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Abstract  
 

The field of ‘plasmonics’ has gained a lot of attention recently.  This is because plasmonic phenomena 

can be used in a wide variety of modern devices, including biosensors, intracellular probes, spectrally-

selective coatings, hyperthermal medical treatments, new kinds of photonic devices, nano-optics, 

scanning microscopy and optical cloaking. One issue with plasmonics, however, is that the metallic 

materials currently used cause high losses due to conversion of light to heat. The aim of my project was 

to discover ways to minimize optical losses in materials and nanostructures used for plasmonics. My 

search for better materials extended over the pure elements, intermetallic alloys and conventional alloys 

systems. The most promising example from each of these material types was selected for further 

examination on the basis of their having a low optical loss over some region of the visible spectrum. 

The representatives were Ag for the pure elements, PtAl2 for the intermetallic compounds, and -

(Cu,Al) for the metallic alloys. 

 

Silver is considered as one of the most desirable materials for plasmonic devices as it has low loss (low 

2) across the visible spectrum. Unfortunately, silver nanostructures oxidize or corrode in air. My project 

started with a study of silver nanotriangles which I synthesized using ‘wet chemical’ techniques. The 

aim of this part of the project was to discover how fast the silver nanoparticles oxidized and whether 

some means of preventing the oxidation could be found. I used scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), atomic force microscopy (AFM) and UV-visible 

spectroscopy to characterize my samples. Unfortunately, while the silver nanotriangles colloids were 

stable in a sealed bottle for several months, they oxidized within a few days once removed. I did not 

find a way to prevent this.  I did find that silver nanotriangles are able to self-assemble into complex 

structures that include tip-to-tip or base-to-base, or double- and triple-decker sandwich configurations. 

The optical properties of these interesting arrangements were explored through computer simulations 

based on the discrete dipole approximation (DDA). The effect of aspect ratio, gap size and substrate 

were considered.  

 

It has been predicted in the recent literature that the brassy-yellow PtAl2 intermetallic compound should 

be capable of exhibiting reasonably strong localized surface plasmon resonances. In this part of my 

project I investigated ways to fabricate PtAl2 nanoparticles to test this claim. Ordered arrays of PtAl2 

semi-shells were created using magnetron sputtering by co-depositing Al and Pt onto a template of 
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monodisperse spherical polystyrene particles of 300 nm diameter. Deposition was carried out at an acute 

angle to the substrate so that the resulting semi-shells could be subsequently separated. I examined the 

resulting material using X-ray diffraction and scanning electron microscope microscopy and the optical 

properties were probed by measurement of reflection and transmission spectra. I also performed optical 

simulations based on the DDA. The results showed that the measured properties were consistent with 

the occurrence of a localized surface plasmon resonance, which proved that PtAl2 could be used in 

plasmonic applications. 

 

Finally, I considered the example of a metallic alloy, in this case between Cu and Al. The high electron 

density of Al (three electrons per atom) was expected to be beneficial because addition of Al to Cu 

would increase the electron-to-atom ratio of the alloy. This would influence the electronic structure and 

subsequently the dielectric function and Fermi level. Techniques used included ellipsometry, 

spectrometry, XRD and SEM. Very good results were obtained for an alloy of Cu with 15 at% Al. I 

also looked at the effect of crystal structure by comparing γ Cu-Al phase in the metastable and stable 

states. Samples were deposited at room temperature by magnetron sputtering onto a glass substrate 

(metastable) then annealed at 500°C for 20 minutes (stable). There was a surprisingly big change in 

optical properties on going from the metastable to stable states, and a region of very low loss was 

identified in the spectrum. 

 

Overall, the work has proved very successful. While a means to suppress oxidation of Ag was not found, 

three promising new materials (PtAl2, Cu-15 at.% Al, and Cu-Al -phase) were identified for future 

plasmonic applications.  
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1.1 The materials selection problem in plasmonics 
 

This thesis is dedicated to finding better materials for plasmonic applications. So far gold and 

silver are the most popular choices but neither is ideal. Gold is corrosion resistant but expensive, 

and also has the problem that its plasmonic activity extends only from the middle of the visible 

(green) into the infrared. This arises from the fact that its interband transitions lie within the 

visible part of the spectrum. Silver is cheaper and, when freshly manufactured, has better optical 

properties than gold, but silver is prone to oxidation or corrosion. Copper is also a possible 

selection but is normally disregarded due to its poor oxidation resistance (even worse than Ag) 

and the relatively high loss in its dielectric function. However, these flaws can be modified with 

certain methods to be discussed in the following chapters. 

In order to understand the problem, it is necessary to say just a few words here about the field 

of ‘plasmonics’. More detail will be presented later in the thesis. Plasmonics is generally 

associated with guiding, localizing and modifying light at size scales below the diffractive limit. 

Essentially plasmonics takes place on a size scale going from two or three hundred nanometers 

down to a few tens of nanometers [1, 2]. Plasmonics necessarily involves a metal or at least an 

electric conductor because a surface plasmon is a collective and coupled oscillation between a 

photon and free-moving charge in a solid.  There are two main kinds of surface plasmon : the 

surface plasmon polariton (SPP) which propagates along a surface, and the localized surface 

plasmon resonance (LSPR) which is a standing wave in a nanoparticle [3, 4]. In either type of 

plasmon, the electric field of the light (E0) couples with negatively charged electrons in the 

conduction band of the metal and forces them to oscillate together. Resonances in this oscillation 

occur at a particular frequencies [5] and their occurrence depends primarily on the shape and 

size of the nanostructures, and on what material it is made out of.  Generally LSPRs only occur 

in structures smaller than the wavelength of the light that excites them, however, SPPs only 

require the presence of an interface between metal and air and may extend over several 

wavelengths in length. 

There are now several journals (including Plasmonics, Nature Photonics, ACS Photonics and 

the Journal of Nanophotonics) that address the topic of plasmonic intensively, while many 

articles also appear in Nature and Science [6-10]. Plasmonics is considered a growing and 

exciting field. It is a good time, therefore, to re-examine the material selection options in order 

to see whether any improvements can be made. 
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1.2 Plasmonics in nanoscience and nanotechnology 
 

In classic optics, the capability to focus or confine light is restricted to volumes no smaller than 

about half the wavelength of the light [6]. By contrast, surface plasmon modes are principally 

regulated by the scale of the plasmonic structure. Suitable nanostructures can thus focus and 

lead light down to the nanometer size scales. By modifying the scale, geometric form and the 

environment of a metal nanostructure, light can be influenced in numerous unique ways [9, 10]. 

The field has been boosted recently by advances in the fabrication of metal nanostructures. 

These have introduced new ways to precisely manipulate light and have opened up new 

applications [11].  

Surface plasmons have been known since the work by Michael Faraday in 1857 [11]. However, 

their relation with nanoscale science was not much researched prior to about 1990 [13]. The 

topic of ‘plasmonics’ is considered to fall under the field of nanotechnology since nanostructures 

are applied as a major component to focus, lead and manipulate the light.  Research into 

plasmonics is a rapidly escalating topic in the field of nanoscience. It is characterized by 

sophisticated and complex models, theories, and new techniques to comprehend the relation 

between a metal nanostructure and light [6, 14]. Whereas much of the field of nanotechnology 

is involved with electron confinement [15], electron tunnelling [16], ballistic transport [17], and 

super-paramagnetism [18], plasmonics is directed at control of light, in particular the coupling 

between an electromagnetic wave and the mobile charges within the metal nanostructure to 

create a surface plasmon. In the absence of light, these nanostructures are inert. Importantly, 

plasmonics can be applied in a various range of sizes from tens to hundreds of nanometers and, 

furthermore, can be linked to size scales of micrometers by SPPs. 

1.3 Structure of this thesis 
This project is motivated by the aim of finding materials with improved plasmonic response. I 

considered the most promising example each from the classes of (i) single metallic elements, 

(ii) intermetallic compounds, and (iii) alloys. Several parameters were studied including 

dielectric functions, strength of plasmon resonances, the wavelength at which resonances occur, 

and the effect of geometry.  

Much of the background information is collected in Chapter 2, which is the literature review 

chapter. Here will be found a description of the various optical parameters and preparation 

methods of nanostructures. Particular attention is paid to silver as a single metal, the 

intermetallic compound PtAl2, and to Al-Cu binary alloys. This is because these were the 

examples that I focused on. 
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Chapter 3 contains a description of the generic methodology used for all the materials studied. 

This thesis may be unusual because the methods used ranged from wet chemistry (silver) to 

physical vapour deposition (PtAl2 and Cu-Al alloys). Nevertheless, the aspect that unites the 

work is the study of the plasmonic properties of the different materials.  A wide range of 

characterisation tests were performed on the resulting nanoparticles and thin films. The optical 

properties were explored by both experimental measurements and computer simulations. To 

make it easier to read, however, I have also included specific details of experimental details in 

the results chapters (Chapters 4, 5 and 6) so that this information can be close to where it is most 

needed. 

Chapter 4 of this thesis contains my work on the synthesis of Ag nanotriangles. As mentioned, 

these have excellent optical properties when freshly prepared but suffer from corrosion or 

oxidation later [19]. My first hypothesis was that the life of these particles could be prolonged 

by protecting their surfaces with some chemical coating. This would enable the excellent 

plasmonic properties of Ag to be retained in devices over protracted periods of time and thereby 

help meet my overall aim of minimizing optical losses in materials and nanostructures used for 

plasmonics.  Accordingly, my first aim in this study was to synthesize silver nanotriangles and 

then discover a means to chemically passivate their surfaces. In order to achieve this, I had to 

develop a synthetic method to prepare a suitable nanoparticle, then design and test methods of 

applying monolayers of suitable organic or inorganic compounds to passivate it.  

The second hypothesis was that new and interesting multipolar plasmon resonances could be 

gained by allowing the silver nanotriangles to self-assemble into complex configurations. In 

particular, a “nano-sandwich” and “nano-dimer” structure should provide new and interesting 

resonances. The results of this part of my project are also presented in Chapter 4.  

The third hypothesis was that an improvement over a pure element (for the purposes of  

minimizing optical losses in plasmonics) could be found in an intermetallic compound or a solid-

solution alloy. Prior work indicated that the yellow compound PtAl2 was a good option [20], 

and Chapter 5 is devoted to this topic. This compound cannot be prepared by wet chemical 

methods so I explored the use of magnetron sputtering to make a nanoparticle. Fortunately, 

semishells made by depositing onto a spherical template are known to display LSPRs [21]. 

Therefore, at this stage, my main aim was to find an appropriate set of conditions to form a layer 

of semishells of PtAl2, and then to test the optical properties of the shapes. I compared the results 

of my experiments with the results of computer simulations. 

Finally, in the last section of my project, which is presented in Chapter 6, I study the effect on 

the optical properties of adding aluminium to copper, both to the Cu-rich α phase, and in the 

form of the γ phase in the Al-Cu phase diagram. Since Al has three ‘free’ electrons to the one 
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of Cu, the electron density of free electrons increases as Al is added to Cu. My hypothesis was 

that this would improve the dielectric function from the point of view of a plasmonic application. 

This could provide another way to minimize the optical losses in plasmonic devices. In this 

chapter I combine a combination of experimental measurements and computer simulations, as 

before.  

Finally, the overall results of the thesis are summarized in Chapter 7. 
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2 Literature Review 

  



 

7 

2.1 Overview 
 

The field of plasmonics is currently attracting a lot of scientific and technological attention.  

This is due to many potential applications of plasmonic devices in metamaterials, spectrally-

selective coatings [12], medical devices for diagnostic applications [13], biological research for 

transduction of intracellular phenomena [14], chemical and biological analytical sensors, 

optoelectronic chips, electromagnetic waveguide devices [8, 15], nanoscale optical devices, 

surface-enhanced Raman spectroscopy (SERS) [16], single molecule detection, metal enhanced 

fluorescence, enhancement of nonlinear optical effects, light guiding [17], and even cancer-

treatment [15].  

In particular, noble metal nanoparticles have attractive localized surface plasmon resonances 

(LSPR). In a LSPR, incident light causes the excitation of a collective electron oscillation 

through the surface of a nanoparticle. This generates localized optical enhancement and, for 

sufficiently large particles, significant photon scattering, both at a particular wavelength [18-

23]. LSPRs for noble metal nanoparticles with size ˂ 500 nm, appear in the visible and IR 

regions and can be measured by UV-visible and IR extinction spectroscopy [24]. 

In general, excitation and propagation of strong plasmon resonances require that the material 

possesses quite particular dielectric properties. Specifically, if the dielectric function is 

expressed by: 

Where  is the complex dielectric function and  the frequency of the incident light, then 

excitation of a LSPR of a sphere or another nanoparticle requires that 1  -2. The lowest 

practical value of 2 is desired for a strong high resonance but the sharpness of the resonance 

peak also depends on
d
d 1 , which should be as steep as possible. The real component, 1( ), of 

the dielectric function controls the wavelength of light at which the plasmon resonance occurs. 

The shape of nanoparticles can modify this wavelength while the imaginary component, 2( ), 

can specifically control the "loss" of a plasmon resonance. So high values of 2( ) cause the 

dissipation of incident photon energy and generation of heat and hence a lossier and weaker 

plasmon. Although such "plasmonic heating" can be exploited in technological applications 

[25], it is undesirable for many other kinds of applications, for example for fabrication of meta-

materials that must be operated in the visible or near infrared part of the spectrum. 

 

  (Equation 2-1) 
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2.2 Index of refraction and dielectric function 
 

The complex refractive index m is an alternative to the dielectric function as a way to express 

the optical properties of a material. The simple (real) refractive index n of a non-absorptive 

optical medium is given by n=c/υ, where υ is the velocity of light inside the medium while c is 

the velocity of light in vacuum. However, the refractive index for a lossy material is more 

correctly characterized by m=n+ik, where m is the complex refractive index, k is the extinction 

coefficient and n is the refractive index as before. (The velocity ratio n=c/υ does not apply in 

the complex case.) 

One reason that refractive index is convenient is that the reflectance of a surface of some 

material is a function of incident angle and polarization of the light, complex refractive index 

and surface roughness. In terms of refractive index and normally incident light the relationship 

is: 

This expression may be used to obtain n and k by fitting the function to measured data (R) of 

reflectance from a smooth surface at normal incidence [34] but some additional data, such as 

transmittance, or reflectance at angles other than normal incidence is also required. The 

refractive index, n is also dependent on relative permittivity via the function n=(ε μr)1/2, if ε is 

the static dielectric constant or relative permittivity while the magnetic permeability is given by 

μr.. This calculation can connect the dielectric characteristics of the material to optical properties. 

In a lossy, nonmagnetic material where μr =1, the relationships 

and  

or  

and 

are used to translate between the two properties. 

  (Equation 2-2) 

  (Equation 2-3) 

  (Equation 2-4) 

  (Equation 2-5) 

  (Equation 2-6) 
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Once the macroscopic optical property of a material is characterized by n & k or 1 & 2 then 

one can deduce some atomic properties including electronic polarizability, αe. This can be 

achieved by a model based on a single oscillator, wherein the electric field of the incident 

electromagnetic wave excites dipole oscillations with a single resonant frequency ω0:  

           (Equation 2-7) 

 

and 

where Nat presents the amount of atoms for each unit volume, the permittivity of free space is 

shown by ε0, and real and imaginary parts of the electronic polarizability is given by and 

with these equation: 

and 

[26-28]. and αeo is the DC polarizability; ω0 and γ as the loss coefficient describe the weakening 

of electromagnetic wave into the material [34]. 

2.2.1 The Drude model 

The electrons in the conduction band of a metal are called free electrons. They have little 

dependency on the atomic nuclei and very little transition energy. Paul Drude created a model 

at the beginning of 20th century to describe the classical movement of these electrons in 

conductors. It models the collision between free electrons and a group of inactive ionic cores 

and thereby provides an estimate of metal conductivity. In practice, however, oscillations 

generated under an external electric field could cause transitions of the electrons to higher 

energy bands and so cause losses. These are known as interband transitions. Nevertheless, Drude 

theory describes the interaction of conduction electrons with an electromagnetic field quite well 

especially at longer wavelengths than the visible. This theory introduced the conduction 

 

  (Equation 2-8) 

  (Equation 2-9) 

  (Equation 2-10) 
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electrons as a three-dimensional free electron gas. Quantitatively, the Drude model explained 

the permittivity of material because of its conduction electrons by: 

where ωp is plasma frequency, obtained according to density and mass of the electrons, is: 

where N is the free carriers density while m* is an effective optical mass of free carrier. The 

phenomenological scattering time (τ) can swap with scattering rate (γ).  

In the range of visible and NIR spectra when : 

In the resonance condition when ε1 = -2εm, the LSPR maximum frequency (ωmax) is provided 

by: 

Considering λ = 2πc/ω, and the relation of dielectric constant to index of refraction is εm = n2, 

the peak wavelength is also described by; 

where λp is the wavelength in plasma frequency of the bulk metal, and  will be the 

maximum LSPR wavelength. So, at optical frequency, the LSPR maximum wavelength and the 

refractive index have a linear relationship [29, 30]. 

2.2.2 The Lorentz oscillator 

As mentioned, Drude proposed a model that assumed free electrons in a material and dipolar 

oscillations. In the ultraviolet and violet area, one absorption band existed in the reflection 

spectra which could not be given by the Drude model. So to account for this, Lorentz suggested 

that electrons could be bounded to some extent to their nuclei.  

  (Equation 2-11) 

  (Equation 2-12)

  (Equation 2-13) 

  (Equation 2-14) 

  (Equation 2-15) 
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The Drude-Lorentz model has broad applications for modelling the optical properties of metals. 

The dielectric function is generally calculated by the sum of the Drude free carrier term, one or 

more Lorentz oscillators and background influences: 

εbackground is used to cover the influence of dielectric effects far away from the simulated spectral 

region. The Drude model represents the dielectric function over the low energy area from the 

top of the visible range towards the infrared. ωp indicates the plasma frequency and γ is the 

damping coefficient which is related to relaxation time, τ=γ-1. The third section of the equation 

is the sum of one or more Lorentz oscillating modes. Ck represents the amplitude of oscillator 

K, the width of oscillator is expressed by ωτ,k and the center energy by ωk [31].  

If the reflecting sample is optically isotropic and uniform throughout the thickness and surface, 

displays a defined interface to the ambient, and is atomically flat, then the dielectric function 

(or refractive index) can be obtained from obtained from ellipsometric measurements (to be 

discussed later). 

2.2.3 Other models for optical properties 

Several empirical models are used to provide the variation of refractive index n of material with 

wavelength. This variation is known as dispersion and it has a significant importance in 

designing photonic devices like waveguides. In the Cauchy equation, the dispersion relationship 

generally is expressed by: 

In this function A, B and C are considered constants which are defined by the fitting of curves, 

n expresses the refractive index and the wavelength is shown by λ. This equation can usually be 

applied in the visible area for different optical glasses. Similar to the Cauchy model, the Sellmier 

function is an empirical equation that includes a group of lossless single dipole Lorentz 

oscillations, with the similar wavelength dependency (λ 2/ (λ2- λ i
2) and various strengths: 

[32]. Once again, the Sellmier coefficients like Ai and λi, and i =1, 2, 3 … are calculated by curve 

fitting. Every resonance type or oscillator term can be added to provide a broad wavelength 

dependence which can be used for this model, so this dispersion relationship can be applied in 

many situations [34]. 

ε = εbackground -   (Equation 2-16) 

  (Equation 2-17) 

 (Equation 2-18) 
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2.2.4 Reflectometry and Ellipsometry 

Reflectometry and ellipsometry are two techniques that are often used to measure the interaction 

of light with a material. In reflectometry, the intensity of reflection from the surface of material 

is measured as a function of wavelength, while in ellipsometry the fine detail of intensity and 

polarization of light reflected at various angles from a surface is analysed. Reflectometry was 

already used by Sir Isaac Newton but convenient industrial instruments only became available 

at the end of 1970s [33]. The original ellipsometry was first performed more than century ago 

by Paul Drude (1887) but the method was not broadly employed because of the greater 

popularity and simplicity of reflectometry. The fast revolution of the computer industry since 

1990’s changed this because it enabled the complex data analysis associated with ellipsometry 

to be easily done [34, 35]. For instance, in 2000 there were more than 600 scientific papers 

published with the word ‘ellipsometry’ in the title in comparison with less than 100 in 1994. 

Spectroscopic ellipsometry (SE) can distinguish interband transitions and yield bandgap data in 

the range of ultraviolet and visible spectra. Since bandgap structure is influenced by the 

temperature of the surface, phase structure, composition of alloy and grain size, some 

information of these properties can be gained by characterization of optical constants. SE is also 

an accurate technique to determine the optical constants and film thicknesses with a sensitivity 

of around 0.1 Å. Moreover, SE is a quick, non-destructive method. However, ellipsometry 

measures the polarization not the intensity so it has lower sensitivity than other approaches. No 

vacuum is needed though [33, 34]. 

Different phase and amplitude reflection coefficients for p- and s-polarizations are obtained for 

a range of input wavelengths and angles. Ellipsometry measures the two parameters (ψ, Δ) 

which represent the amplitude ratio and phase changes within p- and s-polarizations respectively 

at one wavelength. The changes in light reflection with p- and s-polarizations are related to the 

differences in polarization state when the reflecting sample is optically isotropic and uniform 

throughout the thickness and surface. The sample’s n and k can be obtained from Ψ and Δ. In 

general, Ψ and Δ, and hence n and k, will be a function of wavelength.  

Data analysis is managed according to three stages: an optical model is selected for each layer, 

then it is populated with a starting dielectric function, and finally the model is iteratively 

optimized so that it reproduces the measured parameters like (ψ, Δ) and reflectometry. The 

fitting error is minimised by modification and optimization of the analytical parameters in the 
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corresponding optical model. Therefore, the optical constants can be revealed. The fitting error 

can be calculated by: 

The number of measured factors of ψ, Δ is shown by N and total real fitted amounts are indicated 

by M. Obviously, a good fit will result in a low value of MSE (small mean square error) [36]. 

 

2.3 Localized surface plasmon resonances 

2.3.1 Discrete dipole approximation 

Analytical solutions for the optical properties of spherical nanostructures have been available 

for over a century. However, over the last three decades, some computational methods have 

become available for determining the particular properties of nanoparticles with arbitrary 

shapes. These methods include the discrete dipole approximation (DDA), finite difference time 

domain method (FDTD) and the modified long wavelength approximation (MLWA).  

The DDSCAT software of Draine and Flatau is a numerical simulation for calculation of light 

scattering and absorption by nanoparticles with arbitrary shapes [37]. The basic approach of 

DDA is the simulation of nanostructures as a cubic lattice of N polarizable point dipoles and the 

response of this array of dipoles to an incident field are then determined numerically. The 

DDSCAT program has generally been found to give accurate results [38], provided that a 

sufficiently large number of closely spaced dipoles used. The inter-dipole separation d must be 

selected to be much smaller than any structural dimensions and the wavelength of light λ. The 

standard parameter is represented as ǀmǀkd˂ 1, where m is the complex refractive index of the 

target and k =2 /λ where λ is the symbol of the wavelength in vacuum [39-41]. 

A great advantage of the numerical methods is their ability to predict complex resonance modes 

of higher order than the dipolar ones. In general, small particles show dipolar resonance modes 

while big particles may additionally show higher order plasmon modes such as quadrupolar 

modes. DDSCAT provides the extinction efficiency Qext, absorption efficiency Qabs and 

scattering efficiency Qsca. These can be converted to geometric cross-sections by Qabs= Cabs/A 

where A= a2
eff and aeff is the effective radius which is calculated through effective volume [42]. 

Cext and Cabs (scattering cross-sections) are calculated by using the optical theorem Csca= Cext – 

Cabs [10]. Unlike most other techniques for doing electromagnetic calculations which have to 

MSE=   (Equation 2-19) 
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use a Drude-type dielectric function for describing the material, DDSCAT is able to do the 

calculation using a simple table of dielectric values. These tables can be extracted from the 

literature or measured experimentally [43].  

2.3.2 Quality factor 

It is helpful to consider what optical properties are needed to get a strong localized surface 

plasmon resonance. The quasistatic approximation, in which the wavelength of light is much 

larger than the features of the plasmonic particle, provides a simplified method. In this case, the 

localized surface plasmon and dielectric function have a linear relationship: 

Or, equivalently 

By use of the Drude model, the maximum quality factor will be [44]: 

The ratio of plasma frequency to damping ( ) is an important parameter in this regard. 

The wavelength at peak of extinction is related to the particle size, interparticle spacing, and 

dielectric properties of component, substrate and surrounding environment. Moreover, the shape 

of plasmonic nanoparticles has a major role in determining their optical properties. Formation 

of spherical nanoparticles is easy but their resonances are located in a relatively fixed range of 

wavelengths. To overcome this limitation, non-spherical particles may be considered, such as 

rods, cubes, wires, disks and prisms. Miller’s theory [45] expresses the extinction of a metallic 

sphere. This relation is the sum of the absorption and Rayleigh scattering given by:  

NA is the actual density, a is the radius of nano-spheres, εm as the dielectric constant of the 

medium nearby the nanoparticles, λ as the wavelength of the absorbing radiation, χ is shape 

  (Equation 2-20) 

  (Equation 2-21) 

  (Equation 2-22) 

  (Equation 2-23) 



 

15 

factor of metallic nanostructures, and εi and εr are as the imaginary and real amounts of the 

dielectric function. Dipole resonance occurs when 

n is the refractive index of the surrounding medium. Miller provided an approximate estimate 

analytical expression for sensitivity Δλmax/Δn of the wavelength to the refractive index of the 

medium: 

In plasmon resonance, Δεr /Δn is the ratio of real dielectric constant to refractive index with the 

slope of (Δεr /Δλ)λmax according to the changes of wavelength. Therefore, εr, shape factor χ of 

the nanoplate and the resonance condition are nearly related to wavelength, so the LSPR 

maximum peak and LSPR sensitivity of the nanoplate can be calculated by (Equation 2-25). 

Shape factors varying from 2 (spheres) up to larger than 17 (rods or plates) have been described. 

For triangular silver nanoparticles, the shape factor is influenced by aspect ratio with maximum 

aspect ratios of around 20 having been reported [46]. For water-based solutions the bulk linear 

refractive index sensitivity can be extracted by: 

This expression indicates the linear relation of sensitivity to shape factor χ, obtained from aspect 

ratio [46]. 

Besides aspect ratio, the sharpness of the corners or edges of the nanoparticle is also important. 

Mock et al., studied how the optical properties of silver nanoparticles with various shapes like 

spheres, triangles and rods with similar volume was affected by their structure [47]. The LSPR 

position of nanotriangles is dependent on the corner sharpness, edge length and aspect ratio. 

Sharp tips, large aspect ratio and large edge length shift resonances to longer wavelengths. 

Particles with sharp corners like triangles and bipyramids displayed particularly high refractive 

index sensitivities [48, 49].  

εr = χn2  (Equation 2-24) 

=   (Equation 2-25) 

max  (Equation 2-26) 
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Figure 2-1: Typical optical measurement for different shapes, reproduced from reference [47]. 

 

2.4 Materials for plasmonic applications 
 

Optical loss in the visible and infrared range of a noble metal is caused by electron transitions 

from occupied d states and to unoccupied sp hybrid states above the Femi level [50]. So for a 

high quality plasmonic material, the proportion of electrons undergoing interband transitions 

should be limited and these transitions should occur at the highest possible frequencies [44]. 

This requirement dramatically decreases the number of possible materials with suitable optical 

properties. By these criteria all materials which have partially filled d or f states are likely to be 

unsuitable in the visible range because of interband transitions. Blaber et al. (Figure 2-2) used 

literature data for the elements to generate a table of maximum amounts of QLSP and their related 

frequencies. In this analysis the ratio of plasma frequency to damping, nature of interband 

transitions and low (0) were considered.  
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Figure 2-2: Periodic Table of elements coloured according to QLSP. Frequency at which QLSP would be 
greatest is given in eV. Reproduced from Blaber et al.[44]. 

 

For silver, the QLSP is reported experimentally to lie in the range 10 to 100, whereas that of gold 

falls typically in the range 14 to 34 [44] . Both Au and Ag possess strong interband transitions 

which prevents their use in some parts of the spectrum. According to experimental results for 

other metals [42], the alkali metals (especially K) have suitable optical properties but are 

generally impractical. Al is also a candidate, but it has its own limitation including that it only 

works best at very high frequencies. A more detailed discussion and comparison of the materials 

is provided below. 

2.4.1 Silver 

In practice, almost all current applications of LSPRs and propagating surface plasmon polarities 

(SPPs) make use of Au or Ag. Silver has a considerably stronger and sharper plasmon resonance 

than gold, furthermore silver is around 50 times cheaper than gold. The superiority of Ag is 

largely due to the fact that its interband transitions (3.8ev /~330nm) are well separated from 

most of the visible spectrum [46]. At wavelengths in the red visible and NIR however, the 

plasmon resonances of gold are not affected by the interband transitions, and it becomes 

competitive.  

Silver nanoparticles have also attracted considerable attention because of other properties. They 

have high catalytic activity, good third-order optical nonlinearity, and antibacterial capability. 

These facts, combined with their optical properties, have encouraged their use in promising 

applications in various fields such as sensing optical switches, localized surface plasmonic 
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sensors, molecular identification, medical treatment, biological catalysis, detection, sterilization 

and  electronics, bio-labelling, surface enhanced fluorescence (SEF), fabrication of 

nanophotonic devices, superlenses, hyperlenses, water filtration, and anti-microbial coatings 

[51-53]. 

As one example, Ag nanoparticles are quite useful for sensors based on changes in refractive 

index of the medium.  For example, Au spheres with 25-30 nm in radius have a refractive index 

sensitivity of 60 nm/RIU (RIU=refractive index unit) for a plasmon resonance at 530 nm 

whereas for silver, as much as 160 nm/RIU is reported [54]. The difference in refractive index 

sensitivity is the result of the difference in dielectric functions of the two elements. The LSPR 

of a sphere occurs when ε1 = -2εm, but the quality of the resonance requires as low a 2 as 

possible, and Ag is much better than Au in this regard. This results in narrower and stronger 

resonance peaks from Ag nanoparticles [55]. The sensing arises because the position of the 

peaks changes if m changes.  This phenomenon provides a useful and practical sensing device. 

A disadvantage of silver is that it is not inert in biological environments. Silver ions display 

antibacterial behaviour so must be applied carefully. In addition, silver oxidizes or tarnishes 

under normal atmospheric conditions[25]. 

2.4.2 Aluminium 

Al is commonly employed in modern microelectronic production and so it would be readily 

accepted by industry in plasmonic devices. However, aluminium is not generally considered as 

a useful plasmonic material because its interband transition causes high losses in the visible 

wavelength area even though ε1 has the desired negative values. In the blue and UV region, 

however, aluminium actually has better plasmonic properties than either gold or silver. For 

practical reasons, materials used in sensors should be highly resistant to oxidation and corrosion 

under ambient conditions. Unfortunately, aluminium is easily and quickly oxidized to 

aluminium oxide in the air with the oxide thickness of around 2.5 to 3 nm [56, 57]. 

2.4.3 Alkali metals 

On the other hand, a few elements like lithium, potassium and sodium possess very suitable 

dielectric functions for obtaining plasmon resonances in the range of the visible spectrum [58]; 

however, the high chemical reactivity and oxidation rate of these materials makes their use 

generally impractical. 
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2.4.4 Intermetallic compounds for plasmonic applications 

The sensitivity of elements like silver, lithium, potassium and sodium to oxidation, and the high 

cost of gold, has encouraged research to find other materials suitable for plasmonics. 

Alternatives may include  copper alloys [59, 60], VO2 compounds [61] or the intermetallic 

compounds AuAl2 and PtAl2 [62]. Calculations have suggested that alkali-noble intermetallic 

compounds could be candidates for low loss behaviour [44] but they are unlikely to have good 

oxidation resistance. (Intermetallic compounds are new phases formed by a combination of two 

or more metallic elements. They have crystal structure and physical properties that are distinct 

from those of their ingredients.)  

Intermetallic compounds can be produced by a variety of methods in bulk and thin film forms. 

These include conventional casting; vacuum arc melting, chemical vapour deposition (CVD) 

and physical vapour deposition (PVD). The thin film form is often more beneficial than bulk 

samples because of low material consumption and convenient manufacture. Thin films are 

applied in a broad range of applications like optical coatings, instrument hard coatings, solar 

cells, sensors, various catalysts and magnetic materials [63-67].  

Pt forms an intermetallic compound with the cF12 (CaF2) structure with Al. This compound, 

PtAl2,  is gold or yellow coloured, which is ascribed to interband transitions [68, 69]. It has 

attracted consideration for jewellery, as a corrosion or oxidation resistant coating for jet engine 

turbine blades, and a possible material for plasmonic devices [62, 70, 71]. Pt and Au are next to 

each other in the Periodic Table and their intermetallic compounds share similar properties and 

there is a related compound AuAl2.  

As illustrated in Figure 2-3, PtAl2 is found in only a very narrow area in the Pt-Al phase diagram, 

so it is necessary to apply sophisticated techniques to prepare pure samples. Supansomboon et 

al. demonstrated how physical vapour deposition could be used to produce PtAl2 thin films with 

accurate composition [72, 73]. 
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Figure 2-3: Phase diagram of Pt-Al, reproduced from [74]. 

2.4.5 Cu-Al as a possible material for plasmonics 

Copper has the second position in rankings of conductivity compared with other metals (after 

silver), so it also seems likely to have suitable optical properties for plasmonics [75, 76]. On the 

basis of cost, copper would be a good choice to use instead of silver and gold as a plasmonic 

material if its performance was reasonable. However, copper is far less commonly used since 

its corrosion resistance is inferior to those of Au or Ag.  However, there are ways in which the 

corrosion resistance of Cu can be improved. These involve proper functionalization of the 

surface of the Cu [29],  ion implantation [30], making of surface silicides [77], use of organic 

inhibitors [78], bilayer structures annealing [30, 79], or alloying with a second element such as 

aluminium which improves the oxidation/corrosion resistance [80].  In the present thesis I 

considered Cu-Al alloys. Al and Cu have several basic benefits such as being plentiful, easy to 

access and cheap. 

The optical properties of Cu and (Cu,Al) alloy (copper based) compounds have been quite 

broadly investigated in the past [27, 28, 30, 32, 81-84]. Metallic copper has a unique colour 

caused by an absorption/reflection edge at about 2.2 eV (560 nm) [84]. This  phenomenon is 

caused by the characteristic energies of the electronic transitions from the top of Cu’s d-band to 
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the half-filled 4s band at the Fermi level [30], so photons with energies larger than about 2 eV 

are absorbed but lower energy photons are reflected. 

Since the density-of-states of optically-active electrons controls the optical behaviour of a metal 

[85], it follows that the dielectric function can be modified by varying the electron density. Cu 

is considered to contain a single valence electron with a free electron density of 8.47×1028 

electrons per m3 and this can be increased by alloying with an electron-rich element such as Cd, 

Al or Zn [86], and the dielectric function will be expected to change as a result. Consequently, 

the energy of the interband transitions may be shifted away from that of the LSPR. 

Unfortunately, Cu-Al intermetallic compounds have poor corrosion resistance and are hard and 

brittle [87]. Therefore the Al content of Cu-Al alloys is generally limited in practice so that only 

alpha phase is formed and any type of intermetallic precipitate is avoided [87].  

Several studies have been undertaken in the past on the optical properties of Cu-Al binary alloys 

[30, 81, 82, 88] or on compositional modulation analysis of Al in Cu-based alloys [89].  

Aluminium on its own has a strong interband transition at about 1.5eV [90] but is otherwise a 

Drude-like metal [91]. Therefore, at appropriate wavelengths, Al nanoparticles can provide 

reasonably long-lived LSPRs with high optical extinction cross-sections. Past studies by Nastasi 

[92], Hummel [93, 94] and Bansil et al.[95] revealed that, by increasing the aluminium 

concentration, the d bands in Cu-Al alloys are gradually increased in energy whereas the s bands 

are decreased.  

2.5 Methods of synthesis and fabrication 

2.5.1 Synthesis of silver nanoparticles 

Currently, a variety of synthesis techniques have been investigated for preparation of silver 

nanoparticles. The chemical methods include citrate reduction [96], polyol process [97, 98] 

hydrothermal methods [99-107] such as reduction of silver ions in the presence of  PVP with 

ethylene glycol or N-dimethylformamide (DMF) at higher temperature [108], light-mediated 

synthesis [40, 109-115] like laser deposition, γ-ray irradiation, electron beam irradiation, 

template-directed growth [116-118], and nanosphere lithography. According to literature, it can 

be inferred that almost any chemical reduction with an appropriate surfactant is suitable 

provided that the resulting size distribution can be controlled.  

Photomediated growth as a novel method was introduced first by Jin’s group in 2001 [40] and 

was one of the early efficient routes to fabricate triangular nanoprisms. In this method silver 

nanospheres are transformed into triangular nanoprisms under light illumination. The 
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photochemical process includes two main steps: firstly, oxidative dissolution of small nano-

spheres and then photocatalytic reduction of silver ions by citrate on the surface of particle. 

Typically, the small-sized nanospheres are produced by reduction of silver nitrate (AgNO3) with 

sodium borohydride (NaBH4) and then, they are transformed to triangular nanoprisms by light. 

Only small seeds with low redox potential could be changed in this way, not the large ones [40]. 

So the original photochemical route has been replaced by new methods like thermal and 

chemical syntheses [111, 119]. Several studies have documented that the process of growing 

well-formed anisotropic crystals like triangles is slow; however, it is easy to monitor the process 

using time-resolved UV-vis spectra [120, 121]. 

The details of what is happening during the growth process are not well understood. Somehow 

intermediates known as “aggregates” are believed to be involved [79, 122-124]. Zou et al [124] 

assumed that, after prolonged irradiation, nanoparticles would merge and create the irregular 

aggregates. Unstable nanoparticles would be etched with dissolved oxygen especially at their 

tips [124]. A LSPR might also play a role during light-induced growth: dipole plasmon 

excitation could provide ultrafast charge separation on the surface of nanoparticles, which could 

cause face-selective Ag+ reduction or bonding of ligands to particular crystal plane; thereby 

forming anisotropic structures [112, 125]. Excitation of silver nanoparticles with incident light 

would produce hot electrons on the surfaces of the particles which could be transmitted to free 

orbitals of any adsorbed Ag+ by [112]: 

The oxidation of adsorbed citrate would provide electrons to fill the hot holes, but the resulting 

compound is not stable and would proceed down the pathway dicarboxylates to acetyl acidic 

acid and acetone.  

Silver nanoparticles would keep the liberated electrons, so the zeta potential of the particles 

would become more negative in comparison with those in a non-irradiated reaction. 

Electrons from the mineralization of the citrate would also become available to reduce Ag+ to 

metallic silver [126]. Therefore, it seems possible that citrate molecules play a major role in the 

reaction process, acting both as capping ligands for the silver particles and as a photo-reducing 

agent for silver ions [127, 128]. Similarly, Wu and co-workers [129] offered another photo-

conversion synthesis using citrate as a stabilizer for transition of silver seeds to nanodisks based 

on Ostwald ripening. The proposed mechanism includes oxidative etching of reduced silver in 

the presence of oxygen, and then selective reduction of aqueous silver ions onto crystalline disk 

prisms (photo-oxidation of citrate from the plasmon de-phasing on the surfaces). Silver 

e- + Ag+ → Ag   (Equation 2-27) 

Citrate→acetone − 1, 3− dicarboxylate + CO2 + e−  (Equation 2-28) 
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nanoparticles were produced in various sizes and shapes with a variety of reduction times. This 

route could be used to prepare truncated triangular and hexagonal shaped nanoparticles. The 

literature has emphasized the importance of the presence of both dissolved oxygen and citrate 

as reducing agent for successful photoconversion [123, 129]. In another variant mechanism, 

other researchers have suggested an "edge-selective particle fusion" mechanism [115]. In this 

mechanism a bimodal growth process occurs in which four initially formed and small 

nanoprisms join each other to produce big nanoprisms.  

In yet another approach, the hydrothermal route has been used to fabricate non-spherical silver 

nanoparticles like rods, plates, disks and prisms. This synthesis may be advantageous if large-

size particles are desired and it can make use of various choices of solvents including water or 

organic solvents, however, it produces a combination of different shapes such as triangles, 

hexagons and truncated particles.  

There are also schemes in which the reaction is conducted in two stages: for instance, in one 

reduction method silver nitrate is first reduced by different concentrations of NaBH4 at 4°C 

without using any surfactant or capping agent, and then, by increasing temperature to around 

70°C in the presence of citrate, triangular nanoprisms were fabricated. In this case both spherical 

and rod-like shapes were fabricated because of the weak balance between nucleation and growth 

of the nanoparticles [119]. 

Template-directed techniques offer another alternative and have operated by either soft or hard 

templates. The size and shape of the resulting nanostructures is controlled by the template. The 

usual soft templates are micelles and reverse micelles (often as microemulsions). However, this 

technique still has some issues, for instance the resulting nanostructures are mostly 

polycrystalline and some impurities and defects suspended in the microemulsions can create 

undesired anisotropic shapes. Additionally, controlling the coherent distribution of shapes of 

nanostructures is still problematic. For example in the soft template technique reported by Chen 

and his group [117], large-sized and truncated triangular nanoplates were generated. The 

truncated nanotriangles were fabricated by seed-mediated growth and reduction of silver ions 

containing ascorbic acid and strong alkaline solution of cetyl trimethyl ammonium bromide 

(CTAB). However, various other morphologies including rods, cubes, tetrahedral, nanospheres 

and truncated triangles were also observed. Moreover, triangles were snipped (truncated in 

shape) and, with aging of the particles at elevated temperature, they could easily be converted 

to disk and spherical shape.  

In contrast, with a hard template with inflexible structure, control of size and shapes is easier 

than with soft templates. However hard templates need to be eliminated after synthesis and, in 

any case, only a limited range of shapes can be produced in this way. Typically, a monolayer 
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colloidal crystal of microspheres of polymer was spun-cast onto a substrate and nanoparticles 

were produced by depositing metal or dielectric through the interstitial holes in the colloidal 

mask. Then, sonication or chemical dissolution was used to separate the polymer spheres from 

the substrate-embedded triangular NPs. This process is well-known as ‘nanosphere lithography’ 

(NSL). Hulteen et al. [130] proposed it as a means to build silver nanoprisms cheaply. This route 

can control the size of products but it has limited applications because of the difficult process of 

releasing the nanoplates from substrate [131]. 

In the polyol process, a polyol like ethylene glycol or 1, 2-propylene glycol, acts as solvent and 

reducing agent. Reductions of silver ions are obtained in combination with a capping agent and 

preheated polyol. However, the polyol process has not been applied widely for nanoprism 

formation and it normally provides nanospheres, nanorods, nanocubes and nanowires. Various 

ratios of PVP:AgNO3 concentration may be used to control the morphologies, nanocubes were 

obtained with AgNO3 = 0.125–0.25 M in the ratio of  [PVP]/[AgNO3] = 1.25 [132] while 

nanorods or nanowires were formed in [AgNO3] = 0.085 M and R=1.25 [133, 134]. 

Nevertheless, Darmanin et al prepared nanoprisms with precise control of component 

concentration in the “modified polyol process”. In this scheme they employed ethylene glycol 

(as hydroxyl reducing group) and PVP and used a microwave to provide a high and quick 

heating procedure [135]. Moreover, Tsuji demonstrated another microwave (MW)-polyol 

means [136] to synthesize non-spherical particles using Pt catalysts and Clˉ anions. In this case 

a combination of spherical particles, cubic, triangular bi-pyramid, plate crystals, five-fold 

twinned-rods and twinned-wires was produced.  

In all cases, the primary step in wet chemical and non-photochemical synthesis of metal 

nanoparticles is the reduction of metal ions by an appropriate reducing agent such as NaBH4, 

citrate, ascorbic acid, hydroxylamine and hydrazine hydrate (N2H4·H2O). The latter reductant, 

for example, was used by Li et al to prepare a combination of spherical and triangular shapes 

[137-139]. 

In summary, solution-phase synthesis is currently the most popular and flexible technique to 

produce silver nanoparticles because it can control the dimensions [140-144], morphology [145, 

146], composition [147-149] and structure [150, 151] of particles. This methodology involves 

the reduction of metal salts in a solution in the presence of a proper stabilizer to manage the 

growth and restrict the aggregation of the NPs. The stabilizers such as ligands, ions, organic 

acids, surfactants or polymers control the growth of NPs by adsorption on the appropriate plane 

exposed on the surface of the particles. Obviously type of reductant, stabilizer, temperature and 

concentration of components also influence the size and morphology of NPs [131]. In general, 

Ag triangles produced by chemical solution synthesis are single crystalline with the face-

centered cubic (FCC) lattice structure. Their single crystal nature distinguishes them from Ag 
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nanoparticles synthesized by other means as these usually have polycrystalline morphology. The 

triangular sides of solution-prepared Ag nano-triangles are usually atomically flat. In 

conclusion, wet chemical synthesis is certainly able to produce silver nanotriangles of well-

defined shape and therefore with strong plasmonic absorption peaks. However, the conditions 

of the synthesis (concentration of reagents and capping agents, time, temperature etc.) must be 

very carefully controlled because of the high sensitivity of nucleation and growth of 

nanoparticles to the synthetic condition [125]. 

As discussed earlier, the intensity of localized surface plasmon resonances is quite sensitive to 

shape, size, interparticle distance, inherent dielectric characteristics and also the local 

environment (solvents, substrates and adsorbents) [152]. Therefore, the absorption spectrum 

will be shifted by changes in these factors. This may be undesired, so the stability of the silver 

particles is an important factor.  

Unfortunately, Ag nanoparticles are susceptible to oxidation or corrosion so their optical 

properties may change over time [153]. In particular, a desired plasmon resonance peak may 

weaken. This may hamper the use of Ag nanoparticles in the medical and antibacterial fields 

[154-158]. The possibility of passivating silver nanoparticles so that they do not oxidize will be 

discussed in chapter 4. 

2.5.2 Deposition of thin films 

Currently there are two main systems for vapour deposition of thin films: physical vapour 

deposition (PVD) and chemical vapour deposition (CVD).  

CVD works by the reaction of activated chemical gases on the surface of the substrate, with the 

reaction causing the deposition of the desired material. One of the main applications of CVD is 

in microelectronic devices, for example for deposition of oxidation barriers and gate oxides. 

Furthermore, CVD coatings may serve as protective coatings in corrosion resistant and 

insulating films. Generally, CVD is good for making uniform solid films. Thus far thermal, 

plasma and laser excitation are considered possible ways to activate the reactants.   
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PVD makes thin films by condensing atomized elements or compounds from the gas phase onto 

the workpiece.  It has two variants: 1) evaporation and 2) sputtering. PVD would usually be 

preferred to CVD because it has a lower range of working temperature, generally uses non-toxic 

materials, and is comparatively simple.  

Evaporation PVD 

In this route, evaporation of atoms from a target is achieved by thermal excitation. The gaseous 

atoms then condense as solid film on the surface of substrate. The thermal excitation is obtained 

by secondary resistive, or electron-beam heating, or by electric arc. The required energy is 

around the 0.1- 0.5 eV/atom range [159]. This comparatively low energy is in turn released in 

the substrate after the ions or atoms impact there.  Rearrangement of the adatoms does not 

typically occur much due to the low energy so the consequent structures are mostly columnar in 

nature. Also, in this method the coating is only deposited on the surfaces which are in line-of-

sight with the source because of the low pressure (~10 -6 Torr) environment. 

Sputtering PVD 

Historically, sputtering was firstly investigated and introduced by W.R. Grove in 1852 by using 

wire as a sputtering material for deposition on a silver plate. Then Edison et al. in 1902 employed 

sputtering to deposit a layer of gold on cylinder [160]. 

In a sputtering system the ejection of atoms or molecules from the room temperature target 

needs a higher energy (1-10 eV). The process of obtaining ejection of metal atoms from the 

targets is significantly different to that in evaporation. Typically, an electric potential over the 

target accelerates the ionized sputtered atoms to energies in the range 5-500 eV. The sputtering 

gas is normally chosen from the set of argon, nitrogen, oxygen, krypton, xenon, helium and 

neon. For example, positively ionized argon (Ar+) is allowed to collide with a negatively biased 

cathode target. Provided that the ion has enough energy it will eject one or more atoms from the 

cathode. The ejected atoms will then deposit elsewhere in the chamber, hopefully on the test 

sample. The high energy of the sputtered metal atoms is then released again in the deposit, in 

other words energetic bombardment of the deposited film occurs.  

Sputtering has several advantages, for instance it can be used to deposit a wide variety of 

materials. In addition, sputtering can be performed onto large substrates and the thickness of 

deposited film is easily controllable. In general, sputtered films are non-porous, but morphology 
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is certainly controlled by pressure and temperature. One major drawback of this approach is the 

low deposition rate of sputtering, but it can be improved by increasing the density or energy of 

the bombarding ions. Finally, sputtering can be used to provide surface cleaning and material 

etching [161]. 

Sputter yield is a measure of the emission rate of atoms from the surface per number of incident 

atoms. A high sputter yield boosts the deposition rate. Sputter yield is reliant on the energy of 

the bombarding ions, composition and bonding of the target elements. Sputter yield is moreover 

affected by factors like the atomic number of the target and angle of incident ions. So sputter 

yield will increase if mass of bombarding ions is higher than the target atoms or incident angle 

enlarges to 60  [162]. 

Sputtering technique 

Several variants of the sputtering technique have been established. For sputtering with metals 

and other electrical conductors, direct current sputtering (DC) is the main process.  Another 

method, radio frequency (rf) sputtering is capable of sputtering the non-conductive solid 

substances as well. In reactive sputtering, a third route, a reactive gas in the chamber reacts with 

the target and the resulting compound forms the thin film. Deposition of titanium nitride is a 

typical example; generally, a pulsed dc power source and reactive sputtering are operated 

together. A significant enhancement to dc sputtering is obtained by the usage of magnets in the 

back of the target. This is the basis of magnetron sputtering. Each of these techniques: dc, rf, 

reactive, pulsed dc, and magnetron are explained further below.  

Direct – current sputtering 

The conductive cathode and ion emission of the anode are basically the crucial factors for dc 

plasma sputtering. The cathode is held at a negative potential voltage relative to the anode, 

which could be the metallic chamber wall. In diode sputtering, also known as cathode sputtering, 

the substrate is placed on an electrically grounded anode, while the cathode, which is the 

required material for deposition, is sputtered in an electrical circuit. The electrodes are placed 

in a chamber with a low base pressure of < 10-5 Torr and argon is flowed into the chamber with 

a pressure of few hundreds mTorr. The electrons, which are accelerated by the electric field, can 

heat the argon atoms and ionize them by the process of impact ionization. Collision of the 

primary electrons with atoms removes electrons from atoms to create positive ions and free 

electrons. The free electrons are accelerated by electric field and may ionize more atoms to 

produce a glow discharge. The lowest amount of energy for ionization is the energy required for 

releasing the weakest bound electrons from the atoms, for example, argon has an ionization 
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potential of 15.75 eV. The positive ions generated in the glow discharge may hit the cathode 

and knock out several atoms from it. These atoms have a neutral electrical charge. The sputtered 

atoms are then randomly deposited on the surface of the substrate to make the required film. 

The rate of deposition is dependent on several parameters like ion flux at the target, sputtering 

yield and ion energy.     

Radio-frequency (RF) Sputtering 

For sputtering with rf, electrical conductivity of the target is not necessary. The required current 

to the target is provided by capacitive coupling. The rf frequency may be >50kHz and, because 

the applied potential alternates in sign, a charge does not build up on an insulating target [162]. 

Reactive sputtering   

In this kind of sputtering, a reactive gas like oxygen or nitrogen is introduced into the chamber. 

Chemical reaction between the sputtered atoms and the gas occurs and the newly- formed 

compound is deposited on the target [52-55]. In this case, the amount of reactive gas has a 

significant influence on deposition. For instance, an extra amount of reactive gas decreases the 

rate of sputtering while a shortage of reactive gas causes a sub-stoichiometric film to form. An 

appropriate balance between sputtering rate and reactive gas pressure will result in the desired 

film deposition. The action of plasma in reactive sputtering is complex because various kinds 

of materials produce a wide range of electrons and sputter yields; furthermore, the reactive gas 

is ionized as well the working gas [14, 21]. 

Pulsed dc sputtering 

Sometimes the metal deposited during reactive sputtering generates an insulating dielectric 

compound within the chamber. In this case the target may charge up which decreases the 

potential of the plasma. In extreme cases the plasma will collapse or arcing may occur. Pulsed 

dc sputtering has been applied to overcome this issue. In pulsed dc sputtering, the target is 

subjected to a fluctuating potential in the range of minus to plus voltage.  

Magnetron sputtering 

Magnetron sputtering seems to have been invented by Penning in 1936 [12]. In this process a 

perpendicular magnetic field is applied to improve the plasma of the glow discharge.  

Magnetron sputtering is now a well-known and popular technique as it is fast and simple, and 

produces a high quality of deposited film. Moreover, this route can be utilized in a range of 

applications from architectural glass and food packaging to microelectronics. In magnetron 

sputtering generally a pulsed dc power supply is combined with reactive sputtering. Magnets 
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placed at the back of the target direct the flow of the electrons in the vicinity of the target. The 

deposition rate of dc sputtering is considerably enhanced.  

Magnetron sputtering is also known as a cold cathode discharge process. It operates in diode 

mode with plasma generated between the cathode and anode. The chamber pressure is in mTorr 

range and there is high DC or rf voltage. The continuous bombardment of the substrate can 

cause difficulties like overheating and structure damage. Therefore, the process may be 

conducted with a low working pressure and low target voltage and a high discharge current. The 

required voltage for magnetron sputtering may be only of the order of 500 V and the current 

about 5 A. In contrast, a non-magnetized diode system probably needs 2500 V with 0.5 A. Argon 

is usually applied as a non-reactive sputtering gas because of its cheapness and the similar mass 

of argon to most of the targets. Taken together, these factors provide a strong reason to choose 

PVD with magnetron co-sputtering system in my project to fabricate thin films of alloys and 

intermetallic compounds [12, 13].  

2.5.3 Fabrication of semishells 

A continuous thin film is not suitable for exciting a LSPR and some kind of discrete 

nanostructure must be made instead. Discrete semishells of plasmonic materials like Au and Ag 

do show LSPRs and possess absorption peaks in the visible and IR spectra [5,6].  

Semishells were first made in 1999 by deposition of Au on top of a substrate of polymer 

microspheres [163]. Other kinds of semishells like nanocups and nanocaps with rotational 

symmetry were prepared in 2003 [164]. The techniques to fabricate semishells are categorized 

into dry etching after the chemical synthesis of full nanoshells, and template deposition.  

The dry etching technique has been reported by workers at Rice University [165]. They simply 

deposited a sub-monolayer of nanoshells onto a substrate; then used anisotropic etching to 

remove material from the top of the nanoshells to fabricate semishells. This technique can be 

performed by applying Xe-based ion milling [166], molecular beam epitaxy (MBE) and Ar-ion 

plasma etch for fabrication of monolayers of  semishells and for individual semishells by 

localized electron-beam-induced ablation (EBIA) [163, 167].  

Various kinds of materials like alloys, semiconductors and metals can be prepared by template 

deposition [168] using electron beam [167, 169, 170], thermal evaporation [24, 171-173], 

template-electrophoresis, and metal evaporation or sputtering on top of the dielectric 

nanospheres positioned on a substrate [173, 174]. After deposition, sonication of the sample in 

solvent removes the template from the deposited metal. It has been reported that regular arrays 
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of metallic nanostructures with controlled shape, size and interparticle distance can be prepared 

in this manner [175]. 

Love et al., for example, used electron beam evaporation to fabricate a layer of gold half shells 

on top of hydrophobic self-assembled monolayers of silica nanospheres. They generated half-

shells with thicknesses 8-15 nm and diameters 100-500 nm. After deposition, aqueous etching 

with HF was utilized to separate the semishells from the nanospheres. In this case the 

composition of the semishells is limited because they need to be inert in HF solution  [176]. This 

technique is closely related to the NSL mentioned earlier except that, in this case, it is the 

material deposited onto the template that is kept rather than the material that falls through the 

gaps in the template and onto the substrate underneath. 

Different types of nanocaps, nanocups and half-shells can be fabricated according to the 

deposition angle and methods of coating. By angular deposition, for example, semishells can be 

generated with no rotational symmetry [177, 178]. This method will be explained in detail later.  

After considering all the techniques described, I selected magnetron co-sputtering for deposition 

of both PtAl2 semishells and Cu-Al alloys. 
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3 Methodology 

  



 

32 

3.1 Overview 
This project has sought to develop improved materials for plasmonic systems. As such, my 

emphasis was on the optical properties of the materials rather than on any type of synthesis or 

fabrication method. As mentioned earlier, two strategies were followed. In the first approach I 

studied properties of silver nanotriangles. These were made by wet chemistry. I tried to stabilize 

these against oxidation but was not entirely successful. Another way to produce materials for 

plasmonic applications is physical vapour deposition. In the second part of my project I 

investigated two promising systems, Pt-Al, and Cu-Al, with samples in the form of semi-shells 

and thin films respectively.  This division is reflected in the structure of this chapter. 

As I mentioned in Chapter Two, there are several methods to produce silver nanotriangles. I 

attempted to prepare silver nanotriangles by wet-chemical synthesis using the H2O2 etching 

technique by the method of Tsuji [179] and by the light irradiation technique, using the method 

of Jia [180]. In the case of the first route, I tried using an automated reactor as well as the normal 

manual method of additions. The H2O2 technique with manual control was the most successful, 

and the samples described in this chapter were prepared that way. In addition, I also tried to 

passivate my nanotriangles against oxidation and corrosion. Information about that part of the 

work will be given in Chapter Four. 

In the second and last part of my project, I fabricated thin films of metal alloys and intermetallic 

compounds by magnetron co-sputtering. Annealing was performed on the deposited samples for 

generation of a well-crystallized structure. Various measurements were carried out for 

characterization of the optical properties of the experimental samples. In addition, computer 

simulations were carried out to predict the optical properties of nanostructures made from my 

experimental samples.   

3.2 Generic techniques 
The microstructures and properties of my experimental samples were characterized by different 

techniques including SEM (scanning electron microscopy), TEM (transmission electron 

microscopy), AFM (atomic force microscopy), and XRD (X-ray diffraction). Furthermore, 

spectrophotometry, ellipsometry and computer simulations were applied to study the optical 

properties of the samples.  
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3.2.1 Microstructural characterization 

SEM is a reliable technique for analysing surfaces. In it, a surface is scanned with a focused 

beam of electrons. After interaction of the electrons with the atoms of the sample, various types 

of signals are created like secondary electrons (SE), backscattered electrons (BSE), Auger 

electrons and cathodoluminescence [181]. These signals carry information on the different 

characteristics of the sample such as microstructure, morphology, or composition. For the 

present work, secondary electrons and backscattered electrons were applied to prepare images. 

Secondary electrons are the usual signal for imaging the morphology and topography of samples 

while backscattered electrons are more often used to provide the composition. Regions with a 

larger average atomic number create a larger amount of backscattered electrons than places with 

the lower atomic number and, therefore, that part of the image is brighter.  

Chemical analysis is possible because characteristic X-rays are emitted by the sample. The 

spectrometer can identify the energy or wavelength of the X-rays. Energy dispersive 

spectroscopy (EDS) is the usual mode in SEMs. 

I used a Zeiss Supra 55VP and Zeiss Evo LS15. The Supra SEM is a kind of field emission 

scanning electron microscope (FESEM) and is capable of high-resolution imaging. In my 

project, it was primarily used to identify the morphology of the samples. For this microscope, 

an acceleration voltage of 5-20 kV under high vacuum of ~10-5 torr is needed. An ‘in-lens’ 

secondary electron detector is used to obtain the high-resolution pictures. I also used an Evo 

SEM (Figure 3-1) for analysis and identification of elements. This is a thermionic tungsten 

electron gun SEM, which possesses a Bruker EDS Quantax 400 with silicon drift detector 

(SDD). The Supra SEM (Figure 3-2) provides images with much higher resolution than the Evo 

SEM.  

For colloidal samples, a 1-3 L aliquot of the sample solution was dropped on small pieces of 

cleaned silicon wafer which were in turn attached to an aluminium stub with a dot of conductive 

silver paint. An electrical connection between the silicon wafer and the Al sample holder is 

needed to ensure minimum sample charging.  
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Figure 3-1: Scanning electron microscope (SEM):  Zeiss Evo LS15 EDS  

 

 

Figure 3-2: Scanning electron microscope (SEM):  Zeiss Supra 55VP. 
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For TEM, the specimen should have a very low thickness so that a focused electron beam can 

pass through it. TEM is able to provide an image, crystallographic details, and precise 

compositional analysis. Tungsten (W) or lanthanum hexaboride (LaB6) sources are responsible 

for providing the electron beam, which is accelerated to high energy (100-400 kV). Similar to 

SEM, electromagnetic lenses and apertures control the electron beam. Two different modes of 

imaging are commonly applied: bright-field (BF) and dark-field (DF). These are controlled by 

an objective aperture which is placed at the back focal plane. By positioning of the aperture in 

the mode of transmitted or un-diffracted electrons, a bright-field (BF) image is produced. In this 

case, the aperture absorbs the scattered electrons, so the contrast of sample is relative to the 

absorption of transmitted beam. Vacant areas look bright and occupied places look dark. In the 

DF mode, the aperture permits passage of only particular diffracted electrons, so the diffracting 

spots look bright, and the remaining part of the image is dark [182].  

Scanning transmission electron microscopy (STEM) mode generates secondary electrons, 

backscattered electrons and X-rays similar to SEM but with higher 3D resolution and signal 

level. A variety of detectors on the column axis identify the transmitted or diffracted beams. The 

core of transmitted electrons down the axis makes a bright field. Also, there may be an annular 

dark-field detector in the STEM mode which acquires a large-angle annular dark-field 

(HAADF) image [1, 183].   

Transmission electron microscopy was carried out for me by A/Prof Vicki Keast (University of 

Newcastle) and by Dr Annette Dowd (UTS). In the latter case I was present when the samples 

were examined. Typically, TEM samples were prepared by dipping a carbon or carbon-coated 

copper TEM grid inside the solution and then blotting off the excess with filter paper. Samples 

were stored in ambient air without any particular precautions. High-resolution TEM (HRTEM) 

lattice imaging of the silver nanotriangles were collected with a JEOL 2100F TEM (Keast) or a 

JEOL 200 FS (Dowd).  

Some images were collected on a Digital Instruments Nanoscope in tapping mode (TESP, 

Digital Instruments, and Santa Barbara, CA). Conical tips with a cone angle of 20̊ and effective 

radius of 10 nm were employed with resonance frequencies of 280-320 kHz. 
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XRD as non-destructive technique may help identify the crystal structure, crystallinity and 

microstructure of the sample. It is based on Bragg’s law, n.λ=2.d.sinθ, where n is an integer, λ 

is the wavelength of the incident X-ray beam, d is the plane spacing in the atomic lattice and θ 

is diffraction angle. The diffraction patterns obtained from various planes of atoms at a particular 

angle produce a peak of characteristic position and intensity. The diffraction pattern of an 

unfamiliar sample is compared with familiar standards in the power diffraction database 

including basic data on the chemical formulation, the name of the material, crystallographic 

details, and related information about diffraction pattern [184] in order to make  a match. In this 

project, the Rietveld refinement technique was sometimes applied to X-ray diffraction data to 

obtain lattice parameters. 

XRD patterns were taken with a Siemens D5000 X-ray diffractometer at wavelength 1.5406 Å  

using Cu-K radiation and a tube power of 1.6 kW. The machine includes a monochromator as a 

source of radiation, a detector for diffraction pattern recording, and a goniometer to make an 

adjustment between sample and detector locations. The rotation path is different for sample and 

detector: the sample rotates at a fixed angular rate whereas detector is moved at double the 

angular rotation speed.  A grazing incidence mode was used for the thin films. This method 

applies the X-ray beam at a very small incident angle onto the sample (typically 0.1̊ -3.0̊) to get 

all possible signals from thin film and the lowest signal from the substrate of the thin film.  

3.2.2 Measurement of optical properties 

The absorbance spectra of wet-chemical synthesized samples were measured with a Shimadzu 

UV mini 1240 UV-VIS-NIR Spectrometer using polymer or optical glass cuvettes. 

The micro-spectrophotometer is a relatively new capability in UV-visible-NIR spectroscopy.  In 

this instrument, sensitive solid-state detectors are enhanced and cooled thermoelectrically to get 

large signal-to-noise ratios. This machine can measure transmittance, absorbance, reflectance, 

polarization, fluorescence and luminescence spectra of micron-scale areas. The 20/20 Micro-

spectrometer (Figure 3-3) can operate in the range of deep ultraviolet to the near infrared. The 

specifications are listed Table 3-1. 
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Figure 3-3: 20/20 Micro-spectrophotometer. 

 

Table 3-1: specific details of 20/20 Micro-spectrophotometer. 

Micro-spectrophotometer range 200-2100 nm 

Fluorescence excitation range 250-650 nm 

Sampling area Various areas of 1-10000 (microns)2 

Spectral bandwidth 0.32 nm 

Spectral resolution Selectable in the range of 1-15nm 

Detector Solid state array 

Detector cooling  Thermoelectric 

Scan time  4 millisecond minimum  

High resolution colour digital imaging  Up to 6 mega pixels 

Operating system Windows 7- XP Pro 

Transmittance T(λ) and reflectance R(λ) as function of wavelength were measured by Perkin-

Elmer Lambda 950 UV/VIS/ NIR spectrophotometer with a universal reflectance accessory 
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(URA), through the visible and near infrared wavelength range from λ=300 nm to 2500 nm. 

This spectrophotometer equipped with a double beam and double monochromator. Light 

sources are tungsten-halogen or deuterium lamps.  

Ellipsometry is an extremely sensitive method to measure optical parameters. It applies a beam 

of polarized light onto the sample and measures the phase ( ) and amplitude ( ) of the reflected 

beam. The sensitivity of this technique surpasses that of conventional reflectance measurement 

techniques. Moreover, ellipsometry provides very precise data. Ellipsometry was carried out on 

a V-VASE Ellipsometry using angles of incidence of 65 , 70  and 75 . The dielectric functions, 

 = 1+i. 2,  were extracted from the data using the WVASE32 program of J.A. Woollam Co 

[185]. As Figure 3-4 shows, the ellipsometry basically consists of light resource, polarization 

initiator, detector and polarization analyser.  

 

Figure 3-4: Image of ellipsometry to measure the optical dielectric constants.  

 

The dielectric function (real and imaginary part of ε1 & ε2) of the sample films were extracted 

from the spectrophotometer results (R&T) and the ellipsometric results by applying the VASE 

modelling software to a model of the sample. A simple model includes three layers, the ambient 

(air), the unknown film, and the substrate. Typically, the substrate was glass, and the ε1 & ε2 for 
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this were acquired from my own ellipsometric experimental data which are best fitted with the 

Cauchy model.  

The material of the thin films was modeled as the sum of a Tauc-Lorentz oscillator [186, 187] 

(to simulate the absorption edge), two Lorentz oscillators (to account for additional interband 

transitions), and a Drude component (to model the low energy, intraband phenomena). This 

arrangement accounts for both the free electron movement at low frequencies and the bound 

nature of the electrons at higher frequencies.  

3.2.3 Modelling 

The open source program POV-Ray (“Persistence of Vision Raytracer”) was used for producing 

3D diagrams of the various triangle targets on which DDA calculations were conducted. I have 

also used POV-Ray to illustrate the morphology or crystallographic shape of some of the silver 

nanotriangles mentioned in this project. 

The Discrete Dipole Approximation for Scattering of Light by Irregular Particles (DDSCAT) 

software of Draine and Flatau is a numerical simulation for calculation of light scattering and 

absorption by nanoparticles with different shapes [44]. I used version 7.1. Calculations were run 

on Windows PCs, or on the UTS High-Performance Computer under Linux. A dipole spacing 

of 1 nm was used which is found to be satisfactory most of the time [37, 188]. However, while 

a 1 nm spacing of the dipoles in the DDA is sufficient for simple targets undergoing a dipole 

resonance, it is also known that simulations of more complex shapes with multipolar resonances 

or sharp protuberances may require an even finer dipole mesh in order to produce stable results. 

Therefore, in the current work, I began by checking the effect of dipole spacing on the stability 

of our calculations. I found that a smaller dipole spacing generally increased the Qext associated 

with a given resonance peak, but that the qualitative nature and position of the various 

resonances was not changed. 

Density functional theory calculations of the dielectric function of various materials were carried 

out for me by A/Prof. Vicki Keast of the University of Newcastle. The DFT calculations were 
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operated by means of WIEN2K, an all-electron technique [201]. Further details are provided in 

one of my papers [189], or in articles by Keast [202]. An extremely large number (>50,000) of 

k-points are required to produce a satisfactory result for dielectric functions.  

3.3 Silver nanotriangles 

3.3.1 Synthesis of silver nanotriangles 

A mixture of AgNO3 (purity > 99.8%), NaBH4, polyvinylpyrrolidone (PVP), trisodium citrate 

(Na3CA > 99.5%) and H2O2 (30wt %) was used. An aqueous solution of AgNO3 (0.1 mM, 25 

ml), PVP (0.7 mM, 1.5 ml) and NaBH4 (100 mM, 0.1 ml) in high purity water was made and 

then Na3CA (30 mM, 1.5 ml) added. The solution was continuously stirred from the beginning 

of the synthesis conducted at room temperature. After several minutes, H2O2 (30 wt %, 0.06 ml) 

was injected into the solution and, after a few seconds, the bright blue color of the triangular 

silver nanoparticle colloid is formed.  

In addition, I also tried to make silver nanotriangles separately by applying the semi-automated 

LabMax Reactor (from Mettler Toledo), Figure 3-5. This device is computer controlled and can 

perform chemical reactions automatically.  

In my case, a mixture of NaBH4, Na3CA and AgNO3 was made and then stirred for a few 

minutes, and then H2O2 was added automatically. But I was not able to find the right conditions 

to make a blue colour. Therefore, silver triangles were not obtained. I suspect that the reason for 

this issue is related to the insufficient speed of stirrer. Probably, the solution was not mixed 

appropriately.  
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Figure 3-5: LabMax reactor for preparing silver nanotriangles 

For this method, an aqueous solution of sodium citrate, silver nitrate and sodium borohydride 

was made under strong stirring. This has a yellow colour from silver nanospheres in suspension. 

Then stirring was stopped and the solution was irradiated under a sodium lamp (OSRAM NAV-

T 70-W λ = 589 nm) for 48-72 hrs.  Unfortunately, the light yellow colour just disappeared, 

suggesting that the silver nanospheres had dissolved.  

3.3.2 Characterization 

The silver nanoparticles were characterized by various methods: the morphology of 

nanoparticles was investigated by scanning electron microscope (SEM), TEM and AFM; and 

the optical properties measured by a UV-vis spectrometer.  

These measurements were undertaken with the assistance of Mr Mark Berhahn of UTS. The 

lateral resolution of AFM is much poorer than that of the SEM in high-resolution mode. 

However, the AFM provides accurate information about the thickness or height of the 

nanoparticles, which is otherwise very difficult to measure.  
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3.3.3 Simulation 

Shapes for calculation of the optical properties of silver triangles were generated by the 

Triangles program written by M.B. Cortie (Figure 3-6). Electric field distributions were 

calculated using the DDFIELD program supplied with DDSCAT via a wrapping and plotting 

program “E and B Processor” written by M.B. Cortie (Figure 3-7).  

 

 

Figure 3-6: Simulation of triangular nanoparticle for single particle with 80 80 80 20 nm. 

 

The optical properties of prototypical Ag nanotriangles measuring 80 80 80 20 nm, 

100 100 100 20 nm and 100 100 100 25 nm were simulated for different configurations 

including single particle, base-to-base, point to point, double decker and triple decker with 

various gap distances within triangles.  



 

43 

 

Figure 3-7: The program to simulate the electric field of various triangular configurations.   

3.4 Fabrication of PtAl2 semishells 

3.4.1 Physical vapour deposition to make PtAl2 semi-shells  

Two main groups of metal thin films were produced by magnetron sputtering in the current 

project: a) PtAl2 thin films and b) Al-Cu binary alloys. Here I explain the experimental methods 

used for fabrication of the PtAl2 samples. Sputtering yields of our targets are indicated in Table 

3-2.  

Table 3-2: Sputtering yields of different targets. 

Metals Argon Ion Energy   

 300 eV 500 eV 1000 eV 

Ag 1.7 2.5 3.5 

Pt 0.7 1.0 1.6 

Al 0.6 0.9 1.5 
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Figure 3-8: Image of magnetron sputtering to operate through physical vapour deposition (PVD). 

 

Figure 3-8 shows the magnetron sputtering setup used for deposition of thin films and 

semishells. In the case of PtAl2 deposition, a glass substrate (20×20×1 mm3) was cleaned 

ultrasonically with detergent and acetone solution for 30 minutes. Next, the substrates were 

sonicated in 5:1:1 H2O/NH4OH/35 %H2O2 for 60 minutes and then they were stored in Milli-Q 

water until used. This procedure helped ensure that the polystyrene nanospheres (if used) stuck 

on the glass substrates. Monodisperse spherical polystyrene particles of 250-300 nm diameter 

were obtained from Spherotech Inc. 10 μl of nanosphere colloid was diluted with a 120 μl 

solution (1:400 v/v) of Triton X-100 in methanol. Following this, 20 μl of the diluted suspension 

was spun-cast at 1200 rpm on glass microscope slides for 20 seconds to form monolayers of 

spheres in a hexagonal close-packed arrangement. The distribution of polystyrene spheres 

depends on the concentration of the solution and the speed of the spin machine. Table 3-3 shows 

the different attempts to prepare the good monolayers of polystyrene spheres. Finally one drop 

of (80 μl PSP +100 μl mixture) in the speed of 1200 rpm and 20 seconds spinning lead to the 

preparation of desired layer (the related photos are presented in Chapter 5). 
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Table 3-3: Precipitation of polystyrene spheres on glass substrate. 

Sample Speed(rpm) 
Time of 

spinning (sec) 

Number of 

drops 
Concentration (μl) 

1 3600 

0, 5 ,10 ,20 1, 2, 3 1200 psp +100 mixture 2 3200 

3 
2800 

4 

10, 20 

1, 2 

100 psp +1000 mixture 

5 

3200 

100 psp + 800 mixture 

6 100 psp + 600 mixture 

7 
150, 200 ,250 ,300 psp + 1200 

mixture 

8 100 psp +350, 400 mixture 

9 
2800 

40 

50 psp +100 mixture 

10 25 psp +100 mixture 

11 
2000 

50 psp +100 mixture 

12 25 psp +100 mixture 

13 2000 0, 20 ,40 

1 

100 psp +100 mixture 14 1600 10 

15 
1200 

10, 20 16 
80 psp +100 mixture 

17 1600 

 

After this, PtAl2 was deposited onto the polystyrene spheres using DC magnetron sputtering. 

The sputtering targets were pure Pt and Al discs (50 mm diameter), placed 150 mm away from 

the substrate holder. The surface of the substrate was placed at an angle of 50° to the metal 

sources. This causes the formation of individual semishells that can be physically seperated later 

on [190]. A quartz crystal microbalance for monitoring the thickness was calibrated by inputting 

the density and the acoustic impedance of aluminium and platinum. The substrate could be 

rotated for providing a homogenous composition through the thin film. The base pressure of the 

system was around 1.33×10-4  Pa increased to 1.33×10-1 Pa within sputtering by flowing of argon 

gas for 50 seconds. DC power supplies were connected to each target to adjust the required 
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current or power level on the target so that the desired stoichiometric and rate of deposition 

could be obtained. The different rates are used to make precise composition (Table 3-4). 

 

Table 3-4: Preparing of PtAl2 with different rates (Å/sec). 

 

The desired composition was produced using 124 W on the Al target and 22.5 W on the platinum 

target.  

An annealing treatment at 400°C was applied immediately after magnetron sputtering to 

crystallize the PtAl2 nanostructures, remove defects and increase the grain size. Following this, 

Sample sputtering Angle of sputtering Rate(Å/sec) Power(watt) Time 

Al 

Pt 
10 

1.75 24 6 min, 11 sec 

3.13 36 3 min, 10 sec 

4.5 54 2 min 

Al 

Pt 

20 

0.6 

0.3 
200 5 min, 30 sec 

Al 

Pt 

1.1 

0.55 
250 3 min 

Al 

Pt 

1.8 

0.9 

204 

32 
2 min 

Al 

Pt 

0.8 

0.41 

63 

10 
4 min, 10 sec 

Al 

Pt 

119 

23 
1 min, 30 sec 

Al 

Pt 

40 

41 
2 min, 30 sec 

Al 

Pt 

204 

32 
3 min 

Al 

Pt 

80 

10 
3 min 

Al 

Pt 

99 

10 
4 min 

Al 

Pt 

124 

22.5 
2 min, 15 sec 
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any remaining polymer core was dissolved out by CH2Cl2. Annealing was conducted in a tube 

furnace and the deposited sample was prepared in small segments and wrapped in aluminium 

foil to prevent oxidation. N2 gas was flowed through the tube furnace. In addition, a portion of 

copper shavings was placed in the furnace for additional protection. The annealing setup is 

shown in Figure 3-9.  

 

 

Figure 3-9: Schematic of photo-thermal furnace to anneal the deposited PtAl2 semishells. 

 

After annealing, the glass substrate was sonicated in dichloromethane for 10 minutes. Any 

aggregates of material were readily separated from the discrete nanocaps by ordinary gravity 

settling for 30 minutes. The schematic of this process is indicated in  

Figure 3-10. After this, the sonicated solution was settled under normal gravity for 24 hr to 

separate particles from the solvent. Finally, a purified mixture of large and small particles was 

obtained by washing the settled heaps with new dichloromethane. The resulting semishells were 

then used for characterization. 
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Figure 3-10: Schematic of preparation of PtAl2 semishells with 1) PS preparation, 2) co-sputtering of Pt 
and Al targets under acute angle, 3) dissolution at organic solution and 4) separation of PtAl2 semishells 
from PS nanospheres.  

3.4.2 Characterization 

The PtAl2 samples were characterized by various tests including chemical composition, crystal 

structure, morphology and optical properties, as described in more details in Chapter 5.  

3.5 Thin films of Cu-Al Alloys 

3.5.1 Physical vapour deposition to make Cu-Al alloys 

Deposition of copper by vapour deposition is one of the oldest and simplest physical vapour 

deposition techniques. A high sputtering yield for copper is readily obtained through biased 

sputtering [81]. At 600 V, the sputtering yield of copper due to high energy Ar ions is about 2.8 

atoms/ion; in contrast, that of Al is only 1.2 atoms/ion [191] (see also Table 3-2). 

The glass slides used as substrates were cleaned by sonication in detergent solution and acetone 

for 30 minutes, following by rinsing in distilled water and drying by blowing with N2. The alloy 

was prepared by the pressure of ≈ 1- 2×10-3 Pa in the presence of copper and aluminium targets. 

The sputtering targets were 99.999 % purity. Various thicknesses of Cu-Al were deposited on 

the surface of the substrate by varying the deposition time. The thin films of alpha phases were 

of the order of 1000 nm thick. The composition was controlled by setting a suitable current or 

power on each target, Table 3-4. The as-deposited samples produced by magnetron sputtering 

3) 4) 

2) 1) 
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at room temperature had a poorly crystalline structure, so annealing was applied after deposition. 

All samples were annealed for 20 minutes at 500°C in a heating chamber with inert gas 

(nitrogen) or vacuum. Annealing of such samples under inert gas or vacuum converts them to a 

crystalline form with well-developed XRD peaks. Samples were characterized using 

ellipsometry, EDS and X-ray diffraction (specific details in Chapter 6) in both the as-deposited 

and annealed conditions.  
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4 Silver Nano-Triangles 
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4.1 Overview 
As mentioned previously, silver is an attractive option for nanoparticles for LSPR applications 

because it is possible to produce a wide range of nanoparticle shapes using wet chemistry. These 

include nanotriangles, which are useful, because it has been demonstrated that the electric field 

enhancement by nanoparticles with sharp tips is more powerful than that of nanospheres. This 

is due to charge accumulating at the sharp corners [192, 193]. In addition, the strong in-plane 

dipole LPSRs of shapes like silver nanotriangles, nanoplates and nanoprisms can be tuned across 

the visible spectrum and into the near infrared. Therefore these anisotropic silver nanostructures 

potentially have a broad range of application in plasmonic devices [194]. A quadrupole plasmon 

excitation may also be observed, and additional multipolar resonances are reported for more 

complex arrangements of particles [195]. Nanotriangles of Ag can be prepared by solution 

chemistry [196-198], electrochemical deposition [199], nanosphere lithography [200] or by 

some form of top-down lithography, such as electron beam lithography [201] or focused ion 

beam milling [202]. In this part of project firstly I have synthesized silver nanotriangles, then I 

have studied the optical properties of both isolated Ag triangular nanoprisms and varied 

geometries consisting of pairs of prisms that are separated by a few nanometers.  

4.2 Objective of this chapter 
This chapter will consider the parameters which influence chemical synthesis and stabilization 

of silver nanoparticles, and the localized plasmon resonances occurring in nanostructures made 

of up to three silver nanotriangles. The optical properties of prototypical geometries will be 

explored using computational techniques. 

4.3 Experimental details specific to this chapter 
 

As I mentioned earlier, samples of silver nanotriangles were prepared by reacting AgNO3 and 

polyvinylpyrrolidone (the latter as a protective surfactant) with NaBH4 to produce nanoparticle 

nuclei, and then growing these in a solution containing trisodium citrate and H2O2. This is a 

modified version of a technique previously described by Tsuji et al. [179]. The properties of 

these nanoparticles were examined both in colloidal suspension and after deposition on glass or 

silicon substrates. The primary benefit of this method is the high degree of control and efficiency 

in terms of nanotriangles produced. The optical properties of the resulting solutions are 

measured by UV-vis spectrometer to verify the position of the dipolar LSPR. Droplets of colloid 

are also dried out on sample mounts and imaged using scanning and transmission electron 



 

52 

microscopy. The electric fields and multimodal nature of the resonances are visualized with 

software written by M. B. Cortie. 

4.3.1 Light irradiation 

It has been reported that the intensity of incident light also influences wet chemical synthesis of 

silver nanotriangles [40, 203]. The mechanism seemed to involve light-assisted etching and 

LSPRs. On the other hand, light irradiation also can accelerate the oxidation rate of silver 

nanoparticles because the temperature is raised [204]. I had tried to synthesize silver 

nanotriangles by light irradiation according to the method of Jia et al.[180], but nanotriangles 

were not obtained after 48-72 hr. The problem may have been related to the low intensity of the 

sodium lamp used. 

4.4 Results and discussion 

4.4.1 Mechanism of synthesis of Ag nanotriangles 

Anisotropic morphologies like gold or silver prisms or triangles display face-selective binding 

of reactants and as a result show large flat [205] sides and two-dimensional growth from edges. 

Actually, from a thermodynamic perspective, formation of really anisotropic silver nanoplates 

is unstable because surface area and energy rises [206]. It is confirmed that preferred anisotropic 

growth is reliant on the selective bonding of capping ligands and the crystal symmetry of first 

nucleation [207]. In reality, preferential attachment of ligands in reactions is not sufficient on 

its own to assure anisotropic growth for isotropic structures. It is more likely that such 

attachment breaks the isotropic symmetry with generation of twin or other defects within the 

nuclei. Due to the limited number but various types of crystal planes which are accessible during 

growth, the final shape of the nanoparticle then becomes anisotropic [208, 209]. Germain et al. 

proposed that the 1/3{422} reflections recognized in silver and gold nanoplates, which should 

be absent in purely fcc configurations, were due to parallel stacking faults in the direction of 

<111˃ [210]. They suggested that the stacking faults should influence the growth of plates by 

offering low energy re-entrant channels on the sides of the planar crystal. In support of this, it 

has been observed that plate structures are mostly represented in elements of low stacking 

energy such as silver and gold [206]. 

Figure 4.1 indicates the mechanism of Ag nanotriangular preparation and the possible role of 

each reagent in mechanism of nanotriangle synthesis. The mechanism is based on suggestions 

by [179]: 
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 Figure 4-1 : Nucleation and growth process of silver nanotriangles 

 

Overall, firstly small spherical seeds of Ag0 are formed. Then, as the seeds grow into spheres, 

some plane-selective oxidative etching occurs and the primary small prisms are produced. After 

some time, the small prisms grow into well-formed triangular prisms. The process starts upon 

addition of NaBH4, which changes the original colourless solution to light yellow illustrating 

the reduction of silver. Following a few seconds stirring, the colour of the solution turned deep 

yellow, which is a characteristic of larger silver nanoparticles. The experiment shows that the 

preparation of silver triangles is dependent indirectly on the concentration of NaBH4. So, by 

addition of NaBH4, the quick reduction of silver nitrate led to the formation of spheres. Further 

reduction, and conversion of silver spheres to triangles, came about due to the mild reducing of 

citrate ions [211].  

The process of stabilization of Ag+ by PVP and Na3CA (trisodium citrate) probably happens 

promptly and only small amount of free Ag+ ions remain during the growth of prisms. In fact, 

PVP is not essential for the synthesis of nanotriangles, however using it as a stabilizer seems 

helpful to establish the monodispersity of the colloid. Na3CA facilitates initial selective and 

oxidative etching of spheres in the presence of H2O2 (step 4) as an assistant in transformation of 

spheres to prisms. Experimental results [212] implied that citric acid (CAH) and citrate ion (CA) 

coordinate with Ag+, via the carboxylate group. The formation of a complex 

(Ag0)n−(CAH)x(CA)y (x, y ≥0), contributes to the oxidative etching of Ag by H2O2. If H2O2 was 

added to the solution right before introducing Na3CA, adsorption of CAH and CA on Ag ions 

would be blocked [212]. Therefore, it is unlikely in this case that oxidative etching of spherical 

particles by H2O2 would occur, and accordingly no triangles are formed. (Ag0)n 
- (CAH)x (CA)y 

complexes are etched by H2O2 to make Ag+ through the following reaction [213]: H2O2 →HO2− + H+ (Ag0)n- (CAH)x (CA)y + H2O2 → (Ag0)n-2 - (CAH)x(CA)y + 2Ag+ +2OH- (Ag0)n - (CAH)x(CA)y+HO2- +H2O →(Ag0)n-2 - (CAH)x(CA)y + 2Ag+ + 3OH- 
(Equation 4-1) 

1 2 3 4 5 6 

Ag+ 

Ag+ Clusters Seeds Nanosphere etched particles s Small triangles Large prisms 
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The full role of citrate ions in generation of silver nanoplates is not obvious yet. It is confirmed 

that citrate as a capping agent, can bind to {111} [214] facets and block the growth along the 

vertical axis while providing for growth laterally. Yang et al. [215] indicated citric acid can 

selectively bind to Ag (111) facets in contrast,  binding to Ag (100) forms two only bonds 

because of the difference in geometry. Hence, the stability of plate-shaped nuclei of silver is 

maintained. In this explanation the majority of the surface is actually capped and passivated by 

ligands.  

Absence of PVP from the synthesis gives rise to a range in sizes of the nanotriangles and the 

solution colour changed from yellow to brownish. It is generally accepted that PVP acts as a 

capping or mild reducing agent. Another important role of PVP is to prevent aggregation of the 

nanoparticles [41, 216]. Li et al. and Xia et al. [10, 13] stated PVP selectively blocks the (111) 

planes of nanoparticles, therefore deposition is restricted on the surface of the plane, and the 

aspect ratio of nanoplates increases. So by addition of PVP, LSPRs are shifted to longer 

wavelength. Further reduction of Ag+ speeds up crystal growth of Ag seeds providing large 

spheres (step 3), as shown at Figure 4-1. Shape selective oxidative etching by H2O2 may also be 

an important factor in transformation of spheres to prisms: the spheres are dissolved in the 

solution with a faster etching rate than prisms. Hence, the small triangular seeds synergistically 

change to large triangular nanoparticles (steps 5 and 6).  

After addition of H2O2, the solution colour transforms to red, green and blue. These colour 

changes are caused by the shape of the nanoparticles changing from spherical to triangular. H2O2 

is a strong oxidizing agent [217] and behaves as an etchant in this system. It seems that etching 

of smaller spherical particles occurs whereas nuclei of certain silver nanoparticles, perhaps those 

containing twins, grow into planar shapes. As mentioned earlier, H2O2 is the most vital reagent 

for formation of triangular nanoplates. Hence, without H2O2, only a yellow coloured suspension 

of quasi-spheres is formed. Obviously, H2O2, as a strong oxidizing agent, causes a dynamic 

balance between reduction of silver by NaBH4 and oxidation of metallic silver [125]. Li and his 

group demonstrated that strong H2O2 etching was capable of growing twinned seeds by 

eliminating some other types of nuclei.  

Precise concentrations of the starting reagents are necessary to encourage the synthesis of Ag 

nano-triangles. For instance, Cathcart et al. reported that low concentration of citrate (less than 

1.15 mM) does not permit completion of cluster aggregation and hence only some nanotriangles 

with multiple defects are formed. In contrast, when the concentration is above 3.1 mM [212], 

aggregated polydisperse crude clusters (yellow solution with wide absorption) form. Mirkin et 
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al. demonstrated that the role of citrate as a mild reducing agent could not be substituted with 

carboxyl groups like tricarballylate, citramalate and aconitate [218]. 

On the other hand, too high concentration of H2O2 turned the colour of solution to colourless 

accompanied by formation of small bubbles. In addition, several hours were employed for aging 

of seed solution to decompose the unreacted NaBH4 and thus minimize its deleterious effect on 

subsequent growth of nanoplates. 

Table 4-1 (overleaf) summarizes the effect of reagent concentration and reaction time on 

synthesis of silver nanotriangles. In this work, the concentration of silver nitrate was fixed while 

NaBH4 and H2O2 varied from half to twice of original concentration. Furthermore, in another 

case, firstly the solution of silver nitrate (0.1 mM) with NaBH4 was prepared then, after 30 

minutes, citrate and H2O2 was added respectively. 

In typical experiments, the amount of NaBH4 and H2O2 was increased individually in aqueous 

solution. Table 4-1 shows how the concentration of sodium borohydride and H2O2 influenced 

the degree of conversion of silver nanostructures to nanotriangles. The time delay for the colour 

change of the solution indicated that the onset of formation of nanotriangles was prolonged from 

several seconds to a few minutes with higher amounts of NaBH4 or by absence of surfactant. In 

the nucleation step, borohydride ions work as a protecting parameter which is probably from the 

adsorption of borohydride ions on the silver nanoparticle; therefore, the reaction rate decreased. 

In contrast, solutions made using high amount of H2O2 are not as stable. For instance, the colour 

of samples with 1.1 times concentration of peroxide was changed from blue to colourless after 

5 months, whereas normal solutions were still stable after 12 months. 
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Table 4-1: Effect of addition of various concentration or time on nanotriangles synthesis (D: double 
concentration, N: normal concentration, H: half concentration). 

No PVP NaBH4(0.14ml) Na3CA 
H2O2(0.06 

ml) 

Time of addition 

of H2O2 
Results 

1 Zero D N N N Dark blue colour 

2 N H & N N N N Blue colour 

3 N H N N N Blue colour 

4 N D H N N Yellowish 

5 N H D N N Colourless 

6 N H N D N Colourless 

7 N D N H N 
Very dark blue 

colour 

8 N H N N 
30min after citrate 

addition 
Blue colour 

9 N D N N 
30min after citrate 

addition 

Strong clear blue 

colour 

10 N T N N 
30min after citrate 

addition 
Brownish 

11-

12 
N D N H-N 

30min after citrate 

addition 
Dark blue colour 

13 N T N D 
30min after citrate 

addition 
Blue-brownish 

14 N D N 25%more 
30min after citrate 

addition 
Colourless 

15 N D D D N Colourless 

16 N D N N 

Add NaBH4 after 

H2O2 (various 

concentration) 

Colourless 

17 N D N 10% more N Blue colour 
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Stirring has a significant role in chemical synthesis, because the rate of reaction improves 

significantly. Firstly, stirring is applied to provide appropriate oxygen from air, secondly stirring 

increases mixing of the reagents.  

Most samples were synthesized at room temperature (25°С), but the effect of heating was also 

explored by applying simultaneously heater and stirring during the chemical synthesis of 

triangles. By gradual heating of the solution, the bluish solution turned colourless probably due 

to oxidation of silver. Therefore, heating seems to be a strongly negative factor in respect of 

fabrication of silver nanotriangles. 

4.4.2 Characterization of silver nanotriangles 

According to data in Table 4-2, there should be approximately 2.23×1023 individual silver 

nanotriangles per m3 of solution, assuming that the triangles are equilateral with 100 nm sides 

and 25 nm thickness. Therefore, SEM images of dried colloid showed a large concentration of 

silver triangles at each spot. Therefore, it is clear some kind of dilution was needed. 

Table 4-2: Calculation of number of prism in solution. 

Size of triangle(nm) 100 

Area of the base(b) 4330.1 

Volume(bh), h=25nm 108253 

Surface(2b+ph), p is perimeter of base 107.9 

molar mass 39842 

mass of triangle 1.136E-15 

mass of metal per litre 0.01079 

mass per m3(g) 10.79 

Number of prism per m3 9.50179E+15 
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Fortunately, colloids prepared with the standard concentrations are stable for a long time in 

sealed bottles, as seen from their fixed colour of solution and UV-vis spectra. A few drops of 

colloidal solution were pipetted onto silicon substrates and allowed to dry for SEM examination. 

Figure 4-2 shows that the silver nanotriangles were aggregated, so 20, 50, 100 and 200 times 

dilution of solution in milli-Q water and desiccation for 20 min was applied in subsequent work 

to prepare well-separated silver triangles for SEM and TEM examination. 

   

Figure 4-2: SEM images of concentrated particles. 

 

Figure 4-3 shows SEM images of silver nanotriangles which had been prepared with half 

concentration of NaBH4 (a literature recipe [179]). In these images several types of self-

assembled arrangements of triangles in bowtie, sandwiches and base-to-base configurations 

with edge dimension of 80±20 nm were observed. Therefore optical properties of triangles have 

been simulated matching with  these configurations.  

    

Figure 4-3: SEM images of fresh samples with half concentration of NaBH4. 

Examination in the transmission electron microscope, Figure 4-4 showed that individual 

particles were single crystals, with the flat faces of the particles being {111} planes, as 
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confirmed by the six-fold atomic symmetry (hexagonal nature) in high resolution TEM images 

and their electron diffraction patterns [212].  So the stacking faults parallel to the {111}crystal 

planes cause the growth of plate-like Ag nanoparticles whilst the crystal twin planes parallel to 

{111} facets control the final morphology of nanostructures to be plate-like. In general, the edge 

lengths of the triangles were in the range 80 ± 20 nm, but some shapes were truncated into 

hexagonal geometry. The facets of these shapes were of the order of 60 ± 20 nm long.  The 

thickness of the shapes was determined to be of the order of 20 to 30 nm on the strength of some 

of the particles being observed edge-on.  

Advantage of TEM is the very high resolution of the image which provides accurate information 

about the captured nanoparticles. The shape of the nanoparticle is critical to its optical properties 

hence must be accurately determined. 

 

Figure 4-4: TEM images of experimentally synthesised silver nanotriangles (single, base to base and point 
to point configurations). 

In this project, atomic force microscopy (AFM test) was used (Figure 4-5) to measure the 

approximate height of some triangles. The height of triangles in my AFM was abround 20±5 

nm. Therefore the thickness of triangles in DDA simulations was set at 20 nm.  
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Figure 4-5: AFM images of silver nanotriangles. 

4.4.3 Optical properties 

A micro-spectrometer has been used as an alternative technique to characterize the spectra of 

triangles with various configurations. Spectra were measured on samples dried out on glass. 

Regions without any particles were used as the baseline. The micro-spectrometer graphs in 

Figure 4-6 show well-developed absorption peaks, with three particular areas which were 

possibly related to sandwiches (peak between 300-700 nm), bowties and base-to-base triangles 

(700 to 1000 nm). Single particles were probably responsible for absorption peaks at the longest 

wavelength.  
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Figure 4-6: Comparison of Micro spectrometer spectra between a) big particle (≥ 100 nm, blue colour), 
b) small particle (≤ 100 nm, green one), c) no particle area (red one) and d) no solution area (black graph). 

The wavelength of the in-plane dipole plasmon resonance is a reliable indicator of the aspect 

ratio of a nanoprisms [38]. Therefore, the impact of the various reaction parameters on the 

synthesis of triangle can be measured quickly by assessment of UV-vis spectra. In UV-vis 

results of silver, two main peaks were observed. It does not seem to matter much whether PVP 

is used or not. The stronger peak, which is at the longest wavelength, is due to the dipolar 

plasmon resonance while the weaker plasmon resonances at the shorter wavelength are 

generally due to a quadrupole resonance. The UV-vis-NIR spectra were measured in 10 mm 

glass or quartz cuvettes at room temperature. The UV-visible extinction spectrum of the colloid 

revealed a sharp absorption peak at about 830 nm, Figure 4-7(a) indicating a predominance of 

particles with a relatively high aspect ratio. This generated a blue colour to the eye (as shown in 

figure). However, the reflectance spectrum of samples that had been dried on silicon or glass 

substrates displayed a considerably blue-shifted absorption peak at about 700 nm, (b). This is at 

too long a wavelength to be due to a dipole resonance in the short transverse direction of the 

particle. A possible explanation for the blue-shift was that the triangles placed on the substrates 

had assembled into stacks on drying. This was confirmed by examination of scanning electron 

microscope (SEM) images (Figure 4-8). 
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Figure 4-7: (a) UV-visible extinction spectrum of a typical colloidal suspension of Ag nanoparticles. The 
broad absorption peak in the upper visible and near infrared causes the sample to display a deep blue 
colour. (b) Reflectance spectrum of a dispersion of particles that had been dried out on a silicon substrate. 
The blue-shifting of the main dipolar resonance peak to 0.7 m is evident. 

 

a) 

b) 
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Figure 4-8: SEM images of stacks and aggregates of triangles.  

 

As Li et al. [219] confirmed, aging the initial solution of spherical silver nanoparticles for 30 

minutes resulted in larger triangles and hexagonal silver nanoplates. However, plasmon 

resonances were shifted to slightly shorter wavelengths (indicating a decrease in aspect ratio) 

but they also believed that stability of the resultant solution improved considerably. 

Interestingly, the intensity of plasmon peak increased after 30 minutes aging (Figure 4-9) which 

confirms the growth of sharp nanoplates. My results were in agreement with this report: aging 

of spherical silver nanoparticles caused the dipolar plasmon resonance to be shifted to a shorter 

wavelength with a significantly higher intensity than for the normal synthesis recipe. In contrast, 

the optical spectra indicated that undesirable absorption spectra were associated with silver 

nanotriangles generated with different concentrations of NaBH4 or H2O2. In addition, the UV-

vis results demonstrated that the extinction spectrum is not affected by the presence or absence 

of PVP. 
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Figure 4-9: UV-vis spectra of no added PVP, double concentration of NaBH4 and H2O2, standard 
condition and adding of H2O2 30min after making solution of PVP/AgNO3/NaBH4/Na3CA. 

 

SEM images for an aged sample shown in Figure 4-10 possessed uniformly-sized triangles while 

nanotriangles synthesized in the absence of PVP are more varied in size. 

 

Figure 4-10: SEM image of silver triangles aged for 30 min. 
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Previous studies reported that isolated non-spherical nanoparticles demonstrate larger |E|2 than 

isolated spheres because they are able to support plasmon resonances at long wavelengths with 

small effective radii [220]. In noble metal nanostructures, each particle with a diameter much 

smaller than the wavelength of the exciting light can undergo a dipolar resonance at a suitable 

wavelength. When particles are closer together, their dipoles interact. The nature of these 

electromagnetic interactions between the particles can be characterized by the distance d 

between the paired particles. Particles with distance of the order of the exciting wavelength λ 

show far-field dipolar interactions proportional to d−1 [221] On the other hand, pairs of particles 

with gap distances much smaller than the light wavelength show near-field dipolar interactions 

proportional to d−3 [222]. The very sensitive spacing dependency causes a splitting of the 

plasmon dipolar peak in one-dimensional arrangements of nanoparticles [223]. 

 For larger particles, or non-conventional excitation, the spectral response is modified due to 

retardation effects and higher-order (e.g. quadrupole or octupole) modes can be additionally 

excited in shapes with rotational symmetry [223]. For example, in the case of a quadrupole 

oscillation, the electric field distribution has four maxima. Additionally, Haes et al. [224], and 

others, have reported that the plasmon resonance on the surface of nanotriangles is characterized 

by regions of high (“hot spots”) and low (“cold spots”) electric near-field intensity. They found 

that the field decreases more rapidly with distance from the surface of nanoparticle around hot 

spots in comparison to cool spots. Therefore, on average, the interactions are sensitive to hot 

spots at small distances from the surface (a few nanometers) and to cool spots at larger distances 

(several tens of nanometer). Other literature on short range spacing between paired 

nanotriangles (i.e. 2 nm) reports that the electromagnetic fields around the nanoparticles can be 

systematically modified by varying the sizes, structure, shape and composition of the 

nanoparticles [225].  

DDSCAT simulations of samples  

In a shape such as a triangle, the direction of polarization of the electric field also makes a 

difference. For example, the field of the light could be polarized parallel to an edge of the 

triangle, or along its perpendicular bisector. I considered all possibilities. There are basically 

three ways to excite a dipole resonance in nanotriangles in vacuum, corresponding to applying 

the electric field in the through-thickness (short transverse) direction or in one of two possible 

in-plane (longitudinal) directions. The first of these longitudinal polarizations is parallel to one 

of the edges, and the second is from a vertex to the middle of an edge. The short transverse 
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polarization is not very interesting in these targets and is hardly altered by the geometry; 

therefore, my investigation is directed at an analysis of the resonances produced by the 

longitudinal polarizations. There are two possibilities. In the first the polarization is 

perpendicular to an edge (single triangle) or to the gap (pair of triangles); in the second it is 

parallel. I considered both possibilities and designate the first as ‘perpendicular polarization’ 

and the second as ‘parallel polarization’, Figure 4-11. In these nanoscale situations the optical 

extinction is controlled by direction of polarization and is not affected to any significant degree 

by the direction of propagation of the light. The calculated optical properties are expressed in 

terms of extinction efficiency, Qext. In the case of the DDSCAT code, this is the optical 

extinction cross-section normalized by the nominal geometric cross-sectional area of the 

particle, expressed as if all the matter in the particle was packed into a sphere [188]. 

 

Figure 4-11: Definition of the two types of longitudinal polarization applied in the present work. 

 

I am confident that the optical phenomena that I described can be realized in real devices if 

required because all the related configurations have been displayed in experimental results. In 

my DDSCAT calculations, three categories of single triangle, stacks and dimers are simulated. 

In all calculations except of the base-to-base triangles with 0-14 nm gap space, the glass 

substrate of 100×100×100×20 are taken into simulations by inserting the nanotriangles in a 

homogenous medium considering the average refractive index of air and glass. 

Simulations of single silver triangle 

A single silver nano-triangle would undergo a simple, dipolar plasmon resonance when 

polarized in either of the longitudinal directions, Figure 4-12. The peak extinction for light 

polarized in the plane of a series of self-similar triangles is at 550 nm for an edge length of 100 
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nm, increasing to 670 nm for the triangle with the 160 nm side. Clearly, the position of resonance 

is easily controlled by varying the edge length. For properly formed targets the peak position or 

intensity is not affected by the rotation of the triangle. 

 

Figure 4-12: Extinction efficiencies of the standard Ag nano-triangle shape suspended in vacuum, for 
various edge lengths (100-160 nm). 

 

Having gained a general understanding of the behaviour of single triangles, I then investigated 

the performance of the various paired configurations of triangles.  

Simulations of sandwich stacks of silver triangles 

During chemical reactions, silver nanotriangles prefer to stack face-to-face in lines where their 

edges are placed vertically to the substrate (Figure 4-8). This is due to the attractive interaction 

between triangular faces which is evidently stronger than the attraction between face and 

substrate. As discussed in other papers, capillary forces will cause the formation of such stacked 

arrays of many kinds of prismatic silver nanostructures [125, 226]. 
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Figure 4-13: Calculated extinction efficiencies of 80×80×80×20 nm silver nanotriangles in a) double-
decker by gap distances 16-25 nm and b) triple-decker configurations with and without substrate. The 
substrate, where present, is glass. 

 

A prototypical triangular shape of 80×80×80×20 nm is selected for the purpose of examining 

the resonances of the triangles by simulation. Figure 4-13 indicates the result of calculation for 

a triangle placed on top of a 100×100×100×20 nm glass substrate. DDA calculations of double- 

or triple-decker stacks of such triangles predicted absorption peaks at about 500 nm. The nature 

of the resonances responsible for the various extinction peaks is determined using a combination 
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of plots showing magnitude, direction or phase of the fields. The oscillation excited at, for 

example, 500 nm when a double-decker stack is illuminated with the direction of polarization 

parallel to the flat faces of the nanotriangles is shown in Figure 4-14.  

 

Figure 4-14: Calculated electric field distribution in a double-decker stack  illuminated at 500 nm (a) 
Geometric configuration showing direction of light and placement of cross-section of electric field, (b) 
cross-section of electric field showing y-component (y is normal to E and k)). (c) y-component of electric 
field calculated on a plane 1 nm above the top face of upper triangle. 

 

It is clear that a dipole resonance is being excited in this case, although, because there are two 

triangles, there is a relatively complex symmetry at the apices of the shapes, and the wavelength 

at which the dipole resonance occurs has been considerably blue-shifted relative to that of an 

isolated triangle,  

Figure 4-15. The electric field on the plane equidistant between the two triangles is close to zero 

because the surface charges on the faces are of the same polarity.  
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Figure 4-15: Calculated extinction efficiency of an isolated Ag nanotriangles (80×80×80×20 nm) versus 
a double-decker sandwich with a 12 nm gap, and a single Ag nanotriangles of 80 x 40 nm (equivalent to 
a gap-less double-decker sandwich). The positions of the 369 nm (decapolar) and 422 nm (octupole) 
resonances are indicated. 

 

Multimode resonances of even more complex symmetry were identified at shorter wavelengths, 

Figure 4-16. At 422 nm there is a resonance that has an octupole nature whereas at 369 nm a 

decapolar resonance is excited. Examination of the calculated extinction spectra as a function 

of the gap distance between the triangles presents that the wavelengths consisting of the 

multipolar resonances is barely affected by the gap distance. In contrast, the wavelength at which 

the dipole resonance peaks is quite sensitive to the gap distance. The reason behind this is that 

the multipolar resonances have short-range spatial features and therefore are hardly influenced 

by the surface charge on the neighbouring triangle. In contrast, the dipole resonances generate 

an electric field distribution that extends much further out into free space, so that the existence 

of the neighbouring triangle has a strong influence. 
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Figure 4-16: Complex multipolar plasmon resonances of a double-decker pair of Ag nanotriangles of 80 
nm×20 nm, with a 12 nm gap, when illuminated at (a) 369 nm, (b) 422 nm. E is in direction of blue arrow, 
k in direction of red arrow. 

 

The simulations also revealed another interesting aspect of the dipole-dipole coupling between 

upper and lower triangles. When the sandwich is on a glass substrate (for example Figure 4-17), 

the degeneracy of the dipole resonance on the two triangles will be broken in gaps greater than 

about 10 nm. In these cases, there are two distinct dipole resonances and distinctive resonant 

frequencies characteristics with that on the lower triangle red-shifted by about 50 nm due to the 

effect of the glass substrate. However, when the gap distance is smaller than about 10 nm, the 

electric fields across the gap are so firmly coupled that the two triangles behave as one, with 

their respective resonances hybridized to the same frequency, so splitting is minimal. The 

intensity of the resonance on the lower triangle is shown in Figure 4-17 using the value of Qext 

at 580 nm as a proxy. These shapes also illustrate two distinct multimodal resonances at higher 

energies. Due to their short-range spatial complexity these resonances are not much influenced 

by the magnitude of the gap; and also for the same reason, have scarcely any impact on the far-

field extinction. They may, nevertheless, be technologically noteworthy on account of the 

complex local fields that they generate. 

a) b) 



 

72 

 

Figure 4-17: Calculated extinction efficiencies at 580 nm for a series of double-decker Ag nanotriangles 
on glass, as a function of the gap between them. 

Effect of apparent cross section area 

The function Cext = (aeff)2×Qext, indicates the relation between Cext and Qext. The total volume 

of the triple decker target with substrate is larger than the target without substrate. So aeff, the 

effective radius of actual cross-section area for sandwiches for targets with a substrate is larger 

than for targets without any substrate. Therefore, as was pointed out in Figure 4-18, Qext for 

triple decker sandwiches with substrate is lower than without substrate; however, the Cext 

(apparent cross-section area) values are almost similar. So the heights of the peaks are nearly 

the same but the resonances of the target with substrate are shifted to a longer wavelength. 
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Figure 4-18: DDA calculation for triple decker according to a) Qabs and b) Cext. 

Simulations of stacks silver triangle 

Point-to-point silver nanotriangles 

The dipole resonances in nano-triangles, either in isolation or in the point-to-point configuration, 

have been extensively investigated [220]. Dimers of nanotriangles in the point-to-point 

(sometimes called 'nano-bowtie' [227, 228]) configuration are known to exhibit large local E-

a) 

b) 
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field enhancement at so-called hot spots. Therefore they have been already well-studied for their 

potential uses as optical antennas and waveguides [40] or for making surface-enhanced Raman 

measurements [227]. Hao et al. investigated the influence of gap distance on plasmonic 

characteristics and field enhancement of bowtie nanoparticles by experiments and simulations 

and they concluded that gap space has a vital impact on the electromagnetic field [229]. Well-

developed LSPRs are excited, so there is a strong absorption band. At least one multipolar 

resonance has been identified for these configurations by DDA calculations [46], although the 

intensity of such a multipole resonance is generally much weaker than the dipole mode [230]. 

It is reported that the maximum field enhancement for the dipole resonance is at the triangle 

tips. whereas, the significant enhancement for the quadrupole resonance occurs at the sides of 

the triangle, and the field decays away from the surface faster for the quadrupole than for the 

dipole [38] . This trend is similarly observed in my calculations (Figure 4-19). In dipolar 

resonances, the electric fields of both triangles is overlapped, so the large electric field appeared 

by contrast, the electric fields of the quadrupole resonance in the interface area between two 

triangles have opposite directions into the particles, so no overlapping of electric field is 

observed.  

 

 

Figure 4-19: Electric field at dipolar resonance 

 

As shown Figure 4-20, by increasing gap space between two triangles, the dipolar plasmon 

resonance at 670 nm is blue shifted, while the quadrupole peak at 410 nm is not affected.  
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Figure 4-20: DDA simulations of the extinction efficiency of bowtie silver nanotriangles. 

 

Figure 4-21 shows the dipolar interaction within two tip-to-tip triangles: the positive charge is 

created in the right corner of the left triangle whereas the triangle on the right side has a negative 

charge in its left hand corner. The dissimilar charge within triangles generates the absorption 

power of the LSPR, and reduces the plasmon energy so that the plasmon resonances are shifted 

to a longer wavelength. Su and his group reported a similar effect on  wavelength in response 

to changes in gap space in gold nano-elliptical disks [231]. They explained this effect by the 

coupling of the near-field plasmon with photon tunnelling. In other words, if the gap distance is 

small, the electromagnetic field of the LSPR for the two parts of the nano-bowtie is overlaid and 

coupled; hence, photon energy is able to tunnel through the gap.  

 

Figure 4-21: Field line at dipolar resonance for point to point triangles. 
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Base-to-base silver nanotriangles  

Less consideration has been put into the base-to-base coupling of two nanotriangles compared 

to tip-to-tip or tip-to-base arrays. However, the enhancement of electric field is spread over a 

larger volume in base-to-base configurations than in the tip-to-tip or tip-to-base cases. This 

compensates to some amount for the reduction in ‘hot spot’ intensity of tip-to-tip. Base-to-base 

shapes could be better for  refractometric and enhanced fluorescence sensing applications but 

would not be recommended as SERS (where the enhancement in signal is proportional to E4 and 

hence very sensitive to the peak value [232]).  

In this section I examine the base-to-base configuration and confirm that it is a promising 

platform. At this point the effect of gap size, substrate and various polarization directions and 

the plasmon electric field are taken into account. 

 

Figure 4-22 provides SEM and TEM images of silver nanotriangles with combination of tip-to-

tip and base-to base configurations. The edge length of well-formed triangles is generally in the 

range of 60 to 100 nm and the thickness (visible when the stacks of triangles observed from one-

side not presented here but previously discussed in the beginning of this chapter) in the range 

15 to 30 nm.  

Therefore, I choose prototypical triangular structures of 80×80×80×20, 100 100 100 20 nm 

and 100 100 100 25 nm for my numerical simulations.  



 

77 

 

 

Figure 4-22: a) and b) SEM images with base-to-base configurations arrowed, c) TEM image of triangles, 
base-to-base configuration circled. 

 

Simulation of optical properties and electric field of nanotriangles 

The extinction efficiencies of a single nanotriangle and of a pair of nanotriangles that are nearly 

touching in the base-to-base configuration are displayed in Figure 4-23. The calculated results 

show that the spectral position of LSPRs of dimers of nanotriangles is significantly red-shifted 

compared to a single nanotriangle.  

a) b) 

c) 
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Figure 4-23: The calculated extinction spectra of 80×80×80×20 nm silver triangles in the single and base-
to-base (0.7 nm gap) configurations. ‘Perpendicular polarization’, as defined in the Methodology section, 
has been applied. 

 

Next I conducted a systematic study of the effect of substrate like glass one on the extinction 

spectra of base to base triangles, Figure 4-24. For example, I provided a 5 nm gap and a 

100×100×100×20 nm simulated glass substrate. ‘Perpendicular polarization’ was applied as 

shown in Figure 4-25. The main effect of the substrate is to red-shift the LSPR. The red-shifting 

has also ‘stretched’ the absorption spectrum allowing a new resonance at about 475 nm to be 

spotted. This resonance is most likely to be influenced by the interface within the glass substrate 

and the underneath surface of the triangles. Note, that the reduction of Qext is also linked to the 

presence of the substrate, as described above. 
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Figure 4-24: The calculated extinction spectra of 80×80×80×20 nm silver nanotriangles on glass substrate 
and without substrate. 

 

Having gained a general understanding of the behaviour of base-to-base triangles on a glass 

substrate, I compared the impact of the two in-plane polarization types, Figure 4-25. The figure 

below indicates that the peaks for ‘perpendicular polarization’ are quite red-shifted compared 

to those generated by ‘parallel polarization’. There is evidence showing additional multimodal 

peaks in both cases. The nature of the electric fields associated with these LSPRs will be 

discussed later. 

 

Figure 4-25: The calculated extinction spectra for incident light with ‘parallel polarization’ and 
‘perpendicular polarization’ of a dimer of base-to-base triangles with 4.7 nm gap and no substrate.  
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The extinction spectrum is also dependent on the edge length, thickness and truncation (if any 

present) of the nanotriangles. The aspect ratio is more important than the actual size of the 

triangles which is shown in Figure 4-26. In (a) the extinction efficiency of two different 

thicknesses of base-to-base triangles with same edge length were simulated. In panel (b) the 

results for two different edge lengths but the same aspect ratio is displayed.  

It is clear that increasing the aspect ratio, moves the dipolar resonance to longer wavelength but 

at similar aspect ratio, changing the size would most likely only scale its Qext. The gap in these 

simulations is 5 nm with no substrate present. 

 

Figure 4-26: Effect of size and aspect ratio on the position and intensity of the LSPRs. (a) The calculated 
extinction spectra for 100×100×100×20 nm and 100×100×100×25 nm base-to-base silver nanotriangles. 
(b) The calculated extinction spectra for 100×100×100×25 nm and 80×80×80×20 nm base-to-base silver 
nanotriangles. 
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Next, the variation of gap distances in the range of 0 to 14 nm in pairs of 80×80×80×20 nm 

triangles is investigated using ‘perpendicular polarization’, Figure 4-27. Due to a massive 

increase in the size and time of the calculations in the presence of substrate, the remaining 

calculations were done without a substrate present. All other parameters were kept constant. 

Two main absorption bands, labelled A and B, are observed in these spectra, and both are 

strongly affected by the gap size. Later I will illustrate that resonance A starts as an ordinary 

dipole resonance for a gap of 0 nm, and changes to a multipole resonance as the gap is increased. 

Resonance B requires a gap >3 nm to develop into a complex coupled dipole. A and B are both 

blue-shifted by increasing the gap distance. The movement  of the LSPRs to shorter wavelengths 

of light is as a result of the decrease in mutual interaction of each triangle’s charge across the 

gap, which gets weaker as the gap increases [233].  
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Figure 4-27: Calculated extinction efficiencies of 80×80×80×20 nm silver nanotriangles in base-to-base 
configurations with polarization perpendicular to the gap. (a) Plot showing values of Qext achieved, (b) 
stacked plot showing how LSPRs are red-shifted as the gap closes.  

 

Examination of the calculated extinction spectra as a function of the gap distance showed that 

the intensity and wavelength of the main resonances are definitely influenced by the gap, which 

is summarized in Figure 4-28. There is a special situation at a gap size in the range of 4 to 5 nm. 

In this case the two LSPRs are of approximately equal strength, Figure 4-28(a). There is a blue-

shift observed in the LPSR energy as the gap enlarges (Figure 4-28(b)), though, for gaps greater 

than 10 nm, a slight change in LSPR intensity or position occurs. In these instances it is clear 

that the two triangles are sufficiently far apart to have become decoupled.  
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Figure 4-28: a) Calculated extinction efficiencies of two resonances for a pair of 80×80×80×20 nm Ag 
nanotriangles in base-to-base configuration, as a function of the gap size.  b) Intensity and wavelength of 
the A and B resonances vs. gap distance.  

 

A specific area at a gap of about 4 nm is examined further in Figure 4-29, in which the out-of-

plane component of the electric fields is calculated on a plane about 2 nm above the top surface 

of the triangles. By perpendicular polarization to the gap, one coupled dipolar mode at 590 nm 

(because the individual dipoles on the two triangles are arranged head-to-tail) and a quadrupolar 

a) 

b) 
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mode at 530 nm are observed. In the case that a strong field is required between the bases, the 

quadrupolar mode is a better option for this gap size. The quadrupolar resonance at 530 nm 

shows an interesting feature with two null points beside the base where the polarity of the charge 

reverses. In the case of ‘parallel polarization’, the strongest resonance at 460 nm is simply a 

dipolar oscillation, but a high energy multimodal resonance at 360 nm also appeared.  

 

Figure 4-29: Simulated electric field enhancement for a pair of 80×80×80×20 nm silver triangles in base-
to-base configuration with a 4.7 nm gap. Perpendicular polarization is shown as , parallel polarization 
as ll. (λ= 590 nm, coupled dipole mode across gap,   = 460 nm, ordinary dipole, λ=530 nm, quadrupole 
mode across gap, and  = 360 nm, high energy multimode.) 

 

The electric field may also be studied by visualizing the field lines. Figure 4-30 indicates the 

field lines for the case of base-to-base triangles with 5 nm gap and perpendicular polarization. 

The coupling of the charge of the dipoles on the individual triangles is clearly evident. 
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Figure 4-30 a) Electric field lines for dipole resonances at λ=590 nm and b) the schematic arrangement 
of charge in this mode. The similarity to the charge distribution on a parallel plate capacitor is striking. 

 

Figure 4-30 shows how, at one instant in the plasmon oscillation, negative and positive charges 

accumulated at the corners 4 and 2, respectively. Charge is also spread along the opposing 

surfaces of the gap with some concentration at the ends, with positive charge collected on the 

corners 3 and 6 and negative charges on the corners 1 and 5. The opposite charge state between 

the two bases is essentially that of a parallel plate capacitor. Not only must this cause transient 

storage of energy, but the potential difference across the gap should promote some electron 

tunnelling. Finally, the opposing charges will trigger an electrostatic attraction between the two 

triangles, a factor could be interesting to examine in some future work. 

4.4.4 Simulation for aluminium base-to-base triangles 

Aluminium is even better than silver for developing strong LSPRs [57] but due to its different 

refractive index the resonances are at much shorter wavelengths. I was interested to see what 

effect this would have on the triangle LSPRs. Therefore, DDA calculations were programmed 

for aluminium triangles. Interestingly no splitting of dipolar plasmon resonance is observed for 

aluminium (Figure 4-31) and the multipolar resonances are situated at similar wavelengths (in 

compared with figure 4-27 (a)). This may be of use in some specific applications.  

E 

a) b) 
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Figure 4-31: Calculated extinction efficiencies of 80×80×80×20 nm aluminium nanotriangles in base-to-
base configurations with polarization perpendicular to the gap. (a) Plot showing values of Qext achieved 
by 0-14 nm gap spaces.  

4.4.5 Stability of material 

It is widely believed that the large surface energy at the corners and edges of silver nanotriangles 

cause them to be sensitive to oxidation. Any rounding of tips that is caused by oxidation will 

diminish the outstanding optical properties of anisotropic shapes [234]. It has been found that 

silver nanoparticles display different plasmonic behaviour in various environmental conditions; 

such as water [152], acids [235], halides [236] and oxidative agents [237]. The poor chemical 

stability of silver inhibits its use compared with gold. Therefore, stabilization of silver 

nanoparticles is considered as a vital factor for their use as SPR-sensing enhancers. Varied 

techniques are applied to stabilize the surface of silver nanostructures[25]. One common method 

is to apply inorganic or organic coating layer like gold [238], silica [239] and thiols [240] to 

provide indirect contact within silver and external etchants. However, the use of these materials 

brings problems. For example, covering the silver surfaces with an inert silica layer will protect 

it against corrosion however removal of the direct contact area between silver and analyte 

restricts the sensing efficiency significantly. Coverage with a thin layer of Au by galvanic 

replacement can provide stability only in mild conditions due to its limited coverage area [238]. 

In contrast, a thick layer of gold produced by galvanic replacement increases stability but use in 
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SPR sensing applications is restricted because then mainly the less desirable plasmonic 

properties of gold are in operation [241]. 

Passivation with oxygen  

An attempt was also made to passivate the triangles by developing an oxide layer by bubbling 

O2. In this case the resulting solution kept its stability for at least 40 days. As shown in Figure 

4-32, the plasmon resonances were blue shifted in both samples in contact with oxygen and air, 

suggesting the apical truncation of silver triangles by an oxidizing reaction.  

 

Figure 4-32: UV-visible spectrum of passivation with oxygen. 

Passivation with NaI 

In this experiment, different concentrations (2-10 mM) NaI solution were applied. The 

passivated compounds changed the structure of nanoparticles. The UV-visible spectrum in 

Figure 4-33 indicated the shape transition of triangles.  
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Figure 4-33: UV-Vis spectra of passivized samples with NaI. 

Passivation with Na2S 

Seo et al. [242], believed that sulphide operates as a scavenger of gold and silver compounds. 

An aqueous solution of a passivizing compound like Na2S can be added to the particle dispersion 

and the solution stirred for several minutes at room temperature. Hence, the stable layer of Ag2S 

can be fabricated on the surface as follows.  

However, according to SEM (Figure 4-37) and TEM (Figure 4-35) images of passivated 

samples, by adding the 0.2 M (Figure 4-36), the tips of triangles would be the first spot to be 

attacked by sulphide ions (even the original truncated triangles would be corroded at corners by 

sulphide ions.)  

4Ag + 2S2− + O2 + 2H2 O → 2Ag2S +4OH−  (Equation 4-2) 
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Figure 4-34: SEM images of triangles with 0.2 μM sulphide concentration. 
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Figure 4-35: TEM images of passivized sample s by addition of 0.2 μM sulphide concentration. 

 

  Figure 4-36: SEM images for passivated sample by 0.4-0.6 μM sulphide concentration. 
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A slight increase in the amount of sulphide ion (Figure 4-36 and Figure 4-37) causes more 

truncation of silver triangles and even the edge length starts to be corroded.  

 

Figure 4-37: TEM images of passivized samples by addition of 0.4 μM sulphide concentration.  

 

Finally, by adding sulphide in the range of 0.8-2.1 μM (Figure 4-38), the corroded particles are 

broken into smaller pieces (combination of the irregular and triangular shapes) and their rounded 

shapes are enhanced radically while at 3 μM, nearly full corrosion and degradation of triangular 

nanoparticles occurred (Figure 4-40).  
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    Figure 4-38: SEM images for passivated sample by 0.8-2.1 μM sulphide concentration.  
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Figure 4-39: SEM images for passivated sample by 3 μM sulphide concentration. 

 

Figure 4-40 displays the UV- spectra of ‘passivated’ solution with different Na2S concentration 

in the range of 0.3-3 μM. It is obvious that the extinction spectra are directly dependent on the 

concentration of Na2S. The two basic absorption peaks at 330 and 780 nm were assigned to the 

out-of-plane quadrupole and in-plane dipole resonances respectively. However increasing the 

Na2S addition, reduced the intensity of absorption peak considerably and the dipolar resonance 

was slightly blue-shifted due to the high dielectric constant of Ag2S and morphology transition 

(rounding corners and spherical particles and edges). Hence Na2S was actually corroding the 

triangles rather than passivating them. The aqueous dispersions were stored in the glass bottles 

for several months and no particle aggregation and further colour changes were detected, so it 

can be stated that corrosion ended after some time. 
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Figure 4-40: Sulphureted samples made by adding  by 0-3 μg of sulphide compounds. 

 

Silver has a high tendency to react with sulphide anions in solution and create Ag2S. The reaction 

occurs quickly at room temperature. The volume of one Ag2S unit is almost 70% greater than 

two Ag atoms when it is combined with S2. Zeng and his group demonstrated that the 

sulphuration reaction initiates at the tips of triangles then diffuses into the centre [243, 244]. 

Chen et al. also reported S-2 readily reacts with silver and causes site-selective etching reactions 

at the tips of silver triangles [245]. The small radius of curvature at the tips provides nucleation 

sites for the reaction with sulphur ions due to the relatively high energy and activity at these 

spots. Hence, the tips and edges of silver triangles are rounded by corrosion.   

Passivation with toluene and butane thiol 

As mentioned before, the application of metals as nanoparticles depends significantly on their 

structural and physical stability. For instance, plasmon-enhanced spectroscopy needs stable and 

well-characterized resonances. Plasmon resonance shifting, even only a few nanometers, can 

decrease signal intensities and magnitude, especially in nonlinear optical enhancement. The 

preferred stabilizing shell needs to be protective for a reasonably long time, but, ideally, the 

plasmonic properties should not be changed relative to the initial nanoparticles.  

Previous reports showed that thiols could be useful as passivating ligands and they could provide 

anisotropic silver nanoparticles with long-term stability [246, 247]. The local environment, like 

the nearby solvent (methanol, chloroform, etc) molecules, influences the optical properties of 
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thiolated silver nanotriangles. In my experiment, a small amount of methanol (~1 vol% ) was 

used to dissolve the thiols due to insolubility of thiols in the water solution. Such a small amount 

of methanol (~1%) would not cause detectable changes in the optical absorption of thiolated 

silver nanotriangles. 

Figure 4-41 displays the influence of different concentrations of butanethiol (0.33-2μM:12% of 

main solution volume) on the silver triangular nanoparticles. The extinction due to the plasmon 

peaks decreased considerably which suggests that thiolation destroyed the silver nanotriangles. 

Strangely, the position of peak resonance did not change much, suggesting that the silver 

nanostructures maintained their aspect ratio and only decreased in size.  

 

Figure 4-41: UV-vis spectra for passivated sample by butanethiol. 

 

 

Figure 4-42: SEM image of 2 μM thiolated silver triangles.  
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As shown in the SEM image (Figure 4-42) of thiolated silver nanoparticles, the triangles are 

aggregated together and gave degraded shapes. 

Energetic view of silver alkane thiolate formation 

It is generally accepted that adsorption of thiol on silver surface initiated with physical 

adsorption, then followed by bonding interaction between sulphur and silver. Finally relocation 

of the adsorbed thiol ions generated the self-assembled covering layer [214, 248]. Firstly silver 

reacted with the thiol group by the following reaction: 

 

The high thermodynamic stability of the chemical bond between sulphur and metal resulted in 

self-assembly of thiol on the surface of silver. Although the entropy S would be reduced after 

adsorption and bonding (hence T S would be negative), this decrease would be compensated 

by the negative ∆H so self-assembled formation of silver alkane thiolates could occur. Previous 

reports estimated negative entropy cost (T∆S) for transition of molecule from solvent state into 

solid as -35 to -60 kJ/mol. This was overwhelmed by the highly exothermic reaction which 

proceeds within several minutes. Hence, thiol was consumed completely to form silver alkane 

thiolate precipitate and HNO3 solution. 

4.5 Conclusion 
Silver nanostructures have received considerable attention over the recent decades because of 

their novel applications in field bandages, water filtration, plasmonics, anti-microbial coatings 

and electronic tools [249]. Two dimensional silver nanoplates provide interesting optical 

properties. When the lateral dimension of the nanoplate is larger than its thickness, an 

anisotropic shape is generated which results in maximum electromagnetic enhancement and 

high LSPR [6]. The DDA method is useful for calculation of the optical properties of arbitrary 

shapes such as silver nanotriangles. Silver nanotriangles may be readily produced by wet 

chemistry and are suitable building blocks for various plasmonic structures. In general, a 

straight-forward mechanism can be proposed for this reaction: NaBH4 partially reduces silver 

ions to create small silver nanoparticles which would be stable for short time by adsorption of 

citrate. The nuclei of silver nanoparticles contain a combination of defects like twins and 

evidently specific types cause the growth of the nucleus into a planar shape. Plane selective 

oxidative etching by H2O2 removes the less stable particles and alloys the stable nanoplates to 

dominate.  

AgNO3(aq)+ HS(CH2)nCH3(aq)→HNO3(aq)+AgS(CH2)CH3(s)  (Equation 4-3) 
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A range of reactant ratios and concentrations were explored for the chemical synthesis and it 

was found that successful synthesis depended on having very fresh NaBH4. Use of older samples 

of the reductant was associated with the production of large spheres or other undesirable shapes. 

In addition, triangles could not be formed if the reagents were added in the incorrect sequence. 

For instance, when NaBH4 was added to solution after addition of H2O2, chemical synthesis 

could not generate triangles. In our experiments I also found that triangles could be produced at 

almost half the concentration of NaBH4 that was mentioned in literature. 

Here I examined several types of silver configurations and assessed the nature of the electric 

fields generated by their localized surface plasmon resonances. The local electric field was 

calculated for all orientations. The plasmon resonances of nano-triangles could be further 

developed by placing them in paired configurations. Both the electric field distribution and 

intensity can be manipulated by this means. However, particle morphology and the associated 

surface plasmon resonance alone do not guarantee a strong local field distribution and it is also 

possible to amplify the local-field with the geometry and specific orientations of the 

nanoparticles. The effect of varying the gap size for Ag nanotriangles was considered in detail. 

The results indicated that these shapes can sustain strong multimode resonances, in particular 

dipole and quadrupole resonances. The pairing of the parallel basal edges produced a strongly 

capacitive configuration and very intense electric fields over an extended volume of space 

during a dipolar resonance. This situation could be suitable for plasmonic devices such as 

sensors based on metal-enhanced fluorescence. The electric field distribution in the quadrupole 

resonance is more complex but may also be suitable in some instances for the excitation of 

fluorophores. Simulation of the extinction spectra as a function of gap space showed that both 

the wavelengths and intensities at which the dipole and quadrupole resonances occur are 

significantly influenced by gap distance. It is envisaged that by maximizing the local-field, there 

will be significant improvements in the sensitivity of refractive-index-based nanoparticle 

nanosensors. 

Finally, the passivation of silver nanotriangles with appropriate stabilizing compounds was 

investigated. No fully satisfactory solution to the problem was found but it is worth noting that, 

in sealed bottles, colloids of silver nanotriangles held their blue colour for number of months 

anyway. Further investigation into the passivation problem should be considered in future work. 
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5 PtAl2 Semishells 
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5.1 Overview 
As discussed before, the excitation and propagation of strong plasmon resonances require that 

the material possesses quite particular dielectric properties. Specifically, if the optical properties 

are described by the dielectric function (ε(ω)= ε1(ω)+ i.ε2(ω)), then the 1 must be in the range -

2 or less, and 2 should be as small as possible, preferably smaller than about 5.  For practical 

reasons, materials used to develop plasmon resonances should also be highly resistant to 

oxidation and corrosion under ambient conditions. In addition, the geometry of nanostructures 

has a considerable effect on their plasmon resonances. Nanoshells and core-shell nanoparticles 

have been highlighted as one of the most interesting geometrical configurations because they 

have tunable LSPRs [163, 165].  

A nanoshell consists of a spherical dielectric, semiconducting or medium-filled core with a 

concentric outer metallic coating layer. Semishells are defined as partial nanoshells, while nano-

cups and half-shells are types of semishell [250]. Numerous studies have reported the fabrication 

of semishells made from Au, Ag, Cu, TiN and Cr in recent years [164, 176, 251-253]. Liu et al. 

prepared suspensions of distinct gold and aluminium semishells with interesting red-shifted 

optical absorption [178, 250]. In addition, Liu et al. noted they possessed a high degree of 

angular and polarization sensitivity to optical properties compared to solid nanospheres [178, 

250]. Half-shells, which generally have absorption peaks in the visible and IR, have been 

proposed for  various applications in the field of SERs, cancer treatment,  IR-blocking coating 

for windows [5, 6], optically activated drug delivery [254], biomedical applications [255] and 

photothermal treatment [24, 176, 177]. It is worth mentioning that compared to full shells, the 

accessible open area of the inside of the semishells results in them being proposed for drug 

delivery  [173]. 

The optical properties of nanoshells and semishells are very sensitive to changes of the inner 

and outer radii of the metallic shells, especially to the ratio of these dimensions. This is known 

as the aspect ratio. The overall size is also important: for instance, theoretical calculations 

showed that, by increasing the size of silica-Au core-shells with an inner-outer diameter ratio 

fixed [58], the line-width of the plasmon resonances was greatly broadened. Hence, by 

modifying the relative core-shell ratio and total sizes of nanoshells, the frequencies and peak 

shapes of nanoshell LSPRs can be adjusted [167]. In addition, the optical properties of small 

nanoshells are dominated by absorption whereas scattering becomes important in larger 

nanoshells. So, by controlling the size of nanoshells, the amount of light scattered or absorbed 

can be selected. Previous research on the optical properties of semishells has also proved that 

the plasmon resonance is dependent on the refractive index of the medium, direction and 

polarization of incident light to particle. For instance by decreasing the refractive index, the 
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plasmon resonances are blue shifted noticeably [168]. Symmetry, or lack of it, is a factor that 

controls the optical properties of semi-shells. Deposition at an acute angle gives a different result 

to deposition at normal incidence [178, 251]. Furthermore, if an acute angle of deposition is 

used then welding and interconnection of the individual semishells can be prevented. If a red-

shifted and sharp plasmon peak is needed then it is necessary to use a less symmetrical and 

discrete semi-shell [62, 178, 256] preferably with a uniform shape [170, 178]. 

One of the attractions of semishells is that they provide a family of nanoparticle shapes that can 

be produced by magnetron sputtering. This provides a means to produce nanoparticles from 

materials that are too reactive for wet chemical synthesis. Aluminium semishells can, for 

example, be prepared in this way [250]. 

In this chapter I will describe how I have used magnetron sputtering to verify the plasmonic 

properties of PtAl2. As described earlier, this compound has a yellow colour which is clearly 

different from the silver colour of its two constituents [257]. Keast et al. investigated the 

electronic structure and optical properties of PtAl2 via density functional theory (DFT) [62] and 

proposed that it could be a possible material for plasmonic applications.  In this chapter I test 

this claim. Fabrication of discrete and accurately constructed PtAl2 nanocaps is quite complex. 

Success was attained but required careful attention to both how the initial arrays of polystyrene 

particles were produced and to precise control of sputtering conditions. 

5.1.1 Different types of plasmon resonances 

There are some minor differences in the charge oscillations that cause plasmon resonances in 

solid particles compared to those in nanoshells or semishells. As  shown below, normally 

electrons oscillate across the solid core of nanoparticles [258]. In contrast, in nanoshells and 

semishells, the oscillation of electrons is confined to the shell and is similar to the movement of 

electrons in a curved wire [170, 259]. Therefore, in some orientations a current loop is formed 

(blue arrows). 
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Figure 5-1: Electron charge oscillation at a) nanospheres (throughout the nanoparticles) and b) semishells 
(along the semishells). 

It is evident that a real semishell has a complex shape. Moreover, simulation of a whole array 

of nanoshells is not reasonably achievable with the software available. Therefore, the 

simulations were performed on single semishells.  

According to the geometric symmetry of semishells, two kinds of fundamental plasmonic 

resonance modes, axial and transverse, are possible [170, 259]. Each of these generates a fairly 

distinctive plasmon mode. Axial resonance along the short direction of a semishell has been 

designated as the α resonance and mostly produces a weak resonance which morphs into the 

quadrupole mode of the transverse resonance as the shape is modified. The transverse resonance 

at right angles to the axis of symmetry has been designated as the β resonance. It is a dipolar 

resonance but takes the form of an oscillating current loop.  From the direction of the light 

relative to the semishells, I expect that they would undergo the  resonance because the light in 

my case is coming in as shown in Figure 5-2. 

 

Figure 5-2: The β resonance in semishells. E in direction of the electric field and k is the orientation of 
light.  

 

Cortie et al. reported that the  resonance is associated with high values of electric field around 

the rim of the semishell or nanocaps [259]. However, getting the β resonance requires the 

individual semishells to be electrically isolated from one another [252, 259, 260]. The transverse 

β resonance also provides an oscillating magnetic field because of the looping current path. An 

interesting attribute of these shapes is that they can serve as a three-dimensional nanoantenna, 

getting light from various directions and redirecting it to a specific orientation [18]. 

 

 
   

k 

E 
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5.2 Objective of this chapter 
This chapter will focus on the preparation and properties of PtAl2 semishells. The optical 

properties of semishells will be explored using both experimental measurements and 

computational techniques. In addition, the parameters which influence the position and strength 

of the LSPR peak of these semishells will be discussed. 

5.3 Experimental details 

5.3.1 Polystyrene spheres on a glass substrate 

The goal of the specimen preparation was to fabricate individual and well-formed semishells in 

high yield. It was important to clean the glass slides (20×20×1 mm3) prior to starting the process. 

Slides were cleaned ultrasonically with detergent and acetone solution for 30 min. Next, they 

were sonicated carefully in a solution of 5:1:1 H2O/NH4OH/35% H2O2 for 60 min and then 

rinsed with Milli-Q water and dried with streaming pure N2. This process increased the 

adherence of the PS spheres to the glass substrate. After that a sparse layer of PS spheres on the 

glass was formed by spin-coating with an appropriate dilution of PS spheres. The homogeneity 

of the monolayer depended sensitively on the concentration of the PS solution, the speed of the 

spin machine [190], number of drops, angle of dropping the PS solution on top of substrate, and 

time of spinning. 

The main issue with spin coating is allowing the nanospheres to move above on the substrate 

until they achieve the lowest energy configuration. Under the right conditions capillary forces 

cause the nanospheres to assemble into hexagonal closest-packed layers on top of the substrate 

when the carrier fluid like water or methanol vapourises. 

I tried many different recipes for spin coating (details in Chapter 3). Figure 5-3 displays an 

example of an unsuccessful run in which the spheres have become inhomogeneously distributed 

on the surface. There are aggregations of PS nanoparticles, multilayers and blank areas. 
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Figure 5-3: Undesired deposition of PS nanospheres (see Table 3-3) caused by formation of multi-layers 
of PS or blank area of PS), a) 25 PSP and 2800 rpm, b) and c) 100 PSP and 1600 rpm, d), 1200 PSP and 
2800 rpm, e) 50 PSP and 2800 rpm and 200 

 

Finally, a reasonably ordered single layer of the PS on the surface was generated by precise 

control of all the parameters. As I mentioned in Chapter 3, 20 μl of the diluted suspension of PS 

was spun-cast at 3600 rpm onto the glass microscope slides for 20 sec. Figure 5-4 shows a 

monolayer of hexagonal packed PS spheres on the glass substrate before deposition of PtAl2. 

This array was sufficiently uniform to be able to serve as a suitable template for production of 

PtAl2 semishells with desired optical properties and potential uses [176, 261, 262]. Note that a 

perfect monolayer of PS (which is sought after for the case of nanosphere lithographic 
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preparation of triangle arrays) is not necessary for the preparation of semishells. Semishells can 

even be prepared on isolated PS spheres. 

 

Figure 5-4: The desired monolayers of PS spheres. 20 μl of the diluted suspension (80 PSP +100 mixture 
Triton solution (μl) at 1200 rpm for 20 seconds (noted at chapter 3 caused in deposition of one coherent 
layer of PS nanospheres.  

5.3.2 Deposition of PtAl2 semi-shells 

The correct stoichiometry for PtAl2 was achieved by exact control of the sputtering rate 

including appropriate setting of the current and power. Figure 5-5 shows the calibration curves 

for aluminium and platinum. 
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Figure 5-5: Deposition rate of aluminium and platinum vs. current. 

 

As described by Liu et al. [177], if discrete semishells are desired from a concentrated packed 

template of spheres then the substrate must be at an oblique angle to the targets in the deposition 

chamber. In my case an angle of 20° was selected to generate discrete semishells.  

As described in more detail in an earlier chapter, the targets produce a flux of appropriate ions 

during magnetron sputtering. These are deposited on the substrate and condense into a solid film 

by the process of nucleation and growth. An annealing heat treatment may be employed to 

crystallize the films, remove defects and raise the grain size; however this can cause a phase 

transformation or oxidation, so it has to be carried out under controlled circumstances. Under 

the conditions described, the type of semishell produced is often described as a ‘nanocap’. 

Afterwards, the deposited nanocaps are separated from their PS cores with mild sonication of 

the sample in an organic solvent like dichloromethane. 

5.3.3 Deposition of PtAl2 thin films 

Magnetron sputtering was performed onto the cleaned silicon substrate. A power of 124 watts 

and 22.5 watts was applied to the Al and Pt targets respectively, followed by an annealing 

treatment to prepare a thin layer (300 nm) of PtAl2. 

5.3.4 Characterization 

XRD measurements, EDS and SEM were used to analyse the composition and morphology of 

the semishells. More details are given below.  
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For these measurements, the angle of incidence was 0.5 ̊ whereas the deviation slit was 0.2 ̊. The 

2θ values are located in the range of 20 – 80 ̊, and counts were collected for 3 seconds for each 

stage. For data collection and phase detection, Diffract Plus software was applied and the JC-

PDF database used to confirm which phases were present. 

EDS of samples (EDS) were obtained at 8 kV. A Supra Zeiss SEM was used at 20 kV to generate 

the SEM images of my semishells. 

5.3.5 Measurement of optical properties 

Transmittance T(λ), reflectance R(λ) and optical parameters were measured using a Perkin-

Elmer Lambda 950UV/VIS/NIR spectrophotometer and ellipsometer with universal reflectance 

accessory through the visible to near infrared wavelength range from λ=300 nm to 2500 nm. 

For measurement of ε2 and ε1, ellipsometry was carried out using a V-VASE by J.A Woollam 

Co. [263]. 

For the simulations, prototypical semishell targets were produced using a program written by 

M. Cortie. Figure 5-6 exemplifies the input and output values used to produce a shell with core 

diameter of 250 nm and thickness of 100 nm. Roughness of the shell can also be controlled. The 

300 metal blebs (particles) per shell produce a shell of moderate roughness, very similar to the 

ones actually fabricated. 
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Figure 5-6: Simulation of PtAl2 semishell with 100 nm thickness and medium roughness. 

 

Simulations of various designs of semishell were performed with the DDSCAT program, using 

the refractive indices obtained previously at UTS by my colleagues A. Gentle and S. 

Supansomboon for PtAl2. As discussed in chapter 3, simulation of these large targets with their 

relatively lossy dielectric functions (i.e., large value of m) is very slow. To make the calculations 

feasible, dipole spacings of 1 to 5 nm were investigated to see how long calculations would take. 

Additionally, the number of metal particles per shell (which controls roughness of the outer 

surface) was varied between 100 and 1000 dipoles to investigate the effect of surface roughness 

on the LSPR. A second round of simulations included a core diameter of 250 nm with semishell 

coating with various thicknesses from 70-150 nm. After this, the same targets were run again 

but with a fixed effective radius imposed in order to determine the effect of shape at fixed aspect 

ratio and same mass of PtAl2. Additionally, the effect of changing the core diameter and ratio 

of core to total diameter (core diameter + shell thickness) was explored by calculation of the 

optical properties of semishells with a variety of core and total diameters.  



 

108 

5.4 Results and Discussion 

5.4.1 Characterization results 

A very quick and easy test for the successful preparation of PtAl2 after annealing was whether 

the sample had its characteristic yellow colour or not.  

The diffraction pattern of PtAl2 thin films on a glass substrate is shown in Figure 5-7a. The lack 

of a few peaks of the phase in the pattern is probably related to the crystallographic texture of 

the sample or an out- of plane structure which might be formed showing PtAl2. However, the 

presence of the broad peak implies that the sample is not completely crystalline.  

The lattice parameters for thin films and semishells were calculated from the XRD peaks using 

Fityk [264] and found to be 0.5941 and 0.5935 nm, respectively. These values are similar to the 

0.5926 to 0.5922 nm of the JCPDF database (cards number 00-003-1006 and 03-065-2983). In 

fact, most of the references in the JCPDF are related to bulk material which may have slightly 

different lattice parameters to thin films, because the films might be under a condition of tensile 

or compressive residual stress. In my case a tensile stress is possible because the lattice 

parameter is slightly larger than for bulk PtAl2.  
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Figure 5-7: X-Ray diffraction pattern of PtAl2 a) thin film and b) semishells on glass.  

The chemical composition was analysed with EDS, and was found to be 33 1 at. % Pt and 67  

1 at. % Al.  

Figure 5-8 shows SEM images of typical arrangements of PtAl2 semishells on polystyrene 

spheres before separation in organic solvent. Due to deposition at the high incident angle, the 

semishells are only barely joined together. As clearly observed in SEM images, the fabricated 

semishells show a combination of smooth and rough surface areas, so I considered both states 

for my DDA simulations.  

Needless to say, the polystyrene under the PtAl2 semishells is removed in the solvent solution 

and creates the individual cavities observed in Figure 5.8 and Figure 5.9. 

The thickness of semi-shells varied from 40 to 180 nm, depending on position with the thickest 

part placed on the upper surface of the semishells.  
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Figure 5-8: SEM images of an array of PtAl2 semishells fabricated on the monolayer PS nanoparticles. 

 

Figure 5-9: SEM images of semishells with thickness of 40-180 nm after separation from PS with 
dichloromethane.  

5.4.2 Optical properties of PtAl2 thin film and semishells 

Arnold and Blaber have presented an analysis of a material’s suitability for plasmonic 

applications in which ε1 is treated as an independent parameter [265].  For instance, the situation 

when ε1= -1 can be applied to flat structures while nanosphere resonances need ε1= -2. For rods 

or shells of high aspect ratio, the possible value of ε1 is between -10 ≤ ε1≤ -30. The data for ε1 

and 2 of PtAl2 is graphed in Figure 5-10 and it is compared to some other materials. As can be 
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seen, for the case of PtAl2, the lowest possible value of ε2 is correlated with ~ -2 for ε1 and is 

confirmed with ellipsometry findings (Figure 5-11). So, all else being equal, PtAl2 would be 

best applied as a nanosphere for plasmonic applications. For applications requiring 1 in the 

range -2 to -6, there is little difference between Cu, TiN and PtAl2 and they would give equal 

performance. Gold and silver are, however, always much better in this range. Au and Cu become 

even better if applied as rods or shells ( 1 < -6) as these parts of the spectrum are associated with 

even lower values of 2 for those elements.

 

Figure 5-10: Comparison of the dielectric permittivity of selected elements in the region of the spectrum. 
Data from the literature, incl. CRC Handbook of Chemistry and Physics, and Keast [62]. 

 

In conclusion, PtAl2 has similar optical properties to copper and TiN over a range of 

wavelengths in the mid-visible. Whether PtAl2 would be used or not might depend on factors 

such as corrosion resistance or dimensional stability at elevated temperatures, and, of course, 

cost. It is also useful to plot the material’s data on a scale of wavelength and using refractive 

index. Since a plasmon resonance needs k ˃ n, we can see that PtAl2 is useful for wavelengths 

longer than about 450 nm (Figure 5-12). The error in k is smaller than that in n. 
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Figure 5-11: Ellipsometry results of thin film PtAl2 compound ( 2) 

 

Figure 5-12: Ellipsometry results of thin film PtAl2 compound (n& k) 

Figure 5-13 compares typical transmittance and reflectance spectra of an array of PtAl2 

semishells and a PtAl2 thin film. The transmission is measured at normal incidence (θ=0°) while 

reflectance spectra have been measured at near normal incidence of θ=8°. A 50 nm PtAl2 film 

on the glass substrate was chosen as a baseline.  
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The absorbance, A(λ), could be obtained from the corresponding function by transmittance, T(λ), 

and reflectance, R(λ) via [266] 

    (Equation 5.1) 

The comparison of the spectroscopic results for the thin film and the semishells shows that a 

large proportion of the light passing through the semishells is absorbed. There is an  absorption 

peak at 950 nm, apparently due to the beta (β) plasmon resonance [259]. This is matched by a 

broad reflection dip. The absorption peak at about 300 nm appeared in both thin films and semi-

shells, and might be caused by interband transitions.  

Due to the metallic conductivity of the PtAl2 thin film, it reflects in the infrared wavelengths. 

According to Figure 5-13b, however, the reflection peak at 620 nm could be due to diffraction 

off periodic particles. Overall, it can be seen that the reflectance of the plain PtAl2 film is much 

higher than that of the semishell array.  

It is known that the absorption and scattering characteristics are directly dependent on the 

orientation of semishells to the incident light. And clearly, there are a few different orientations 

in the sample, so the broad peak is the combination of all spectra. Another reason for broadening 

of the peak is related to the presence of dimers, trimers and clusters of semishells, each with 

their own unique optical properties.  
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Figure 5-13: Optical properties of a) thin film and b) semishells including absorption, reflection and 
transmission of deposited sample on the glass substrate. 

 

Correlation between simulation and experimental findings 

I performed a number of calculations in order to match the simulation results with spectroscopic 

measurements.  

Figure 5-14 indicates the simulated extinction and absorption efficiencies of textured PtAl2 

semishells of 250 nm inner diameter and 350 nm outer diameter on a polystyrene core. It can be 

seen that there is fairly good agreement between the measured absorbance in the near infrared 

and the expected  plasmon resonance. This confirms that the asymmetric PtAl2 semishells 

display a plasmon resonance in the near infrared. The α orientation creates the weak absorption 

peak in the visible area. Slight deviations between measured and calculated data are probably 

due to the actual semishell having a more complex shape than the one in the simulation. The 

measured absorptance at the blue end of the spectrum is quite a lot greater than predicted by the 

calculations. Maaroof et al.[252]  claimed that the peak at lower wavelengths was due to the 

light coupling into the plane of the array. 
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Figure 5-14 : Two distinct plasmon resonances, designated  and , are possible. Both are dipolar 
resonances, but as can be seen, the direction of the resonances is at 90° to one another.  

 

In the next part of this chapter I investigated the effect of varying a number of parameters. 

Specifically, I looked at how changing these changed the position of the dipolar plasmon 

resonance peaks.  I considered various thicknesses, different numbers of shells and different 

surface roughnesses in both orientation 1 ( ) and orientation 2 ( ).  

The calculated results for arrangements of one to three shells indicated that a single shell was 

the most realistic option (Figure 5-15) for matching the measured absorption plasmon peak. 

Pairs and trimers of shells produced a plasmon peak too far into the infrared region. 
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Figure 5-15: Simulation of the plasmon resonances for one, two and three semishells with longitudinal 
orientation of electric field ( ). 

 

Adding roughness to the outer surface of semishell in Figure 5-16 (by constructing those out of 

between 100 to 1000 nanoparticles) results in broadening of the peak and slight red-shifting.  

 

Figure 5-16: Simulation of the optical properties at β orientation at different roughnesses from rough 
semishell (made from 100 nanoparticles) to smooth one (made from 1000 nanoparticles). By decreasing 
the roughness of semishell, the plasmon peak become sharper. 

Next I tried to match the absorption peaks with simulated data by varying the thickness of the 

shells. The effect of thickness variation with constant core dimension is summarised in Figure 
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5-17. It is clear that the resulting peak for both orientations α & β is shifted to longer and shorter 

wavelengths for thinner and thicker semishells respectively. So, in this case, changing the 

thickness did not result in the desired match with spectroscopic results. 

    

Figure 5-17: Simulation of semishell with α (red) & β (blue) orientations of with thinning and thickening 
of shell samples. 

It is worth mentioning that the experimentally-produced semishells have a non-uniform 

thickness which was not accounted for in the simulations. This thickness distribution would 

widen the peaks. 

Regardless of the comparison between measured and simulated results, there were a number of 

general trends that could be identified for the optical properties of semishells.  

Dependence of plasmon resonance maximum on the surface roughness 

The effect of surface roughness was shown above for a pair of semishells. By adding cusps or 

pits on the surface of semishells, the plasmon peaks could be made wider and of lower intensity 

than for smooth semishells.  
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Dependence of plasmon resonance maximum on nanostructure dimensions 

In one series of calculations, the diameter of the core was set at 250 nm and the impact of 

changing the total diameter (core diameter + shell thickness) on the resonance wavelength of 

the semishells examined. After this was complete, the effect of these different aspect ratios, but 

taken at a fixed effective radius (volume of material) was investigated.  

5.4.2.1.1 Effect of various effective radiuses 

Table 5-1 lists the effective radii corresponding to total diameters of 320-400 nm. Figure 5-18 

displays the changes in optical properties caused by increasing the outer diameter (and hence 

also the effective radius). At first it might be expected that increasing the outer diameter would 

cause a blue-shifting of the resonance because it decreases the aspect ratio. However, increasing 

the outer diameter also results in bigger particles containing more matter, which is normally a 

red-shifting factor due to greater electromagnetic retardation in larger semishells. In the present 

series of calculations the red-shifting effect caused by increase in volume is greater than the 

blue-shifting effect from decrease in the aspect ratio.  

 

Table 5-1: The calculated effective radius corresponding to total diameter at constant core diameter. 

Total diameter (nm) Effective (reff (μm)) 

320 0.1019 

325 0.1050 

350 0.1192 

375 0.1323 

400 0.1447 
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Figure 5-18: Position of maximum extinction peak and corresponding wavelength at various effective 
radii and constant core diameter for a smooth single shell made with 1000 nanoparticles. 

Effect of fixed effective radius 

Figure 5-19 shows the tunability of optical resonances obtained by decreasing the aspect ratio 

with fixed effective radius (0.12 μm) and same mass. In the cases with thinner shells a significant 

interaction between the inner and outer surfaces of semishell occurred. Due to hybridization, a 

lower energy plasmon resonances is formed [14]. This trend is regularly seen in the shells and 

semishells of other materials too [165, 267].  
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Figure 5-19: Tunability of plasmon resonance maximum wavelength at fixed effective radius reff =0.12 
μm, surface roughness 1000 but aspect ratio of 1.28 and 1.60. 

 

By plotting the two types of graphs at different and constant effective radius (Figure 5-20), it 

can be concluded that the red-shifting of thinner semishells with same effective radius is 

suppressed by the blue-shifting effect caused by the reduced mass of the semishells.  

 

Figure 5-20: Comparison of two radii (320 and 400 nm) for smooth semishells (all made with 1000 
nanoparticles) with same or different effective radius. 
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Effect of core size 

I also studied the effect of variations in core size on the plasmon resonances (Figure 5-21). In 

this case the outer diameter was kept constant at 350 nm but the core diameter was varied from 

150 to 300 nm. The position of LSPR peak is shifted to longer wavelengths and the intensity of 

the peak is enhanced. In this case, the red-shifting effect of having the thinner shell is bigger 

than the blue-shifting effect of having less material. 

 

Figure 5-21: Simulations of Qext for semishells with different core size (150-250 nm) and fixed total 
diameter (350 nm). These calculations are for a single, smooth shell made with 1000 nanoparticles. 

 

Alternatively, at constant r1/r2 = 0.7 (core diameter to shell diameter), a greater redshift is 

obtained by increasing the shell diameter. Accordingly, the wavelength of plasmon resonance 

and the intensity of the LSPR peak is increased (Figure 5-22).  
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Figure 5-22: Comparison between different r1 & r2 sizes (r2: 320, 350 & 35 nm to r1: 224, 250 & 280 nm 
respectively) at constant r1/r2 for single shell made with 1000 nanoparticles.  

 

Next the shell thickness was fixed at 100 nm and the core diameter varied between 200 and 300 

nm for a single shell. The shells were relatively rough because they were built out of 100 

nanoparticles. The results are shown in Figure 5-23. Increasing the core radius has a direct 

impact on red-shifting of the plasmon peak.  

 

Figure 5-23: Simulation at constant thickness (100nm) for core diameter (200, 250 & 300nm) correlated 
to outer diameter (300, 350 & 400 nm) respectively. 



 

123 

Qabs,Qscat/Qext ratio 

Figure 5-24 indicates that the absorption and scattering ratio is also influenced by changing the 

thickness of shell at fixed core dimension. For thinner shells (the highest r1/r2) the absorption is 

proportionally more important but scattering becomes more important for thicker, larger shapes 

(the lowest r1/r2). To sum up, the impact of absorption and scattering on total extinction can be 

managed efficiently (according to the requirements of the application) by controlling the 

thickness. 

  

Figure 5-24: Calculated absorption and scattering ratios for PtAl2 semishells with fixed core diameter and 
various thicknesses (r1= core diameter, r2=core diameter + thickness) for surface roughness =100. The 
geometrical tenability has the superior effect on contribution of Qsca and Qabs to total extinction. Qsca /Qext 
with r1/r2=0.62 and Qabs/Qext with r1/r2=0.78 displays the maximum value. 

5.5 Conclusion 
Although the optical ‘loss’ of the brassy-yellow PtAl2 intermetallic compound is not as low as 

that of Ag or Au, it has been predicted that should be capable of exhibiting reasonably strong 

localized surface plasmon resonances [181]. This might be of interest due to the good corrosion 

resistance of PtAl2 in various high temperature environments.  PtAl2 has comparable optical 

properties to TiN and, over some parts of the spectrum, to Cu. Since PtAl2 nanoparticles cannot 

be prepared by wet chemistry, shapes were made by magnetron co-sputtering Pt and Al onto a 

template of polystyrene particles of between 250 and 300 nm in diameter. Partially ordered 

arrays of PtAl2 semishells were created in this way. The deposition was carried out at an acute 
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angle to the substrate so that the resulting semi-shells could be subsequently separated, if 

desired. After deposition, the polymer core can be removed by either heat treatment or solvent. 

The quality of the semishells is influenced by deposition rate, deposition time, and the time and 

temperature of annealing. PtAl2 only occurs in a very restricted part of the Pt-Al phase diagram, 

necessitating precise control of experimental parameters for characterization. I examined the 

resulting material using X-ray diffraction and scanning electron microscopy. The optical 

properties of the PtAl2 nanostructures were probed by measurement of their reflection and 

transmission spectra.  

I also performed numerical simulations based on the discrete dipole approximation to determine 

whether the measured optical properties are consistent with the occurrence of a plasmon 

resonance. Simulation of entire arrays of semishells was too big for the currently available 

software and computer hardware so instead I simplified the problem by simulating single 

semishells, or pairs or trimers of semishells. 

My computational simulations provided the expected main plasmon resonance peaks. Several 

parameters, such as direction of plasmon resonance modes, aspect ratio, roughness and effective 

radius, were found to influence the position of the peaks. The experimentally measured 

extinction peak was broader than the calculated ones, due to variation in the actual shape of the 

semishells. To try match the observed plasmon resonance, I conducted a second round of 

simulations in which the effect of aspect ratio and effective radius were examined.  Calculations 

were performed in four groups: 1- constant core size at different shell thicknesses, 2- various 

core sizes in constant total diameter, 3- constant ratio of core to total diameter and 4- constant 

shell thickness. The position of the LSPR could be tuned by decreasing the shell thickness, 

increasing the core size or changing the total diameter, or by changing the effective radius or 

surface roughness.  
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6 Al-Cu Binary Alloys 
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6.1 Overview 

6.1.1 Effect of alloying on the optical properties of Cu 

As explained in detail in Chapter 2, the net dielectric function in a metal is a combination of two 

opposing factors; the Drude contribution of the free electrons, and absorption because of the 

interband transitions. In general, an increase to the electron-to-atom ratio in a noble metal alloy 

would be expected to raise both the Fermi level and the plasma frequency p (according to the 

function of ωp
2 = Ne2/me ε0) [84]. The increase in either of these factors would blue-shift the 

energy of the interband transitions thus blue-shifting the metallic absorption or reflection edge 

[30, 268]. It is the enhanced gap in energy between the top of the d-band and the Fermi level 

that causes the blue-shift in the interband transitions. Accordingly, the shift of the absorption 

edge to higher energies and the corresponding colour transition of the alloy from the red-orange 

of copper to the yellow of brass occur. Such a shift could be favourable for an LSPR if the 

energies of interband transitions could be relocated away from the energy of the LSPR. 

Several studies have been made of the optical properties of Cu-Al binary alloys [269, 270] or of 

compositional modulation analysis of Al in Cu based alloys [89]. The strong interband transition 

of Cu-Al alloys is placed in a narrow energy range > 2eV [269].  Cu has interband transitions 

around 1.9 eV. Absorption resulting from interband transitions should also be taken into account 

when evaluating materials in plasmonic applications [271]. 

In order to accurately determine the optical properties of the Cu-Al films both ellipsometric 

(65°, 70°, 75°) and variable angle polarised reflectance data was collected. Using the WVASE 

software an optical model of each film was determined. 

For films thicker than the optical skin depth, a single layer model can be utilised, while for 

thinner films (or backside) reflectance measurements that are made through the optical 

properties of the glass substrate are also included. Reflectance measurements were made for 

both s and p polarisations at three angles (8°, 30° and 45°) in order to increase the accuracy of 

the fittings. Inclusion of reverse side reflectance measurements through the glass substrate 

allows confirmation that the observed optical properties are bulk response free of surface effects. 
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Modelling 

Dr. Vicki Keast from the University of Newcastle performed calculations of the optical 

properties of my samples by modelling with Density Functional Theory. This provided an 

independent control of the accuracy of the experiments. The DFT calculations were performed 

using WIEN2K, an all-electron technique. Technical details of the calculations are available in 

our joint papers [189].  

The measured dielectric functions of the (Cu, Al) alloys were used in electromagnetic 

simulations to predict the strength and energy of any plasmon resonances. These simulations 

were conducted using the Discrete Dipole Approximation (DDA). (See Chapters 2 and 3 for 

more details.) The target shapes were constructed out of dipoles spaced at 1 nm intervals. This 

is sufficiently close together to give numerical convergence. Statistical analysis of the data was 

performed with CurveExpert Professional (http:// www.curveexpert.net). 

Cu-Al alloys are relatively cheap, easy to access and non-toxic, but their DC electrical resistivity 

is significantly higher than that of pure Cu and rises with increasing Al content. Overall, this 

high resistivity is expected to be reflected in a greater optical loss, corresponding to the 

absorption coefficient, , which is related to DC conductivity [84]:  

where 0 is the DC conductivity and 0 the magnetic permeability of vacuum.  

While addition of Al to Cu reduces its electrical conductivity, there are other reasons why it 

might be used as an alloying element, especially in electronic circuitry. For example, adding Al 
to Cu improves adhesion to SiO2 substrates compared with pure copper [272, 273]. Normally 

copper has weak adhesion to SiO2, which is applied as the interlayer dielectric (ILD). This may 

diminish the quality of an ILD [274]. Addition of Al produces a strong chemical adhesion at the 

interfaces [266] and helps minimize copper diffusion.  

6.2 Objective of this chapter 
This chapter will consider the effect of Al additions on the optical properties of Cu. The (Cu, 

Al) -phase (0 to 19 at.% Al) and the -Cu9Al4 intermetallic compound (30 to 40 at.% Al) will 

be considered.  The optical properties of -phase samples are explored in both metastable and 

stable conditions, while the  -phase samples are evaluated in the stable state after they had been 

  (Equation 6-1) 
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annealed. It was speculated that the increased electron density imparted by Al additions would, 

overall, have a beneficial impact on the dielectric function and would improve the intensity of 

selected plasmon resonances compared to those in a pure Cu structure.  

6.3 Experimental details specific to this chapter 
The Cu-Al thin films were produced in a variety of compositions by magnetron co-sputtering as 

described in Chapter 3. Figure 6-1 shows the Cu-Al phase diagram. 

 

Figure 6-1: Schematic of Al-Cu binary phase diagram [91]. 

  

Magnetron sputtering of Cu-Al alloys at room temperature produced a weakly crystalline 

deposited film but this could be crystallized by a short anneal at 500°C. In the case of -phase, 

the as-deposited samples were initially metastable, but could be transformed to the intermetallic 

compound after heat treatment (20 minutes at 500 °C). 

6.3.1 XRD & EDS 

XRD was taken by Siemens D5000 X-ray diffractometer at wavelength 1.5406 Å using Cu-K 

radiation at tube power 1.6 kW and 40 mA. The lattice parameters of samples were calculated 

by Rietveld refinement. Energy dispersive spectra of the samples (EDS) were obtained from 



 

129 

Zeiss Evo Ls15SEM with a Bruker EDS Quantax 400  at 8 kV. More details are available in 

Chapter 3.  

6.4 Results and Discussion 

6.4.1 Characterization results 

The composition of various samples was controlled by setting a suitable current or power. Table 

6.1  indicates the variety of sputtering rates and the resulting compositions.  

 

Table 6-1: Different concentrations of Al% according to variety of sputtering rates for alpha phase. 

No. EDS (%Al) a0 (Fityk) 

XRD 

%Al 

(Fityk) 

Average 

of Al 

(%) 

current(Amps) 

Cu Al 

1 0 3.610 1.1 0.6 0.451 0 

2 1 3.613 2.2 1.6 0.451 0.035 

3 1.64 3.609 0.8 1.2 0.3 0.101 

4 1.76 3.621 5.1 3.4 0.449 0.63 

5 1.89 3.611 1.5 1.7 0.449 0.41 

6 1.9 3.610 1.1 1.5 0.28 0.1 

7 2.3 3.612 1.8 2.1 0.31 0.101 

8 2.5 3.624 6.1 4.3 0.449 0.097 

9 2.7 3.612 1.8 2.3 0.449 0.71 

10 2.85 3.615 2.9 2.9 0.449 0.079 

11 3 3.613 2.2 2.6 0.33 0.1 

12 3.35 3.611 1.5 2.4 0.449 0.117 

13 3.65 3.627 7.2 5.4 0.449 0.143 

14 4.37 3.621 5.1 4.7 0.449 0.168 
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15 4.92 3.629 7.9 6.4 0.449 0.194 

16 5 3.608 0.4 2.7 0.35 0.1 

17 5 3.621 5.1 5.0 0.342 0.1 

18 5.66 3.625 6.5 6.1 0.449 0.216 

19 6.8 3.630 8.3 7.5 0.449 0.236 

20 7.01 3.626 6.8 6.9 0.449 0.258 

21 7.19 3.627 7.2 7.2 0.441 0.24 

22 7.48 3.628 7.6 7.5 0.441 0.229 

23 9.35 3.639 11.5 10.4 0.439 0.276 

24 9.7 3.647 14.3 12.0 0.437 0.306 

25 9.82 3.623 12.2 11.0 0.438 0.312 

26 10.33 3.649 15.1 12.7 0.449 0.33 

27 11 3.645 13.6 12.3 0.449 0.367 

28 11.71 3.645 13.6 12.7 0.449 0.34 

29 12 3.630 8.3 10.1 0.138 0.1 

30 12.3 3.648 14.7 13.5 0.434 0.367 

31 12.52 3.641 12.2 12.4 0.415 0.34 

32 13.47 3.647 14.3 13.9 0.449 0.42 

33 13.76 3.647 14.3 14.1 0.415 0.384 

34 14.38 3.649 15.1 14.7 0.41 0.384 

35 14.87 3.650 15.4 15.1 0.406 0.384 

36 17 3.657 17.9 17.5 0.08 0.1 

37 19 3.610 1.1 10.1 0.25 0.137 

38 21 3.621 5.1 13.0 0.123 0.1 
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6.4.2 Preparation of Al-Cu binary alloy compounds 

Bradley et al. [275] reported that at least three phases are formed in the range of 60 to 70 % at. 

Cu. These include the cubic (γ), monoclinic and rhombohedral compounds. Among these, the  

-phase is most suitable for study in the present thesis. This is firstly because this phase occupies 

a reasonable width of phase field in Al-Cu binary phase-diagram with the stoichiometry 

Al4+xCu9 [276, 277] Secondly, the crystal structure of -phase is known so it can be investigated 

by density functional theory calculations [278]. Finally, the -phase is readily produced within 

experiments with fairly high stability [276, 277, 279-282]. 

Structure of Cu-Al films (XRD) 

Gamma phases with similar concentration 

First, I investigated the reproducibility of my technique. Eight samples were produced by very 

similar sputtering conditions (power, rate, pressure). EDS results for these samples were almost 

identical at ~34% at. Al.  The XRD patterns (Figure 6-2) indicate that the -phase was formed 

in both the as-deposited and heat-treated samples for all eight samples. The as-deposited samples 

were less crystalline than the annealed samples. This may be because they consist of very small 

crystallites or grains which are orientated in random directions, and because they contain a high 

density of atom dislocations, lattice vacancies, and defects. Annealing had the effect of 

crystallizing the films and hence sharpening the XRD peaks. A few additional peaks appeared 

in the annealed films.  
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Figure 6-2: The X-ray diffraction pattern of gamma- phase samples with similar Al concentration a) as 
deposited and b) annealed samples. 

Gamma phase with different concentrations  

As with the -phase samples of the previous section, the as-deposited samples were less 

crystalline than the annealed samples. Figure 6-3 compares the XRD patterns of samples with 

different contents of aluminium (30- 38 at. % Al) in the gamma phase.  The XRD peaks 

correspond to the cubic and rhombohedral gamma phases. The XRD peaks correspond to the 

cubic and rhombohedral gamma phases. 
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Figure 6-3: The X-ray diffraction pattern of gamma- phase annealed samples with various Al contents 
(30- 38 at. % Al).  

 

6.4.3 Dielectric functions of Cu-Al alloys 

Ellipsometric data 

Figure 6-4 shows an example of analysing the ellipsometric data for an annealed sample (left) 

and an as-deposited sample (right). Fitting of the dielectric function to the measured data showed 

that annealing was associated with a ‘sharpening’ of the oscillator terms in the visible region. 

This is due to an increase in the term  ‘Amp×Br’. This would be expected to be the result of 

improved crystallinity in the lattice – as already shown by the XRD discussed above. The Drude 

responses also changed: while the plasma frequency stayed about the same, the relaxtion rate 

(Br) varied significantly.  
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Figure 6-4: The examplified schematic of ellipsometric results for heated (left side) and un-heated (right 
side) samples. 

 

The oscillator models fits could be used to obtain the dielectric functions, Figure 6-5 and Figure 

6.6. The as-deposited and the annealed samples are very similar in the mid-visible region and 

upwards in energy, but differ significantly in the red-end of the visible and the infrared region. 

These differences must be caused by the effect of crystallization. It is noteworthy how well the 

DFT calculation depicts the shape of the dielectric function, even if the magntitudes of 1 and 2 

are slightly wrong. There is evidently a strong interband transition in the annealed material at 

about 1 eV but this is completely absent from the as-deposited samples. 
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Figure 6-5: Dielectric constant, 1 for as deposited (metastable) and heated (stable) samples. (Eight 
different samples were manufactured and tested to generate the confidence intervals shown). 

 

Figure 6-6: Dielectric constant, 2, for as deposited (metastable) and heated (stable) samples. (Eight 
different samples were manufactured and tested to generate the confidence intervals shown). 

The 2 values can be taken as representing loss. It can be seen that in the red end of the visible 

range annealing would actually increase loss slightly, but at energies below about 0.9 eV 

annealing decreased loss. This behaviour probably originates from the existence of defects in 

the as-deposited sample causing scattering losses at the lower energies. These defects are 
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removed when the sample is annealed. The effect of the interband transitions at about 1eV are 

also visible in the 2 plot (Figure 6.6)  as a bump in the curve. 

Dielectric functions for the two types of specimens are almost identical in the visible range (1.7-

3.1 eV) leaving a noticeable difference of Drude response in the infrared wavelengths. It is 

interesting that the metastable as-deposited material has more metallic dielectric properties, with 

Drude-like behaviour. In contrast, the annealed samples showed a dielectric function more 

typical of intermetallic compounds. The conversion of the metastable film to well-crystallized 

gamma phase provides a possible way to ‘tune’ the optical properties, especially over infrared 

wavelengths.  The other remarkable feature of these results is that the DFT calculations at both 

ε1 and ε2 provide very similar features to the experimental results of the annealed sample. This 

is confirmation that the experimental sample has been generated in a high purity state without 

any significant defects or oxidation.  

 

 

Figure 6-7: (A) Refractive index, k. (B) refractive index, n. 
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It is also helpful to view the results in the form of refractive index. In Figure 6-7 it is evident 

that there is a peak in refractive index in the annealed thin films in the range of 0.5-1.5 eV. As 

mentioned earlier, this is likely to be due to the development of some strong interband transition. 

The reproducibility of these samples 

The error bars shown were constructed from values of the standard deviation (SD) for the eight 

samples. As shown in these plots, the samples and their optical properties can be reliably 

reproduced. A closer inspection of error bars in Figure 6-5 and Figure 6-6 show that the values 

for both types of graphs throughout the whole range of energy are consistent. To sum up, both 

the annealed and the as-deposited samples show consistent and reproducible optical properties.  

This is a confirmation of the accuracy of the experimental methods that I used. 

Reflectance 

Figure 6-8 presents the reflectance of gamma phase samples before and after heat treatment. In 

the range of 1- 4.2 eV, two reflectance peaks appeared. The peak around 3.7 eV may be related 

to the resonant excitation of the bulk plasma observed for both types. Since the bulk plasma 

frequency of Al is dramatically higher in energy than Cu, it might be expected that alloying with 

aluminium would blue-shift the bulk plasma resonance. Furthermore, there is a broadening of 

the peak associated with the frequency shift. This is probably the result of increased scattering 

of electrons off the Al ‘impurities’. 

Surprisingly, an unpredicted peak is observed in the annealed samples at 2.2 eV. This peak is 

absent or obscured in the as-deposited samples which, as mentioned, have a low degree of 

crystallinity. A possible reason for this peak is the existence of a surface plasmon resonance of 

the metallic grains in the alloy compounds [283]. After annealing, the size and crystallinity of 

the grains enlarges greatly which might make the peak visible. Alternatively, the second peak 

in the annealed samples might be attributable to the appearance of interband transitions, but 

matching transitions are not observed in the graphs of dielectric function. Further investigation 

could be worthwhile to resolve this question. 
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Figure 6-8: The reflectivity of a) metastable and b) stable samples with similar content Al-Cu alloy 
compounds.  

Ellipsometric results 

The ellipsometric measurement of samples with different Al concentration at Figure 6-9 showed 

that the lowest amount of optical loss is found in the ultraviolet area. Also worth noting is that 

this is associated with the lowest amount of Al content. 
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Figure 6-9: The ellipsometric results ( ) of various Al-Cu content samples (annealed ones)  

The possibility of using (Cu, Al) phase alloys for plasmonic applications has been examined 

by means of experimental measurements and Density Functional Theory calculations in the 

second part of Cu-Al study. By addition of Al, the electron-to-atom ratio of the  phase is 

increased and accordingly its dielectric function alters.  

The addition of Al to Cu forms a disordered substitutional alloy; however, the DFT calculation 

requires a periodic crystal structure. To simulate a disordered crystal structure, an appropriately 

sized fcc supercell was built with some of the Cu atoms replaced with Al. Keast and Cortie have 

performed simulations which proved that the exact position of the substitutional atoms does not 

have any particular influence on the optical reaction [272, 284]. Some similar evaluations were 

carried out on a variety of atomic arrangements for the Cu-Al structures. Figure 6-10 indicates 

the influence was similarly minor. Note that the lattice parameters were chosen based on 

literature data. 
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Figure 6-10: Influence of atomic arrangement on the calculated spectra of five variations of a material 
containing 18.75 at.% Al. The reflectance edge is at 2.00 eV in all cases (figure courtesy of Cortie). 

XRD results of -phase Cu-Al alloys 

Annealed thin films with up to ~19 at. % Al were fcc -phase, whilst samples with more than 

~19 at.% Al contained additional phases, as indicated by the Cu-Al binary phase diagram [285]. 

These additional phases were likely to have been the Hume-Rothery electron compounds ( , , 

 or ). In this part of study, only -phase compounds are investigated. 

Figure 6-11 shows a XRD pattern of the 4% Al-Cu alloy. It is fcc structure after annealing. 

There are peaks at d=2.09 Å, d=1.87 Å and d=1.29 Å corresponding to the (111), (002) and 

(022) planes of the FCC structure. The samples showed a strong texture or preferred orientation. 
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Figure 6-11: X-ray diffraction patterns of (Cu, Al) -phase alloys. 

The concentration of aluminium can be estimated from the XRD results (Figure 6-12) by 

x  is the lattice parameter which is provided by EDS measurement and y is the Al content. 

This equation was obtained by fitting a trend line to literature data [286] (Figure 6-13). 

 

Figure 6-12: XRD measurements of selected (Cu, Al) -phase films. There is some crystallographic 
texture in the films that affect a variation of relative peak heights.  
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Figure 6-13: Lattice parameter of fcc Cu-Al alloys as a function of Al content; data from [286].  

  

Figure 6-14 shows the calculated atomic percentage of aluminium in my samples with XRD 

measurements plotted against EDS results. There are some slight differences between these 

two measurements. 

 

Figure 6-14: Aluminium content measured and compared by two approaches (XRD & EDS).  
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Literature data [286, 287] was mainly used to establish the relation between a0 and Al%.  It is 

noted that the use of Vegard’s Law  

‘ ’ 

does not give a sufficiently accurate result. A few samples showed a major difference (>2%) 

between XRD data for at. % Al (which measured Al in the -phase) and EDS analysis (which 

measured total Al% of all phases). These outlying samples may have contained two phases and 

they were removed from further consideration. 

Measured and calculated optical properties 

The electronic structure and the optical characteristics of pure copper are well known. For 

instance, Fong et al. [288] and Smith et al. [289] provided a theoretical explanation for the 

optical and photoemission properties of copper using one-electron energy bands and direct (k-

conserving) transitions. Generally, the accuracy of the DFT calculations in the present project 

was tested by comparing the calculated results for pure Cu to the experimentally determined 

dielectric function of that element. Figure 6-15 shows that the DFT calculation has the same 

trend as the measured data but the absorption edge predicted by the DFT (defined here as the 

photon energy corresponding to the steepest part of the reflection edge) was placed at about 1.67 

eV (740 nm) rather than at the correct value of 2.20 eV (560 nm) [84]. This is a common 

outcome for DFT, which yields an absorption edge for coinage metals that is about 0.5 to 1.0 

eV lower than the measured value [83, 290-292]. The optical loss ( 2) of the DFT findings is 

also about two units higher than the measured results. The literature data [290] for Cu and my 

measured experimental data of Cu define a scatter-band which can be used as a reference for 

interpreting the data for the (Cu, Al) alloys. 
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Figure 6-15: Scatterband of results for the dielectric function of pure Cu showing data taken from my 
study (lines) and the literature (pink shaded region [17] ), (a) 1, (b) 2. The dashed line belongs to DFT 
calculation.  

 

Data for the calculated and measured dielectric functions of (Cu,Al) -phase alloys are shown 

in Figure 6-17. The agreement between the calculated data and experimental outcomes is 

reasonably good. Adding Al to Cu strengthens the interband transitions, moves the absorption 

edge to shorter wavelengths and causes a monotonic increase in loss in the Drude region, Figure 

6-17. Dr. Keast suggested that the blue-shift in absorption edge (Figure 6-16) could be described 

by a rigid band model and that adding extra valence electrons of Al result in filling the bands 

and increasing the energy gap within the top of d-band and the Fermi level. 
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Figure 6-16: The position of steepest segment of absorption edge vs. Al addition.  

 

Blue-shifting of the lowest energy interband transitions reduces 2 at energies immediately 

above the absorption edge of Cu (Figure 6-17). 

The downside of this phenomenon is the deleterious effect of Al additions on the DC electrical 

conductivity (as per ) that could be directly related to the increase of loss in the 

Drude region (Figure 6-18). In general, this change is undesirable in the case of supporting a 

strong LSPR in this region of the spectrum. 
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Figure 6-17: Dielectric functions of (Cu,Al) α-phase alloys, (a) and (b) calculated, (c) and (d) measured. 

 

Figure 6-18: Effect of Al addition on the 2 values in the Drude region of the spectrum at 1.5 eV.  

 



 

147 

Selected dielectric functions of the (Cu, Al) α-phase alloys are presented in Figure 6-19. It is 

certainly clear that Al addition causes increasing 2 in the 3-4 eV region of the spectrum. 

Correspondingly, an increase in reflectivity appeared in the relevant spectra, confirmed by DFT 

calculations. The displayed movement in absorption edge at Figure 6-17 b and c, is similarly 

correlated with a shift in reflection edge, Figure 6-20 (a and b). 

Experimental and theoretical results for the trends are sigmoidal with no particular change up to 

3 at. % Al and then a change of about 0.03 eV/at. % Al above that (Figure 6-20). The absence 

of an effect on the absorption edge in the dilute alloys has been ascribed to screening of the Al-

to-Al electronic interactions [27]. The blue-shifting of the absorption edge can be ascribed to 

increased electron density. It was noted that, in this region of the spectrum, the addition of Al 

could be considered to be beneficial for getting a strong LSPR . 

 

 

Figure 6-19: The effect of Al on the reflectance. (a) DFT calculation, (b) measured reflectance 
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Figure 6-20: The position of reflectance edge vs. Al content (a) DFT calculations, (b) experimental data. 
Empirical models, including 95% confidence intervals (shaded) and 95% estimated intervals (dashed) 
superimposed on the data to guide the eye. 

6.4.4 LSPR simulations 

The changes in dielectric function with Al content will have an effect on LSPRs. It is worth 

taking into account the importance of the role this factor has on the strength and position of the 

LSPRs. In Figure 6-21 this effect is shown for both the dielectric loss function 

 Im  (Equation 6-3) 
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and for extinction efficiencies Qext. The latter was calculated for 20 nm diameter nanoparticles 

in vacuum. It can be see that, the stronger the peak in the loss function, the stronger the LSPR 

expected at that energy [85]. 

 

Figure 6-21: The position of the optical extinction efficiency (Qext) as a function of Al content for a 20 
nm diameter nanosphere of the indicated material, suspended in a vacuum. 

 

It is apparent that addition of Al causes a significant increase in the intensity of the LSPR 

nanospheres and concurrently a blue-shifting about 0.4 eV. This change appears strongest for 

Al content in the range of 13-15 at. %. Importantly, the LSPR is shifted towards the blue end of 

the visible. This is a technologically important region of the spectrum that is inaccessible to 

LSPRs in pure Cu or Au. 
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A further improvement in LSPR can be obtained by tuning the shape of nanoparticles to match 

the optimum dielectric function. This is because the value of 1 at which LSPRs can occur 

depends on the geometry of the nanostructure. Figure 6-22a investigates this effect using a series 

of nanorods with 15 at. % Al, each with the same volume (aeff = 40 nm) but with a variable 

aspect ratio. By increasing the aspect ratio, the LSPRs of rods are red-shifted and became 

stronger.  

There is a critical range of energies over which the optimum shape of nanorod generated from 

the 15% at. % Al alloy is able to support a much stronger LSPR than identical rods which are 

fabricated by pure Cu, Figure 6-22(b). In contrast, there is no enhancement at photon energies 

of less than 2.15 eV, that is, in the Drude region. In fact, about 20% the total strength of the 

LSPR is lost at these lower energies Figure 6-22(c). This is because the destructive impact of 

Al on electrical conductivity dominates in the Drude region. When the extinction efficiency is 

normalized compared to pure Cu nanorods of the same aspect ratio, it can be seen that a two-

fold enhancement has been obtained over the optimum range, Figure 6-22d. It is obvious that 

the LSPRs of alloys with 15% Al have been improved by the variations in dielectric function, 

principally by the reduction of the ε2, compared to pure Cu, over the critical region of the 

spectrum where the LSPR occurs. The dielectric function of this optimized material is shown in 

Figure 6-23. 

 

Figure 6-22: Optimization of LSPRs in Cu-15at%Al alloy at nanorods with constant volume but variable 
aspect ratio. (a) Qext for a series of equi volume nanorods of aspect ratio varying from 8 to 1. (b) Qext for 
nanorods with an aspect ratio of 1.5:1 compared to that of Cu rod with same dimensions. (c) Qext for 
nanorods of 8:1 aspect ratio compared to that of Cu rod of same dimensions. (d) The enhancement factor 
of Qext due to modification of dielectric function. 
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Figure 6-23: Dielectric function of Cu-15 at. % Al alloy produced by regression of the experimental data 
at each wavelength, followed by interpolation to yield assesses at 15 at.% Al. The 95% prediction interval 
is illustrated by dashed lines (a) 2, (b) 1. 

6.5 Conclusion 
Materials used to develop plasmon resonances should be highly resistant to oxidation and 

corrosion under ambient conditions. Aluminium and the three coinage metals (Cu, Ag, and Au) 

have suitable dielectric functions [293] making them the most appropriate choices. The 

corrosion/oxidation problem in Cu can be improved by passivating its surface [29], or by 

alloying with a second element, such as Al,  that modifies the oxidation resistance [80]. In this 

chapter this last option was explored for applications that require a plasmonic response. The 
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experimental measurements of the optical properties were shown to be reproducible and 

accurate. They also agreed well with the results of the Density Functional Theory calculations 

carried out by Dr. Keast. 

Fabrication of gamma phase by magnetron sputtering was reproducible. Both the annealed and 

the as-deposited samples demonstrated consistent optical properties. The metastable, as-

deposited -phase has metal-like dielectric properties, with 1 displaying Drude-like behaviour. 

The annealed samples showed a dielectric function more typical of intermetallic compounds, 

with strong interband transitions. Dielectric function is a sensitive way to probe the structural 

state of some metallic thin films. 

Addition of Al to Cu -phase caused the reflectance edge to move to shorter wavelengths. This 

was achieved by modifying the electronic density of states of the alloy (due to electron-rich Al 

atoms). The plasma frequency ωp also increased. However, increase of the Drude damping 

constant was caused by electrons scattering on impurity–induced defects. Therefore, care must 

be taken to match the LSPR wavelength to the optimum part of the spectrum for a given alloy. 

In particular, there is an energy above which interband transitions become significant, and an 

energy below which Drude electron scattering becomes significant. The LSPR should be tuned 

to fall between these two energies which provide tangible limits in photon energy for strong 

LSPRs. The desirable effect was maximized in alloys of Cu-15 at% Al which would provide 

superior LSPRs to pure Cu. 
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7 Conclusion and Future 
Work 
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My PhD project began with an investigation of the synthesis of silver triangular nanoparticles. 

These were chosen because they have special optical properties due to their anisotropy and 

because, except for its tendency to corrode and oxidize, silver is one of the best available 

materials for plasmonics. Actually, it was not trivial to reproduce the synthesis methods 

described in the literature and many failed to produce triangles even though I diligently followed 

the recipes reported. In the end, I had to figure out a time-efficient and effective route to 

synthesize single nano-triangles on my own. Although it was a challenge at first, I managed to 

successfully reach what I was aiming for. I approached the problem using two different 

strategies: photochemical synthesis and rapid wet chemical synthesis. The second scheme was 

found to be better, although other divergent shapes were also produced along with the triangles. 

The morphology and optical properties of the nanoparticles were examined by laboratory tests 

and computational simulations. TEM and SEM observations indicated that the average size of 

prepared triangles was around 80 nm with FCC lattice structure. Chemical synthesis was 

critically dependent on the freshness and the sequence of the chemical additions.  

The prepared samples were stored in sealed bottles. They kept their stability for a number of 

months but corroded or oxidized when they were removed from the bottles. Therefore, it was 

clear that use of Ag nanoparticles requires that the particles be passivated somehow. I attempted 

to passivate the samples by using different methods, but the outcomes were not as satisfactory 

as expected. Therefore, more investigations should be carried out in the future in order to solve 

this issue. 

Microscopic images of dried-out droplets of the colloid showed that the triangles were often 

stacked in certain arrangements like dimers in bowtie or base-to-base configurations and 

sandwiches like double or triple-deckers. I became interested to know whether these 

arrangements might show special optical properties. A broad range of electromagnetic 

simulations using the DDSCAT program were conducted to imitate the varied geometries of 

pairs or trimers of triangles separated by a few nanometers. The effect of varying the gap size 

for Ag nanotriangles was considered in detail. The far-field extinction and the localized electric 

field intensities were calculated for various orientations of the shapes. The simulations of double 

and triple decker configurations showed that the nanostructures that were located on a solid 

substrate have red-shifted plasmon resonances. As a consequence, the dipole resonance splits 

into two components with slightly different energies. The level of the splitting is influenced by 

the gap between the two triangles. For gaps of less than a specific distance (10 nm), the plasmons 

of the two triangles are fully hybridized, and the splitting is minimal, however by increasing the 

gap size beyond 10 nm, the plasmons on the two triangles de-couple and their characteristic 

resonant frequencies separate. These shapes also expose two distinct multipolar resonances at 

higher energies. Because of their short-range spatial complexity these resonances are not 
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significantly affected by the magnitude of the gap and, for the same reason, they barely have 

any impact on the far-field extinction. They could be, however, technologically attractive on 

account of the complex local fields that they generate. Extensive studies indicate that base-to-

base configuration can preserve strong multimode resonances, in particular dipole and 

quadrupole resonances. The pairing of the parallel basal edges creates a strongly capacitive 

configuration and very intense electric fields over an extended volume of space during a dipolar 

resonance. This state is worthy of being used in plasmonic devices such as sensors based on 

metal-enhanced fluorescence. In the quadrupole resonance the electric field had a complicated 

distribution but it might be applicable in special applications such as excitation of fluorophores. 

Simulation of the Qext spectra as a function of gap distance showed that both the wavelengths 

and intensities at which the dipole and quadrupole resonances occur are extremely dependent 

on the gap distance. 

In second part of my project, I synthesized PtAl2 semishells and characterized the resulting 

products. In addition, optical properties of PtAl2 semishells have been measured by experiments 

and calculated by simulations. The experimental findings were obtained by preparing PtAl2 

semi-shells by templated physical vapour deposition and then determining the optical properties 

(by means of spectroscopy and ellipsometry) on annealed samples. Fabrication of 

nanostructures with the required precise combination of Pt and Al (because of the very narrow 

region of the PtAl2 compound in the Pt-Al binary phase diagram) was achieved by careful 

control of deposition rate during magnetron sputtering, followed by annealing, and then 

chemical separation of the deposited intermetallic compound from the templated nanoparticles. 

The distinct semishell nanostructures of PtAl2 were attained by deposition at an acute angle. I 

also performed numerical simulations based on the discrete dipole approximation to determine 

whether the measured optical properties were consistent with the occurrence of a plasmon 

resonance. Several parameters, such as aspect ratio, roughness and effective radius, impact the 

wavelengths at which plasmon resonance arise. The computational results showed that the 

position of the LSPR could be tuned by reducing the shell scale, increasing the core size or 

changing the total diameter (including the core and deposited material size), or surface 

roughness. In future work, I suggest that PtAl2 semishells should be compared with other 

materials with the same geometry in a combined numerical and experimental project. Here, 

however, there was only time to verify that PtAl2 nanostructures were capable of sustaining a 

localized surface plasmon resonance. 

The possibility of improving plasmonic properties by changing the electronic structure of a 

metallic alloy was the third issue addressed in this project. The effect of Al additions on the 

optical properties of Cu-rich  and γ phases in Al-Cu phase diagram was examined using a 

combination of Density Functional Theory calculations (performed by my supervisors Keast 
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and Cortie) and experimental measurements. The match between my experimental results and 

their calculations assures me of the precision, accuracy and the reliability of the outcome. The 

calculated data was modelled and interpolated via Drude-Lorentz models to identify optimal 

compositions. Simulation of optical properties of ellipsoidal and rod-like structures was 

undertaken with DDSCAT.  I studied these factors in two kinds of Cu-Al materials: the  

intermetallic compound and the -Cu,Al terminal solid solution. The  phase was explored in 

two forms: the metastable (as-deposited) form and the stable (annealed) form. Production of -

phase Al-Cu is reproducible by magnetron sputtering, followed by heat-treatment. The 

annealing treatment induced recrystallization of thin films and hence removed lattice defects. 

The -phase shows very low loss (low 2) at about 300 nm. Taken together with the low 

magnitude of 1 at 300 nm, this indicates potential for use in plasmonic devices. In -phase, 

while the metastable as-deposited material has metal-like dielectric properties with 1 displaying 

Drude-like behaviour, the annealed samples revealed a dielectric function more typical of 

intermetallic compounds, with strong interband transitions. Optical properties of experimental 

samples were determined using transmission and reflection spectra. 

Adding Al to the α-phase Cu solid solution could be achieved up to ~18 at.% Al. Greater 

amounts than this caused the precipitation of additional phases.  In general, additional of Al 

caused greater optical loss in the Drude region, which is undesirable. However, addition of Al 

to Cu also caused a blue-shift of the interband transitions that are responsible for the reflectance 

edge of the alloy. The most surprising discovery was that this blue shift created a region in the 

spectrum where 2 was reduced, relative to that of pure Cu. This effect was optimized at about 

15 at.% Al. Simulations showed that the strengths of LSPRs in such an alloy are can be 

significantly bigger than for a pure Cu nanostructure, provided that the nanostructure has a shape 

that tunes the LSPR into the appropriate part of the spectrum. This discovery has opened up an 

exciting new material choice for plasmonic applications in the mid-visible. It is likely to be of 

interest to anybody who is developing plasmonic devices and who requires a good plasmon 

resonance at a shorter wavelength than for gold and/or at a lower cost.  

In summary, this thesis has achieved its aim, which was to find improved materials for use in 

plasmonic devices, specifically by discovering a Cu-Al alloy that offers distinct advantages over 

Cu or Al alone. The alloy may be competitive with Au or Ag under many circumstances. In 

contrast, I could not find a way to prevent oxidation of pure Ag nanoparticles. I also showed 

that PtAl2 could be used as a plasmonic material but it is no better than TiN and a lot worse than 

Ag or Au.   
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