless steel core surrounded by an insulating epoxy resin was used as the 

counter electrode. The stainless steel electrode was polished prior to each use, see Figure 3.1. 

The voltage was supplied by a Hewlett Packard 6545A DC power supply. The electrolyte 
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temperature control was achieved by means of circulating water at the required temperature, 

controlled by a Gallenkamp Thermo Stirrer 85, through the outer jacket of the cell.  

 

3.1.3 Electropolishing of aluminium sample 

The electropolishing solution consisted of 40 vol% phosphoric acid, 38 vol% ethanol and 22 

vol% DIW at a temperature of 45°C and was poured into the cell. The current was set to 275 

mA which was calculated from the sample surface area, using the optimum current density of 

350 mA/cm2 150. The speed of rotation of the disc was initially set to 5 Hz, to reduce bubble 

adhesion to the surface and providing convection for the process. Starting from a voltage of 

zero, the cell voltage was increased gradually until a constant current of 275 mA was achieved 

at which point the voltage dropped back from a typical value of 122 V to ca. 36 V. The rotating 

disk’s speed was then reduced to 0.35 Hz and the reaction allowed to continue for 5 minutes. 

Once used, the electropolishing solution was discarded and both cell and electrode were rinsed 

thoroughly with DIW. Electropolishing gave a mirror like finish to the surface of the 

aluminium.  

 

3.1.4 Porous alumina film growth by two-stage anodisation 

The porous alumina film growth was achieved by means of a two-stage anodisation process. 

The rinsed cell was filled with 0.3 M oxalic acid solution (Sigma Aldrich) at 30°C with the 

RDE set to rotate at 0.35 Hz. The voltage was set to 40 V and the current setting to the 

instrument maximum value of 1.53 A. This was done so that the applied voltage and not the 

current controlled the process. The actual current flowing during the anodisation process was 

very low, typically 0.65 mA.  The first anodisation period lasted 20 hours and during this time, 

pore growth became increasingly more ordered at the metal/oxide interface. Over this period, 

a thin barrier layer (thickness = 80 nm) and a thick porous alumina film was formed on top of 

the aluminium substrate. The pores formed were ordered and parallel at the base but irregular 

and disordered at the surface (the initial region of pore formation). As in the electropolishing 

process, the solution was discarded on completion of this first anodisation and the sample and 

cell were rinsed with DIW. 
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The cell was dismantled and the sample removed, with all the residue of the silver conducting 

paint removed from the back of the sample with acetone on a cotton bud. The sample was then 

immersed in an etching solution of 1.8 wt% chromium trioxide and 6 wt% phosphoric acid at 

70°C for 2 h. The subsequent removal of the thick film formed during the anodisation process 

left an imprint of the ordered pores, which was used as a template on which to grow the 

hexagonally ordered porous alumina film during the second anodisation process.  

The ‘oxide’-free sample was remounted onto the sample holder and inserted back into the 

anodisation cell. Both the set voltage and current were once again set to 40 V and 1.53 A 

respectively.  Initially the duration of the second anodisation period was 30 minutes but this 

was subsequently reduced in accordance with the desired thickness of the film, which in turn 

determined the length of nanorods that could be formed in the pores.  Anodisation durations of 

10 minutes produced pores of ~2.8 μm in length, 5 minutes gave pores of ~1.4 μm in length 

and 2 minutes gave pores ~0.6 μm in length. 

 

3.1.5 Barrier Layer Thinning 

On completion of the second anodisation and without changing the oxalic acid solution, barrier 

layer thinning was immediately carried out. Initially, the current was set to that recorded at the 

end of the second anodisation period, typically 6.5 mA and the voltage was set to the maximum 

setting (122 V), as this process required to be under current control. The current was then 

gradually reduced in a step-wise manner, allowing the voltage to settle each time before 

reducing the current further. This was done until the cell voltage had reduced to 6.5 V. The 

solution was then removed and the sample and cell were washed thoroughly with DIW and 

sample holder removed.  Care was taken to keep the sample surface wet throughout to avoid 

air getting into the pores and so preventing the gold plating electrolyte from accessing the 

pores. However, it was subsequently found that there continued substantial porous oxide 

growth during this period of barrier layer thinning.  The method was subsequently altered with 

the voltage set to 122 V and the current set to 1.2 mA. When turned on the voltage dropped 

from 40 - 24 V within 30 seconds. The significance of the 24 V was that ellipsometry data had 

shown that there was little porous oxide growth at potentials lower than this.. The fall in voltage 

from 24 V to the 6.5 V limit in order to achieve barrier layer thinning was thus accomplished 

in about ten minutes. 
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3.1.6 Electro-deposition of gold into hexagonally ordered pores in alumina film 

Gold was deposited into the hexagonally ordered alumina pores using a 0.1 M KAu(CN)2 

solution and an ac voltage of between 6.0 7.0 V rms at 200 Hz. Again, here the sample itself 

acted as the working electrode with a looped platinum wire used as the pseudo reference/ 

counter electrode, shown in Figure 3.2. 

 

Figure 3.2 Instrument set up for the deposition of gold into the alumina film pores. Gold was 

deposited into the samples hexagonally ordered alumina pores using a 0.1 M KAu(CN)2 

solution and an ac voltage of between 6.0 -7.0 V rms at 200 Hz.  

  

3.1.7 Etch-back of porous alumina film to expose the gold nanorod arrays 

As the deposited gold did not entirely fill the full length of the pores, it was therefore necessary 

to etch-back the porous alumina film on top of the AuNR in order to expose them. The depth 

of the rods within the film was calculated from the fringe pattern observed in the specular 

reflectance measurements of the unetched sample using Equation 3.1: 

Sample

Holder

Pt wire electrode
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𝒅 =
𝒎

𝟐∆𝝂∙√(𝒏𝟐 −𝒔𝒊𝒏𝟐 𝜽)

  
Equation 3.1

 
 

where 𝒅 is the alumina film thickness above the AuNR, 𝒎  is the number of fringes in 

wavenumber region used, 𝒏 is the refractive index, θ is the angle of incidence and ∆𝝂 is the 

wavenumber region used (ν1 - ν2; cm1). 

For the etch-back experiments, the sample was immersed into a 10 wt% phosphoric acid 

solution kept at a constant temp of 30 °C and placed in an ultrasonic bath. From these 

measurements the rate of alumina etch-back required to expose the AuNR was calculated to be 

ca, 10 min/1μm (0.1 µm/min).  Specular reflectance and electrochemistry together with FE-

SEM were used to monitor the exposure of the AuNR following the chemical etching process. 
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3.1.8 Summary and Schematic representation of Alumina film growth and gold deposition 
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3.2 Specular Reflectance 

These measurements were carried out to confirm the presence of AuNR and to determine the 

thickness of the alumina film above the AuNR. A polarised light beam was incident onto the 

surface of the sample and reflected at an angle equal to that of the incidence angle as shown in 

Figure 3.3.  

 

Figure 3.3 shows the instrument set up used to gather spectral reflectance data from the 

alumina/gold samples.  

 

A computer controlled applied photophysics f/3.4 monochromator was used to select the light 

emitted from a xenon lamp into specific wavelength bands along a preselected range (i.e. 400 

nm – 820 nm at 2 nm increments). The diameter of the beam was reduced by passing through 

an iris diaphragm and then polarised, either s- polarised (setting angle of 77° in holder) or p-

polarised (setting angle of 374° in holder), before passing through a lens of focal length 10 cm. 

The beam was further reduced by passing through a second iris before reaching the sample 

surface. The reflected light was collected at the specular angle using a Photomultiplier tube 

(PMT) and the output signal was amplified using a Bentham Current Amplifier and recorded. 

In order to obtain the lamp spectrum and so take into account any signal obtained due to the 

underlying aluminium substrate, all results were normalised against the signal obtained for a 

vacuum evaporated aluminium mirror, placed in the sample position on the optical stage. 

 
 

PMT 

Monochromator 
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Lamp 

Current 
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3.3 Ellipsometry 

The set up shown in Figure 3.4 was used for in situ monitoring of the alumina film growth 

during both the second anodisation and barrier layer thinning experiments. The experiments 

were conducted on a computer controlled Gaertner L116B Rotating Analyser Ellipsometer. 

 

Figure 3.4 Schematic representation of the ellipsometry cell set-up to gather ellipsometry data 

from Gaertner L116B Rotating Analyser Ellipsometer utilising a 1 mW He Ne (λ= 638.2 nm) 

at an angle of 70° incident to the sample. 

 

Prior to each in situ monitoring of the anodisation, the sample was electropolished as discussed 

above, in order to replicate normal sample preparation and ensure a clean smooth surface for 

alumina film growth. Fresh solution was used each time and discarded after use. The cell and 

platinum gauze electrode were thoroughly washed with DIW before adding the 0.3 M oxalic 

acid solution. The side chambers, by the quartz windows were checked and cleared of bubbles 

in order to allow the incident and reflected beams a clear passage.  The program was set to 

record the ellipsometric angles (parameters) of Δ and 𝛹 every five seconds. Ten points were 

collected before the power from the HP 6564A power supply was switched on to start the 

anodisation process. At the end of the anodisation period, the power to the electrochemical cell 

was switched off. The same set-up and data acquisition were also employed for in situ 

monitoring of the barrier layer thinning process. 
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3.4 Fourier transform infrared spectroscopy  

Fourier transform infrared spectroscopy (FTIR) specular reflectance spectra were obtained 

using a hand held Exoscan FTIR 4100 instrument mounted on a base unit and utilising a 45° 

specular reflectance probe with a gold mirror reference cap. The probe uses a patented 

Michelson interferometer design.  Data was collected over the wavenumber range 5500 – 600 

cm1. Prior to each sample run, a background check was carried out using the manufacturer 

supplied gold mirror reference cap that was clicked tightly into place to cover the head of the 

probe.  The cap was then removed and the sample was laid face down flat onto the probe and 

held in place by hand to ensure a good contact between probe and sample.   

Measurements were carried out on the porous film-covered aluminium surface in order to 

compare like-for-like results obtained by FTIR and ellipsometry and so enable a calibration 

chart for porous alumina film thickness using the Exoscan instrument to be produced.  In situ 

electropolishing was carried out on the sample prior to monitoring of the second anodisation 

by the ellipsometer over a set time period. Immediately following this, the cell was dismantled 

and the sample was examined using the Exoscan FTIR. The sample was returned to the cell 

which was reassembled, the sample electropolished again with the whole process repeated until 

measurements for the second anodisation periods of three, four, six and seven minutes duration 

were obtained by both ellipsometer and Exoscan FTIR instruments. 

 

3.5 Cyclic Voltammetry 

All cyclic voltammetry experiments were first carried out using a three electrode system with 

a platinum wire mesh counter electrode, Hg|Hg2SO4|K2SO4 (sat) reference electrode (E = 0.64 

V vs SHE) and a gold disc (7 mm diameter) as the working electrode.  Electrochemical control 

was through an EG&G 362 scanning potentiostat with a scan rate of 50 mV s1 and data 

acquisition was by a custom written LabVIEW 7.1 software. The cyclic voltammogram was 

then repeated replacing the Au disk electrode with the composite alumina-nanorod sample 

mounted in the same sample holder used during the sample preparation. Cyclic voltammograms 

with the AuNR used as the WE were carried out in a two electrode system, with the platinum 

counter electrode acting as a pseudo reference.  Exposure of the rods and thus their ability to 

carry out electrochemistry was verified by cyclic voltammetry, using a 10 mM cupra 

ammonium nitrate ([CuII(NH3)4] (NO3)2) in a 1.0 M potassium nitrate solution. This solution 
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was prepared by adding an excess of concentrated ammonia (NH3) to a solution of copper 

nitrate.  Cyclic voltammetry was also used to grow a polythiophene layer on top of the gold 

nanorods embedded in the porous alumina matrix.  A solution of 0.05 M thiophene in 0.1 M 

potassium sulphate in a 60% DIW/40% ethanol solution was used and the scan rate was set to 

100 mV/s. The process of growing the polythiophene was repeated with the Au nanorod sample 

in a Flow cell. The sample here was first cleaned with oxygen plasma and was then left soaking 

overnight in the 0.05 M thiophene solution. 

 

3.6 Reporter Molecules 

The following reporter molecules were used in this study 

 Malachite green isothiocyanate (MG) was chosen as a resonant Raman reporter 

molecule for SERRS due to its maximum absorbance strength (λmax = 630 nm) closely 

matching that of the laser excitation wavelength of 633 nm. 

 4-mercaptobenzoic acid (MBA) was chosen as a non-resonant reporter molecule.  

 NIR 797 isothiocyanate (NIR) was chosen due to its maximum absorbance strength 

(max at 795 nm) closely matching that of the laser excitation wavelength of 785 nm 

 

3.7 SERS Flow cell design and set up 

A flow cell was designed to allow the AuNR to be exposed to different solutions in situ whilst 

mounted on the holder plate of the SERS instrumentation. The initial prototype is shown in 

Figure 3.5 with the final design, shown in schematic form in Figure 5.13 and in a photograph 

in Figure 6.13, which was arrived at after several iterations. 
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Figure.3.5  The initial flow cell design, prototype made of perspex. 

The prototypes were made in perspex that had the advantage of making the flow cells inner 

workings visible. However once functionality had been optimised, PEEK was selected as the 

preferred material for the production of the finalised design. This was due to excellent and 

robust chemical resistivity of PEEK. Silver paint was used to attach the sample to the sample 

holder and provide an electrical connection to the potentiostat. A PTFE washer was used to 

provide a good seal between the edge of the sample and the flow cell so that electrolyte solution 

only had access to the central circular area of the sample containing the patterned AuNR spots. 

The flow cell was designed in order to allow electrochemical control of the sample/solution 

interface to be maintained without compromising the SERS and dark-field signals from the 

sample.  The dimensions of the cell were such that it could readily be incorporated into both 

the SE(R)RS and dark-field imaging set-up’s. The electrolyte solution was pumped into the 

main body of the cell (volume 1 mL) using a peristaltic pump. Electrical connections to the 

AuNR working electrode and to the platinum wire counter/pseudo-reference electrode allowed 

electrochemical polarisation of the nanorods to be carried out during SE(R)RS measurements.  

The flow cell and tubing were cleaned prior to use by pumping through either a 10 vol% HNO3 

solution or 20 vol% aqua regia solution.  

Solution flow 
from reservoirSolution flow 

to waste

Counter/reference 
electrode
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3.8 Gold nanorod array sample patterning 

Initial production of AuNR samples involved gold deposited in all the pores. However this 

meant that the actual sample area was substantially larger in comparison to the area required 

for analysis. Therefore, in order to facilitate their use in multiplex analysis a method to 

selectively deposit gold only into predetermined areas was devised.  This involved designing a 

PTFE mask that covered the sample surface during electrodeposition of gold into the alumina 

pores. This mask allowed gold electrodeposition only on selected parts of the anodised alumina 

sample surface not covered by the PTFE mask. This prevented the flow of current resulting in 

the areas of the sample under the template remaining gold free (see Figures 6.2 and 6.3 in 

Chapter 6).  

 

3.9 Dark-field microscopy 

The microscope used was a Nikon LU Plan ELWD with a 50× objective and a numerical 

aperture (NA) of 0.55 and a working distance of 9.8 mm and also a 20× objective with a NA 

of 0.4 and a working distance of 13 mm. The software used was Metamorph Photographs were 

taken on a Nikon Eclipse LV100 with a 50× objective and a Photometrics Scientific Coolsnap 

HQ camera. Samples were initially viewed without additional preparation by placing on the 

base plate. Samples prepared for SE(R)RS analysis (i.e. covered with a monolayer of MG) 

were also viewed in this way. However, in order to assess if it was possible to monitor the 

changes in the plasmonic properties of the Au NR arrays in response to an adsorption event. 

This was explored by the deposition of small 20 nm gold colloidal nanospheres onto an exposed 

AuNR. Coating the exposed AuNR on the sample with a monolayer of the nanospheres was 

achieved by, first cleaning the sample surface by oxygen plasma and then soaking the sample 

overnight in a solution of mercaptohexadecanoic acid in methanol, which was prepared by 

adding 4 mg of the acid to 15 ml of methanol. The sample was rinsed thoroughly in methanol 

and dried gently in nitrogen. It was then placed in a polydiallyldimethylammoniumchloride 

solution (PDADMAC) which was prepared by adding a 40 μl aliquot of PDADMAC into 1 

mL of a 1 mM NaCl solution and left for 30 minutes. This was rinsed in DIW rinsed and gently 

dried in nitrogen stream. This procedure positively charges the sample surface, which helps the 

gold nanoparticles to attach to the surface 29. Finally the sample surface was covered in the 

nanoparticles (Tm = 520 nm) and left for two hours before being gently washed and dried. 
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3.10 Surface Enhanced Raman Spectroscopy (SERS)/Surface Enhanced Resonance/Raman 

Spectroscopy (SERRS) 

All SE(R)RS measurements were performed using a Renishaw Raman microscope system,  

both the 50 and 20 × working distance objective were utilised. The 50 × objective was used for 

samples in air whilst the 20 × was used for samples in an aqueous medium. Two excitation 

sources were employed at 633 nm and 785 nm. For direct comparison studies the acquired, 

sample spectra acquired at both wavelengths and at each of the available laser powers setting 

of 1%, 10%, 25%, 50% and 100% were normalised with respect to a silicon wafer reference 

standard thus enabling direct comparison of spectra obtained at different times and under 

varying conditions.  

Typically, prior to SE(R)RS analysis, the AuNR samples were rinsed in methanol, dried in a 

nitrogen stream, cleaned in an oxygen plasma and then secured onto the base of the flow cell 

and left to set for ~5 min.  A few drops of 1 mM malachite green isothiocyanate (MG) in 

methanol were added to the sample surface and left for 30 min, occasionally adding more drops 

of methanol when required to ensure the surface did not dry out. The sample was then rinsed 

thoroughly with methanol and dried in nitrogen to leave a monolayer of MG on the surface of 

the AuNR.  

A similar procedure was employed for the investigation of the layer of polythiophene on the 

surface of the AuNR. The sample was first prepared as previously by rinsing in methanol, 

drying in nitrogen, oxygen plasma cleaning and soaking overnight in the 0.05 M thiophene 

solution. The polythiophene layer was grown by repeated potential cycling between preselected 

potential limits. The flow cell and system were set up with 0.1 M K2SO4 solution used as the 

electrolyte. The glass cover slip of the flow cell was cleaned with propan-2-ol rinsed in 

methanol and dried in nitrogen. Once both components were dry, the cell was assembled and a 

0.1 M K2SO4 solution was pumped into the sample chamber using a peristaltic pump. The 

circuit was connected to a potentiostat and the open circuit potential of the system recorded. 

The system was switched on and starting from the open circuit, the potential was decreased in 

steps of 250 mV to -3000 mV and then increased back again in steps of 250 mV to 3000 mV 
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3.11 Substrate comparison study 

As noted above, MG was chosen as a resonant Raman reporter molecule for SERRS due to its 

maximum absorbance strength (max = 630 nm) closely matching that of the laser excitation of 

633 nm. The non-resonant reporter molecule 4-mercaptobenzoic acid (MBA) was also selected.   

Solutions containing 1 mM of each of these compounds were made up in ethanol.  For 

comparison, nanoparticle samples were prepared by first cleaning a glass slide in aqua regia 

which was then covered in a polydiallyldimethylammoniumchloride solution (PDADMAC) 

prepared by adding a 40 μL aliquot into 1 mL of a 5 mM NaCl solution to positively charge 

the surface.  This was left for 30 min and then the surface washed and dried. The sample surface 

was then covered in the nanoparticles (Tm = 520 nm) and left for two hours before being gently 

washed and dried. The gold film samples were prepared by vapour deposition of gold (3 layers) 

onto a glass slide.  The samples were cleaned, prior to use, using a plasma cleaner (Harrick 

Plasma Cleaner PDC-32G) at high power (18 W) for five minutes with a twenty minute vacuum 

step. An oxygen flow of 2 mL/min in the plasma chamber was maintained throughout the entire 

process. 

All SE(R)RS measurements were obtained over a ten second collection time using a Renishaw 

Ramanscope system equipped with both 633nm HeNe (50 mW) and 785 nm (50 mW) lasers 

and a grating of 1200 l/mm. Measurements were performed using either a 50x (NA 0.6) dry or 

a long working distance 20x (NA 0.4) dry objective lens. The 20x LWD lens was required for 

in-situ measurements while both the 50x and 20x were employed ex-situ at various times 

throughout the thesis.    

 

3.12 Field emission - scanning electron microscope 

The field emission - scanning electron microscope FE-SEM used was a HITACHI SU-6600, a 

high-resolution analytical variable pressure, field emission scanning electron microscope. 

Variable pressure enables the analysis of no-conductive samples without the need to coat in 

gold. No pre-treatment of samples was required prior to analysis by FE-SEM. Up to a 

maximum of seven samples could be placed in the specimen chamber at a time. The samples 

were mounted onto a circular specimen stub and held in place by means of a double sided 

carbon tape to ensure the nanorod arrays were electrically conductive and grounded to prevent 
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an accumulation of electrostatic charge on the sample surface.  For those samples with areas 

with low or no gold deposition, the back of the samples were coated in silver conducting paint 

prior to mounting on the specimen stub in order to aid charge dispersal. Images were taken 

looking directly down onto the sample which was at an angle of 30o. 

 

  

http://en.wikipedia.org/wiki/Static_electricity
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4. Development of gold nanorod arrays 

The focus of this chapter is the preparation and optimisation of the experimental conditions 

required to create vertically orientated AuNR. This primarily involved the optimisation of the 

conditions employed for the preparation of the porous alumina template.  Ellipsometry was 

used to monitor the growth of the porous films and its thickness. It was also employed in the 

development of a less time consuming method of measuring alumina film thickness by FTIR.  

A second anodisation process was also carried out in order to yield ordered hexagonally 

patterned pores with controlled diameter.  Gold electrodeposition in the pores is then described 

followed by the spectroscopic evaluation of the composite gold/alumina layer. Controlled etch-

back is used to expose the nanorods so that electroactive species could be reduced/oxidised on 

the composite surface. This chapter aims to show the benefits in the choice of an alumina 

template for the growth of nanorod arrays.  

 

4.1 Cyclic voltammetry of non-porous and porous thin film alumina growth  

Prior to examining the porous alumina film growth, the formation of a non-porous aluminium 

oxide barrier layer was studied. This was achieved using 0.3 M tartaric acid solution at 30°C 

for the electrolyte with the technique of cyclic voltammetry. The following experiments were 

performed using the same cell set up as was used for ellipsometry experiments, as shown in 

Figure 3.4.  The mechanically polished sample acted as the working electrode with a platinum 

gauze counter/pseudo reference electrode.  The data obtained is shown in Figure 4.1 for 

repeated cycles with the positive limit in each subsequent cycle increased by 0.5 V. As can be 

seen from the plot, initial oxidation of the aluminium sample occurred at 1.0 V 

(Hg/Hg2SO4(sat)) and a rapid rise in current was found as the aluminium underwent anodic 

dissolution, Equation 4.1.  

Al    Al3+ + 3e  Equation 4.1 

The initial rise in the current is due to Butler-Volmer kinetics resulting from an increase in the 

overpotential but this is then impeded by the formation of an aluminium oxide film on the 

aluminium surface. This film is formed as a result of a high Al3+ ion concentration building up 
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around the electrode surface and its subsequent reaction with the solvent to precipitate out as 

Al(OH)3 and then to Al2O3, shown in Equation 4.2 and Equation 4.3 respectively  

Al3+  + 3H2O    Al(OH)3 + 3H+  Equation 4 2 

2Al(OH)3    Al2O3 + 3H2O Equation 4.3  

 

 

Figure 4.1 Multiple cyclic voltammograms showing the growth of non-porous alumina, by 

repeat cycles of increasing positive limits from 0.5 V to 5 V, in 0.3 M tartaric acid, at a scan 

rate 50 mV/s. 

 

The solid alumina film formed an electronically insulating film that inhibited any further free 

dissolution of the aluminium, referred to as a barrier layer. In order for further growth to occur, 

ions (Al3+, O2-) had to be forced through the film. In order to achieve this a very high electric 

field was required (~ 106 V cm-1).  The continued growth of the film could only occur by 

increasing the voltage as this then maintained the constant electric field. Thus, as can be seen 

in the first cycle, the rate of film growth became constant with increasing voltage up to the 

limit, set at 0.5 V. At this point in the cyclic voltammogram, the voltage was reversed reducing 

the voltage and the electric field available for film growth. This reduced electric field was then 
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insufficient to allow the ions to move through the solid, resulting in the film growth becoming 

severely inhibited and so the flow of current dramatically falling to zero. 

In the second cycle, the positive limit was set to 1.0 V with the same starting potential as before. 

It is immediately apparent that no film growth occurred until the applied voltage reached 0.5 

V. At this point, the electric field was high enough to once again move ions through the film 

and film growth was restored, yielding a constant rate of growth. Again, when the limit of 1.0 

V was reached and the voltage sweep was reversed, the current again dropped to zero. The 

same effect could be seen in all subsequent cycles with continued film growth only occurring 

beyond the limit of the last cycle once the voltage exceeded that limit. This is known as the 

high field growth mechanism340 and is typically found for the growth of barrier films. This also 

means that the voltage applied to the system dictates the thickness of the film. Thus for a given 

voltage, a finite film thickness will be obtained.  

The corresponding series of voltammograms in a system where in addition to a barrier layer a 

porous oxide film is formed on the aluminium surface is shown in Figure 4.2. The electrolyte 

used in this instance is 0.3 M oxalic acid. The form of the first cycle was similar to that observed 

in tartaric acid, i.e. onset for anodic dissolution of Al at 0.5 V with an initial rapid rise in 

current followed by a period of constant growth rate until the potential limit of 0.5 V is reached. 

Once again, on reversal of the voltage scan, the current dropped dramatically. However, with 

the next cycle film growth can be seen to start much earlier than the potential limit of the 

previous cycle, here at 0 V. This indicates that at this point, the film present on the surface was 

not a full barrier layer and indeed previous work340 has shown that in oxalic acid a porous layer 

grows on top of the barrier layer. The porous film forms because of field induced chemical 

dissolution of the barrier layer with both porous film growth and barrier layer thickness 

maintained by the electric field. The growth process could be observed in all subsequent cycles, 

where barrier film growth and porous film formation occur prior to reaching the previous 

cycle’s potential limit. 
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Figure 4.2 Multiple cyclic voltammograms of aluminium, with increasing positive limits from 

0.5 V to 5 V in 0.3 M oxalic acid, scan rate 50 mV/s. 

 

4.2 Ellipsometric monitoring of alumina film growth 

Alumina film growth in both tartaric acid and oxalic acid media was monitored using in–situ 

ellipsometry. Here the sample was placed in the specially designed electrochemical cell and 

sealed with araldite as shown previously in Figure 3.4.  Electropolishing was carried out on the 

sample in the cell prior to anodic oxide growth. Figure 4.3 shows the data obtained for the 

barrier layer film growth in tartaric acid up to a final voltage of 110 V. The voltage was stepped 

up and held at each of the voltages indicated in Table 4.1 and the ellipsometric data at each 

step was recorded at intervals of five seconds. It can be seen in Figure 4.3 that on each occasion  

the voltage was increased a sudden spurt of film growth occurred which tailed off exponentially 

to give a grouping of points indicating that film growth at that voltage had terminated. Further 

growth only occurred on the next voltage increase, repeating the response discussed previously. 

The trend in the data is entirely in line with the cyclic voltammetry data. However, it was not 

possible to model the data obtained beyond 90 V as the roughness of the surface of the non-

porous film from that point onwards did not fit the modelling criteria used, viz, parallel surface 

films interacting with the incident radiation. 
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Ellipsometry was used to monitor the growth and help determine the thickness of the thin film 

alumina produced during anodisation in a 0.3 M tartaric acid solution. The modelling of the 

ellipsometry data is also shown in Figure 4.3 and was carried out using a custom written 

software, ELLIPSE, with values for the refractive indices of the aluminium substrate, alumina 

barrier layer and electrolyte medium together with the alumina thickness at the various voltages 

are given in Table 4.1.  Due to the high-field growth mechanism, an increase in voltage was 

required after a period of 30 s at each set voltage to facilitate further film growth.  Data was 

recorded at intervals of 5 s. and is represented by markers in the figure.  A multi-coloured 

smooth line represents the modelled data. Each coloured segment represents a different film, 

the properties of which were obtained by modelling of the data and are given in Table 4.1. 

 

 

Figure 4.3 Ellipsometry - plot for the modelling of non-porous alumina film grown on 

aluminium in 0.3 M tartaric acid by potential step from 0 V to 140 V. Experimental data was 

represented by markers and modelled data is represented by a multi-coloured smooth line. 

Each segment of which represents the growth at each voltage increase as given in Table 4.1. 

N.B It was not possible to model the data obtained from 95 V to 140 V due to the roughness of 

the non-porous film. 
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Voltage 

(V) 

Film Thickness 

(nm) 

Refractive index 

n. 
2.5 11 1.5 

5.0 15 1.5 

7.5 16 1.5 

10.0 18 1.5 

15.0 25 1.5 

20.0 31 1.5 

25.0 38 1.5 

30.0 47 1.5 

35.0 53 1.5 

40.0 59 1.5 

45.0 65 1.5 

50.0 70 1.5 

55.0 79 1.5 

60.0 87 1.63 

65.0 94.5 1.63 

70.0 104 1.63 

75.0 110 1.63 

80.0 122 1.63 

85.0 128 1.63 

90.0 137 1.63 

 

 

Table 4.1 Film thickness and associated refractive index obtained from the modelled 

ellipsometry data in Figure 4.3 of non- porous alumina formed with an applied voltage by step 

increase over the range 2.5 V to 90 V in tartaric acid. 
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The refractive indices evaluated for the barrier film at each voltage showed some variation with 

a step increase in film thickness.  Initially n was 1.5 from 2.5 V  55 V then increased to 1.63 

from 60 V to 90 V. However it can be seen in Figure 4.4 that the barrier film thickness increases 

linearly with voltage. Furthermore, the inverse gradient of the line gives the required electric 

field for film growth with a value obtained here being 0.672 V nm1 or 6.72  106 V cm1.  

 

Figure 4.4 The plot of barrier film thickness against voltage shows the relationship to be linear.  

 

 

In contrast to the results obtained with tartaric acid, film growth in an oxalic acid medium gave 

rise to a porous film on top of the barrier layer. From the ellipsometric data shown in Figure 

4.5 it can be seen that on application of the constant 40 V potential across the 

aluminium/solution interface, there was a large initial shift in the Δ-𝛹 signal from the start 

value, corresponding to the formation of the barrier film of  100 nm at that voltage. However, 

in this medium, film growth did not stop. The progression of the data points indicates the 

continuous growth of the porous layer on top of the barrier film.  

y = 1.489x  

R² = 0.993 
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Figure 4.5 Ellipsometric data for the growth of an alumina film on aluminium in oxalic acid 

at a constant voltage of 40 V, measured over a five-minute period. The experimental data 

represented by blue markers on a solid blue line with the modelled data represented by a multi-

coloured smooth line each coloured segment of which represents one of Films 1 to 8. 
 

 

One complete loop in the - curve, shown in Figure 4.5 corresponds to a film thickness of 

248 nm calculated using Equation 2.10 which represents the thickness of films 2-5. Film 1 

represents the barrier layer while films 6, 7 and 8 represent an incomplete second loop.  The 

total film thickness is the sum of each of the eight film thicknesses and was calculated to be 

563 nm. The data used in this calculation is given in Table 4.2. Again, this data confirms the 

observations and interpretation of the cyclic voltammetric data, in that the porous film growth 

can occur at voltages lower than that required to form the full barrier layer. This is because 

field assisted dissolution of the oxide layer occurs at random points on the surface 155. This 

reduces the film thickness at those points and so growth can continue at the same applied 

voltage. It should be noted that growth occurs where the metal is oxidised at the 

aluminium/aluminium oxide interface. 
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Table 4.2 Ellipsometric data for the growth of the alumina film grown on aluminium in oxalic 

acid at a constant voltage of 40 V, measured over a 5 minute period, as shown in Figure 4.5 in 

which each of the eight films used in the calculation of the overall film thickness are 

represented by each successive coloured segment. 

 

As has been mentioned previously in Section 3.1.6, gold electrodeposition must take place 

inside the pores of the alumina film formed in the oxalic acid electrolyte in order to form the 

AuNR.  However, at 40 V, the barrier layer thickness is quite substantial (~60 nm) and it would 

be impossible to electrodeposit the gold through this electronically insulating layer. For this 

reason, the barrier layer at the bottom of the porous alumina layer must be thinned or removed 

before any gold deposition can occur. To do this, the voltage was reduced step-wise from the 

40 V growth voltage so that film-dissolution rather than growth dominated. This reduction in 

cell voltage was continued until a final voltage of 6.5 V remained across the film. This process 

of barrier layer thinning was also followed using in-situ ellipsometry. 

However, ellipsometric monitoring during the barrier layer thinning showed that the porous 

alumina film continued to grow during most of the voltage-reduction process. This growth rate 

was found to be quite rapid whilst the voltage was in the range 40 V to 24 V but then slowed 

considerably for voltages between 24 V and 6.5 V. As is evident from the plot in Figure 4.6 

this drastically affected the overall film thickness of the porous layer, doubling and even 

tripling the final film thickness obtained for second anodisation periods of two minutes and 

five minutes duration.  

Film n k d (nm) 

1 1.5 0.000 110 

2 1.53 0.000 40 

3 1.6 0.000 45 

4 1.65 0.004 160 

5 2.35 0.035 3 

6 1.57 0.001 80 

7 1.54 0.000 100 

8 1.5 0.005 25 
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Figure 4.6 Δ-𝛹 signature obtained during the barrier layer thinning process. The growth rate 

was found to be quite rapid whilst the voltage was in the range 40 V to 24 V but then slowed 

considerably for voltages between 24 V and 6.5 V.  

 

It is apparent that during the period taken (~500 s) to reduce the voltage from 40 V to 24 V 

four complete cycles in the Δ-𝛹 data occurred. Assuming a refractive index of the porous 

alumina as n = 1.5, this yields a phase film thickness of 316 nm and so, 4 × 316 nm = 1264 nm 

= 1.26 µm of further film growth occurred over that period. 

Clearly, this procedure was not suitable for producing pores of the required length and diameter 

for subsequent gold deposition. An initial modification to this method involved a rapid decrease 

of the voltage from 40 V to 6.5 V in 60 s in order to prevent this continued porous film growth. 

However, this also prevented barrier layer thinning and therefore made any subsequent 

electrodeposition of the gold more difficult. A procedure was developed, whereby the voltage 

was set to 122 V and the current to 0.0012 A (1.2 mA). This saw the voltage fall to 24 V within 

30 s and then slowly drop to 6.5 V. Providing the voltage drop from 24 V to 6.5 V took at least 

10 minutes, the barrier layer was found to have thinned sufficiently to allow the subsequent 
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electrodeposition of the gold in the pores with minimal further porous film growth. This 

procedure was subsequently adopted for preparing the alumina template prior to gold 

electrodeposition throughout the remainder of the work. 

Although ellipsometry gave an accurate measurement of pore depth, the set up was not 

amenable for use on the actual samples subsequently prepared for gold electrodeposition. Once 

mounted using epoxy resin, the sample could not be removed undamaged from the cell. It was 

felt that a more rapid and straightforward technique such as FTIR might be more useful in 

giving the required information on pore length, especially following the barrier thinning 

process. 

 

4.3 Analysis of porous alumina samples by specular reflectance FTIR spectroscopy 

The analysis of the porous alumina samples by specular reflectance FTIR was initially carried 

out in order to determine if it could be used as a means of detecting the longitudinal surface 

plasmon resonance of the AuNR in the IR region. This was in addition to establishing the 

amount of alumina required to be etched back in order for the gold nanorods to be exposed. 

This technique did not prove to be effective for these purposes. It did however show that there 

was a linear relationship between the reflectance intensity spectra for anodic film growth after 

different anodisation periods, as shown in Figure 4.7. There are several peaks in this spectra 

but the relevant one here is that of aluminium oxide at 955 cm1.  This is due to the longitudinal 

mode of the Al-O bond stretching vibration156. The double peaks at 1475 cm1and 1570 cm1 

are due to adsorbed carbonate species157. It can be seen that the intensity of this feature 

increases with anodisation time and film thickness. 
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Figure 4.7 Plot of absorbance against wavelength for alumina films grown using various 

second anodisation periods of 0, 5 minutes, 5 minutes with barrier layer thinning (BLT), 10 

minutes with BLT, 15 minutes with BLT, 25 minutes with BLT in oxalic acid.  

 

For the peak at 955 cm1, the plotted data shows a linear relationship between the reflectance 

intensity and the duration of the second anodisation period, as shown in Figure 4.8. 
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Figure 4.8 Plot of absorbance at 955 cm-1 vs duration of second anodisation period (blank 

corrected) at 0, 5, 10, 15 and 25 minutes. 

 

 

 

 

 
Figure 4.9 Plot of absorbance at 955 cm-1 as a function of second anodisation time 

encompassing in-situ ellipsometry monitoring of  film growth of samples anodised for periods 

of 1, 3, 5 and 10 minutes duration (blue dots) and 3, 4, 6 and 8 minutes (red dots). 
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In order to verify the validity of this approach in determining the second anodisation porous 

film thickness, samples were anodised for periods of 1, 3, 5 and 10 minutes duration in oxalic 

acid. In-situ monitoring was performed during each anodisation to determine the film 

thicknesses by ellipsometry. Subsequently, the FTIR spectra of these samples were also 

measured.  Figure 4.9 shows the FTIR intensity at 955 cm-1 as a function of second anodisation 

time measured by both ellipsometry and FTIR. This data was then produce the data used in 

Figure. 4.10 and shows the FTIR intensity at 955 cm-1 as a function of the film thickness. Thus 

this calibration plot was drawn from the data obtained from in-situ ellipsometry monitoring of 

film growth for the samples anodised for periods of 3, 4, 6 and 8 minutes (red dots). The 

excellent correlation between film thickness and the FTIR intensity was confirmed. 

 

Figure. 4.10 Plot of absorbance at 955 cm-1 vs film thickness, calculated from the data in 

Figure 4.9 as measured using FTIR (blue dots) and ellipsometry (red dots).  

 

These results show that the FTIR could be used as a quick method for determining film 

thickness from the duration of the second anodisation period. As far as has been determined, 

no similar work had been carried out at the time. However recent searches have found that ‘in 

situ attenuated total reflectance infrared (ATR-IR) spectroscopy has been used to monitor the 

transformation of γ-Al2O3 into boehmite (AlO(OH)) under hydrothermal conditions158. 
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4.4 Electrodeposition of gold into alumina pores 

The electrodeposition of gold into the pores of the alumina film required the application of an 

ac voltage across the cell with the counter and reference electrode terminals connected together 

as a pseudo-reference electrode in the two-electrode cell configuration. The duration of the 

deposition as well as the final amplitude of the ac voltage determined the length of the nanorods 

obtained. It was necessary to use ac voltage for this purpose as a barrier layer of ~60 nm 

remained between the underlying aluminium and the porous oxide layer. Since the barrier layer 

thinning process was to be halted when the voltage across the alumina film reached 6.5 V, the 

initial ac voltage (rms) applied was set to this value. It was evident that gold deposition 

occurred immediately on application of the ac voltage from the instantaneous change in colour 

across the sample area from silvery-grey to purple, indicating the presence of AuNP within the 

pores. It should be noted that the electrodeposition of gold occurred only during the negative 

half cycle of the sinusoidal voltage. An annealing process of the etched anodic oxide film 

occurred on the positive half cycle, which eventually made it more difficult for further 

electrodeposition to take place. 

Figure 4.11 shows two alumina samples prepared as described previously in section 3.1.8. As 

all conditions including the second anodisation time were identical for these two samples, the 

porous templates produced have the same pore width and depth.  

 

Figure 4.11 Two samples A and B with the electrodeposition of gold into the pores of an 

alumina substrate (15 mm  15 mm). Sample A (light pink colour achieved using a deposition 

time of 1 second at an ac voltage of 6.5 Vrms. Sample B (deep purple colour) achieved using a 

deposition time of 10 seconds at 6.5 Vrms) and 5 seconds at 7 Vrms. 

 

     B A     B 
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Sample A, which has a light pink colour was achieved using a deposition time of one second 

at an ac voltage of 6.5 Vrms. Sample B on the other hand is a deep purple colour achieved using 

a deposition time of ten seconds at 6.5 Vrms) and five seconds at 7 Vrms. 

 

4.5 Specular reflectance on gold nanorod arrays 

Specular reflectance spectra using polarised light were obtained for the samples after gold 

deposition into the pores of the alumina template. In order to help determine the depth of the 

gold within the alumina film and so calculate the amount of alumina be removed in order to 

expose the AuNR. The spectra were all normalised using an aluminium mirror to remove the 

contribution to the signal obtained from the supporting aluminium substrate beneath the gold-

alumina layer. Reflectance spectra of the bare alumina template (i.e. containing no AuNR) 

followed the same signature as that of the aluminium mirror but at a lower intensity.  

 

Figure 4.12 Specular reflectance using s (blue) and p (red) polarised light at an angle of 

incidence of 36°showing the interference pattern arises as a result of the different distances 

travelled by the beams of light reflected from the oxide/air interface and the gold-

alumina/alumina interface. 
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In the case of the gold-alumina composite samples, the most distinctive feature of the spectra 

obtained was the interference pattern over the wavelength range 400 nm to 800 nm. This is 

shown in Figure 4.12 and arises as a result of the different distances travelled by the beams of 

light reflected from the oxide/air interface and the gold-alumina/alumina interface. 

Superimposed onto the pattern is a distinctive dip in the average intensity as a result of the 

transverse plasmon resonance at ~ 520 nm. This dip is clearly visible in the spectra obtained 

with both s- and p- polarised light. The spectrum obtained for p polarised light, as expected, 

showed less intensity in the reflected light detected. However, no real evidence of the 

longitudinal plasmon was found for this sample, which would have been attributed to the 

absorption band of the longitudinal plasmon. This must unfortunately lie out with the 

instrument’s range in the NIR region.  

The fringe pattern seen in the s-polarised light spectrum was used to calculate the depth of the 

pores down to the electrodeposited gold within the pores. The clarity and amplitude of the 

fringes are also an indication of the smoothness of the aluminium substrate and the uniformity 

in thickness of the porous oxide layer, i.e. the sharpness of the interfaces produced by the 

anodisation and gold electrodeposition. Poorly polished samples exhibited little if any 

interference fringes. The smoother the aluminium surface the more ordered and parallel the 

pores developed during anodic film growth.  

Figure 4.13 compares the specular reflectance spectra obtained for two alumina samples with 

electrodeposited gold. Sample A was produced with a second anodisation period of two 

minutes whereas Sample B was produced with a second anodisation period of thirty minutes. 

Both Samples A and B were subjected to identical conditions for the deposition of gold into 

their pores at 6.5 Vrms for 6 s. The Tm plasmon at 520 nm is clearly visible in the spectra of both 

samples, indicating similar pore diameters of the alumina templates, the number and intensity 

of fringes present in each are considerably different. This shows the depth of the gold within 

the pores of the alumina matrix to be substantially greater in sample B than in sample A. Indeed 

the values obtained using Equation 3.1 (inset in Figure 4.13) were found to be 8.52 μm for 

sample B and 1.13 μm for sample A. It can also be seen that the reflected light from sample B 

was around 30 times less intense than that for sample A, indicating that the depth of the 

gold/alumina interface within the pores attenuated the reflected light.  
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Figure 4.13 Specular reflectance spectra of sample A (blue) prepared by 2 minute second 

anodisation period and sample B (red) by 30 minute second anodisation period. 

 

4.6 Etch-back of porous alumina to expose gold nanorods 

The AAO pores provide an ideal template for the manufacture of nanorods and wires. As 

previously discussed, the most common methods of manufacture are sputter coating into the 

alumina template followed by the total dissolution of the template. Much less common is the 

partial exposure of the nanorods by controlled dissolution of the AAO film to create a robust 

and accessible nanorod array SERS substrate. This is in part due to the difficulty in controlling 

the etch-back process. Under-etching of the overlying alumina surface results in rods that are 

not exposed while over-etching results in the rods tilting or fusing together, collapsing or even 

ultimately, the removal from the template and the rods. In addition, the inconsistency and poor 

repeatability of results from sample to sample have hindered the widespread use of this 

technique. The reflectance measurements discussed in Section 4.5 can greatly aid this aim as it 

determines, through analysis of the specular reflectance fringe patterns obtained, the thickness 

of the alumina layer to be removed in order to achieve this.  
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Figure 4.14 FE-SEM depicting etch-back of the honeycomb like porous alumina structure to reveal the AuNR within.  Following the red arrows 

clockwise, initially the gold is hidden from view deep within the pores. During the etch-back process, the pores widen as the pore walls reduce in 

thickness. Eventually the alumina falls away to reveal the rods, where the alumina forms a ghost like halo around the rods, and finally the rods 

are fully exposed. The rods are 20 nm in diameter with an interpore spacing of 40 nm.   

.  
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The greater the distance the light has to travel through the alumina to reach the gold/alumina 

composite layer, the greater the number of fringes obtained.  

In order to expose the AuNR and so prepare the samples for use as SERS substrates, a 10 wt% 

phosphoric acid solution was used to etch-back the alumina film to expose the AuNR buried 

within. As shown in Figure 4.14 the etch-back process involved both a widening of the alumina 

pores and a gradual removal of the pore walls above the rods until the AuNR were exposed. 

This process was carried out in an ultrasonic bath to ensure that the resultant alumina debris 

did not fall back onto and adhere to the surface of the AuNR. The time required to expose the 

nanorods, without causing damage to them, corresponded to an etch rate of 0.1 µm/min. Also 

evident in Figure 4.14, the AuNR were found not to be as in a highly ordered hexagonal pattern 

as might have been expected. The surface of each rod appeared rough and with sharp edges. 

The width of the rods was found to be ~ 20 nm with a separation distance of around 40 nm. 

 

Figure 4.15 Specular reflectance using p-polarised light following etch-back process of a 

sample from unetched sample (A), sample after 17 minutes of etching (B), after 20 minutes of 

etching (C) and 25 minutes of etching (D).  
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Etch-back of the alumina film to reveal the nanorod arrays also resulted in an increase in the 

measured intensity of the reflectance as the pores reduced in length above the AuNR and 

widened. As expected, the specular reflectance spectra showed the number of fringes obtained 

reduced as the film was etched-back and disappearing entirely once the AuNR were exposed. 

This is illustrated in Figure 4.15, which shows the specular reflectance data with p-polarised 

light of the etch-back process of a sample in which the depth within the alumina pores of the 

AuNR was calculated to be 2.52 m.  

It can be seen that the fringes became more separated as the etch-back process occurred and 

disappeared altogether once the rods were exposed, as expected. Confirmation of their 

exposure was obtained from FESEM imaging. During the etch-back process, the sample 

surface became visibly more lustrous. Once the AuNR were exposed, a clear and marked 

difference between the spectrum obtained using s-polarised and that for p-polarised light was 

observed.  

 

Figure 4.16 Comparison of the specular reflectance spectra obtained for a sample prior to 

(secondary axis on the left) and after etching (primary axis on the right) to expose the AuNR. 

The fringe pattern visible before etching disappears once the AuNR are fully exposed.  
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This is due to absorption in respect to the longitudinal plasmon. Lm only being present with p-

polarised light. The spectra obtained for a sample before and after exposure of the AuNR are 

given in Figure 4.16. Equation 3.1 was used to calculate the etch-back time required to expose 

the rods and this was evaluated to be 25 minutes. It can again be seen that after this period of 

etch-back no fringes were observed, indicating that the nanorods had indeed been fully 

exposed, thus validating the calculated etch rate in the phosphoric acid solution. During the 

etch-back process the number of fringes in the reflectance spectrum reduced as the dissolution 

of the porous alumina film progressed. During this time, the pore walls thinned and 

progressively widened, falling away in long strands until the rods were fully exposed. 

Confirmation of the extent of exposure was obtained from FE - SEM imaging. During etch-

back, the sample surface became visibly more lustrous. Once the gold rods were exposed, a 

clear and marked difference between the spectrum obtained using s-polarised and p-polarised 

light was evident as shown in Figure 4.17.  

 

 

Figure 4.17 Specular Reflectance of exposed AuNR-alumina composite using s- and p-

polarised light at an angle of incidence of 36°. A longitudinal plasmon resonance can clearly 

be seen at ~700 nm with p polarised light only.  
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As expected from the specular reflectance data obtained for the exposed nanorod-composite 

layer at an angle of incidence of 36° shown in Figure 4.17 only the transverse plasmon at 520 

nm is observed with s-polarised light. With p-polarised light, both longitudinal and transverse 

modes are observed. The presence though of the Lm mode at ~700 nm is surprising as a plasmon 

at this wavelength would normally be attributed to gold rods with an aspect ratio of ~1.832,103. 

Clearly, this is not the case in this instance as these AuNR consist of rods several hundreds of 

nm in length. It is therefore postulated that the effective medium of the Lm mode is mediated 

by the fact that the dielectric medium at the top of the rods is air with a relative dielectric 

constant ε = 1, whereas for the length of the rod that remains within the alumina template, ε = 

9.34. As noted above, the plasmon frequency is very sensitive to the medium surrounding the 

nanoparticles. 

 

Figure 4.18 Specular Reflectance using p polarised light showing the spectra obtained for an 

unetched sample (red curve); exposed AuNR (green curve) and over-etched sample (black 

line). 
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Over-etched samples showed a marked reduction in the intensity of reflection and loss of the 

plasmon features (and obviously, no interference fringes), signifying a loss in the ordering of 

the AuNR. 

Figure 4.18 shows the specular reflectance spectra obtained from a sample prior to etching 

(red), etched-back to reveal the AuNR (green) and finally once the sample had been over-

etched (black). It is evident that the over-etched sample exhibits none of the desired optical 

properties and furthermore, the sample surface appeared dull and non-reflective to the naked 

eye.  

                      

Figure 4.19 FE-SEM images of an AuNR sample once etched on the right and on the image on 

the left shows the same sample after over etching.  

 

Comparison of the FE-SEM images in Figure 4.19 of the correctly etched sample with fully 

exposed nanorods to that of the image taken after the sample had gone on to be over-etched. 

This image clearly shows the amount of damage to the alignment of the nanorods. 

More FE-SEM images of the consequences of over-etching of the AuNR samples can be seen 

in Figure 4.20.  Over-etching occurs when the sample is left for too long in the etching solution 

causing the rods to tilt, bend, fuse together, collapse and ultimately break free from the 

aluminium substrate. To the naked eye, this caused the sample surface to lose both colour and 

lustre. 
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Figure 4.20. Examples of the effects of over-etching on AuNR samples. A- shows distorted and 

fused nanorods. B- shows partially collapsed nanorod. C- shows an area where a portion of 

the alumina template has broken off exposing the template structure lengthwise. D-is a close 

up image of the area highlighted with a red box in C and shows residual alumina and on the 

bottom left hand side of the image the surface pattern of the template has been exposed (sample 

stage set to 30°). 

  

 

A B 

C D 
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4.7 Investigation of the electrochemical response of gold arrays  

The electrochemical response from a gold disk electrode similar in area to that of the AuNR 

sample with a diameter of 7 mm was recorded. This was then compared to the electrochemical 

response obtained from the unetched sample. Finally the electrochemical response of the etched 

sample was recorded. The results of these three experiments are shown in Figure 4.21. 

 .  

Figure 4.21 CV of AuNR-alumina composite electrode in 10 mM [CuII(NH3)4] (NO3)2/1 M 

KNO3 of an unetched sample (red) and following 25 minutes etch-back to expose AuNR (blue). 

The CV from a gold disk electrode is shown for comparison (yellow).  Scan rate = 50 mV/s; 

298 K. 

 

This shows that the unetched composite material produces no I-V response as the gold nanorods 

are buried deep within the alumina template. However, during the etch-back process, the AuNR 

became gradually more exposed and the electrochemical response from the reduction of CuII 

→ CuI then becomes very evident. For comparison, the current-voltage (I-V) response from an 
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gold disk electrode in the same solution is also shown and this gave the classic diffusion 

controlled peak for the reduction reaction. However, the S-shaped electrochemical response of 

the exposed nanorod arrays corresponds more to that of spherical diffusion to a microelectrode 

surface as opposed to that of semi-infinite linear diffusion exhibited at the surface of the gold-

disc electrode. 

 

4.8 Chapter 4 summary 

This chapter has focused on the preparation of vertically aligned nanorod arrays, which were 

produced by a.c electrodeposition of gold into the pores of a hexagonally ordered alumina film 

grown on an aluminium substrate using a two-stage anodisation process in oxalic acid. Rather 

than removing the rods from the template159, as is common practice, here the template remained 

in place and was instead etched-back in a controlled manner only as far as to expose the rods. 

Thus, the template itself helped to support the rods that were several hundred nm in length. 

Keeping the aluminium base in place allowed for ease of handling whilst affording a degree of 

protection to the sample. In addition, the aluminium base facilitates their use as an electrode in 

an aqueous environment and so enabling electrochemical reactions to be performed on the 

exposed AuNR surface. 

In terms of the sample preparation, the use of a mechanical polisher helped produced flatter, 

smoother sample surfaces that in turn helped to encourage development of parallel pores during 

film growth. Bubble formation on the sample surface, which can result in pitting and hinder 

ordered pore formation, was reduced during the electropolishing procedure by initially setting 

the speed of the RDE to 5 Hz and so controlling convective flow to the electropolishing surface. 

Once the reaction had started and the electropolishing process had taken hold, the rotation 

speed was then reduced to 0.3 Hz to prevent surface scarring and groove formations from flow 

patterns. The freshness of the anodisation solution also greatly affected the rate of film growth. 

The older the anodizing solution, the slower was the rate of growth.  Therefore, in order to 

standardise growth, a fresh solution was prepared for every sample. The porous alumina film 

thickness was determined by the length of the second anodisation period and this was verified 

by both ellipsometry and specular reflectance FTIR. Thus, film thickness could be accurately 

calculated by modelling the ellipsometric data from the second anodisation period. Whilst the 
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use of the specular reflectance FTIR instrumentation to find the longitudinal plasmon failed as 

the range was out with its limit, it was discovered that it could be used as a quick method to 

determine film thickness using the bayerite peak at 995 cm1.  

The in-situ monitoring of the barrier layer thinning process revealed that film growth continued 

at a substantial rate even though the applied cell voltage was reduced from 40 V to 24 V.  Below 

the latter voltage, film growth slowed dramatically with little further growth observed between 

24 V and 6.5 V.  SEM images showed the surface morphology of the AuNR to be rough and 

sharp edged which would make them hydrophilic unlike rods with a smooth and rounded 

morphology which tend to be more hydrophobic160. This should also prove beneficial in regards 

to increasing SERS enhancement. The width of the rods was found to be ~ 20 nm with the 

distance between each some ~40 nm. However, it was not possible to determine the length of 

the rods since they remained anchored to the bottom of the pores and consequently it was not 

possible to calculate the aspect ratio of the rods. However further utilisation of specular 

reflectance FTIR in this regard may prove to be beneficial. 
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5. Characterisation of gold nanorod arrays using SE(R)RS 

Having optimised the production of vertically orientated AuNR samples in the previous 

chapter, the focus of Chapter 5 is to establish their effectiveness as a robust SERS substrate. 

Desirable qualities include ease of handling, good signal enhancement, signal uniformity across 

the sample surface as well as surface regeneration and repeatability. These studies were 

performed with selected Raman reporters (resonant and non-resonant with the incident laser 

excitation wavelength) to enable comparative measurements to be made.  In addition, the 

deposition of electroactive species and nanoparticles onto the AuNR was explored. Initial 

studies concentrated on the resonant species in order to determine the maximum strength of 

signal enhancement that can be obtained compared to that of the bare AuNR surface. 

Uniformity of the signal strength across the sample surface is also investigated. Regeneration 

of the sample surface and repeat application of reporter molecules is also looked at along with 

electropolarisation studies of the SE(R)RS intensity.   

 

5.1 Reporter molecules 

In this chapter, Raman reporter molecules that were both resonant and non-resonant with the 

incident excitation laser were utilised. A number of molecules have proved to be efficient 

Raman reporters and have been used for this purpose over the preceding decades.161 The work 

in this chapter focuses mostly on two Raman reporter molecules, namely malachite green 

isothiocyanate (MG) and 4-mercaptobenzoic acid (MBA). Both species are used extensively 

in nanotechnology and SE(R)RS and are frequently used with gold nanoparticles (rods, 

spheres, cubes) particularly in suspensions35. Both are attached to the AuNR through 

chemisorption as a result of the strong gold sulfur attraction producing stable sulfur-gold 

covalent bonds. In addition comparison of the signal enhancement obtained can be easily 

compared to that of other substrates. Additional Raman active species are discussed later in 

sections 5.6.2 (polythiophene), 5.6.3 (NQ) and in chapter 6 (NIR 797).  
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5.1.1 Malachite green isothiocyanate (MG) 

This dye was selected as a resonant reporter molecule to be used in order to achieve the 

maximum signal enhancement possible when using a 633 nm helium-neon (HeNe) laser. As 

MG is a non-fluorescent dye, the high background contributions to SERS spectra typically 

associated with the fluorescence of common are not seen with this dye.  In the presence of high 

fluorescence, the Raman signal may become swamped making detection difficult or in some 

cases impossible. Reducing laser power and sampling time can assist in reducing the 

background signal. However, the Raman signal is also reduced.  In the case of a relatively weak 

Raman signal this may have the knock-on effect of decreasing the signal to noise ratio to 

unacceptable limits.60 The structural formula of MG is given in Figure 5.1. Note the position 

of the sulfur atom which is associated with a strong chemisorption interaction between the 

reporter and a gold surface.  

 

Figure 5.1 Absorbance spectrum of MG 10 -5 M in methanol. (λmax at 630 nm). 

In addition the maximum absorbance strength of the dye molecule (max = 630 nm) closely 

matches that of the laser excitation wavelength of 633 nm. This is predominantly due to de-

localised π systems, which with increasing size require a lowering of which the energy at which 

the highest occupied molecular orbitals (HOMO) are occupied. This effect contributes to a 

large resonant enhancement of the Raman signal. 
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5.1.2 4-mercaptobenzoic acid  

4-mercabtobenzoic acid is commonly selected as a non-resonant Raman reporter and is 

frequently used in benchmarking SERS signals341,342. This is due to the high affinity of the thiol 

group for metal surfaces and having a well-characterised Raman scattering cross-section. Its 

characteristic SERS spectrum within the region 600 cm-1 to 1800 cm-1 comprises of two sharp 

peaks at 1075 cm-1 and 1587 cm-1. 

The molecular structure for this molecule is shown in Figure 5.2. It was chosen as the non-

resonant reporter molecule and it absorbs in the UV. 

 

Figure 5.2 Structural formula of 4-mercaptobenzoic acid. 

This aromatic non-fluorescent, non-resonant molecule, with its λmax falling within the UV 

spectrum, was selected for a number of reasons. Firstly, the molecule is frequently used in 

benchmarking SERS signals due to the simplicity of the molecule. As it is non-resonant the 

enhancement of the signal is dominated by the plasmonic substrates rather than electronic 

properties of the reporter itself. The capacity for achieving a good monolayer coverage is 

another reason for using this as a reporter molecule. The molecule, as seen in Figure 5.2 has 

two bonding sites available to the gold: the thiol and COO− groups. At lower concentrations 

the molecules preferably adsorb via the sulfur atom and align at an angle tilted towards the 

plane154. However, at MBA concentrations (≥ 10−3) and/or at acidic pH, protonation of the 

carboxylic groups occurs and the molecules align themselves vertically to the plane.19, 162  

5.2 Exploration of vertically aligned gold nanorod arrays as an effective SERRS substrate 

Initial SE(R)RS experiments were carried out using a monolayer of the Raman reporter 

molecule malachite green isothiocyanate (MG) adsorbed onto the surface of the gold. The 

AuNR samples, as determined in Section 4.6, consisted of vertically aligned gold rods 20 nm 

in width and several µm long with an inter rod spacing of around 40 nm which equate to a 
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spacing of one rod per 40 nm. As each sample has a total surface area of ca. 1.96 × 1013 nm2 it 

therefore follows that each AuNR sample contains approximately 4.9 × 1010 rods.   

Prior to analysis, each sample was cleaned by rinsing with methanol, drying and then subjecting 

the sample to oxygen plasma. This was performed to remove any surface contaminants that 

may have adsorbed on the sample surface. Oxygen plasma is a strong oxidiser that can desorb 

and break down organic surface contaminants to volatile species such as CO and CO2 whilst 

any inorganic contaminants are converted to highly oxidised compounds that are subsequently 

rinsed from the surface with a stream of deionised water (DIW). Failure to remove any surface 

contaminants may drastically inhibit or limit the bonding sites available on the individual rods 

within AuNR 163.  

 

5.2.1 Gold nanorod arrays as a substrate for SERRS 

The spectrum obtained for the bare (i.e. no attached dye molecules) AuNR is shown in Figure 

5.3 showing a relatively weak and featureless signal was obtained. However, the background 

is still higher than expected which may be attributed to laser induced photoluminescence from 

the porous alumina film 164, 165. 
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Figure 5.3 Raman spectra obtained for bare exposed AuNR sample (purple). Prepared by a 

five minute second anodisation period with gold deposition carried out for 6 s at 6.5 V and 25 

minutes etch-back to expose the nanorods rms. The SERRS spectrum for the same AuNR sample 

covered in a monolayer of MG (blue) in air λex= 633 nm at 1% laser power, with a 50× 

objective. 

A monolayer of MG was formed by exposing the AuNR sample to a 10-4 M MG solution in 

methanol overnight. Numerous peaks can be seen, corresponding to that of the established MG 

SERRS fingerprint 20, 60, 166 and the strong enhancement due to the SERRS effect of the dye on 

the AuNR shown in Figure 5.3. The laser intensity in these experiments was 1% of the total 

power available, equivalent to ~0.5 mW cm2.  The peak height at 1618 cm-1 was measured by 

the increase in intensity from the 1677 cm-1 position on the spectrum baseline and repeat 

measurements indicated a. % RSD of 5.1 across numerous samples (n =10). While this is 

greater than that seen on the single sample surface, the variation in the signal across the sample 

surface at a % RSD of 2.2 which is within the instrument variation calculated using a silicon 

wafer at 520 cm-1 that gave a % RSD of 3.3.  
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5.2.2 Effect of total nanorod length on SERS signal enhancement 

The overall length of the nanorods is determined mostly by the magnitude of the applied ac 

voltage and the deposition time in the 0.1 M KAu(CN)2 solution. While the actual length of the 

AuNR produced has yet to be fully determined, it is expected to be typically in the region of 

several hundreds of nm. Varying the applied ac voltage during gold deposition from 6 Vrms - 

10 Vrms and deposition times from 1 s to 30 s however did not reveal any discernible difference 

in the intensity or position of the SERRS peaks obtained from AuNR samples after etch-back 

when the rods were exposed. In the previous chapter Figure 4.11  shows two such samples and 

while the colour seen is considerably lighter in colour sample A than in sample B the resultant 

SERRS spectra showed no discernible differences between the two samples. This was the case 

throughout the study in air with a 50× objective and 1 % laser power, with a mean intensity of 

~30000 with a standard deviation of ~2000 and RSD of 5.9% suggests that most, if not all, 

enhancement in signal arises from the Tm plasmon, which is independent of the length of the 

rods, and hotspots created in the spaces between individual nanorods in the array. Indeed, 

Figure 5.4 shows the difference in the intensity of the signal obtained between a ‘good’ AuNR 

sample (blue) and one where the template has been over-etched (orange) and the rods have 

collapsed. The over-etched AuNR collapse transforming from straight vertical rods to 

disfigured ones, and fused clumps. To the naked eye the sample surface appears dull.  

Here the difference in intensity of signal obtained between the spectra for the two samples is 

quite striking. The spectrum obtained with the ‘good’ AuNR sample was obtained at 1% laser 

power with the over-etched sample requiring 100% laser power. The spectrum of the over-

etched sample appears noisy. This confirms that the vast majority of signal enhancement is 

supplied by hotspots created in the spaces between individual rods in the AuNR. 
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Figure 5.4 Raman spectrum (top) obtained for an exposed AuNR sample covered in a 

monolayer of MG (blue) on the primary axis and underneath it the. (Bottom) Raman spectrum 

was obtained from an AuNR sample where the sample was over-etched and the rods have 

collapsed (orange) on the secondary axis,   λex= 633 nm in air with a 50 × objective and 1% 

laser power. 

 

In the case of an under-etched sample where the pores have been etched back and widened to 

the extent that the rods are on the cusp of full exposure, the SERRS signal sits on top of a high 

baseline to such an extent that the SERRS signal is partially out with the detection limits and 

the spectrum appears saturated with the tops of the peaks cut off. This occurred at 1% laser 

intensity and the data was not recorded. The samples were etched back more to fully expose 

the rods and the baseline lowered allowing the SERS signal to be viewed 

 

5.3 Regeneration and repeatability of use of gold nanorod arrays 

Regeneration of the AuNR surface and repeatability of use are desirable factors in the 

commercial success of a SER(R)S substrate. In an extension of the measurements discussed 
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earlier in Section 5.2, a study was performed to assess the repeated application and removal of 

a monolayer of MG. This was achieved by etching the SAM monolayer from the surface using 

oxygen plasma and then exposing the surface to a fresh solution of the dye. This cycle of 

etching and regeneration was performed five times over a period of several days. It was found 

that the monolayer was successfully removed and re-adsorbed without any significant loss in 

the SERS signal as shown in Figure 5.5.  

 

Figure 5.5 Spectra obtained after repeated cycles of removal and MG monolayer reformation 

after the initial adsorption of MG on AuNR sample. Experiment performed five times over a 

period of several days. λex= 633 nm in air with a 50 × objective and 1% laser power. 

 

The  average SERS peak height obtained at 1618 cm-1, measured from the rise in signal from 

a point on the baseline at 1677 cm-1, was 31879 with a standard deviation of 1022 and RSD of 

3.2% (n=6). This compares very well with the characterisation data in Section 5.2. Figure 5.3. 

While Figure 5.6 highlights the spectra in Figure 5.5 around the peak at 1618 cm-1.  
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Figure 5.6 Focuses on the spectra obtained in Figure 5.5 close to the peak at 1618 cm-1. This 

shows the variation in peak height. attained after each cycle of etch and regeneration with an 

overall RSD of 3.2% (n=6),  λex= 633 nm in air with a 50 × objective and 1% laser power. 

 

The actual number of regenerations possible before the AuNR performance deteriorates to an 

unacceptable level in order to determine the life span of the AuNR samples has yet to be 

established. However, recycling five times is a significant improvement with little in the 

literature even addressing this issue. The surface regeneration of AuNR in the presence other 

adsorbed molecules is addressed further in Section 6.4 

 

5.4 Comparison of the performance of gold nanorod arrays compared to that of three alternative 

substrates.  

In order to determine the viability of the AuNR as a suitable SERS substrate it was necessary 

to compare their performance with that of other available substrates. To this end the 

enhancement achieved by AuNR samples with a resonant and non-resonant reporter species 

were compared.  
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The additional substrates used for comparison were: 

 NP - a monolayer of AuNP , 20 nm in diameter, on a glass slide; 

 KlariteTM 44 - a SERS substrate consisting of an array of gold coated inverted square  

pyramids patterned onto a silicon substrate which has become the industry standard 

over the last decade;  

 Au film on glass slide. 

Eight samples in total were prepared, two for each substrate as depicted in Figure 5.7. A 

monolayer of the non-resonant species MBA was adsorbed to the surface of and the second set 

of four were covered in a monolayer of the resonant species MG, excitation wavelength 633nm. 

 

Figure 5.7  Substrates used in the comparison top left A, gold film on glass slide, top right B, 

Klarite®, bottom left C, schematic of gold nanoparticles on a glass slide and bottom right D 

gold nanorod array/AAO sample. 

In order to reduce the possibility of variations in either instrumental or environmental 

conditions skewing results, side by side analysis was performed on all four substrates. Sample 

blanks were run prior to treatment to establish that no signals were obtained from any of the 

substrates. Indeed, Raman spectra of bare substrates were found to be, as expected, featureless 

with clean baselines containing no peaks. Thus, any peaks seen after the application of the 

SAMs could be attributed to the interaction of the SAM with the substrates alone. The different 

Raman reporter molecules were then adsorbed onto the surface of the AuNR. Good signal 
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enhancement was found for both the non-resonant MBA and resonant MG on all substrates 

apart from the gold film. All the spectra obtained gave the characteristic fingerprint associated 

with the adsorbed molecule.  

 

Figure 5.8: Comparison of MBA SERS signal obtained for gold film on glass, Klarite, AuNP 

and AuNR (all results were obtained using a 50 objective and have been normalised against 

a silicon wafer). λex = 633 nm. 

Clear sharp peaks with a high signal-to-noise ratio were obtained. Not unsurprisingly, the signal 

intensity was found to be far stronger for the resonant MG species. The spectra obtained from 

AuNR, AuNP, Klarite (a commercially available substrate) and gold film with MBA and MG 

are shown in Figure 5.8 and Figure 5.9, respectively. The peak obtained for MBA at 1077 cm1 

is attributed to CH in plane bending and the peak at 1595 cm1 to CC bond breathing. 
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Figure 5.9 Comparison of MG SERRS signal obtained for a gold film, Klarite ®, AuNP on the 

secondary axis) and AuNR on the primary axis (all results were obtained using a 50 objective 

and have been normalised against a silicon wafer)  λex = 633 nm. 

 

While for the MG comparison study the main peaks of interest are at 1618 cm1 and 1370 cm1, 

which are attributed to the in plane stretching of the phenyl rings.  For present purposes, 

analysis of only the first and largest peak at 1618 cm1 for MG is employed. It can clearly be 

seen that the greatest signal enhancement was obtained using AuNR with a relative 

enhancement 18 times that of AuNP, 32 times that of Klarite and more than 1225 times that of 

the gold film.  

All spectra were normalised against a silicon wafer in order to compare results at the different 

laser intensities. The variation in the peak height of the main peak for AuNR % RSD = 2.5. 

This was found to be comparable with instrumental variation, which was calculated to be RSD 

= 2.2 % (n=5) on the day of study and was found to be 3.29 % (n=25) when results taken over 

a five day period were calculated. The mean peak height at 1618 cm-1 for the AuNP sample 

gave results that varied widely from excellent to very poor, with a mean peak height of 11825, 
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standard deviation of 8477 and RSD of 72 % (n=5) on the pre normalised spectra. Thus, it can 

be seen that the AuNR samples performed well in the study with both resonant and non-

resonant reporter molecules. 

 

5.5.1 Dark-field Microscopy  

Dark-field microscopy images were acquired of various AAO samples to monitor changes in 

the surface morphology. Figure 5.10 shows an image of a substrate in which gold had been 

deposited into specific areas highlights a clear distinction between areas of alumina alone and 

areas where nanorods were to be found. This was created by gold electrodeposition through a 

patterned array described in detail in Section 6.4. Intuitively, the brighter spots could be 

considered to originate from larger particles. However, a more probable explanation is that the 

variation in the reflectance is associated with the roughness of the surface. The alumina side of 

the image is generally brighter due to the higher reflectance of the polished surface at the base 

of the empty pores. Prior to analysis the samples were rinsed in methanol and dried in a nitrogen 

stream to remove dust prior to imaging. lt is worth pointing out that particle separation is too 

narrow to optically resolve individual rods. From the SEM images in Section 4.6 the etching 

process is uneven and may contribute to the variation in the dark-field images. Thus, dark-field 

was found to be useful in monitoring the exposure of the rods across the entire surface area as 

well as other factors such as the flatness of the substrate, and the uniformity of the etching 

process.   
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Figure 5.10 Dark-field image of a sample where the interface between an area of gold 

deposition and that of bare alumina. Field of view: 174 m  130 m with a 50 objective. 

 

5.5 Monitoring of changes in plasmonic properties of gold nanorod arrays 

5.5.2 Monitoring Au nanoparticle adsorption onto AuNR 

Another objective was to assess if it was possible to monitor the changes in the plasmonic 

properties of the Au NR arrays in response to an adsorption event. This was explored by the 

deposition of small 20 nm AuNP onto an exposed AuNR. The NP chosen to match the width 

of individual rods of which the AuNR is comprised. The extinction spectrum of the AuNP has 

been shown previously in section 1.2.4.  Samples were initially viewed without additional 

preparation. Then after the deposition of small 20 nm AuNP onto the exposed AuNR surface 

coating the exposed AuNR with a monolayer of NP. This was achieved by, first cleaning the 

sample surface by oxygen plasma and then soaking the sample overnight in a solution of MBA 

in methanol, which was prepared by adding 4 mg of the acid to 15 ml of methanol. The sample 

was rinsed thoroughly in methanol and dried gently in nitrogen. It was then placed in a 

polydiallyldimethylammoniumchloride solution (PDADMAC) which was prepared by adding 

a 40 μl aliquot of PDADMAC into 1 mL of a 1 mM NaCl solution and left for 30 minutes. This 

was rinsed in DIW rinsed and gently dried in a nitrogen stream. This procedure positively 

Exposed goldBare Alumina
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charges the sample surface, which helps the gold nanoparticles to attach to the surface 29. 

Finally the sample surface was covered in the nanoparticles (Tm =520 nm) and left for two 

hours before being gently washed and dried. 

                  

 

Figure 5.11 Dark-field image of bare AuNR before (A) and after (B) the adsorption of ~20 nm 

AuNP onto the surface of an AuNR sample. The nanoparticle deposits appear significantly 

lighter which is associated with higher scattering and can be seen to be unevenly distributed 

across the AuNR. Approximate image size is 60 m  60 m. 

Firstly, the dark-field images in Figure 5.11 shows a significant difference between before and 

after exposure of the Au colloid to the partially etched AuNR surface. The areas of enhanced 

scattering suggest that the coating of Au spheres was not uniform, which may in part be due to 

drying-induced aggregation.  The ‘before’ and ‘after’ specular reflectance spectra comparing 

the bare AuNR spectrum with that from the same AuNR sample once covered in a monolayer 

of NP. These are shown in Figure 5.12. The absorption feature seen at 520 nm for the 

reflectance spectra for the bare AuNR became less distinct and much broader in the presence 

of the Au colloid. This suggests that the specular reflectance is responsive to changes in 

refractive index around the exposed AuNR (this was not observed for molecular monolayers). 

Given the large aspect ratio of the electrodeposited rods, the reflectance spectrum is only the 

LSPR associated with the transverse mode, which is close to the LSPR of the AuNP. Further 

measurements comparing both exposed and enclosed AuNR are needed to further clarify the 

interaction between the colloid and exposed AuNR but this was not explored.  

 A                                                          B 
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Figure 5.12 Specular reflectance spectra (with p-polarised light) obtained from an AuNR 

sample (20 nm width ) and from the same sample covered in  AuNP (blue) at angle of incidence 

of 36°.  The plasmon at 520 nm appears less pronounced for the AuNP (20 nm diameter covered 

sample than sample once covered in AuNP (20 nm diameter).  

 

5.6 In-situ potential dependence studies on vertical AuNR. 

A clear advantage to having the etched AuNR remain within the confines of the alumina 

template is that it provides the opportunity to use the AuNR as a working electrode. This was 

demonstrated previously in section 4.7 thus enabling the of in-situ SERS measurements under 

an applied electrical field. 

Experiments were carried out in order to investigate the effect of electrode potential on the 

fingerprint spectra obtained for a number of analytes.  In this section the analytes discussed are 

MG, thiophene electropolymerised to polythiophene and 1,8-diaza-4,5-dithia-1,8-di(2-chloro-

[1,4]-naphthoquinone-3-yl)octane (NQ), which was synthesised and kindly supplied by the 

Campbell group from the Department of Chemistry at The University of Edinburgh38.These 

experiments were conducted using an electrochemical flow cell designed specifically to be 

used with the AuNR samples. A photograph and description of the cell can be found in Figure 

6.13. A schematic diagram of the set up used with MG is shown in Figure 5.13 and the 

experimentation carried out using thiophene and NQ were also carried out in a similar fashion. 
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Figure 5.13 Schematic representation of the flow cell set up for use with SE(R)RS under 

electrochemical control, with an AuNR sample covered with a monolayer of MG dye.  

 

5.6.1 Potential dependence of MG covered AuNR  

The AuNR sample was covered in a MG self-assembled monolayer (SAM) and placed into the 

specially designed electrochemical flow cell. An inert electrolyte solution of 0.05 M K2SO4 

was employed. The open circuit potential for this cell, using a platinum counter and pseudo 

reference electrode, was 885 mV.  The potential range employed in this study was from 3.0 

V to 3.0 V.  This large potential range was possible in the aqueous medium because MG formed 

a blocking layer on the electrode surface and no Faradaic reaction was possible. The electrode 

therefore behaved as an ideally polarisable electrode, with virtually no electrolysis current 

flowing over this large voltage range. 
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Figure 5.14 SERRS spectra obtained from AuNR with adsorbed MG across the potential range 

of 0.885 V to 3.0 V in 0.05 M K2SO4. ( λex= 633 nm). For clarity, spectra to 3.0 V have been 

omitted. 

Not unsurprisingly therefore, there were no detectable changes in either peak height or position 

observed in the SERRS spectra for the MG as the potential was increased/decreased, in 250 

mV steps, as shown in the Figure 5.14. This implied that the MG SAM was stable under these 

conditions, and most importantly was not removed from the surface or altered by cathodic 

polarisation up to 3000 mV.   

 

5.6.2 Electrochemical polymer growth on AuNR  

Polythiophene is a conducting polymer and also known as a “synthetic metal”167,168. 

Delocalised  electrons run along the polymer backbone and these are responsible for its 
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electrical conductivity. Optical properties such as colour shifts have been achieved by the 

distortion of this backbone169, 170  through substitutions on the  position.   

 

 

 

Figure 5.15 Representation of polythiophene with the monomer repeat unit bracketed. 

To this end, the variation in the SERS spectrum obtained with adsorbed thiophene on the AuNR 

surface was compared to that of a layer of polythiophene, the structural formula of which is 

depicted in Figure 5.15, which was electrochemically grown on the AuNR surface169,171,172. 

The polymer is electroactive and can undergo oxidation of the backbone with corresponding 

insertion of anions or loss of cations on reduction, the latter leading to loss of conjugation and 

so a lowering in electrical conductivity.  

Prior to polymer growth on the AuNR sample the SERS spectrum from the AuNR sample with 

an adsorbed layer of thiophene was obtained and is shown in Figure 5.16. The polythiophene 

film was then grown on top of the exposed AuNR by means of cyclic voltammetry in an 

aqueous solution containing 0.05 M thiophene in 0.1 M K2SO4 in a 60 vol% DIW: 40 vol% 

ethanol solution. 

Monome
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Figure 5.16 SERS spectrum obtained from AuNR with an adsorbed monolayer of thiophene 

(λex= 633 nm, with a 20× objective and 100% laser power). 

This involved repeated potential cycles between 0.7 V and 1.3 V vs SCE as shown in Figure 

5.17. On the first cycle the anodic polymerisation process was initiated at a potential of ~ 0.9 

V. As the cycling continued, a strong feature developed on the positive scan, showing as a peak 

at 0.8 V. As noted above, this is due to the oxidation of the polymer film and an associated 

increase in the electrical conductivity of the polymer. Whilst during the negative scan the 

electrical conductivity of the polymer is severely reduced due to the loss of conjugation in the 

backbone and so very low currents are recorded. Repeated potential cycling to grow 

electropolymers is a technique commonly employed in the literature173 and the increase in the 

current response with cycling signifies that growth of the polymer on the AuNR surface was 

indeed occurring. Figure 5.17 shows the regions of electropolymer oxidation and reduction as 

well as that of polymer growth beyond 1.1 V 
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Figure 5.17 Cyclic voltammogram of the growth of polythiophene on AuNR by repeated 

potential cycles between 0.7 V and 1.3 V vs SCE. by means of cyclic voltammetry in an 

aqueous solution containing 0.05 M thiophene in 0.1 M K2SO4 in a 60 vol% DIW: 40 vol% 

ethanol solution. 

. 

The differences in the SERS spectrum obtained for an alumina/AuNR composite sample with 

an adsorbed layer of thiophene (Figure 5.16) compared to that obtained after growth of the 

polymer by cyclic voltammetry (Figure 5.18) can be ascribed to the formation of the polymer 

polythiophene on the surface of the exposed nanorod arrays. The SERS spectrum recorded for 

adsorbed thiophene on the AuNR surface revealed two peaks. The first at ~and the second at 

1470 cm1 correspond to symmetric vibrations of C=C and CC, respectively. However, for 

the polythiophene SERS spectrum several more features can be observed. The peak at 1620 

cm−1 is as a result of the ring C–C stretching vibrations. The double peak at ~ 1400 cm1 is 

attributed to the C=C  anti-symmetric stretching of the polymer while the 1200 cm1 band arises 

from the inter-ring CC stretch and the band at 1045 cm1 is from the CH in-plane bending. 

While the peak at 810 cm−1 was attributed to C–H out-of-plane bending.  

The open circuit potential for this cell, using a platinum counter electrode and pseudo reference 

electrode, was  490 mV. Subsequent variations of the applied voltage to the polythiophene-

covered AuNR surface, over the potential range 1.5 V to 1.5V proved to have no effect on 
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either peak height or position. This would suggest that although during oxidation of the 

polythiophene film, anion insertion/cation removal (and the reverse during reduction) occurs, 

these changes did not register in the SERS spectra due to the thickness of the polymer film and 

the insensitivity of the technique to probe these processes. 

 

Figure 5.18 SERS spectrum for polythiophene grown on AuNR (λex= 633 nm) with a 20× 

objective and 100% laser power. 

 
 

 

5.6.3 The electroactive species NQ on a gold nanorrod array 

A sample of the compound 1,8-diaza-4,5-dithia-1,8-di(2-chloro-[1,4]-naphthoquinone-3-

yl)octane (NQ), shown in Figure 5.19 was synthesised  and supplied by the Campbell group 

from The University of Edinburgh. Again, the strong sulfur gold affinity was utilised for 

attachment through chemisorption. The Campbell group have successfully performed 

reversible 2e-, 2H+ redox reactions using this compound that result in a change of structure and 

in the SERS fingerprint with varying potentials. 
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Figure 5.19 1,8-diaza-4,5-dithia-1,8-di(2-chloro-[1,4]-naphthoquinone-3-yl)octane (NQ). 

However in this instance, as can be seen in Figure 5.20, the SERS spectra obtained was poor, 

at 100% laser intensity and a 20× objective, in comparison to that achieved by the Campbell 

group38. 

  

Figure 5.20 SERS spectrum for 1, 8-diaza-4, 5-dithia-1, 8-di(2-chloro-[1,4]-naphthoquinone-

3-yl)octane (NQ) on AuNR in 0.1 M K2SO4 solution (λex= 633 nm, OCP = -814 mV, with a 20× 

objective and 100% laser intensity). 
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Again utilising the purpose built flow with a 0.1 M K2SO4 solution cell the open circuit 

potential for this cell was found to be 814 mV. Subsequent variations of the applied voltage 

to the NQ covered AuNR surface, over the potential range 1.5 V to 1.5V proved to have no 

effect on either peak height or position. The signal obtained here had a low signal to noise ratio 

thus proving difficult in distinguishing of the faint features from the baseline. Not surprisingly 

therefore no change in fingerprint or intensity of signal was observed during variation in 

potential. 

 

5.7 Chapter 5 Summary  

The AuNR have been shown to be hydrophilic. Signal enhancement in the presence of a 

monolayer of the resonant dye MG is excellent with a high signal to noise ratio, evident by the 

clarity and sharpness of peaks obtained. The uniformity of signal across a single sample surface 

was found to be 2.2%. Comparison studies between AuNR and gold film on glass slide, 

klarite® and a monolayer of 20 nm nanoparticles on a glass slide covered in a monolayer of 

both MG and MBA. It showed that in both cases, the AuNR samples came top for signal 

enhancement and uniformity of signal. 

AuNR samples have been regenerated five times, using a methanol wash and oxygen plasma 

cleaning, with an RSD of 3.2% on the height of the 1618 cm-1 thus showing no significant loss 

in signal with repeated use. Further studies are required to determine the actual life span of the 

samples with repeated application and cleaning of a monolayer of MG.  

The three species selected for electrochemical experiments proved to be unsuccessful in this 

regard and further work in this area is required. 

While it was not possible to quantify or control the length of nanorod exposed after etch-back. 

At present, it is only possible to confirm full exposure and so a study into the effect of the 

variation in length of exposed AuNR. Further utilisation of specular reflectance FTIR may 

prove to be beneficial in this quest. 
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6. Creating patterned gold nanorod arrays for multi analyte analysis 

In this chapter, the development of a method to selectively deposit gold onto isolated regions 

of the alumina template and create separate AuNR regions on the same surface was investigated 

with the aim of detecting multiple analytes simultaneously on the same surface. The previous 

chapter demonstrates that AuNR samples can be prepared with strong SERS signal 

enhancement and good uniformity across the sample surface area. However, the total sample 

surface area available is much larger than that of the incident laser beam spot and indeed 

substantially more than that needed for the detection of a single analyte. Considering the time 

required preparing the samples, the benefits of multi-analyte analysis are substantial. Therefore 

further efforts were made to address these challenges. The method employed to produce 

patterned samples is described and the development of a procedure for the isolation and 

attachment of a number of different reporter molecules onto the patterned areas is discussed. 

Finally, additional methods for surface regeneration of the AuNR are explored. 

 

6.1 NIR797 isothiocyanate 

In addition to the reporter molecules introduced previously (MG and MBA) in Section 5.1 a 

third Raman reporter dye was used in this part of the work. NIR797 isothiocyanate (1,1′-Bis(4-

sulfobutyl)-11-(4-isothiocyanatophenylthio)-3,3,3′,3′-tetramethyl-10,12-tri 

methyleneindotricarbocyanine monosodium salt ) which is a NIR fluorescent cyanine dye 

primarily used for the labelling of proteins the absorbance spectrum is shown in Figure 6.1. It 

was selected due to its max value of 795 nm, which closely matches the 785 nm excitation 

wavelength to be used in this section.  
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Figure 6.1 Absorption spectrum of NIR 797 at a concentration of 10-5 M in MeOH (λmax at 795 

nm).  

 

6.2. Fabrication of patterned gold nanorod arrays 

In order to facilitate the use of AuNR as multi-analyte substrates it was first necessary to devise 

a means by which to isolate specific areas within the template in which the gold could be 

deposited and also prevent the flow of current to the other areas of the template so that they 

remain gold free. For this purpose a PTFE mask was designed that allowed AuNR 

electrodeposition only on selected parts of the anodised alumina sample surface.  

The schematic in Figure 6.2 shows how the different surface patterns were created. The size 

and shape of the pattern produced can be easily customised to suit the individual needs and 

requirements of the sensor.  Each of the patterned samples shown in Figure 6.3 was prepared 

using the same conditions, gold deposition time and etch-back time that were established in the 

previous chapters for the non-patterned samples. In sample A four active areas were produced 
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together with a smaller alignment area used to aid the identification of each area 1 to 4; whereas 

in sample B, 9 active areas were formed in a square pattern and in sample C, 9 active areas in 

a circular pattern. 

 
Figure 6.2 Schematic representation of elective AuNR coverage achieved using a PTFE mask 

during the electrodeposition of gold into the pores of an AAO film in a 4-dot pattern. A smaller 

fifth dot is used as an alignment and marker in order to identify the dots that are numbered 

clockwise 1 to 4.   

 

+ 

Figure 6.3 Examples of patterned AuNR samples produced using PTFE masks.  Sample A – 

four 1.25 mm dots, sample B – nine 0.5 mm dots and sample C – nine 1 mm dots. 

 

In an initial characterisation analysis, the entire surface area of the patterned samples was 

covered in a monolayer of MG and the SERRS signals from each localised area were compared 

using an excitation wavelength of 633 nm. It was noted that no signal was obtained from the 

areas of bare alumina, thus confirming that signal achieved was only due to the interaction of 

the dye molecule with the AuNR. Samples A and C provided repeatable enhancement spectra 
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comparable to those previously achieved with the non-patterned sample discussed in Chapter 

5. In both cases, each AuNR “dot” was 1.25 mm in diameter. However in Sample B, each 

individual dot measured ~0.5 mm in diameter and the signal enhancement was found to be 

approximately 25-30% less than seen with the larger dots of Samples A and C. This reduction 

in enhancement may be due to the difficulty in establishing that the laser beam was fully centred 

within the smaller AuNR dot region. This could result therefore in the laser beam focusing on 

the edge or out with the AuNR spot altogether. A much smaller active surface provides fewer 

opportunities for plasmonic enhancement. The calculated theoretical laser spot diameter at 633 

nm was ~ 1545 nm. However, the actual laser spot size is likely to be larger than this.  

 

6.2 SERS analysis of patterned AuNR 

For the majority of this study, the four-dot sample (sample A) was selected for use to allow for 

comparison of the SERRS signal achieved to that from the non-patterned surface. The four-dot 

sample allowed three separate dots for reporter molecules, with the fourth dot kept free as 

“bare” AuNR in order to provide a control. In addition, the spatial design provided good 

separation between the dots to help facilitate their complete isolation when attaching the 

selected molecules and preventing cross contamination.  

 

6.2.1 Signal enhancement across a four gold nanorod array dot sample  

An initial experiment was performed to establish if the SERS signal intensity for each of the 

four dots were comparable to each other. Figure 6.4 shows SERS spectra obtained for a sample 

where the whole surface was covered in a monolayer of MG.  The SERS spectra from each 

spot was, compared to each other by noting the Raman intensity of one of the largest peaks at 

1618 cm-1 and subtracting the intensity on a nearby baseline point at 1618 cm-1.  The average 

intensity of the four peak heights was 36245 counts with a standard deviation of 1838 and % 

RSD of 5.1. This value is greater than that seen on the single sample surface in Section 5.2, but 

still compares favourably with the variation established earlier, whereby a % RSD of 2.2 was 

achieved across the entire sample surface. At only 1.8 % higher, the variation in the data for 

the four-dot sample can be considered satisfactory. 
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Figure 6.4 Raman spectra obtained for a MG coated four dot patterned AuNR sample 

(prepared by a 5 minute second anodisation period with gold deposition carried out for 6 s at 

6.5 Vrms and 25 minute etch-back to expose the nanorods).  Raman spectra were acquired in 

air at λex= 633 nm and an excitation time of 10 s. Spectra are vertically offset for clarity.    

 

 

6.2.2 Multi-analyte attachment onto patterned gold nanorod arrays 

Having created a four-dot AuNR sample and with good uniformity of signal across each of the 

four-dot regions with a single analyte, the next step was to establish a method to attach  different 

analytes to each individual dot. Securely isolating each dot proved problematic due to the 

hydrophilic nature of the substrate compounded by the natural lip created at the boundary 

between the alumina template and aluminium surrounding it during manufacture. While this 

proved advantageous during full sample surface coverage with a single analyte it resulted in 

difficulty establishing a good and secure seal in order to isolate patterned areas from each other. 

As a result each analyte leached out from the selected deposition area and contaminated the 

other dots. Therefore, a means by which each dot could be isolated from the others during the 

attachment of multiple analytes needed to be developed.  
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In order to facilitate the successful isolation and attachment of multiple analytes, a method was 

proposed whereby the reporter molecules were contained within a gel rather than an alcohol 

solution to prevent leaching and cross contamination. To this end, a sample of an undoped 

electroactive organo-gel produced by the Ulijn Group, then based at The University of 

Strathclyde, was used. The electroactive conducting gel used consists of one dimensional self-

assembled nanofibers with a low-molecular-mass343. The gel was produced by the attachment 

and self-assembly of diphenylalanine amide derivative to p-type tetrathiafulvalene 

(TTF)−dipeptide bioconjugate (TTF-FF-NH2). With the addition of chloroform and ethyl 

acetate and mixing, a self-supporting organo-gel was formed. The addition of 

Tetracyanoquinodimethane (TCNQ) resulted in the formation of a two-component charge 

transfer gel174. 

The gel was mixed with the selected resonant and non-resonant dyes and two aliquots of each 

placed on top of the 4 AuNR dots. For the non-resonant gel spot no signal was obtained while 

for the resonant gel spot a faint signal was produced when the thickness of the gel was ~3 mm 

and it increased slightly when this was reduced to ~1 mm. However the signal reduced again 

with further thinning until no signal was obtained once the majority of gel had been removed. 

Whilst it proved a successful method in isolating the analytes on each dot from each other, it 

was entirely unsuccessful as a means of adhering reporter molecules to the dots or achieving 

an acceptably usable spectra. 

In order to load the three different reporter molecules directly onto three separate spots 

containing the AuNR, a central perspex plug (thickness ~2.5 cm) as discussed in Chapter 3.9 

with holes drilled through to match exactly the size and position of the dots on the sample 

surface was devised. The sample was secured in the original flow cell and the central plug 

inserted and secured. The solution wells, so created above each of the AuNR areas, were 

subsequently filled with solutions, each containing one of the three reporter molecules.  Firstly 

MBA was attached to the AuNR dot electrochemically (see Section 6.3 for details). 

Immediately after, the second and third dots were coated via a 20 minute immersion period in 

10-4 M MG solution and 0.2 µM NIR 797 solution respectively with the fourth well remaining 

free of solution to provide a control or blank spot. 
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Figure 6.5 SERS spectra from a multi-analyte AuNR  4-dot sample with, Spot 1-MG, Spot 2 - 

MBA, Spot 3 – blank and Spot - 4 NIR797 confined within their designated areas (20 x 

magnification with results adjusted to 100% laser intensity) λex = 785 nm. 

Distinct spectra were obtained for the three different dyes with no evidence of cross-

contamination as shown in Figure 6.5.  Comparison of the spectra obtained from each spot at 

excitation wavelengths of 633 nm and 785 nm are given in Section 6.2.3. These results showed 

that the concept of a multi-analyte sensor on a single AuNR alumina composite sample was 

valid.  While further refinement might be required to simplify and make the process of 

manufacture more straightforward with respect to eventually moving towards mass production, 

the method of the selective attachment of specific reporter molecules to specific areas had 

clearly been successful. No movement of the reporter molecules from their allocated well areas 

had occurred and the addition of a blank ensured that any results obtained are confidently 

attributed to the response obtained from interactions of the AuNR with the reporter molecule 

present at each of the three locations on the sample.   

 

6.2.3 Comparison of the fingerprint spectra obtained at 633 nm and 785 nm wavelengths 

The four-dot sample examined using a 633 nm excitation laser in addition to the 785 nm laser.  

This was to determine the enhancement attributable to the λmax of the reporter molecules MG 
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and NIR 797 closely matching that of the respective laser excitation wavelength in addition to 

that of the non-resonant reporter molecule MBA. The calculated laser spot of diameter ~ 1915 

nm for the 785 nm laser was ~ 24% larger than that of the 633 nm laser spot. 

 

6.2.3.1 MG at 633 nm and 785 nm 

The spectrum obtained for MG at 633 nm was compared to that obtained using a laser with an 

excitation wavelength of 785 nm and the results are shown in Figure 6.6. There are clear 

differences between the fingerprint of the two spectra obtained at resonant and non-resonant 

excitation wavelengths. The first and most obvious difference is the intensity of signal which 

saw a decrease in peak height measured (evaluated from 1677 cm-1 on the baseline to the peak 

height at 1618 cm-1) of almost 90 %, from 32878 to 3556 counts. A similar; decrease in peak 

height at 1369 cm-1 relative to that of the peak at 1397 cm-1 can clearly be seen. In addition, the 

base line is shown to slope upwards towards the lower wavenumbers at λex = 785 nm and an 

upwards slope towards the higher wavenumbers at λex = 633 nm. This may be the result of the 

effect of the choice of excitation wavelength on the background luminescence from the alumina 

template substrate175. 
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Figure 6.6 SERRS spectra from MG obtained at λex785nm (green) compared to that at λex 633 

nm (red) in air. Integration time of 10 seconds, a 50× objective and 1% laser intensity. The 

results have been normalised against a silicon wafer to enable comparison of the spectra 

obtained at different wavelengths. 

 

There are clear differences between the fingerprint of the two spectra obtained at resonant and 

non-resonant excitation wavelengths. The first and most obvious difference is the intensity of 

signal which saw a decrease in peak height measured (evaluated from 1677 cm-1 on the baseline 

to the peak height at 1618 cm-1) of almost 90 %, from 32878 to 3556 counts. A similar; decrease 

in peak height at 1369 cm-1 relative to that of the peak at 1397 cm-1 can clearly be seen. In 

addition, the base line is shown to slope upwards towards the lower wavenumbers at λex = 785 

nm and an upwards slope towards the higher wavenumbers at λex = 633 nm. This may be the 

result of the effect of the choice of excitation wavelength on the background luminescence 

from the alumina template substrate175. 
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6.2.3.2 NIR 797 at 633 nm and 785 nm 

The spectrum obtained for NIR 797 at 633 nm was compared to that obtained using a laser with 

an excitation wavelength of 785 nm with the results shown in Figure 6.7. Due to the high 

background signal it was necessary to reduce the laser power down from 1% to 0.5% when 

collecting data for NIR797 to be able to view the SERS spectra, as at higher laser powers the 

Raman detector was completely saturated. The fact that this was only partially successful can 

be seen as the spectrum obtained at λex 633nm saturates at wavelengths below 860 cm1. Thus 

633 nm should not be used as an excitation wavelength for this dye unless the laser power an 

be dropped further.  

 

Figure 6.7 SERS spectra from spectra NIR797 (0.2µM in EtOH) obtained at λex785nm (green) 

compared to that at λex 633 nm (red) in air. Both integration time of 10 seconds and a 20× 

objective and at 0.5% laser intensity.  The results have been normalised against a silicon wafer 

to enable comparison of the spectra obtained at different wavelengths. 
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There is also significant disparity in the intensity of SERS signal at both excitation 

wavelengths. In Figure 6.6, the largest signal enhancement for MG adsorbed on AuNR was 

obtained at the excitation wavelength of 633 nm, while for NIR967 the largest signal 

enhancement was at the excitation wavelength that most closely matches that of the λmax of the 

NIR 797 dye at 795 nm. The spectra obtained for NIR 797 at both excitation wavelengths can 

be seen to slope sharply upwards towards the left. This is due to the fluorescence background 

signal decreasing in intensity  at higher wavelengths  and is why the signal saturates with the 

lower excitation wavelength of 633 nm even though the Raman signal itself is significantly 

weaker than that obtained with an excitation wavelength of 785 nm164,176. 

 

6.2.3.3 MBA at 633 nm and 785 nm 

The spectrum obtained for MBA at 633 nm was compared to that obtained using a laser with 

an excitation wavelength of 785 nm and the results are shown in Figure 6.8. The spectra 

obtained at each of the two excitation wavelengths are of similar intensity, which is to be 

expected as MBA is a non-resonant molecule. There are clear differences between the two 

spectra where slightly more baseline noise is evident at 633 nm, with more features visible at 

785 nm. The peaks at 1006 cm1 are of similar intensity at both wavelengths. However, the 

height of the peak at 1096 cm-1 with 633 nm is approximately half the size of that seen at 785 

nm. The peak at 1200 cm-1 is also much more pronounced at 633 nm than at 785 nm while the 

peaks at 710 cm-1 and 420 cm-1 are larger at 785 nm than at 633 nm. The peak at 1612 cm-1 with 

633 nm is blue shifted to 1620 cm-1 at 785 nm. 
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Figure 6.8 SERS spectra for MBA obtained at λex785nm (green) compared to that at λex 633 

nm (red) in air. Both integration times 10 seconds and a 50× objective and 25% laser intensity. 

(Spectra have been vertically offset for clarity). The results have been normalised against a 

silicon wafer to enable comparison of the spectra obtained at different wavelengths. 

 

6.3 Irreversible binding of MBA to gold nanorod array surface  

The initial method whereby a SAM of MBA was adsorbed onto the surface of the AuNR 

involved overnight immersion of the AuNR sample in a 10 mM MBA solution. However, this 

method was found to be ineffective in achieving a SERS response when using the patterned 

samples. The length of time required for adsorption increased substantially to three to four 

days. As noted above, the need to isolate each dot from the others to avoid cross contamination 

of the reporter molecules involved constructing individual solution wells able to contain a 

maximum volume of 3.5 mm3 around each dot. Therefore the volume of solution able to be put 

into the wells was so small that the adsorption efficiency was drastically reduced. In part, this 

problem was solved by the use of a saturated MBA solution although the reduced volume and 
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the need to leave it longer than overnight caused problems through evaporation of the solution. 

As the other two reporter molecules used with the four dot sample only required 20 minutes 

for full monolayer coverage, it was therefore necessary to devise a means by which the process 

of ‘locking’ the MBA onto the AuNR surface could be expedited or the use of MBA with the 

patterned sample would be impractical. Thus, a method was developed to electrochemical bind 

the MBA onto the AuNR by oxidation in order to facilitate a stronger bond formation, 

following the schematic in Figure 6.9. 

 

Figure 6.9 Schematic representation of the electrochemical oxidation of MBA at a gold 

electrode. 

Initial cyclic voltammetry measurements were first performed on a gold disk electrode. From 

Figure 6.10, it can be seen that the attachment of the MBA was carried out by repeated cycling 

between 0.5 V and 1.5 V in a 40 vol% ethanol/H2O solution containing 1.0  103 M MBA 

Two peaks at 0.6 V and 1.4 V are present on the first oxidation cycle but on the second cycle 

the height of first peak reduced by ~50% and shifted towards a lower potential while the second 

peak showed little change. The third cycle saw the first peak disappear altogether with the 

current dropping to virtually zero, possibly indicating full surface coverage by the MBA. 

Subsequent cycles saw no further significant change in the CV shape, although the second peak 

current can be seen to drop slightly with each subsequent cycle. The first peak at 0.6 V is 

attributed to the oxidation of the MBA and the second at 1.4 V, to the surface oxide formation 

on or dissolution of the gold.  Clearly, the latter process is to be avoided with the AuNR samples 
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and so, the upper potential limit was set to 0.5 V vs the platinum counter/pseudo-reference 

electrode. 

 

Figure 6.10 CV of MBA growth on a gold disk electrode 7 mm in diameter. Solution 

composition: 0.001M MBA in 60 vol% water: 40 vol% EtOH. (Scan rate = 50 mV s1). 

 

 

 Figure 6.11 shows the corresponding CVs obtained during the growth of MBA on the AuNR 

electrode.  The first cycle was very similar to that of the gold disk electrode. However for the 

AuNR electrode, with each subsequent cycle the current recorded during the voltage scans 

decreased until it ‘flatlined’ after the eighth scan, indicating no further electrochemical 

response from the sample, signifying a blocking layer present on the AuNR surfaces. 
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Figure 6.11 CVs of MBA growth on AuNR electrode from a solution containing 0.001 M MBA 

in a 60% water: 40% ethanol solution. Scan rate = 50 mV s1. 

 

The SERS spectra obtained from the AuNR-MBA sample prepared in this fashion is shown in 

Figure 6.12. There is a marked difference between the fingerprints obtained for MBA on the 

AuNR surface formed by electrochemical oxidation to that by adsorption alone as seen in 

Figure 5.8. While the two main peaks seen at 1077 cm1 and 1585 cm1 are still present, they 

are dwarfed by the two new adjacent peaks at 1098 cm1 and 1612 cm1 respectively.   

-2.00E-06

0.00E+00

2.00E-06

4.00E-06

6.00E-06

8.00E-06

1.00E-05

1.20E-05

-0.006 -0.004 -0.002 0 0.002 0.004 0.006

I 
/ 
A

E / V



144 

 

 

 

Figure 6.12 SERS signal obtained after electrochemical oxidation of MBA on AuNR electrode 

(λex = 633 nm). 

The strong attraction between gold and sulfur molecules is known to occur spontaneously, with 

underpotential SAM formation on the gold surface. Wen-qiang Ma et al177 found MBA 

molecules adsorb at an oblique angle between the plane of the benzene ring and the surface. It 

would appear that the forced electro-oxidation at positive potentials resulted in irreversible 

covalent bonding of these ‘adlayers’ resulting in an increased surface coverage. This would 

naturally alter the angle at which the molecules lie relative to the plane thus increasing the 

distance of the carboxyl group from the sample surface 178. In addition, Gao et al.179 found the 

sulfur ‘adlayer’ underwent ‘substantial structural modification as the overall anodic oxidation 

proceeds. Quijada et al180 have also reported that the respective SERS peak for deprotonated 

sulfur–gold bond to shift to a higher wavenumbers than that for adsorbed sulfur on gold. 

It appears then that the two main peaks have experienced a slight blue shift from 1076 cm-1 to 

1098 cm-1 and from 1585 cm-1 to 1612 cm-1. The strength in the intensity of the peaks is 

believed to be a result of the combination of an increased surface coverage, Au-S bond strength 
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and modification of the angle at which the MBA molecules lie relative to the surface. The 

strength of the AuS bond is further verified in that after electrochemical formation of the 

MBA SAM on the AuNR substrate, removal of the SAM proved to be very difficult. The 

original cleaning method using oxygen plasma failed to remove the MBA, and this was verified 

by no loss in the SERS signal strength after each attempt at cleaning.  

 

6.4 Surface regeneration of gold nanorod arrays  

A desirable quality in a SERS substrate is that the surface can be regenerated to enable the 

substrate to be used multiple times without loss of performance. There are a number of well-

established methods for the removal of SAM from gold substrates in order to make them 

reusable60,163,181,182. Due to the alumina base matrix, it was not possible to use oxidative acid 

solutions such as piranha for this purpose. The method employed and found to be effective to 

this point was photo-oxidative plasma cleaning which was used to clean samples prior to SAM 

growth and also to remove MG as discussed in Section 5.3.  While this method proved to be 

effective in the preparation of the AuNR for the adsorption of MG and its subsequent removal, 

the technique did not prove effective in the complete removal of MBA. There was always some 

evidence, albeit, substantially reduced in intensity, of the MBA SERS spectrum present. The 

subsequent reapplication of MBA gave a similar signal intensity to that obtained prior to 

initiating the cleaning procedure.   

Another method tried was that of immersion in piranha solution, a strong oxidising agent that 

is commonly used to remove organic molecules from gold substrates. However when 

attempted, this resulted in the destruction of the AuNR sample. It was therefore decided to 

explore electrochemical cleaning in order to attempt to totally remove the MBA from the 

AuNR surface and allow for the application of a different analyte. 

Electrochemical cleaning was employed to reductively remove adsorbed species from AuNR 

using a 0.5 M HNO3 electrolyte. Here the clear advantage of the use of the flow cell for this 

purpose is seen as in-situ monitoring with SE(R)RS could be carried out to follow the process. 

The flow cell was thus used to enable surface regeneration and the subsequent re-application 

of the chosen analytes.  A picture of the 4-dot AuNR sample that acted as the working electrode, 
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attached to the base of the flow cell with silver conducting paint, is shown in Figure 6.13 and 

a schematic representation of which was shown in Figure 5.13. 

 

Figure 6.13 The specially designed flow cell for use with the AuNR samples in this instance 

with the 4-dot sample and set up for data acquisition. 

 

The solution was pumped into the main body of the cell (volume 1 mL) using a peristaltic 

pump. Electrical connections to the nanorod array working electrode and to the Pt wire counter/ 

pseudo-reference electrode allowed electrochemical polarisation of the nanorods to be carried 

out during SE(R)RS measurements using a potentiostat. The flow cell and tubing were cleaned 

prior to use by pumping through either a 10 vol% HNO3 solution or 20 vol%  aqua regia 

solution. The resultant SERRS signal from the MG adsorbed onto the AuNR surface could be 

removed by the application of a voltage of 0.5 V in an aqueous solution of 0.5 M HNO3.  As 

Figure 6.14 shows, the signal intensity decreased with increasing duration of the applied 

voltage and was virtually gone after 15 minutes.  More importantly though, it showed that the 

process did not damage the functionality of the AuNR surface with the subsequent re-

adsorption of MG again giving a strong SERRS response.   
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Figure 6.14 In-situ SERRS spectra recorded after the application of an applied current of 500 

µA at ocp for 5, 10  and 15 minute duration. Where A is spectra obtained from the original 

surface  and B is for the spectra of MG re-adsorbed after surface cleaning (spectra vertically 

offset for clarity). 

A series of SE(R)RS spectra depicting measurements carried out on a multianalyte surface are 

shown in Figure 6.15. The sample contained four AuNR regions: one containing adsorbed MG, 

another with MBA and the remaining two being blank, as control. The measurements were 

carried out first with the adsorbed selected molecules, and then again after applying the 

cleaning procedure. The cleaning procedure entailed using a cathodic current of 1 mA for 10 

min to the sample in the flow cell. 
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Figure 6.15  SE(R)RS spectra from a 4-dot sample. Dot 1- MBA, Dot 2- Blank, Dot 3- MG, 

Dot 4- Blank. Where A = initial adsorbed species spectrum, B = spectrum obtained after an 

applied current of 1.0 mA for 10 minutes.  C = spectrum for readsorbed species, (λex= 633 

nm, spectra have been vertically offset on B and C. N.B. Electrochemically bonded MBA was 

unable to be removed and the signal remains unaltered thoughout). 

As noted above, in the case of MG, the removal and subsequent reformation of the self-

assembled monolayer (SAM) of MG could be successfully carried out, with no loss in the 

SE(R)RS signal when solution containing the MG was introduced back onto the AuNR surface. 

Thus, the electrochemical method was effective for MG removal and furthermore does not 

appear to damage the AuNR. However electrochemically bonded MBA could not be removed 

and the signal in this section of the sample remained undiminished.  Although this was at first 

viewed as inconvenient, the resilience of MBA from electrochemical removal and persistence 

of the signal strength throughout could instead be viewed as advantageous by making MBA 

suitable for use as a reference marker in a multi-analyte sensors.  Subsequently, it was found 

that soaking the samples in a 0.5 M sodium borohydride (NaBH4) for 20 minutes was effective 

in removing MBA attached in the conventional way from the AuNR samples. 
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6.5 Chapter 6 Summary  

In this chapter the production of patterned samples has been achieved with good uniformity in 

the SE(R)RS signal obtained within the patterned AuNR surface. This signifies that the 

patterned area was large enough to encompass the full laser spot directed at the sample surface. 

A methodology to selectively deposit different molecules onto the surface of a 4-dot AuNR 

sample was developed and successfully implemented. No cross-contamination between the 

various analytes tested was observed and reproducible SE(R)RS data were obtained. An 

electrochemical method was developed by which MBA was attached to the AuNR. This 

enabled a substantial reduction in the required period for attachment from several hours to 

several minutes. The resulting sulfur-to-gold bond formed provided a stronger signal to that of 

the conventional means of attachment. Several conventional cleaning methods employed to 

regenerate the substrates have been shown to be compatible for use with the AuNR samples.   

  



150 

 

 

7.  Conclusions and Future Work 

The aim of this work was to produce and utilise porous anodic aluminium oxide (AAO) 

templates with which to develop electroactive SERS substrates for use as multi targeted 

sensors. 

This study has seen the development of such a substrate, gold nanorod arrays (AuNR) in a 

porous alumina film. Initially, interest was focussed on optimisation of the sample preparation 

in order to produce a substrate that gives signal enhancement consistently and repeatedly larger 

than currently obtained with alternative substrates. The AuNR were produced by a.c. 

electrodeposition of gold into the pores of a hexagonally ordered alumina film grown on an 

aluminium substrate using a two-stage anodisation process in oxalic acid followed by barrier 

layer thinning. Specular reflectance FTIR provided a new and rapid method of determining the 

porous film thickness.  Rather than removing the rods from the template, as is common practice, 

here the template remained in place and was instead etched-back only as far as to expose the 

rods. Thus the template itself helped to support the rods which were several hundred nm in 

length. Keeping the aluminium base in place allowed for ease of handling whilst affording a 

degree of protection to the sample.  In addition the aluminium base facilitated their use as an 

electrode in a liquid environment and so enabling electrochemical polarisation studies to be 

performed. For this purpose a specially designed flow cell was produced. 

In terms of the sample preparation, the use of a mechanical polisher helped produced flatter, 

smoother sample surfaces which in turn helped to encourage parallel pore growth. Bubble 

formation on the sample surface which can result in pitting and affect ordered pore formation 

was reduced during the electropolishing procedure through the use of RDE to control the 

convective flow to the electropolishing surface. The alumina porous film thickness was 

determined by the duration of the second anodisation period and this was verified by both 

ellipsometry and FTIR.  The film thickness was accurately determined by modelling the 

ellipsometric data of the second anodisation period. It was also determined that FTIR 

instrumentation could be used as a quick method to determine film thickness using the bayerite 

peak at 955 cm1.  In-situ monitoring of the barrier layer thinning process by ellipsometry 

revealed that film growth continued at a substantial rate even as the applied cell voltage was 
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reduced from 40 V to 24 V.  However below the latter voltage, film growth slowed dramatically 

with little further growth observed between 24 V and 6.5 V. 

FE-SEM imaging showed that the surface of the individual nanorods to be rough and sharp 

edged which should prove to be beneficial with regards to increasing SERS enhancement.  The 

width of the rods was found to be ~20 nm with the distance between each ~40 nm. However, 

it was not possible to determine the length of the rods since they remained anchored to the 

bottom of the pores.  Consequently, it was not possible to calculate the aspect ratio of the rods. 

This problem must be resolved in future work as the aspect ratio together with the spacing 

between the rods is key to the properties and behaviour exhibited by the gold nanorod arrays. 

The attachment of reporter molecules to the rods revealed them to be ideal substrates for 

SE(R)RS analysis as these adsorbed molecular species, under illumination by an excitation 

laser beam, were subjected to an intense electric field brought about by localised surface 

plasmon resonance (LSPR). The excellent enhancement obtained for SERRS using MG at 1% 

laser intensity has proved very encouraging.  Polymer growth onto the gold nanorod arrays by 

cyclic voltammetry was also successful. However, the SERS results obtained for polythiophene 

indicated that this was an area that required a great deal more work in order to be able to utilise 

this technique to follow the changes in the polythiophene layer as it underwent redox cycling. 

The production of patterned samples has been achieved with good uniformity of SE(R)RS 

signal obtained within the patterned AuNR surface. Selective deposition of different molecules 

onto the surface of a 4-dot AuNR sample was achieved and with no evidence of cross-

contamination between the various analytes tested. Again here, reproducible SE(R)RS data was 

obtained.  

An electrochemical method was developed by which MBA was attached to the AuNR. This 

enabled a substantial reduction in the required period for attachment from several hours of 

exposure to the MBA solution to just minutes. Finally, several conventional cleaning methods 

have been found to be suitable for use in analyte removal and surface regeneration.  

In terms of the future direction of this research, a number of paths are available to be explored.  

The major priority would be to extend the examination of more electro-active species combined 

with in-situ monitoring and really highlight the advantages of the developed platform.  Being 
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able to monitor molecular reactions in real-time under an applied electrochemical field has 

potential applications in a variety of systems e.g. catalysis, enegy etc where a highly controlled 

surface morphology is desirable.  

Advanced studies could also be achieved by the controlled electrodeposition of other polymer 

and metal species. This could be performed on top of the AuNR’s or create an entirely different 

substrate. For example, co-depositing platinum or palladium may be interesting for SERS and 

catalysis studies. Also, semiconductor (SC) nanostructures or hybrid plasmonic/SC systems 

are also of increasing interest.  Further optical characterisation of the AuNR at much longer 

wavelengths in the IR is also desirable to investigate the longitudinal plasmon resonances that 

potentially exist as the studies in this thesis were mostly restricted to the transverse mode as 

the electrodeposition method prevents suitably short length rods to be created.  

Improvements could also be carried out in the AAO template process such as reducing the time 

required to produce the template, focusing for example on the purity of the electrolyte, in 

particular, the absence of Cl and the pH of the solution. Also, the nanorod array template can 

be applied to other optical techniques in addition to SERS. For example, another area which 

has not yet been touched on is that of  surface enhanced fluorescence (SEF) involving 

controlled spacing between chromophores and the metal surface. The SERS background 

signals did suggest a certain amount of intrinsic fluorescence from the AuNR/AAO template 

and this needs to be understood better alongside exploring different excitation wavelengths and 

surface chemistries for chromophore attachment.  

Finally, in-situ studies should certainly make greater use of the purpose-built flow cell that a 

lot of effort was spent in designing. This approach could also be combined with other optical 

techniques such as dark-field and SEF simultaneously on the same electrode surface.  
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Appendix 1 

Chemical reagent list 

Chemical reagent Details Supplier 

Aluminium sheeting 

 
99.999% Goodfellow 

20 nm Gold Nanoparticles 

in citrate buffer 

 

HAuCl:NaCit 

I mM: 353 mM 

University of 

Strathclyde 

Oxalic acid 

C2H2O4 

≥ 99+ % purity 

MW= 126.07 g mol-1 

Sigma Aldrich 

Oxalic acid 

C2H2O4 

≥ 99.999 % purity 

MW= 126.07 g mol-1 

Sigma Aldrich 

Chromium (VI) oxide 

CrO3 

≥ 98 % purity 

MW= 99.99 g mol-1 

Sigma Aldrich 

Gold (I) potassium cyanide 

 

AuK(CN)2 

≥ 99.99 % purity 

MW= 288.1 g mol-1 

Alfa Aesar 

Thiophene 

C4H4S 

≥ 99% 

MW= 84.14 g mol-1 

Sigma-Aldrich. 

Malachite green isothiocyanate 

C24H24ClN3O4S 

≥ 95% 

MW= 485.98 g mol-1 

Invitrogen 

Ortho-phosphoric Acid 

H3PO4 

≥ 

MW= 98 g mol-1 

Fisher Chemicals 

 

Tartaric acid 

 

CHOH COOH 

≥ 99.5 % purity 

MW= 150.09 

Sigma-Aldrich 

Hydrochloric Acid 

 

HCl 36.5% 

MW= 36.46 g mol-1 
Sigma Aldrich 

Nitric Acid 
HNO3 

MW= .01 g mol-1 

Sigma Aldrich 

 

Sulfuric Acid 
H2SO4  

MW= 98.08 g mol-1 
Sigma Aldrich 

Hydrogen Peroxide 
H2O2  30 % 

MW= 34.01 g mol-1 

Sigma aldrich 

 

Methanol 

CH4O 

≥ 99.7 % 

MW= 32.04 g mol-1 

Sigma-Aldrich. 

Iso-Propanol (2-Propanol) 

C3H8O 

≥ 99.5 % purity 

MW= 60.03 

Sigma-Aldrich. 
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Acetone 

C3H6O 

≥ 99 % purity 

MW= 58.03 g mol-1 

Sigma-Aldrich. 

Deionised water Resistivity 18.2 M cm Milli-Q 

Ethanol 

C2H6O 

≥ 99.8 % 

MW= 46.07 g mol-1 

Sigma-Aldrich. 

Alumina polishing powder 1.0 μm & 0.3 μm Al2O3 Buehler 

Polishing cloth 
10’ microcloth PSA 

≥ 99.99 % purity 
Buehler 

Sodium borohydride 

NaBH4 

≥ 98% purity 

MW= 37.83 g mol-1 

Sigma Aldrich 

Tetrabutylammonium 

hexafluorophosphate 

 

(CH3CH2CH2CH2)4N(PF6) 

≥ 99.0% purity 

MW= 387.43 g mol-1 

Sigma Aldrich 

Poly(diallyldimethylammonium 

chloride) solution 

 

(C8H16NCl)n 

MW= 174.26 g mol-1≥ 99.99 

% purity 

Sigma Aldrich 

Potassium Sulphate 

K2SO4 

MW= 174.26 g mol-1 

99.99 % purity 

Sigma Aldrich 

Sodium Chloride 

NaCl 

MW=58.44 g mol-1 

≥ 98 % purity 

Sigma Aldrich 

Ammonium Solution 
NH3 

MW=17.037 N in MeOH 
Sigma Aldrich 

Copper Nitrate 

Cu(NO3)2 · xH2O 

MW =187.56 g mol-1 

≥ 99.99 % purity 

Sigma Aldrich 

NIR797 isothiocyanate 

C45H50N3NaO6S4 

MW 880.14 g 

≥70% (coupling to amines) 

Sigma Aldrich 

NQ Campbell Group 
University of 

Edinburgh 
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