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Abstract 

In this thesis, I study the localized surface plasmon resonance phenomenon in 

dielectrically coated, closely-spaced gold nanoparticles. I examine the effect of a 

dielectric coating (that models the sensing of a biomolecular analyte layer) on the 

optical absorption of these particles. The extinction spectra and the electric field 

around the particles are calculated. The particles are chosen to be either spheres or 

hemispheres to be representative of solution phase (3D) or surface (2D) experiments. 

Calculations are based on the Discrete Dipole Approximation method. In particular, 

I study the effect of a dielectric coating on the localized surface plasmon spectra 

around clusters of coated gold nanohemispheres. Based on this study, I propose a 

new sensing mechanism for detecting biomolecules attached onto a linear array of 

closely-spaced gold nanohemispheres immobilized on a waveguide surface. 
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Chapter 1 

Introduction 

Gold nanoparticles have been experimentally produced and used for many applica

tions since the time of Michael Faraday [1], who was the first to propose that the 

color change in auric chloride after adding phosphorus was due to the minute size 

of the gold particles. Since then, gold nanoparticles have been used in a wide range 

of applications in medical diagnostics [2], cancer treatment [3], biosensing [4, 5] and 

biological imaging [6] because of their unique properties that bulk gold does not ex

hibit. Specifically, there are narrow resonances in the absorption spectrum of gold 

nanoparticles that are missing from the spectrum of bulk gold. The strong binding 

affinity of thiol groups [7, 8] to gold allows the functionalization of gold nanoparti

cles with many organic molecules. This, in addition to the sensitivity of localized 

surface plasmon resonances to surface modification, makes gold nanoparticles very 

good candidates for developing biosensors. These sensed molecules can be modelled 

as a dielectric layer on the gold nanoparticles, and this provides the motivation for 

this study of the effect of a dielectric coating on gold nanoparticles' plasmonic spectra. 
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1. INTRODUCTION 

1.1 Surface Plasmon Resonance 

When a metal-dielectric interface is irradiated by electromagnetic waves, charge den

sity oscillations are produced on the metal surface. The quanta of these surface-charge 

oscillations are called surface plasmon polaritons. A "bound" solution at the surface 

i.e. sustained interfacial waves of plasmons arises when the incident energy is trans

ferred efficiently into the plasmons, and gives rise to the surface plasmon resonance 

(SPR) phenomenon [9]. 

In order to qualitatively understand this SPR phenomenon, we must understand 

the optical (dielectric) properties of a metal. The interaction of a metal with light 

is dominated by free-electron oscillations. The Drude model of a metal [10] can ad

equately describe the optical properties of metals in a long range of wavelengths. 

Briefly, the presence of an electromagnetic field induces an oscillating dipole moment 

of // = er in an electron of charge e. Ignoring the effect of the positively charged ions 

in the lattice, the dielectric constant of the metal is given by Drude expression. 

U)2 

tDrude{u) = 1 „ " , (1.1) 

o r + iiu 

where, 

UJP = y/ne2/(mee0). (1.2) 

Here e and me are the charge and effective mass of the electrons respectively, u 

is the frequency of the driving electromagnetic field. Since photons with appropriate 

frequencies can drive electrons from inner energy layers into the conduction band, a 

2 



1. INTRODUCTION 

better model includes the effect of interband transitions. The contribution of bound 

electrons to the dielectric function is [10, 11]: 

£lnterband{u) = 1 + 7—5 5T : , (1.3) 

(o;5 - u>2) - ryui 

where 

Qp = y/he2/me0. (1.4) 

Here 7 is the damping constant describing radiative damping in the case of bound 

electrons. 

In the surface plasmon resonance phenomenon, the incident electromagnetic wave 

sets up a charge density oscillation in the metal. These oscillations can be described 

by the solutions of Maxwell's wave equations at the interface of two different media. 

For an interface to sustain charge-density oscillations, the following conditions should 

be satisfied [11]: 

£i(w) e2(u) < 0; (1.5) 

ei(u/) + e2(u/)<0; (1.6) 

where ei = e\ + it'[ may be complex. When these conditions are satisfied, the wave

length of the plasmon oscillations on the surface is 

XSPP « iMj^A. (1.7) 

An interface of metal (with complex dielectric function ei) and vacuum (or di

electric media with real dielectric function e2) satisfies these conditions at optical 

frequencies, and therefore charge density oscillations are sustained along a metal-

dielectric interface. 

3 



1. INTRODUCTION 

When a beam of light with the appropriate frequency is shone on a metal-dielectric 

interface at an appropriate angle, most of the incident electromagnetic energy is trans

ferred to the surface plasmon modes. At this condition, the reflection from the metal 

surface is the least [11, 9]. SPR is very sensitive to surface modifications, and pres

ence of biomolecules on the surface can be detected by observing the shift in the peak 

plasmon resonance angle [12]. 

In metal nanoparticles, the electron gas is confined to a small (d <C A) three-

dimensional volume. The confinement of the plasma to the positively-charged lattice 

(ions) can be modelled by a restoring force. This results in narrow resonances that 

are missing from the surface plasmon spectrum of planar gold surfaces [10]. These 

narrow resonances are called localized surface plasmon resonances (LSPR). LSPR 

spectra are highly sensitive to the shape and size of the nanoparticle in which the 

electronic charge density oscillations are excited. 

The LSPR is particularly narrow in noble-metal nanoparticles [13] (e.g. silver and 

gold) and this property has been exploited by using metal nanoparticles for various 

sensing purposes. Between silver and gold, silver usually has a narrower plasmon 

resonance but at the same time it is also chemically active which reduces its shelf life. 

Gold has a slightly wider resonance peak than silver, but has the advantages of being 

nontoxic and chemically inert. In the following sections, I review the effects of size, 

shape, separation and dielectric media on the these localized surface plasmons, and 

on the electric field enhancements around nanoparticles. 

4 



1. INTRODUCTION 

1.2 Localized Surface Plasmon Resonances in Noble-

Metal Nanoparticles 

1.2.1 Effect of Nanoparticle Size 

The confinement of plasmon oscillations to a limited space within metal nanoparticles 

implies the high sensitivity of their surface plasmon resonances to size and geome

try. Link and El-Sayed [14] studied effect of nanoparticle's size on the LSPR of gold 

nanoparticles in water with radii ranging between 9-99 nm. They showed that an 

increase in nanoparticle's radius leads to a redshift in peak of the plasmon resonance. 

They also showed that for small particles with (2r < 45), increasing the nanoparti

cle's size leads to a narrowing of the LSPR, while for nanoparticles with 2R > 45, an 

increase in the nanoparticle's size broadens the LSPR [14]. 

Mie [15] was the first to study this size effect quantitatively by solving Maxwell's 

equations for a sphere irradiated by a plane electromagnetic wave. Figures 1.1, and 

1.2 present the extinction efficiency calculations for silver and gold nanospheres with 

radii ranging between 20-100 nm. As observed in the experiment for gold [14], as the 

radius of the nanoparticle increases, the peak of plasmon resonance redshifts. Also, 

the width of the resonance narrows when the nanoparticle size changes from a 40 

nm sphere to a 80 nm sphere but for larger particles, the resonance broadens again. 

These size dependencies can be explained as follows. 

To leading order, charge density (or plasmon) oscillations can be described by 

a dipole, although for oscillations in larger nanaoparticles, higher-order multipolar 

terms contribute too. Therefore one can classify nanoparticles in two main classes in 

regard to their size. For small nanoparticles, the scattering cross section is very small 

and extinction is dominated by absorption. Mie's expression for the extinction cross 

5 



1. INTRODUCTION 

section, which is the sum of scattering and absorption cross sections, is given by [13]: 

9ueU2Vo caM ,., Q* 
c [e1(a;) + 2€m ] 2+e2M 2 

where t\ and e2 denote the real and imaginary parts of the dielectric function of the 

particle's material, em is the dielectric constant of the surrounding medium, Vo is the 

particle volume and c is the light's speed. As seen from the above formula, the reso

nance in the extinction cross section occurs when the denominator is minimum and 

this condition occurs when £\{uS) = — 2em. In addition, it is noticeable that within this 

model there is no size dependence in the extinction cross section except in Vo which 

depends on R. It is however, possible to modify the dielectric constant in the previ

ous formula so that [e = e(u, R)] and import the size dependence into Mie theory [13]. 

A noticeable size effect emerges as the diameter of the nanoparticles decreases 

below the mean free path of the conduction electrons which are responsible for plas-

mon oscillations [16]. Kreibig and et al. [16] used a classical model and argued 

that when the particle's diameter is smaller than the mean free path (MFP) of the 

electrons then the dielectric constant of the nanoparticles is no longer the same as 

the dielectric constant of the bulk material. They showed that the collision fre

quency UJQ contains an additional size-dependent term which implies the dependence 

of optical constants on the size of the particles. Using the size-dependent dielectric 

constants, they showed that the width of the resonance is proportional to \/R for 

small particles. The same results was also calculated by Kawabata and Kubo, using 

a quantum-theoretical model in [17]. 

For larger nanoparticles (2R > 45), scattering becomes increasingly important in 

the extinction cross section. In addition, as the nanoparticle's radius increases, higher-

order multipoles in the charge density distribution contribute to the absorption cross 

section. 

6 



1. INTRODUCTION 

Wavelength (nm) 

Figure 1.1: Extinction efficiency vs. wavelength for silver spheres with radii ranging 

from 20 to 100 nm. Results of Mie theory calculation agrees with calculation in 

Jensen, et al. J. Cluster Science, 10:295-317, 1999. 

Ref. [18] calculated the size dependence of the LSPR of silver nanoparticles. 

Figure 1.1 (that reproduces their results) shows that as a nanoparticle size grows, the 

resonance band redshifts and broadens. For a 20 nm particle, the peak is at about 

370 nm. Fig 1.2 shows my Mie theory calculations for gold. Here also, as particle's 

radius increases, the resonance band redshifts. 

7 



1. MTRODUCTION 

*-M0nm 
—« 60 nm 

Figure 1.2: Extinction efficiency vs. wavelength for gold spheres with radii ranging 

from 20 to 100 nm. These are the results of Mie theory calculations. 
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1. INTRODUCTION 

1.2.2 The Effect of Ambient Medium 

Changing the ambient medium (or solvent) around nanoparticles effectively changes 

the incident radiation's wavelength and the effective dielectric constant of the nanopar-

ticle's materials. Jensen, et al. experimentally [19] studied the effect of an ambient 

medium on the LSPR of silver nanoparticles. They showed that as the refractive 

index of the ambient medium increases, the peak of the resonance also redshifts, and 

there is a linear relation between Xmax and the refractive index of the surrounding 

medium. 

One approach to model this effect is using the Maxwell Garnett (M. G.) theory 

[20] which predicts the optical constants of a medium consisting of metal particles 

dispersed in a dielectric medium. This theory predicts the relation: 

n12-! _ h"2 - 1 
n'2 + 2 " V 2 + 2 ( ' 

where n' = n' — ik' is the optical constant of the whole medium and n" = n' — ik" and 

q are the optical constant of the metallic particles and the fractional volume occupied 

by the metal in the composite respectively. Note that if we change the medium, both 

h" and q change and this leads to a different n'. 

For spherical nanoparticles, Mie theory [10] predicts the effect of an ambient 

medium on plasmon resonances as 

Xmax = Ap(2eroed + 1 ) ( ~ ) = V2\pnmed- (1.10) 

Therefore within a window of frequencies where the Drude model is a good approxima

tion, we expect a linear dependency between Xmax and the refractive index of medium. 

Using Mie theory, makes it possible to study the effect of a coating layer on the 

LSPRs of single gold particles. Figure 1.3 shows the extinction efficiency calculation 

9 



1. INTRODUCTION 

for a 7 nm sphere with a 1.75 nm thick coating on it. The coating material has different 

refractive indicies ranging from 1 to 1.6. It is seen that placing the additional layer 

on the sphere leads to a red shift in the resonance which has been previously observed 

experimentally [21, 22]. 

go, 
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Figure 1.3: Extinction efficiency vs. wavelength for a 7 nm gold coated sphere. The 

coating layer is 1.75 nm thick and n is the refractive index of the coating material. 

1.2.3 Nanoparticles on Surfaces 

Nanoparticles can be immobilized on to surfaces by various methods such as self 

assembly [23, 24], electron beam lithography [25], electroless deposition [26], laser 

ablation [27], etc. The LSPR of these immobilized nanoparticles are affected by the 

substrate to various extents depending on the deposition method. 

The effect of the substrate has been studied by various researchers. Nillson [28] intro

duced a method (called R, R', T) to determine the optical constants of metal islands 

on a substrate by measuring the reflection and transmission of white light from the 

surface. Marton and Schlesinger [29] introduced and used a modified version of this 
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1. INTRODUCTION 

method to successfully compute the optical constants of Nickel films. The advan

tage of their method is the simultaneous determination of an effective thickness with 

the optical constants. They found that for electrolessly deposited nanoparticles, the 

substrate plays an important role. Based on Bedeaux and Vlieger's model [30] of 

granular surfaces, Lazzari and Simonsen developed a software [31] to calculate the 

linear optical coefficients for nanoparticles on a surface and found that substrates do 

play a role in LSPR spectra in certain experiments [32]. 

Malinsky, et al. [33] studied the effect of a substrate on localized surface plas-

mons in silver nanoparticles both theoretically and experimentally. They predict a 

linear redshift in \max with increasing refractive index of substrate. Their calcula

tions overestimate the magnitude of the substrate dependence by almost a factor of 

two (compared to experiment). In this work, we are modelling nanoparticles that are 

immobilized on to glass surfaces via silane chemistry [24]. Since the nanoparticles are 

not directly in contact with the substrate, we can ignore the effect of the substrate 

in our calculations. 

1.2.4 The Effect of Arraying and Aggregation 

Spectra of nanoparticle arrays can contain resonance bands that are different from 

single particle spectra. When two particles are placed close to each other, they make 

a new target whose optical properties can be different than those of single parti

cles [34, 18]. The reason is simply the interaction between particles. 

Simply, the scattered field from one particle changes the incident electric field on 

the other particle and vice versa. A small enough (R <C A) spherical nanoparticle is, 

to first approximation, a dipole. Therefore, one of the first problems that should be 
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addressed is the interaction of two dipoles. A powerful technique to investigate the 

clustering effect is the generalization of the long-wavelength approximation. That is, 

we assume that the particles' radii and separation are much smaller than the wave

length of the radiation [13]. For a dimer for example, the resulting dipole moment of 

each particle is the dipole induced by the electromagnetic field plus a part which is 

induced by the other dipole. 

Realistically, dipoles are not adequate for modelling the charge density oscillar 

tions. In order to investigate the interactions in a dimer, Jensen et al. [18] performed 

accurate calculations of the spectra of two approaching silver spheres. They showed 

that when the particles are far apart from each other, the spectrum is like that of 

a single sphere. As the two particles approach each other, the plasmon peak red-

shifts and a second peak starts growing. Investigating the electric fields around the 

particles at resonance wavelengths proves that the first peak corresponds to a charge 

distribution that produces a dipolar field and the second growing peak corresponds 

to the quadrupolar component. The quadrupolar peak's location is not as sensitive 

to the particle's separation as it is for the dipolar peak. The most redshifted dipolar 

peak and highest quadrupolar resonance happens when the spheres are touching. 

The inter-particle coupling between two elliptical gold nanoparticles immobilized 

on a surface has been examined experimentally by Su. et al. [35]. They found a 

redshift in the peak of the plasmon resonance as nanoparticles approached each other. 

They also showed that this redshift decays exponentially as the spacing increases. 

Rooney, et al. [36] studied the effect of nanoparticles separation on much smaller 

nanoparticles (diameter 14-35 nm). They demonstrated that for particles of this size 

(14nm diameter), in addition to the red shift of the peak of the resonance, there is 

an additional peak in the extinction spectrum provided the light polarization is along 
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Figure 1.4: Extinction efficiency vs. wavelength for a dimer consisting of two sil

ver spheres with radii of 30 nm. The separation is center-to-center. The electric 

field polarization is along the inter-particle axis. Calculations were done using DDA 

approximation. 

the inter-particle axis. In chapter 3, I show that the presence of the second peak is 

due an an enhancement of the electric field between the two particles. 

Zhao et al. [37] studied the effect of ID and 2D arraying of nanoparticles on 

the LSPR spectrum. They showed that for a planar array of silver nanospheres, and 

radiation polarization parallel to surface, decreasing the spacing can lead to both red 

shifts and blue shifts depending on the ratio of spacing to particle's diameter. If the 

ratio of spacing to particle's diameter is bigger than unity then the plasmon resonance 

peak blueshifts as the spacing decreases and if this ratio is smaller than unity then 
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the resonance redshifts as the spacing decreases. In this thesis, I calculate the LSPR 

of closely-spaced hemispherical gold nanoparticles and the results are presented in 

chapter 3. 

The other important effect is the effect of aggregation (a large number of particles 

and not in a linear chain). Lazarides and Schatz [38] studied the effect of aggregation 

for DNA-linked gold nanoparticles in water. They found that for 13nm diameter 

spheres aggregation of a over a several hundred nanoparticles (particles are 6.5 nm 

separated) the plasmon peak both redshifts and broadens. Also as opposed to the sin

gle particle, aggregates are more efficient light scatterers and scatter most efficiently 

at a lower frequency band. They showed that to have a large redshift (~ 45nm) 

aggregates must include over thousand single gold nanoparticles. 

1.2.5 Array Structures that Produce Very Narrow Plasmon 

Resonances 

In all the above aggregates and arrays, the interparticle spacing was typically smaller 

than wavelength. When the interparticle spacing becomes comparable to a single 

particle's resonant wavelength, there is a dramatic change in the spectrum. Zou, et 

al.[39] considered the possibility of coherently mixing long-range interactions and the 

localized surface plasmon phenomenon to produce remarkably narrow plasmon line-

shapes. They showed that for a chain of 400x50 nm silver spheres spaced 470 nm 

apart there is a very narrow resonance at 471.4 nm with a width of only 3.5 nm (20 

MeV) provided both the wavevector and light polarization is perpendicular to the 

chain. It is worth noting that in order to get a considerable long-range interaction, 

the nanoparticle size should be large enough 
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Note that the physical reason for this modification of the LSPR is fundamentally 

different from those of closely-spaced arrays of nanoparticles. While for arrays of 

spaced on the order of A, the narrow spectrum is produced via interference, for closely 

spaced arrays, the spectrum is a signature of the overlap of the induced fields between 

particles. 

1.3 Electromagnetic Fields around Particles 

For many spectroscopic applications one needs to study the electric field around par

ticles. At metal surfaces, the electric field is very strong and decays exponentially 

as one moves away from the metal surface. In Surface Enhanced Raman Scattering 

(SERS) [40], Raman active molecules attached to the gold surface are excited by the 

large electric field near the metal surface and the molecule starts radiating. Since 

the Raman signal is proportional to the fourth power of the exciting electric field, 

large field enhancements due to a surface or nanoparticles are desirable. Studying the 

electric field near a nanoparticle's surface can be applied to finding nanostructures 

that are best suited for SERS applications [41]. This idea has also been used for 

single molecule detection (SMD) purposes [42]. 

1.3.1 Electric Field around Single Particles 

In the quasi-static regime, when the incident electric field changes much faster than 

the charge oscillation dynamics, nanoparticles can be modeled as stationary dipoles. 

Therefore the electric field around a particle can be written as [43] 

Ej„c 3r (Ej n c • r) 
E™,* = E i n r — a (1.11) 

where a is the polarizability of the particle. The first term is the incident field and 

the second term is the scattered field outside of the particle to the leading order. 
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As the particle's radius increases, the dominance of the dipole term is replaced by 

a combination of dipole + quadrupole. Therefore, the external electric field should 

also contain quadrupolar corrections. For example, for particles with (r > 100 nm), 

the electric field also contains radiative corrections. For a dipole (if we ignore other 

multipolar component of the charge density oscillations) the electric field around 

particle can be written as [43]. 

^ , 2 i b . r x ( r x P ) ifa. M ,r2P-3r(r-P) ,„ . 
E = k2elkr ^ '- + elkr(l - tkr) ^ '- (1.12) 

Note that in the limit of k —• 0 this reduces to the static field. 

Kelly et al. [43] numerically examined the electric field around Ag spheres. 

They showed for a 30 nm radius sphere in vacuum, the dipole plasmon resonance 

and surface averaged electric field enhancement occur at the same wavelength (~ 

369 nm). At this wavelength the surface field intensity enhancement \E\2 is about 30. 

This so-called "hot-spot", i.e. the point on the surface with the most field intensity 

enhancement(|E\2), is along the polarization direction. 

1.3.2 Electric Field around Dimers 

One aspect of the electric field around monomers is that the field intensity enhance

ment is typically less than 104. On the other hand, much higher enhancements have 

already been seen in experiments [44]. Particle aggregation is a necessary condition 

for such high enhancements, the large enhancement appears to be due to an increase 

in the local electric field between particles [45]. 

Hao and Schatz [46] calculated the electric field around dimers of different shapes. 

They proved that a dimer of 36 nm radius Ag spheres with a 74 nm center-to-center 

separation provides hot-spots between two particles. The largest enhancements, at 
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the dipole and quadrupole resonance wavelengths, are 11000 and 3500 times the ap

plied field respectively. These enhancements are much larger that those calculated for 

single spheres of the same size (by a factor of 102). Electric field enhancements of a 

dimer of Ag nanoprisms (placed tip to tip) were calculated in [46]. It was shown that 

at the dipolar resonance wavelength (A = 932 nm) the enhancement between two 

particles is about 53000 times its asymptotic value provided the light polarization is 

parallel to the surface on which prisms were placed. 

1.3.3 Array Structures that Produce Huge Electric Field En

hancements 

In Ref.[39], Zou, et al. studied the possibility of mixing localized plasmon resonances 

and photonic modes of a linear new particle array to produce very narrow plasmon 

resonances. In such arrays, the resonances appear at wavelengths that are larger than 

localized plasmon resonances, but the widths and intensities of peaks are correlated 

to plasmon modes. 

It makes sense to expect that by mixing the long range effects and localized 

enhancements coherently, array structures can support ever higher electric field en

hancements. Zou, et al. [47] calculated field enhancements around one dimensional ar

rays (spacing ~ A). Calculations show for a linear array of 400x50 nm (radius) single 

silver spheres spaced by 470 nm with polarization and wavevector both perpendicular 

to the array axis the typical enhancements around the central sphere is typically 18 

times the enhancements around an isolated single sphere. They also calculated that 

for an array of spherical Ag dimers a maximum enhancement of \E\2 = 3.7 x 104 can 

be achieved. 
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As mentioned earlier, the fact that dimers and nonspherical particles can provide 

higher enhancements than the single spheres with the same effective radius is a con

sequence of their low radiative damping. Therefore to produce higher enhancements 

with long-range effects, spheres are better candidates. At the same time for local 

plasmons the most enhancements can be achieved with dimers or nonspherical parti

cles (or dimers of nonspherical particles). So the most enhancements can be produced 

by placing a dimer at the center of a linear array of spheres. Zou, et al. calculated this 

if the dimer is a dimer of 30 nm (radius) spheres in a chain of 50 nm spheres spaced 

by 471.4 nm the peak of field enhancement as large as 1.6 x 105 can be produced. 

In this thesis, I am interested in field enhancements around an array of closely-

spaced nanoparticles coated by a dielectric material. In particular, I am interested 

in the electric field magnitude between two closely-spaced gold nanoparticles before 

and after coating with the dielectric layer. 

1.4 Structure of this Thesis 

In this thesis, I present calculations of extinction spectra of dielectrically-coated 

closely-spaced gold nanoparticles, and of the electric fields around them. In the sec

ond chapter, I discuss various theoretical methods that have been used to investigate 

the scattering properties of metal nanoparticles, and field enhancements around them. 

I specifically discuss in detail the DDA method and its suitability to solve this 

problem. Chapter 3 contains a study of the effect of a coating on the plasmonic 

spectrum of a linear array of closely-spaced gold nanoparticles. Based on these calcu

lations, a novel biosensing approach for detecting the presence of biomolecules around 

a chain of gold nanoparticles is presented. 
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Chapter 2 

Methods 

In this chapter, I summarize some of the theoretical methods used to describe the 

optical properties of noble-metal nanoparticles, i.e. their localized surface plasmon 

spectra. The mathematical problem is to solve Maxwell's equations for an electro

magnetic wave incident on a metal nanoparticle subject to the boundary conditions 

imposed by the nanoparticle's surface. Specifically, I introduce the Discrete Dipole 

Approximation (DDA) which is the method used in the calculations presented in the 

last chapter. 

2.1 Mie Theory (Exact Solutions) 

An exactly solvable problem in the theory of scattering of light by small particles 

is that of a sphere of arbitrary radius and refractive index. The Mie solution [15] 

to this scattering problem is valid for all possible ratios of nanoparticle diameter to 

wavelength. In its original formulation, Mie assumed a homogeneous, isotropic and 
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optically linear material irradiated by an infinitely extending plane wave. However, 

solutions for layered spheres, spheroids and infinite cylinders were also developed [10]. 

Although Mie's solution only works for certain geometries it can also be used as the 

first approximation of optical effects in nonspherical particles, particularly in size ef

fect studies. 

The main features of Mie theory are explained below and a complete treatment can 

be found in [10]. The main goal is to solve Maxwell's electromagnetic field equations 

written in the following form: 

V2E + &2E = 0, V2H + k2H = 0. 

Here E is the electric field component of the electromagnetic wave and H is the 

magnetic field component of the electromagnetic wave. The wave vector of the light, 

k, is related to the frequency UJ through the dispersion relation k2 = uo2e\x; where e, 

jit are the dielectric constant and permeability of the sphere's material. Equivalently, 

one can prove that if ip is a scalar function that satisfies the equation V2^> + k2ip = 0, 

then the vector functions M, N where 

M = V x {rip), 

are the solutions of Maxwell's equations as well [10]. The function ip is called a 

generating function for the vector harmonics M and N. The scalar wave equation is 

separable in spherical coordinates: 

V>(r,M) = -R(r)e(0W), (2-2) 

2 + m
2 $ = 0, (2.3) 

i d ( . je\ 
Sinv-rr + sin (9 d0\ dO 

d 

n{n + l) 
m2 

sin-'fl 
9 = 0, (2.4) 

dr 
(r2^) + [k2r2 - n(n + 1)]R = 0. (2.5) 
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Here, m, n are determined by angular conditions that ip must satisfy. For example, ip 

must be a single-valued function of the azimuthal angle <p. The solution of the radial 

equation is a linear combination of Bessel functions jn{kr) or yn(kr). For the 8 , 

component the solutions are Legendre polynomials. The generating functions that 

satisfy the scalar wave equation in spherical polar coordinates are: 

ipemn = cos(m<p)P™ (cos e)zn(kr) , Vomn = sm(m<p) P? (cos 0) Zn(kr), (2.6) 

where zn(kr) is any of the four spherical Bessel functions jn,ynifin ,hn and the 

subscripts o and e represent odd and even solutions respectively. From these, and 

by using equations 2.1, the vector functions M & N can be obtained. If we expand 

the incident electromagnetic field in terms of M & N, and impose the boundary 

conditions on the surface of the sphere and at infinity, we obtain expressions for the 

internal and scattered fields. Having the electromagnetic fields in hand, we can find 

the scattering and extinction cross sections: 

C™ = % $ > n + l ) ( | a „ | 2 + |&n|
2), 

n—l 

Cext = Tp Yl(2n + l)Reian + M> 
n=l 

where 

_ iim2jn(mx)[xjn(x)]' - fHJn{x)[mxjn{mx)}' 
i — 

fim2jn(mx)[xhn (x)]' — \i\\vn'{mxjn(mx))' 

= Hijn(mx)[xjn(x)]' - nijn(x)[mxjn(mx)]' 

(iijn(mx)[xh£')(x)]' - nih£\mxjn(mx)]' 

Here x = 22^2; m = Ni/N, a is the radius of sphere, N is the refractive index of 

medium, and A is the wavelength. In the above formula, the prime indicates a differ

entiation with respect to the argument in parentheses. Absorption cross section Ca&s 

can be found by using the relation Cabs — Cext — Csca. 
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The treatment of this problem can be modified to solve the problem of a sphere 

with a coating on it [15]. I used a FORTRAN implementation [10] of Mie solution to 

study the effect of a coating and ambient medium on the localized surface plasmon 

spectrum of a spherical gold nanoparticle, and to verify the numerical accuracy of my 

other calculations done using DDA. 

2.2 Approximation Methods 

As soon as we consider non-spheroidal particles or a cluster of particles, an analytical 

solution is not available and numerical approximations have to be made. These ap

proximations allow for elegant solutions that provide physically intuitive explanations 

and/or for numerical implementations that can be compared with experimental data. 

2.2.1 Long Wavelength Approximat ion (LWA) 

Provided particles are much smaller than the light's wavelength one can use an elec

trostatic treatment (solve Laplace's equations) as a highly accurate approximation. 

The main advantage of this approach is the fact that Laplace's equation is an ana

lytically solvable equation for a wide range of geometries. A detailed description of 

the LWA can be found in [48, 34]. For the simplest case, assuming the particles are 

spherical, by solving Laplace equation we can find the induced polarization, 

P = aE, (2.7) 

where r is the sphere's radius and the polarizaility a is given by 

a = r 3 ^ . (2.8) 
e + 2 v ' 

This implies that the single-particle resonance occurs when Re (e + 2) = 0. However, 

we know that plasmon resonance and its bandwidth are both size dependent. This 
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theory can be extended to contain size dependence by adding an additional incident 

electric field to contain radiative correction terms. Therefore equations 2.7 have to 

be changed to 

2ik3 k2 

P = a[E + E r a d], E r o d = — P + — P . (2.9) 

The first term in Erad describes radiative corrections [49] and is chosen to de

scribe the power that the induced dipole loses due to radiation [50]. This radiative 

damping term is proportional to k3 x (the volume of the particle) and is of the order 

of unity when the particle's radius becomes comparable to the light's wavelength. 

This term grows rapidly as the particle's radius increases. For optical frequencies 

and gold particles with a radius smaller than 100 ram, the dominating corrective term 

is the second term. This second term, describes dynamic depolarization [18] that 

comes from depolarization of the radiation across the particle's surface due to the 

finite ratio of particle size to the wavelength of the radiation. This depolarization 

term is the dominating corrective term in smaller particles and causes the red shift 

and broadening of the plasmon as nanoparticle's size increases. For larger particles, 

radiative damping starts playing as considerable of a role as the depolarization term. 

This rectified version of LWA is called [34] the modified long wavelength approxima

tion (MLWA). 

Fig. 2.1 shows the extinction spectra for gold nanospheres with radii ranging 

between 10 to 100 nm. Comparing with Fig. 2.2, we see that MLWA works well 

for smaller particles whose spectra is governed by dipolar component. However this 

method does not work as well for larger particles. It misses the higher multipolar 

contributions because we simply assumed our target is a dipole. MLWA also overesti

mates the extinction efficiency for larger particles. It is possible to modify and apply 
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Wavelength (nm) 

Figure 2.1: The extinction spectra for gold nanospheres with radii ranging from 10 nm 

to 100 nm. The calculations are done using the MLWA approximation. 
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MLWA for certain non-spherical particles [51, 48] by solving the electrostatic prob

lem of scattering from a certain target, while including the radiative corrections and 

surface scattering effects in the dielectric constants. Zeman and Schatz [48] solved 

this problem for a metal prolate spheroid and included corrections to the order of 

A3. They showed for a prolate spheroid, the plasmon resonance red shifts as the ra

tio between the two major dimensions increases, i.e., as the spheroid becomes more 

needle-like. The main reason that MLWA is not appropriate for our calculations is 

that it is not accurate for non-spherical particles. 

2.2.2 Effective Medium Theories 

Another set of approximation methods are those which treat the substrate and thin 

film of metal nanoparticles as a whole. An example of this is the Maxwell-Garnett 

theory of surfaces [20] in which the optical constants of a thin film on a substrate is 

given in terms of an effective thickness of island and bulk metal's constants. Other 

examples are the R, R', T method [28] and Marton-Schlesinger's method [29] which 

calculate optical properties of the film and also its effective thickness using reflection 

and transmission coefficients. The main disadvantage of these methods is that they 

do not address the effect of the nanoparticle's shape, size, coating, or the interactions 

between nanoparticles on the LSPR. 

Based on Bedeaux and Vlieger's model [30] of a surface with the so-called excess 

field, Lazzari and Simonsen introduced a software program [31] to calculate the linear 

optical coefficients for surfaces and thin layers. In this model, excess fields are the 

difference between the real fields (containing metal particle's on the surface) and the 

extrapolated field for a sharp surface i.e. a surface with no nanoparticles on it. They 

showed that for a thin surface (rf<A), the Fresnel coefficients can be given in terms 

of excess fields [30]. The Fresnel coefficients can also be given in terms of the number 
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of islands per unit of surface and single island polarizabilities that can be calculated 

by solving Maxwell's equation in the quasi-static regime [30]. The main disadvantages 

of this approach are that it does not allow us to change the direction of the incident 

light (i.e., only transmission spectroscopy can be modelled). 

2.2.3 Time-Domain Methods 

Generally speaking, there are two class of numerical approaches for solving Maxwell's 

equations: time-domain approaches (such as finite-difference time-domain (FDTD)) 

and frequency-domain methods (like DDA, T-matrix). Time-domain methods [52, 53] 

solve Maxwell's equation as a function of time (usually find the propagation of an 

input signal through time). In FDTD, for example, at each time step the value of 

E and H are updated at each spatial point and a new value is calculated based on 

the stored value of E and H at that point and its neighboring sites. 

The possibility of finding the spectrum with one run makes a time-domain method 

a well-suited approach for many different computations. For example, FDTD is es

pecially useful when we want to find the response of a target to a coherent broad 

band (e.g. gaussian) input signal. It can also be used to find resonant modes by look

ing for peaks in the Fourier transform of the response spectrum to the input pulse. 

The main advantage of this approach is that only a single calculation is needed to find 

the spectral response for all frequencies and evolution of the field around the target. 

However, there are several disadvantages to this approach. Firstly, the frequency res

olution is inversely related to the simulation time and increasing the resolution needs 

a long run time. Secondly, for stability reasons the time step should be proportional 

to the spatial size step and therefore increasing the spatial resolution results in an 

increase in the run time. This limits the applicability of the FDTD method to nanos-
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tructured surfaces, where the high surface to volume ratio requires extremely small 

spatial grid point separations [54]. 

2.2.4 Frequency Domain Methods 

In my calculations, because of the need to calculate small shifts in resonance wave

length (i.e. high resolution in frequency), I chose to take advantage of a frequency 

domain method for plasmon resonance calculations. In this class of methods, we solve 

Maxwell's equations by using Eoe1"' as the input radiation. The spectra of different 

frequencies are added incoherently to find the scattering properties for each frequency 

separately. This approach is fruitful if one wants to calculate spectral properties like 

absorption, scattering and extinction cross sections or to find the field enhancements 

around targets at specific frequencies. One of the well-known frequency-domain meth

ods used for studying scattering from metal nanoparticles is the T-matrix method [52]. 

In the T-matrix method, both the incident field and scattered electric fields are ex

panded in terms of vector spherical harmonics and the coefficients are determined 

by matching boundary conditions at the target's surface. The main advantage of 

this method is that the T-matrix only depends on the shape, size, orientation and 

refractive index of the target. Once one calculates this matrix for one orientation, 

it is possible to rotate and calculate it for any other orientation. This saves a lot of 

run time if we want to do a calculation on randomly oriented nanoparticles such as 

in a solvent [55]. The disadvantage of this method is its poor numerical stability for 

particles that have large a refractive index or coating (which doubles the boundary 

conditions) on them [55]. The approach that I used in this work is the Discrete Dipole 

Approximation which will be explained in the following section. 
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2.3 Discrete Dipole Approximation (DDA) 

The Discrete Dipole Approximation (DDA), which is a well-known method, is accu

rate when the targets are smaller than the wavelength. It was firstly proposed by 

Purcell and Pennypacker in 1973 [56] to study interstellar dust grains. Subsequently, 

Draine and Flatau [57] developed the method and wrote a FORTRAN implemen

tation of this technique, known as DDSCAT [57, 58], which has been now used for 

studying the localized surface plasmons in noble metal nanoparticles [18, 36, 46]. The 

DDA is the substitution of a continuum target, of arbitrary geometry, by an array of 

N discrete polarizable points (dipoles) at rVs. Each point is assigned a polarizability 

oti. When light shines on the target, the polarizable points acquire dipole moments 

which interact with each other. The local electric field at each point is written as 

a sum of the incident field and a contribution from every other dipole. This leads 

to a set of 3N linear equations For a finite N, it is feasible to solve the equations 

and calculate the scattering, absorption and extinction of the dipole array which we 

assume is equal to scattering properties of the continuum target. There are some 

issues that should be addressed when using the DDA: 

1. How many dipoles do we need to approximate a continuum target with sufficient 

accuracy? 

2. Given an array of polarizable points, how should we assign polarizabilities to 

each point so that we get the most accurate approximation? 

3. How accurate is DDA given a target of certain size, shape and refractive index? 

These issues will be addressed in the following subsections. 
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2.3.1 Mathematical Considerations 

The dipole moment of each dipole can be given in terms of local electric field, 

Pi = a ^ f a ) , (2.10) 

where Ejoc(rj) is the local electric field at i*j(the location of the ith dipole). Now we 

can write the local electric field as 

^locjrj) = EjWC[j — y j Ajj-Pj, (2.11) 
ii* 

where 

A« • P, - £ {*% * (rit x Pj) + ̂ J ^ t ^ . p , ) ) } « * 0.(2.12, 
Here fc = w/c, Ej„c(rj) = E0eik,r% rij = (Ti-rj). 

Now if we define Ajj = a"1, the problem will reduce to a set of 3N complex linear 

equations: 

N 

J2^ji-Pi = ^inc(rj) (2.13) 
i=l 

Solving the above equations for the P / s we can calculate the electric field at the 

site of each dipole using equation 2.10. We can also find scattering, absorption and 

extinction efficiencies of the target. The mean power removed from the incident field 

by each dipole is equal to — |i?e(Pj -E|„c(rj)) [50], so one can find the extinction cross 

section from the following equation: 

Air]? 

* ' i= i 

Also, since the instantaneous power radiated by a dipole [59] is 

/ sea 
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it follows that the power absorbed is equal to 

( fL- i l^-^- l** ••'•}• (2i6) 

allowing one to calculate the absorption cross section [59] 

_ Ank 

|Er12 tj _ JT hm[Pj • E^(pj)] - ^ 3 P , • P*l . (2.17) 

For computing the scattering cross section, one can either find the electric field at 

far-field and integrate to find the scattered power by each dipole or simply use the 

equation C3Ca = Cext — Ca{,s. Thus the scattered electric field at the far field can be 

written as > 

B^-ggf.W'fr-Pd-P,). (2.18) 
i= l 

2.3.2 Dipole Polarizabilities 

Having a lattice of points specified with a lattice spacing d, one should also assign to 

each dipole site a polarizability that connects the local electric field at each point to its 

dipole moment P , = a:jEJoc(ri). In the DC limit, (kd) —• 0, one would use the famous 

Clausius-Mossotti prescription: a^CM^> = (3d3/47r)(e — l)/(e + 2) where e = m2 is the 

complex dielectric constant. Draine [59] showed that for better accuracy we should 

take radiative corrections into account. The reason is that when an incident plane 

wave encounters a single real dipole, the dipole will scatter and absorb an amount of 

energy from the wave, and attenuate the field, which requires the dielectric constant 

of the medium to contain an imaginary part. To take this into account one can include 

another field correction and write P = a ( C M )(Ejn c + Erad) where E = d)ik3P [50]. 

Draine [59] showed this introduces a correction proportional to 0[(kd)3]: 

a _ n(CM) 
a 1 - (2/3)ik3a(CM) a 

2i „ , e - 1 
•(ka' (2.19) 

3iVv" e / / e + 2_ 

where ae// = (3N/4irn)3 is the effective radius of the target. One can check that the 

above a approaches 0 at the limit (kd —• 0) or N —• oo. 
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Another approach is to assign a polarizability to each dipole so that an infinite lattice 

of dipoles has the same dispersion relation e(u) as the bulk material. Draine and 

Goodman solved this problem [60] and derived the following polarizability for the 

long-wavelength limit: 

l + (a(CM)/d3)[(b1 + m2b2 + m^b3S)(kd)2-(2/3)i(kd)3] [ > 
bx = -1.891531, b2 = 0.1648469, (2.21) 

3 

h = -1.7700004, S = J ] ^ ) 2 , (2.22) 
3=1 

where a and e are unit vectors defining the incident direction and the polarization 

state respectively. 

2.3.3 Validity Criteria 

There are two main validity criteria for DDA. Firstly, the number of dipoles N must 

be large enough to represent the continuum target completely. The second criterion 

is to make sure that the lattice spacing is smaller that wavelength i.e. the phase 

change from a dipole to its neighbor is equal or smaller than 1 radian. This criterion 

also makes sure that polarizabilities that we got from equation 2.22 would relate the 

local electric field and dipole moments correctly. The second criterion can also be 

formulated as \m\kd < 1 or equivalently 

N > (47r/3)|m|3(&ae//)3. (2.23) 

This validity criterion limits the size of the targets that can be accurately modelled by 

the DDA. According to our calculations, the spacing needed to achieve convergence 

for a gold nanoparticle at optical frequencies is 0.5 rem. This is equivalent to having 

means 3 x 104 dipoles for a 14 nm diameter gold nanoparticle. 
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2. METHODS 

2.3.4 DDSCAT 

DDSCAT is a FORTRAN f77 implementation of DDA developed by B.T. Draine and 

J. Flatau [58] to calculate scattering, absorption, and extinction properties of an ar

bitrary object. All the DDA calculations reported in result chapter were done using 

DDSCAT6.0. 

This program solves the problem of scattering and absorption from an array of 

polarizable points irradiated with a plane wave of monochromatic radiation. The 

input files needed for our target geometries were specially created. Using the input 

files, the appropriate incident light, and its polarization, DDSCAT computes the 

extinction cross section for a given wavelength by finding solving a scattering problem 

of a plane wave with the given wavelength and from the target, which is modelled by a 

lattice of dipoles. DDSCAT has been previously used for calculating and studying the 

absorption and scattering properties of noble-metal nanoparticles by different groups 

[36, 18, 46]. 

2.3.5 Computational Complexity and Scaling of DDSCAT 

Discrete Fourier Transform (DFT) and Complex Conjugate Gradient (CCG) are two 

different iterative approaches that DDSCAT uses to solve the set of 3iV linear equa

tions 2.13 [61, 62]. For DFT, DDSCAT uses the well-known Fastest Fourier Transform 

in the West (FFTW) package developed by Frigo and Johnson in MIT [63]. Good

man, et al. [64] showed that for N dipoles on a periodic lattice, FFT can be used to 

solve the equation 2.13 in 0[3Nlog(3N)] operations instead of 0[(3N)2] which is the 

number of operations that it takes if one uses CCG method. Since N can be large 

this is an important step and makes some infeasible problems feasible. 

To use the FFT method the assigned array should be rectangular. Therefore, 
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for an arbitrary target, the program extends the target to a rectangular lattice and 

solve the problem of scattering from the extended target instead. This may lead 

to an increase in needed memory while running the program. The memory require

ment of FFT is proportional to the number NFFT = NxNyNz of sites in the ex

tended "computational volume". Only for a rectangular target is this number equal 

to N the number of actual dipoles in the target. For targets of other geometries, 

NFFT > N. For example, for a spherical target NFFT ** (6/7r) JV or for a tetrahedron 

NFFT W 6iV. Using 8 bytes per complex number, DDSCAT requires approximately 

1.0 + 0.61(iV>Fr/1000)MB thus a 323 computational volume needs only 21MB but a 

643 volume would need 161 MB [65]. 

Most of the computing time is spent in the iterating process until the vector 

solution P satisfies equation 2.13 to the required accuracy. The time spent per itera

tion scales approximately as NFFT- For all of our calculations we took advantage of 

a 1.6-GHz Itanium2 CPU available on SHARCNET: The Shared Hierarchical Aca

demic Research Computing Network. For a 7 nm radius gold sphere with the light 

of wavelength A = 800nra, the calculation took 3200 CPU-seconds for N=139000. 

For a dimer of two similar spheres and a 17.4 nm center-to-center separation, the 

calculation required 5316 CPU-seconds and 6854 CPU-seconds for two polarization 

directions of the incident field for an extended target of N=432000 dipoles. 

2.3.6 Accuracy of DDSCAT 

In this section, I present the comparison between the Mie theory which is an exact 

theory, and results that I calculated for the same target using DDSCAT with 2 x 105 

dipoles. Calculations show that DDA calculations are within 5% of Mie theory re

sults. For wavelengths smaller than 680 nm calculations are within 1% Mie theory 

calculations. However for smaller particles, for a gold sphere with a radii of 20 nm 
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DDA overestimates the extinction efficiency for wavelength larger than 680 nm by a 

factor of 2 but the promising point is that DDA keeps the overall shape and reso

nance locations very accurately (within 0.1 %) as seen in Fig.2.2. The next chapter 

— Mie theory 

Figure 2.2: Extinction efficiency vs. wavelength for gold spheres with radii rang

ing from 20 to 100 nm. Comparison of the DDSCAT calculations with Mie theory 

calculations. 

presents the results of my DDA calculations of the LSPR of arrays and aggregates of 

hemispherical gold nanoparticles. 
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Chapter 3 

Results, Discussion and 

Conclusion 

In this chapter, I present calculations for localized surface plasmon resonance spec

tra for different gold nanoparticle arrays and aggregates immobilized on a surface of 

a waveguide. In addition, I present calculations for the electric field around these 

nanoparticles at specific frequencies. All the calculations reported here are for gold 

nanoparticles with radii of 7 nm unless otherwise mentioned, and were performed 

using DDSCAT. The nanoparticle shapes are hemispheres that model experiments 

using OMCVD deposited nanoparticles [24]. The wave vector of the light is always 

along the supporting surface of nanoparticles, on which nanoparticles are immobi

lized, as shown in Fig. 3.9, and this models the geometry in Evanescent Waveguide 

Absorption Spectroscopy (EWAS) [66, 67] experiments. The polarization of light is 

linear, and is either perpendicular to the supporting surface (P polarization), or par

allel (S polarization) to the supporting surface. In the following sections, I first study 
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the effect of a dielectric coating on the spectrum of a dimer of closely-spaced gold 

nanoparticles. By calculating the electric field around the dimer, I show that the 

physical origin of the spectral features is the electric field enhancement between the 

two nanoparticles. I then present the effect of a dielectric coating on the spectra of 

three nanoparticles arranged in both a cluster and linear chain. This result indicates 

that the spectrum of nanoparticles arranged in a linear array show a larger response 

to the addition of a dielectric coating. This hypothesis is confirmed by the calculation 

of the spectrum of a linear array of four nanoparticles that are coated by a dielectric. 

Then I present the calculation of the electric field amplitude around a dimer of gold 

nanoparticles. Based on these results, I propose a novel method of detecting a small 

concentration of biomolecules on a linear array of gold nanoparticles. 

3.1 Effect of a Dielectric Coating on LSPRs in 

Dimer s 

In this section, I study the effect of putting a dielectric coating on a dimer of gold 

nanoparticles. The following calculations are motivated by an experiment and a cal

culation reported in [36]. In a search to develop a new biosensing approach, the ex

perimenters attached biomolecules (biotin-streptavidin) on to gold nanoparticles that 

are placed randomly on the surface of a waveguide. The radiation has two different 

polarizations, one that is perpendicular to the surface of the waveguide (P polariza

tion) and another which is parallel to the surface of the waveguide (S polarization). 

They found that the EWAS spectra was modified by this coating of biomolecules only 

in the S polarization. 

As seen in the Fig. 3.1, there is a redshift in the plasmon peak as biomolecules 

are attached on the nanoparticles. In addition, when using S polarized light, there 
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Figure 3.1: Measured EWA spectra of 40 min-grown nanoparticles of first genera

tion with successively changed polarization in 15 steps: 0 and 180 represent a pure 

TE (s-polarized) mode whereas 90 represents a pure TM (p-polarized) mode, (top) 

without coating and (bottom) with a 1,8 octanedithiol SAM. Reprinted figure with 

permission from Patrick Rooney, Asad Rezaee, Songbu Xu, Touraj Manifar, Abdollah 

Hassanzadeh, Ganna Podoprygorina, Volker Bohmar, Chitra Rangan and Silvia Mit-

tler, Physical Review B, 77(23):235446, 2008, Copyright(2008) by American Physical 

Society. 
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is a second peak present in the absorption spectra of the coated particles that is 

missing from the spectra when using P polarized light. In order to explain the basic 

feature of this experiment, Rooney, et al. used a simple model of two adjacent gold 

nanohemispheres. When the nanoparticles have the biomolecules attached, this was 

modeled by a dielectric coating layer. The extinction spectra for different separations 

in both the coated and uncoated cases was calculated. As seen in the Fig. 3.2, for 

closely-spaced dimers, in addition to the redshift in the main peak in the spectrum, 

there is another peak that grows as the separation in the dimer decreases, provided 

the polarization of light is along the interparticle axis. The second peak, which is 

called the 'cross-talk' peak, dies away rapidly as the separation between two nanopar

ticles increases. Rooney, et al. also showed that the presence of a dielectric layer on 

the nanoparticles allowed the cross-talk peak to last for even larger separations than 

for an uncoated dimer. This effect called "optical clustering". 

I examined the effect of a dielectric coating on the extinction spectra of a dimer of 

closely-spaced gold nanohemispheres. Fig. 3.3 shows the extinction efficiency spec

tra for a dimer of gold nanohemispheres. The first noticeable feature is a 10-20 nm 

redshift in the resonance peak which can be seen for both polarizations. This is a 

common feature seen when the effective radius of the target increases or the ambient 

refractive index increases. As observed by Rooney et al. [36], another feature is a 

second peak around 630 nm which can only be seen when using S polarized light and 

is enhanced if the nanoparticles are coated with a dielectric layer. In the next section, 

I show that this second peak is a result of the electric field enhancement between the 

two particles. Note that magnitude of the extinction efficiency for the S polarized 

light is much bigger than the P polarized light. The reason is that for P polarization 

the number of dipoles (scatterers) along the polarization direction is small. How

ever, for the other polarization (S polarization), because dipoles are located along 
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Figure 3.2: Calculated extinction spectra for two hemispherical gold nanoparticles 

with varying interparticle separations. Particles are (top) uncoated in air and (bot

tom) coated in air. All coatings have a refractive index of 1.45. The particle radius is 

7 nm and coating thickness is 1.75 nm. Separation is measured as distance between 

surfaces, which for coated particles means the coating-to-coating distance. The radia

tion is in S polarization. Reprinted figure with permission from Patrick Rooney, Asad 

Rezaee, Songbu Xu, Touraj Manifar, Abdollah Hassanzadeh, Ganna Podoprygorina, 

Volker Bohmar, Chitra Rangan and Silvia Mittler, Physical Review B, 77(23):235446, 

2008, Copyright(2008) by American Physical Society. 
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Figure 3.3: Extinction efficiency vs. wavelength for a dimer consisting of coated and 

uncoated gold nanohemispheres with radii of 7 nm. The center-to-center separation 

is fixed at 17.5 nm. The coating layer is 1.75 nm thick. The refractive index of the 

coating layer is 1.45. The top panel presents S polarization and the bottom panel P 

polarization. 
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the polarization direction, the electric field "sees" dipoles and the extinction cross 

section (and extinction efficiency) increases. 

3.2 Electric Field Calculations around a Dimer 

In this section, I present the calculation of the electric field around a dimer of gold 

nanohemispheres and provide a physical mechanism for the appearance of the cross

talk features. 

Fig. 3.4 shows the relative (l̂ coatedl/l-^uncoatedl) electric field at each point on the 

waveguide surface and outside the nanoparticles for P polarization. The wavelength 

of light is A = 630 nm corresponding to the appearance of the cross-talk peak. Figure 

3.5 shows the same calculation for S polarization (i.e. ratio of the electric field is along 

the inter particles axis). Fig. 3.6 presents the calculation of the relative electric field 

(i.e. the electric field after coating to the electric field before coating) at each point 

between two gold nanohemispheres (along y = 17.5 nm) with light at a wavelength 

of A = 630nm. It shows that, if the light polarization is along the inter-particle axis, 

the electric field gets enhanced by a factor of 2~3. 

This confirms the hypothesis [36] that the origin of optical clustering is indeed the 

enhancement of the electric field in between the particles mediated by the dielectric 

coating. But when the polarization of light is perpendicular to the chain, the electric 

field is suppressed. It is therefore possible to switch between field enhancement and 

suppression at the same point (between two coated gold nanohemispheres, by chang

ing the light polarization). 

This can be explained in a simple classical picture. When the nanoparticles are 

irradiated by light, to leading order, their charge oscillations set up an induced dipole 
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X.(nm) 

Figure 3.4: Schematic diagram of the target and incident field orientation (top). 

Change in the electric field intensity due to the dielectric coating (log[-^]) outside 

the two nanoparticles and on the plane of support (z=0) of the two nanohemispheres 

P polarization (bottom) of the incident light. 
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y(nm) 

Figure 3.5: Change in the electric field intensity due to the dielectric coating (logf-g^]) 

outside the two nanoparticles and on the plane of support (z=0) of the two nanohemi-

spheres for S polarization (bottom) of the incident light. 

parallel to the electric field polarization. Adding the coating on the nanoparticles 

leads to a longer (due to the increased size), but weaker (because of the dielectric 

coating layer on the nanoparticle) dipole. For S polarized light, these two dipoles 

are aligned and therefore the electric field between two dipoles is enhanced. For P 

polarized light, however, the weaker dipoles are parallel to each other. Therefore the 

electric field between the two nanoparticles is reduced. 

As seen in figures ??, There is a region for both polarizations of light in which the 

magnitude of the electric field increased drastically. These points are called hot spots. 

At the hot spot regions, closer to the incident field, the presence of the coating has 

enhanced the electric field by a factor of 105. Thsi results shows how to prepare a 

surface especially for surface enhanced processes (e.g. SERS [44]) in a much more 

effective manner rather than relying on the random hot spots formed when using 

self-assembled or deposited nanostructures on surfaces. 
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Figure 3.6: jg4 at each point on the intersection of the plane of support of two 

hemispheres and the surface bisecting two hemispheres (at y = 17.5). 
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3.3 Effect of Aggregation and Arraying 

Adding a third particle to a dimer can lead to either a linear chain or a cluster and 

these two arrangements exhibit different LSPR spectra. In this section, I present the 

calculations for these two kinds of geometry, and compare the effect of coating on 

their LSPR. In dimers, a second peak (cross-talk) shows up (only in S polarization), 

as the nanoparticles approach together. Cross-talk dies away quickly (exponentially), 

when the particles are separated [35], but the presence of a coating can bridge sepa

rations, and the cross-talk peak lasts for longer separations [36]. 

Figure 3.7 shows the extinction spectra for a cluster of three hemispheres. The 

center-to-center separation is either 19.25 nm or 17.5 nm and the light polarization is 

along the surface on which hemispheres are placed. Cross-talk also shows up when 

a dielectric coating is put on the nanoparticles (S polarization). The ratio of the 

cross-talk peak to the first peak (dipolar peak), is less than 0.25 for a separation of 

19.25 nm and is about 0.3 for a separation of 17.5 nm. Note that a limitation of us

ing DDA for this calculation is that we ignore the additional electric field component 

along the k vector in the TM mode of the waveguide, so the results are approximate. 

The other way to add the third nanoparticle, is to add it at the end of dimer and 

make a linear chain of three nanoparticles. Figure 3.8 shows the extinction spectra 

for a chain of three coated and uncoated nanohemispheres. Here the ratio of the 

cross-talk peak to the dipolar peak is 0.41 which is bigger than the same quantity for 

the previous cluster. This can be explained by noting that here there are two plasmon 

couplings between neighboring particles along the electric field directions. However, 

for a nonlinear cluster, the dipole field of the nanoparticle in the back row does not 

overlap with the dipole moment of particles in the front row, and this avoids the full 

coupling between nanoparticles. 
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Figure 3.7: (top) The geometry of target and radiation's orientation, (bottom) Ex

tinction efficiency vs. wavelength for a cluster of three coated and uncoated gold 

nanospheres with radii of 7 nm. The coating has a thickness of 1.75 nm and refrac

tive index of n=1.45. The center-to-center separation is 17.5 nm. 
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Another key point is the role of coating. It induces cross-talk features in the 

spectrum at even larger separations than the uncoated case, because the presence 

of a coating on the particles enhances the electric field between two neighboring 

nanoparticles, an effect called "optical clustering" [36]. This is an effect that can be 

used to implement a new biosensing approach. 

3.4 A Novel Biosensing Approach Based on Im

mobilized Gold Nanoparticles 

Based on the results of the previous section, I propose a new approach for detecting 

the presence of biomolecules on a linear array of nanoparticles. In this approach, gold 

nanoparticles are immobilized on a surface of a waveguide and an evanescent field 

excites the plasmon oscillations in the nanoparticles. Immobilizing nanoparticles on 

a surface of a waveguide provides several advantages. Because it is a 2-dimensional 

approach, it is possible to develop a so-called lab-on-a-chip so that the amount of a 

sample needed for sensing is less than the amount of a sample one would have had to 

use to do a usual 3D sensing, and multiple analytes can be simultaneously detected 

(multiplexing). Figure 3.9 shows a schematic of an experiment's setup and definitions 

of different light polarizations. A light source will be placed in front of the waveguide 

and spectrometer behind it. The evanescent field excites the plasmon oscillations in 

nanoparticles immobilized on its surface. 

In contrast to the usual transmission-absorption spectroscopy [68, 69], because 

light propagates along the waveguide surface, there are two distinguishable radiation 

polarizations. This allows two distinct modes of interrogating the nanoparticle array, 

and introduces the possibility of improving the signal to noise by eliminating the 

systematic noise. 
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Figure 3.8: (top) The geometry of target and radiation's orientation, (bottom) 

Extinction efficiency vs. wavelength for a chain of 3 coated and uncoated gold 

nanospheres with a radius of 7 nm. The coating has a thickness of 1.75 nm and 

refractive index of n=1.45. The center-to-center separation is 17.5 nm. 
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Figure 3.9: A diagram of how particles are placed on the waveguide. 

48 



3. RESULTS, DISCUSSION AND CONCLUSION 

Figure 3.10 shows the extinction spectrum for chains of different numbers of hemi

spheres. When the polarization of light is along the supporting surface, cross-talk hap

pens in the neighboring nanoparticles in the chain, and as the number of nanoparticles 

increases, the ratio of the cross-talk peak to the first peak (at 500-550 nm) increases, 

as seen in Fig.3.11. Thus, the presence of a coating layer (model of biomolecules 

attached on to the gold nanoparticles), can be detected by the observation of the 

broadening in the spectrum from a narrow single particle spectrum to a nanowire-like 

one. 

3.4.1 Sensitivity of the Proposed Biosensing Scheme 

The sensitivity of this scheme to the change in the refractive index of the coating layer 

was also studied. Fig.3.12 shows that the dipolar peak moves slightly as the refractive 

index of the coating increases. However, the ratio of the height of two peaks changes 

more significantly with the refractive index of the analyte. As seen in the inset of 

figure 3.12, the ratio of two peak heights changes almost linearly with approximately 

a slope of 1.35/RIU. Fig. 3.14 shows the extinction spectrum for a linear array of 

spherical gold nanoparticles. It is seen that, for a chain of spheres, the proposed sens

ing approach is not as effective as a chain of hemispherical nanoparticles. The reason 

is that, in case of hemispheres, there is a broken symmetry in the system which leads 

to an enhancement of the electric field between two particles. 

3.4.2 Effect of Nanoparticle's Shape on Biosensing Scheme 

Figure 3.15 shows the spectrum for a dimer of spheres of the same radius (r = 7 nm). 

As can be expected from this earlier argument, for P polarization the extinction 

49 



3. RESULTS, DISCUSSION AND CONCLUSION 

500 600 700 
waveneiah (lim) 

500 600 700 
wavelength (tim) 

Figure 3.10: Extinction efficiency vs. wavelength for gold nanoparticle chains with 

different number of particles, when light polarization is along the interparticle axis 

(S polarization) - left two subgraphs, and when light polarization is perpendicular 

to the waveguide surface (P polarization) - right two subgraphs. The extinction 

spectra change from the uncoated spectra (a) and (b) to the spectra when coated by a 

dielectric analyte layer (c) and (d). The radius of all the hemispherical nanoparticles 

is 7nm and the thickness of coating layer is 1.75 nm. The refractive index of the 

coating is n = 1.45. The interparticle spacing is 17.5nm center-to-center. 
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1 2 3 4 

Number of particles in the chain 

Figure 3.11: the relative height of the second peak at ~ 630 nm to the first peak 

(530 — 550 nm) vs. the number of particles in the chain. 
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Figure 3.12: Extinction efficiency vs. wavelength for a linear chain of four hemispher

ical gold nanoparticles coated with different coating whose refractive indices ranging 

between n=1.35 and n=1.55. The particle radius is 7 nm and the thickness of the 

coating layer is 1.75 nm. The radiation is S polarized. 
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Figure 3.13: the relative height of the second peak at ~ 630 nm to the first peak ~ 

(530 — 550 nm) vs. the number of particles in the chain. 

efficiency increases as compared to the hemispheres because of the increase in the 

number dipoles that the P component of the electric field "sees". The height of the 

second peak (cross-talk peak) is smaller than in the case of the hemispheres. 
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Figure 3.14: Extinction efficiency vs. wavelength for a chain of four gold nanospheres, 

when light polarization is along the interparticle axis (5 polarization) - left two sub

graphs, and when light polarization is perpendicular to the waveguide surface (P 

polarization) - right two subgraphs. The extinction spectra change from the un-

coated spectra (a) and (b) to the spectra when coated by a dielectric analyte layer (c) 

and (d). The radius of all the hemispherical nanoparticles is 7nm and the thickness 

of coating layer is 1.75 nm. The interparticle spacing is 17.5nm center-to-center. 
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Figure 3.15: Extinction efficiency vs. wavelength for a dimer consisting of coated and 

uncoated gold nanospheres with radii of 7 nm. The coating layer is 1.75 nm thick. 

The refractive index of the coating layer is 1.45. The center-to-center separation is 

17.5 nm. 
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3.5 Summary of Contributions 

This thesis offers the following original contributions. 

- Modification of the DDSCAT program in order to explore electric field magnitude 

at each point in the targets. 

- Writing FORTRAN codes to provide the input file for targets used for the calcula

tions. 

- Reproduced all theoretical calculations of ref. [36]. In this process, I pointed out a 

mistake in the calculation of the extinction efficiency that led to the authors to redo 

all their calculations. 

- Calculating the electric field between two coated gold nanohemispheres to confirm 

Rooney, et al.'s hypothesis [36] about the origin of the second peak in the spectrum. 

- Calculating the extinction spectra for chains and clusters of closely-spaced coated 

and uncoated gold nanoparticles immobilized on the surface of a waveguide. 

- Proposed a new biosensing approach for detecting the presence of biomolecules at

tached to a periodic chain of closely-spaced gold nanoparticles. 

- The key results of this thesis have been included in a manuscript for publication. 

3.6 Conclusion 

In this work, I studied the effect of a dielectric coating on the LSPR spectra of closely 

spaced gold nanoparticles. For a linear array of hemispherical gold nanoparticles a 

coating leads to a redshift in the plasmon resonance. If the radiation polarization is 

along the direction of chain, it also leads to a new spectral feature at a wavelength of 

~ 630 nm. It is shown the onset of this cross-talk peak is the result of an increase in 

the electric field enhancement between the two nanoparticles. 
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Based on our calculations, I propose a new approach for sensing the presence of 

a dielectric coating (model of recognized biomolecules) on the chain. This scheme 

works better for hemispherical nanoparticles than for spherical nanoparticles. 

A future direction of study will be to study the effect of a substrate on field 

enhancements around nanoparticles. Another potentially important feature to inves

tigate is the effect of different 2D arraying on LSPR and field enhancements. A third 

important avenue would be the extension of effective medium methods such as the 

Bedeaux-Vlieger method [30] to nanoparticle coatings and the EWAS geometry. 
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