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Abstract

The content of this thesis is based upon the interaction of light with metallic
nanoparticles arranged in different array geometries. An incident electric
field (light) can force the conduction electrons of a metallic nanoparticle to
oscillate. At particular frequencies, in the optical regime for gold and silver
particles, absorption and scattering of the light by the particle is enhanced,
corresponding to the particle plasmon resonance. The spectral position and
width of the particle plasmon resonance of an isolated single particle may
be tuned by adjusting its size and shape, thus changing the surface charge

distribution.

Periodic arrays of particles offer additional control over the frequency and
width of the resonance attributed to the re-radiating (scattering) property
of plasmonic particles. By fabricating arrays with a pitch comparable to
the wavelength of an isolated single particle plasmon resonance, a coherent
interaction between particles may be produced, known as surface lattice

resonances (SLRs).

The electromagnetic coupling between in-plane particle plasmon modes for
different particle array geometries is explored through experiment and the-
ory. Firstly, SLRs in square, hexagonal and honeycomb arrays are inves-
tigated by normal-incidence extinction measurements and compared to a
simple-coupled dipole model. Secondly, to verify the nature of the coupling
between the scattered electric field associated with particle resonances, the
incident electric field polarization-dependence of the extinction of rectangu-
lar arrays and chains is studied. Thirdly, the optical response of square ar-
rays with a symmetric two-particle basis is investigated, particularly the re-
tardation of the scattered electric field between particles in a pair. Fourthly,
square arrays with an asymmetric two-particle basis are fabricated to ex-
plore the symmetric (dipole moments of both particles are parallel) and
anti-symmetric (dipole moment of both particles anti-parallel) SLRs, ex-

cited by normal-incidence light.
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Chapter 1

Introduction

1.1 Introduction

In this chapter, the concept of particle plasmons, which are also know as a localized-
surface plasmon resonances (LSPRs) [1-3], are introduced. A particle plasmon is the
result of the motion of conduction electrons in a metallic nanoparticle oscillating in
response to an applied harmonic electric field [4]. A logical starting point is to describe
how a metal responds to an applied electric field. The optical response of materials
is dominated by their electrons, but for metals their optical response is dominated by
their conduction electrons. The response of the electrons can be described via a fre-
quency dependent permittivity by considering the induced dipole moments resulting
from the applied field. The frequency dependent permittivity of materials gives rise to
the phenomenon of dispersion where by different frequencies of light travel at different
velocities in a medium. In this chapter, to model the permittivity, the Lorentz and
Drude models are introduced. The difference between the Lorentz and Drude models
is that the Lorentz model includes a restoring force, whilst the Drude model does not,

which is like the free conduction electrons for metals at optical frequencies.

In the remainder of the chapter, the current relevant literature is reviewed in parallel
with the background physics in order to develop an understanding of the physical
concepts. Previous studies show that the size, shape and dielectric environment of a
nanoparticle influence the spectral position and width of the particle plasmon resonance.
The absorbed and scattered light from the particle is normally expressed in the form

of a cross-section, where the amount of absorbed or scattered light is normalized with
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SEM images

DF images

Figure 1.1: Scanning-electron micrographs (top) and dark-field images (bottom) of several
isolated silver nanoparticles made by electron-beam lithography. From left to right the
shapes are, a rod, a disc, and two triangles (the right hand one being the larger of the
two). The thickness of these particles is 30 nm and the substrates are silica glass coated
with 20 nm of Indium Tin Oxide (scale bar: 300 nm). Images taken from Ref. [5].

the intensity of the incident electric field.

Following the review of the plasmonic properties of an isolated single particle, the
interactions between particle plasmon resonances in single pairs and periodic arrays in
previous investigations are reviewed. The chapter concludes with a thesis overview,

containing a description of each chapter.

1.2 Introduction to particle plasmons

The resonant nature of a plasmon mode supported by a metallic nanoparticle can
be probed by collecting the light scattered by the particle in question (by dark-field
spectroscopy). Different shapes and sizes of particle resonantly scatter light at different
wavelengths, thereby giving rise to different colours, this is illustrated in Figure 1.1.
The physics behind this is as follows. When an electric field (light) is incident upon
a metallic nanoparticle, the field forces the mobile conduction electrons in the particle
to oscillate. These accelerating charges in turn radiate light, this process is known
as scattering. The collective motion of the oscillating charges results in an oscillating
dipole moment. The strength of the scattered light depends on the magnitude of the
dipole moment, |p], which is related to the incident electric field E by the polarizability

of the particle, o, see Equation 1.1:

7= ek, (1.1)

where g¢ is the permittivity of free space. The scattering cross-section oy, is related
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to the polarizability by,

K,
|

Osca = — ||, (1.2)
67

where k is the wave number in the surrounding medium. The oy, is defined as the area

that must block the beam to remove the same amount of power from the incident beam

as the scattering particle. Cross-sections for gold and silver particles can be larger than

their geometric cross-section.

1.2.1 Quasi-static approximation: spherical particles

The quasi-static approximation, also known as Rayleigh approximation, is valid when
the dimensions of the particle are much smaller than the wavelength (when a/\ < 0.01,
where a is the radius of the sphere) [6] and thus the polarization field can be considered
to be uniform throughout the volume of the particle, i.e. retardation can be ignored.
For a sphere small enough that the Rayleigh approximation holds, the polarizability of
the sphere is given by the Clausius-Mossotti relation [7],

(1.3)

where a is the radius of the sphere, €,,(w) is the frequency dependent relative permit-
tivity of the metal sphere and € is the relative permittivity of the surrounding medium.
The polarizability of the particle describes the response of the collective electron os-
cillation to an external electric field when subjected to a different charge distribution
enforced by the shape of the particle [4]. The phase of the polarizability indicates the
phase of the collective electron motion with respect to the incident electric field. From
inspection of Equation 1.3, it is seen that the polarizability takes a maximum value

when the denominator is minimized. When this occurs the Frohlich condition is met,

Rle(w)] = —2¢5, (1.4)

where R[e(w)] refers to the real part of the relative permittivity of the metal. The
permittivity of the metal describes the response of the electrons in a bulk metal to an

applied electric field, and is frequency dependent. The frequency dependence of the
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material permittivity gives rise to dispersion - different frequencies of light will have
different phase velocities in such a medium. Silver and gold have a high density of
free electrons, and therefore have a negative real part of their permittivity at optical
frequencies (approximately 10'° Hz), making them good plasmonic materials. Particle
plasmon resonances have also been observed in aluminium triangular particles [8] and

platinum and palladium discs [9].

1.3 Lorentz model

The response of materials, especially metals, to an electromagnetic field is dominated
by the response of its constituent electrons and gives rise to the phenomenon of disper-
sion. To describe the motion of the electrons to an external electromagnetic field, it is

necessary to begin by implementing Newton’s second law of motion,

I

where F is the net force on the electron, m is the mass of the electron and 7 is the
displacement of the electron. By considering all of the forces acting on the electron an

equation of motion can be constructed,

PP
dt2 > dt

m —nr— eE, (1.6)
where £ is a damping constant, 7 is the effective spring constant arising from the
Coulomb restoring force, e is the absolute charge of an electron and E is the local electric
field. The first term on the right-hand side of Equation 1.6 describes the damping force
from the scattering of the electrons, the second term describes the Coulomb restoring
force from the positive ionic cores and the third term gives the force provided by the
applied electric field. The damping term has a negative sign because the frictional
force always opposes the velocity of the electron and the restoring force term has a
negative sign because the restoring force is always opposite to the displacement of the
electron. The driving electric field has a harmonic time dependence and can be written
as E = Ej exp (—iwt). An assumption of the Lorentz model is that the displacement of
the electron will oscillate at the same frequency as the applied electron field, so a guess

of the form of the displacement can be made as 7 = 7 exp (—iwt). Using the harmonic
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time dependent forms of the electric field and displacement yields,

—mw?F = iwéF — ni — ek (1.7)
Equation 1.7 can be rearranged to make ' the subject,

eE
R 1.8
" mw? +iwé —n’ (18)

and can be written in the following form,

¢E /m
w? 4+ iwé/m —n/m’

=

(1.9)

Then the substitutions v = £/m and wy = y/7/m can be made, where wy is the resonant
frequency, to yield,

eE/m

Fr=—"-—
w? + iwy — wd

(1.10)

From Equation 1.10 it can be observed that the complex displacement, 7 is given by,

E,
w* 4wy — wy

The complex amplitude of the displacement relates the phase of the electron displace-
ment to the applied electric field. The phase of the displacement is defined as the phase
difference between the applied electric field and the electron displacement. Figure 1.2
illustrates the (a) amplitude and (b) phase of the displacement (see Equation 1.11)
with wy = 3 Hz and various different damping parameters. As the damping parameter
is decreased, the amplitude of the electron oscillation increases and the change in phase
of the displacement with respect to the incident field becomes more step like. There
are three main regimes in the phase of the electron oscillation as the frequency of the
driving field is varied: low frequency, resonance and high frequency. At low frequen-
cies the electron displacement is 7 rad behind the driving field, corresponding to being

in-phase with the driving force (the force is opposite to the field as an electron is being
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considered). Here the polarization of the material is in-phase with the electric field. On
resonance there is a 7/2 rad phase difference between the electric field and the electron
oscillation displacement and the amplitude of oscillation of the electrons is greatest.
Near resonance (just above and below) is the region of anomalous dispersion where
the real part of the permittivity decreases with frequency. On resonance maximum
absorption occurs, where a material can in fact be opaque as the electrons have their
largest amplitude, and a large amount of energy is being dissipated by the damping
mechanism. At high frequencies the displacement and field are in-phase (electron dis-
placement lags the force by 7 rad) as the electrons can not follow the applied force
from the electric field and their displacement tends towards zero and the polarization

of the material is in anti-phase with the applied electric field.

The electrons displaced from their equilibrium positions contribute,

P = —ner, (1.12)

to the macroscopic polarization of the material, where n is the number density of
electrons. By inserting Equation 1.10 into Equation 1.12, the macroscopic polarization

of the material can be expressed in the form,

—ne2/mE

P=— "
w? + iwy — w3

(1.13)

The polarization for a linear, homogeneous and isotropic material is related to the

applied electric field by the following relation,

—

P =¢o(e —1)E, (1.14)

where g¢ is the permittivity free space and ¢ is the relative permittivity of the material.

By equating Equations 1.13 and 1.14, the permittivity can be found to be,

ne?/m

. 1.15
go(w? + iwy — wd) (1.15)

e=1-
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(b) Phase of the amplitude with respect to the electric field.
Figure 1.2: (a) amplitude and (b) phase of the electron oscillation displacement with

respect to the incident electric field calculated using the Lorentz model (see Equation 1.11)
with wg = 3 Hz and various different damping parameters.
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The permittivity is usually expressed in the form,

w2

=1-—2 1.16
c w2+iw’y—w§ ( )

where w,, is the plasma frequency and is given by the following relation,
2
ne
Wy = —. 1.17
=1 (117)

1.4 Drude model

In the Drude model of the permittivity, the restoring force from the Coulomb interaction
between the ionic cores and electrons is neglected, which is equivalent to setting wp to
zero in the Lorentz model (see Equation 1.16). This assumption is made because the
optical properties of metals are dominated by the response of their free conduction
electrons which have a zero restoring force. The permittivity in the Drude model is

therefore,

2
“p

.
ew) w? + iyw

(1.18)

Figure 1.3 displays the (a) Lorentz and (b) Drude permittivity for a hypothetical ma-
terial with the values w, = 4 Hz, wy = 3 Hz and v = 0.6 Hz. In (a), wy corresponds
to when the real part of the permittivity is equal to one and the imaginary part takes
its maximum value. The region were the real part of the permittivity is negative (see
grey shaded regions in Figures 1.3a and 1.3b) means a wave can not propagate inside

the medium and the wave instead decays evanescently.

For an electric field propagating in the z-direction the field can be written as,

E = Eyexpi(kz — wt), (1.19)

where t is time. Since k = nk,, and n = /¢, where n is the refractive index in the
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Figure 1.3: Comparison of the (a) Lorentz (see Equation 1.16) and (b) Drude (see Equa-
tion 1.18) model for the permittivity of a material. The calculations have been performed
with the values of w, =4 Hz, wy = 3 Hz and v = 0.6 Hz.

material and kg is the freespace wave number, Equation 1.19 can be expressed as,

E = Eyexpi(v/zkor — wt). (1.20)

If the real part of the permittivity is negative, then \/—e = v/—1,/e = iy/e. Equation

1.20 becomes,

E = Egexpi(iv/ekor — wt) = Eyexp(—vekow) exp(—iwt), (1.21)

an evanescently decaying wave, propagating in the z-direction with a complex ampli-
tude of Ey exp(—+/ekox). The distance required for the amplitude of the electric field
to be reduced to 1/ exp of its initial value is defined as the skin depth. The skin depth
for bulk silver and gold are shown in Figure 1.4. The skin depth for silver and gold is

between 25 nm and 45 nm at optical wavelengths.

In the Drude model (see Figure 1.3b) there is no resonant behaviour and the real part
of the permittivity becomes negative below the plasma frequency. The frequency at
which the real part of the permittivity becomes negative is actually just above the
plasma frequency. In the absence of damping, the real part would become negative at

frequencies below the plasma frequency.
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Figure 1.4: Plot of the skin depth vs. wavelength for bulk silver and gold. Skin depth
calculated using § = A/27k with optical constants taken from Refs. [10] (silver) and [11]
(gold).

From Equation 1.4 it is seen that for different surrounding materials (i.e. different
gs) although the metallic particle is the same, the particle plasmon resonant condition
occurs at different wavelengths. For glass the refractive index n equals 1.5, making
its relative permittivity e, = ng = 2.25. Figure 1.5 shows the real and imaginary
parts of the relative permittivity of bulk gold and silver. The values for bulk gold were
determined by reflection and transmission measurements by Johnson and Christy [11],
and the silver values were taken from Ref. [10]. In both cases, a spline fit has been used
to fit the permittivity between wavelengths of 200 nm and 1000 nm. From Figure 1.5
it can be seen that the particle plasmon resonance condition is satisfied when A ~ 530

nm for gold and A ~ 410 nm for silver.

1.5 Single particle response

Mock et al. [12] experimentally observed a red-shift in spectral position of the particle
plasmon resonance with increasing refractive index (1.44-1.56) using dark-field spec-
troscopy of isolated spherical and triangular silver particles. Murray et al. [13] carried
out a similar experiment with rods and disc-shaped gold particles and confirmed this
red-shifting of the single particle plasmon resonance with an increase of surrounding

refractive index.

10
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Figure 1.5: Plot of the real part of the relative permittivity vs. wavelength for silver and
gold. Real part of relative permittivity calculated using ¢ = n? — k2 with a spline fit of
optical constants taken from references [10] (silver) and [11] (gold). Dashed line drawn at
a value of -4.5 for the real part of the relative permittivity. This gives A &~ 530 nm for gold
and A = 410 nm for silver that satisfy the resonance condition, (see Equation 1.3) when
surrounded by glass (g5 = 2.25).

For spherical particles there only exists one resonant particle plasmon mode when illu-
minated with unpolarized light at normal incidence. This is different from non-spherical
particles, which have two or more resonant modes. A simple non-spherical particle is
the nanorod and this will be discussed first. Nanorods have two resonant modes, one
corresponding to charge oscillating parallel to the long-axis and one corresponding to
charge oscillating parallel to the short-axis [14]. An example of the polarization de-
pendence of the incident light can be seen in the single particle scattering spectra of a
silver nanowire by Barbic et al. [15] in Figure 1.6. Link et al. [16] produced ensembles
(300 particles) of gold nanorods using an electrochemical method and measured their

absorption as a function of wavelength with unpolarized light.

An example of the absorption spectrum obtained by Link et al. of a sample of randomly
orientated nanorods with an aspect ratio of 3.3 (75 nm X 25 nm) is presented in
Figure 1.7. Evident in Figure 1.7 are two peaks, with one peak corresponding to a
particle plasmon resonance of the long-axis (longitudinal) mode (740 nm) and one
corresponding to the short-axis (transverse) mode (525 nm). When the aspect ratio
(long-axis/short-axis) of the nanorod is increased the short-axis mode blue-shifts and
the long-axis mode red-shifts [17, 18]. The blue-shift of the short axis mode is small
compared to the red-shift of the long-axis mode, so the long-axis mode is more intensely

studied. Funston et al. [19] studied the change in spectral position as a function of

11
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(a) Parallel. (b)  Perpendicu-
lar.

Figure 1.6: Resonant light scattering of light by a silver nanowire with the incident
electric field (a) parallel or (b) perpendicular to the long-axis of the nanowire. The violet
light corresponds to the short-axis plasmon mode and the orange to the long-axis. Images
taken from Ref. [15].

aspect ratio of the long-axis plasmon mode of gold nanorods in air (see Figure 1.7b).
For each measurement, Funston et al. plot the spectral position of the scattering
peak against aspect ratio, observing a linear correlation between the peak plasmon
wavelength and aspect ratio (the plasmon mode position red-shifts with increasing
aspect ratio). Physically this is due the charge distribution being altered as the shape of
the particle is changed. Depending on the orientation of the incident electric field with
respect to the nanorod a combination of the two modes (longitudinal and transverse)
will be excited. The relative strength of each mode will depend on the magnitude of

the electric field component parallel to the relevant axis [20-22].

Mock et al. [23] investigated the effect of changing the shape and size of isolated
silver nanoparticles on the spectral position of the particle plasmon resonance. They
collected dark-field scattering spectra of spheres, pentagons and triangles of different
sizes and recorded the peak plasmon wavelength associated with the spectra for each
different particle and size (see Figure 1.8). They discovered that spheres have the
shortest wavelength particle plasmon resonance, then pentagons and then triangles.
Additionally, it can be observed from Figure 1.8 that for each different particle type,
the particle plasmon resonance position red-shifted with increasing particle size. This
shape and size dependence of the spectral position of the particle plasmon resonance was
then verified again later by Anker et al. [24]. Mock et al. also found that for triangles
the resonant frequency is dependent on the sharpness of the tips of the particle (sharper
tips have a red-shifted particle plasmon resonance). They found that by rounding off

the tips of triangles the resonance peak position blue-shifted from 625 nm to 555 nm.

12
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Figure 1.7: Experimental nanorod data: (a) absorption spectrum illustrating the two res-
onances (transverse and longitudinal) and (b) the long-axis plasmon mode wavelength as a
function of aspect ratio. In (a) the mode at 525 nm is referred to as the short-axis (trans-
verse) mode, while the one centered at 740 nm is called the long-axis (longitudinal) mode.
In (b) each data point is corresponds to one rod for which the spectrum and scanning-
electron micrograph were measured. The rods were dispersed on Indium-tin-oxide-coated
glass in air.

This shifting of the dipole in-plane resonance had been predicted earlier by Jin et al.
[25]. Jin et al. demonstrated the effect of edge rounding via modelling two different
isolated triangles immersed in water: the first one with edge length of 100 nm and height
100 nm, and the second one with the same height but with a snip of 12 nm, where the
snip is the length of the side of triangle cut from the tip of the original triangle. Each
triangle was modelled by dividing up its volume into an array of N dipoles from which
the extinction cross-section can then be found. Jin et al. found that by taking a snip
of 12 nm off each the corner of triangle that the in-plane dipole resonance shifted from
770 nm to 670 nm. More recently Jayabalan et al. [26] confirmed the blue-shift of
the in-plane dipole resonance with increasing snip size by modelling the extinction of
triangles using the same method as Jin et al., but with more variation in snip size (15

nm to 23 nm).

Henson [27] et al. fabricated arrays of gold discs with a diameter of 130 nm and various
heights by electron-beam lithography (EBL) in order to investigate the influence of
nanoparticle height on the spectral position of the particle plasmon resonance. The key
point here is that the arrays had small pitches (240 nm) and were hence non-diffracting
within the spectral range of the single particle resonance. Additionally they did not
index-match the environment of the particles. They found a blue-shift in the single

particle resonance from approximately 625 nm to 515 nm by changing the particle
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Figure 1.8: Transmission electron microscope (TEM) lateral size vs. the spectral peak
wavelength for a diverse collection of individual silver nanoparticles. The size of each
particle was assigned using the TEM image taken with the e-beam normal to the sample and
by comparing a characteristic dimension to the TEM calibration bar. The characteristic
dimension for a spherical particle is the diameter, for a pentagon it is the length between
opposite corners and for a triangle it is the length of a side. Representative high-resolution
TEM images for three different size particles, of each geometrical shape, are also shown.
Figure taken from Ref. [23].

height from 20 nm to 160 nm (see Figure 1.9).

So far the spectral position of the particle plasmon resonance has been discussed, now
the factors which determine the width of the resonance will be investigated. This is a
good point to reintroduce the equation of motion for one of the conduction electrons,
which takes the form of a forced oscillator [7, 28],

d*7 ar L=
i —fa — mwiF — ek, (1.22)

m

where m is the mass of an electron, 7 is the displacement of the electron, 7 is the spring
constant, e is the elementary charge of an electron, wyg is the resonant frequency and
E is the applied electric field. The spring constant arrises from the Coulomb force

between the conduction electrons and the ionic cores. The resonant frequency is given

by,
/n
=,/—. 1.23
o m ( )

14
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Figure 1.9: Measured transmission spectra of 240 nm pitch square arrays of gold discs
with a diameter of 130 nm with various heights. Figure reproduced from Ref. [27].

As mentioned earlier, an applied electric field will displace the conduction electrons of
the nanoparticle from their equilibrium positions, which induces a dipole moment. This
displacement creates a separation of charge, creating a restoring force. The restoring
force of the particle plasmon resonance can be altered by changing the shape or size
of particle, which results in a different surface charge distribution. Note: an increase
in 1 (i.e increase in restoring force) will increase (blue-shift) the resonant frequency.
Whereas a reduction in n will decrease the restoring force, therefore decrease (red-shift)
the resonant frequency. The quality factor, @ of a resonator, which is related to the

damping of the system, is given by,

Q= =——= , (1.24)

where Ajes and Fies are the resonant wavelength and energy respectively, A\ is the full-
width half maximum and T is the line-width (Eyes and T' are illustrated in Figure 1.10).
Notice from Equation 1.24 that the line-width is directly related to the damping of the
system. Resonators with higher @-factors have lower damping, a smaller line-widths
and a greater amplitude of oscillation than lower Q-factor resonators. The relationship
between damping and line-width of the resonance allows the damping of the system to

be determined directly from the line-width of the oscillation.

Sherry et al. [30] fabricated silver triangles by a photoinduced conversion of colloidal
spheres to triangles using the method described elsewhere Ref. [25]. This allowed
Sherry et al. to produce triangles with a varying degree of tip rounding, so they could

perform dark-field scattering measurements. From the scattering measurements they
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Figure 1.10: Diagram to indicate the resonant energy E,os and line-width I" of the plasmon
resonance. The spectrum on the left has a smaller line-width than the one on the right,
therefore the resonance has lower damping. Diagram adapted from Ref. [29].

found that the plasmon in-plane dipole resonance line-width is directly related to the
sharpness of the corners of the triangle: the sharper the tips of the triangle are the
broader the line-width. They confirmed this relationship between tip sharpness and
line-width by modelling the different triangles as a volume of single polarizable units.
They suggest the tip sharpness and line-width correlation is due to the lightning rod
effect which can be understood as roughness-induced momentum matching of surface

plasmons to the radiated field.

Sonnichsen et al. [29] fabricated individual gold nanoparticles (spheres and rods) chem-
ically in order to investigate the damping of plasmonic resonances. They found that
rods have a smaller line-width (hence greater QQ values) than spheres with the same
resonant energy, Fis (see Figure 1.11). They suggest this reduced line-width of the
plasmon mode is not due to the reduced radiation damping of the nanorods compared
to the spheres: a rod of much smaller volume can support a plasmon mode of the same
resonant frequency as a sphere. The reduced damping is due to the resonant energy
of plasmon mode of the rod being less than the threshold (1.8 eV) required for inter-
band transition in gold. A sphere with a resonant energy less than the threshold would
benefit from the reduced non-radiative damping, but to obtain an energy less than the
threshold energy, the volume of the sphere would have to be large in comparison to the

equivalent rod. This additional radiation damping would provide a large line-width.

Sonnichsen et al. also observed a red-shift in the resonant mode of spheres with in-
creasing particle size in agreement with Ref. [23]. This red-shift is not captured by the

simple electrostatic approximation (see Equation 1.3), as the approximation assumes
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Figure 1.11: Quality factor of single nanorods (dots) and nanospheres (grey triangles) vs
resonance energy E..s. Black triangles: averages for spherical particles of the same nominal
size (150 nm, 100 nm, 80 nm, 60 nm, 40 nm, and 20 nm from left to right) [29].

the electric field is homogeneous (i.e. has constant phase and magnitude) over the
volume of the particle. However, this is not the case, due to the finite value of the
skin depth and due to retardation effects. At optical wavelengths the skin depth of
silver and gold is approximately 30 nm (see Figure 1.4) therefore only the conduction
electrons in the outer shell of a large particle will oscillate. An estimate of the retar-
dation for the oscillating electrons to be out of phase by 1/10 of a cycle is as follows;
at optical frequencies w ~ 10'® rad™! so the period T of an oscillation is approximately
1/w ~ 1071° s. If an arbitrary value of 1/10 of a period is chosen for there to be a
noticeable effect of retardation, this gives a time, ¢ of approximately 10716 s. Using
the relation s = d/t, where s is speed, d distance, and inserting the according values,
d=1cx1071% = 107® m = 10 nm, where c is the speed of light. So for particles
with dimensions greater than or equal to 30 nm the electric field does not penetrate
the whole of the particle, and for particles with dimensions greater than or equal to
10 nm retardation is significant. Hence the electrostatic approximation only holds for

particles with dimensions less than or equal to 10 nm.

1.5.1 Optical cross-sections

A particle can remove energy from an incident beam of light in two ways; by absorption
or by scattering. In the first process, energy is non-radiative and can involve the
conversion of energy from the incident beam into heat, for example as the collective
motion of the electrons is damped. In the second process, the electrons driven in

oscillatory motion elastically scatter a photon, hence this process is radiative [31]. The
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absorption and scattering can be expressed as their cross-sections,

Tabs = kS (), (1.25)
and,
K,
sen = —|a]?, 1.2
Tsea = & o (1.26)

where k is the wave number in the surrounding medium. The extinction cross-section

is the sum of the absorption and scattering cross-sections and is given by,

Oext = kS(a) + —|a?. (1.27)

The scattering cross-section can be derived by considering the power radiated by an
electric dipole and normalizing with the intensity of the incident electric field. The
electric and magnetic fields for a oscillating point dipole in the far field, expressed in

spherical coordinates is given by [32],

2 /o X
E = Hopo <sm0> cos[w(t — /)]0, (1.28)
a7 T
and,
B = 0 (0N ottt — v/ (120
= | coslw(t —r/c)]o, .

where 7 is the distance from the dipole, pg is the magnitude of the dipole moment and
f is the angle between the p and ¥. The energy per unit area, per unit time, radiated

by the oscillating dipole can be calculated using the Poynting vector,

S— Mlo(ﬁ x B)="0 {pf;:Q (Sffe) cosluw(t — r/c)]}2 . (1.30)

The intensity can be obtained by averaging S in time over one complete light cycle.
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Since the average of cos? f = 1/2, Equation 1.30 becomes,

2, AN qin2
= [ Hopjw™ ) sin” 0
(S) = < T ) o (1.31)

Equation 1.31 shows the intensity of the dipole falls off as 1/7? and there is no radiated

energy along the dipole axis. To calculate the total power radiated from the dipole (S)

must be integrated over a sphere of radius r,

2 4 .2 2 4
- .. Mopjw sin“ 0 . HopEw
<P>:/<S>-da: 3272% / 3 smGdeqb:T?TC. (1.32)

The power can be expressed as,

_ uoaglalegw‘l

P
(P) 127e ’

(1.33)
where the substitution of py = eg|a|Ep has been used. To express Equation 1.33 as
the scattering cross section it has to be normalized with respect to the intensity of
the incident electric field. An incident monochromatic plane wave has an intensity,

I=1/ QEOCE(Z] and hence the scattering cross-section is,

(P)  poed|a?Eiwt  posolal?w?
g = — = =
sea I 6mceg B3 6me?

k* 9
= lal, (1.34)

where Equation 1.34 has been tided up using w = ck and ¢? = 1/equo.

It is interesting to note that for particles that do not have a frequency dependent

permittivity the scattering cross-section varies as,

Cscat ~

e (1.35)

so blue-light will be scattered more strongly than red light. This is not the case with the
metallic particles investigated in this thesis. It is worth mentioning at this point that
the absorption and scattering of a sample can not be determined by the transmission

alone.
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In summary, the optical response of a single isolated particle has been investigated in
the literature and in particular how the spectral position of the resonance is altered and
broadened. An interesting question is whether the position or width of the resonance
changes when another particle is brought into close proximity? This is the focus of the

next section.

1.6 Two particles

Is the optical response of two particles in close proximity different from the response of

just one isolated particle? This section addresses this question.

It might be expected that there would be a change in their optical response because
the electric field produced by one particle will act on the other. Experiments confirm
that this is the case. Gunnarsson et al. [33] fabricated silver particle pairs with a
diameter of 95 nm and height 25 nm by electron-beam lithography. They varied the
separation between the particles and probed their polarization response to the inci-
dent electric field by collecting the scattered light from the pair. Presented in Figure
1.12 are measured scattering spectra from a number of isolated particle pairs where
the separation (edge-to-edge) between the particles has been varied from 10 nm to
250 nm. It is seen that the collective response of two particles (spectra A-E) differs
from that of the single isolated particle (spectra F). The shift in the dipolar particle
plasmon wavelength also depends on the inter-particle separation, the shift increasing
as the particle separation is reduced, the single particle response being retrieved for
separations greater than approximately A/2. It is also seen that the optical response
of the pair depends on the polarization of the incident electric field. When the electric
field is parallel to the particle-pair axis, the resonance associated with the pair shifts to
longer wavelengths (red-shift) than the single particle response. When the electric field
is perpendicular to the particle-pair axis the resonance of the pair shifts, if anything,

to shorter wavelengths (blue-shift) than the single particle response.

As discussed in Section 1.5, the resonant frequency is determined by the strength of the
restoring force that acts when the charges in the particle are separated. The restoring
force arises from the electric field that acts on the charges. For a single particle it is only
the field associated with the charges in that particle (internal field) that contributes
to the restoring force. In contrast, when two particles are present, the charges on one
particle can contribute an extra electric field and it is the net electric field that provides

the restoring force. Thus, depending on the relative orientation of internal and external
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Figure 1.12: Dark-field spectra and scanning-electron micrographs from isolated particles

(diameter D = 95 nm, height A = 25 nm) and particle pairs for varying separations. Data

are shown for incident electric fields parallel and perpendicular to the interparticle axis,

as indicated by the arrows. The separations (gaps) d between the particles are d ~ 10

nm (A), 15 nm (B), 25 nm (C), 50 nm (D) and 250 nm (E). Spectra F are from a single

particle and are included for comparison. The vertical bars indicate the baselines for the
different spectra. Figure taken from Ref. [33].
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(a) Incident electric field parallel to pair axis. (b) Incident electric field perpendicular to pair
axis.

Figure 1.13: Diagram indicating two possible combinations of near-field coupling for a
plasmonic particle pair. When the exciting incident electric field is parallel to the particle-
pair axis in (a), the electric field from the neighbouring particle and the internal electric
field (red arrow) of the adjacent particle are in opposite directions. The net electric field
acting on the oscillating electrons is therefore reduced, which leads to a reduced restoring
force and a red-shift of the particle plasmon resonance. In (b) the exciting electric field is
perpendicular to the particle-pair axis, and the electric field from the neighbouring particle
and the internal electric field (red arrow) of the adjacent particle are in the same direction:
the net electric field acting on the collective electron motion is increased, and the particle
plasmon resonance is blue-shifted. Particle-pair axis indicated by dashed line.

fields, the restoring force can either be strengthened or weakened corresponding to blue

and red-shifts, respectively, of the resonance.

These red- and blue-shifts can be understood by considering the charge distribution
of each particle as a simple electric dipole. An illustration of the electric fields acting
on a neighbouring particle in a particle pair are shown in Figure 1.13. As discussed in
Section 1.5, when an external electric field is applied to a particle the conduction elec-
trons are displaced from their equilibrium positions creating a dipole moment. With
the polarization of the electric field parallel to the particle-pair axis, the electric field
from the neighbouring particle and the internal electric field (see red arrow in Figure
1.13a) of the dipole are in opposite directions, causing the electric field between the
oscillating charges to be reduced. This in turn reduces the restoring force between the
oscillating electrons, lowering the resonant frequency, hence red-shifting the particle
plasmon resonance (see Equation 1.23). With the electric field orientated perpendic-
ular to the particle-pair axis the net electric field acting on the oscillating electrons

is increased, increasing the restoring force and resonant frequency, leading to a blue-
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Figure 1.14: Spectral position of the extinction maximum vs. inter-particle distance
for seven different particle-pair separations of gold discs with a diameter of 150 nm and
height 17 nm. The distance refers to the centre-to-centre separation of the particles in
the pair. The polarization directions of the incident electric field is parallel (rhombs) or
perpendicular (circles) to the particle-pair axis. Solid lines show the corresponding results
of the dipole-pair model calculations. Figure reproduced from Ref. [35].

shifted resonance. In summary, the coupling not only depends on the separation but
also on the relative orientation of the dipole moments associated with the two particles.
It is seen that the red-shift should be greater than the corresponding blue-shift owing
to the electric field being greater at the poles of the dipole than in the equatorial plane.

Gunnarsson et al. [33] found that for joined particles, i.e. they have merged to become
a nanorod, the resonance associated with the electric field parallel to the particle-pair
axis is found at a much longer wavelength than even the closest particle pair that they
studied (gap 10 nm). The dramatic red-shift of the dipolar plasmon resonance peak
when the particle pair becomes joined has been reported more recently in Ref. [34].
Rechberger et al. [35] also explore the plasmonic near-field coupling between particles.
They fabricated gold nanodiscs with a diameter of 150 nm and a height of 17 nm, and
observed the same trends for the particle plasmon resonance wavelengths of the pair,
i.e. a red-shift with decreasing particle separation for the electric field polarized along
the particle-pair axis and a blue-shift of the particle plasmon resonance wavelength
with decreasing particle separation with the electric field perpendicular to the pair
axis. They compared their experimental data to a model based on interacting dipoles

and found good agreement, see Figure 1.14.

Interestingly, Fromm et al. [36], who fabricated single “Bowtie” structures, observed an

initial blue-shift for gaps greater than 75 nm and then a red-shift for gaps less than 75
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nm with the electric field polarized along the particle-pair axis, with coupling extending
over a greater distance (approximately \) compared with Gunnarsson et al. [33] who
only observed coupling for less than A/2. One suggestion for this difference is due to
the sharp edges of the triangles concentrating the charge into a smaller region, thus

increasing the charge density and increasing the projected coupling electric field [37].

This distance-dependent resonance can be exploited to measure the distance between
coupled particles as demonstrated by Tabor et al. [37], who proposed a “plasmon ruler

equation”:

2t (-12), 020

where AN/ is the fraction change in the particle plasmon resonance wavelength nor-
malized against the single isolated particle plasmon resonance wavelength, A is the
relative strength of the dipole field, s is the gap between the particle pair, D is the par-
ticle size parameter and 7 is the decay length from the particle surface. In their study
they successfully fit Equation 1.36 to spherical nanoparticles, nanodiscs, nanoprisms
and nanocubes. The distance-dependent relationship is also confirmed by Jain et al.
[38] who fit Equation 1.36 to gold nano disc pairs and by Su et al. [39] who fit Equation
1.36 to gold elliptical discs with an aspect ratio (long-axis/short-axis) of 1.55. Funston
et al. [19] find at short distances (less than a few nanometers separation) the plasmon

ruler equation for Au dimers did not hold.

So far the focus has only been on the spectral position of the particle plasmon resonance,
this section will be concluded by discussing the effect of inter-particle coupling on the
line-width of the collective resonance of a particle pair. Dahmen et al. [40] provided
an analysis based on the coupling of two 80 nm diameter gold nanospheres, using Mie
theory to calculate the scattering spectra of a particle pair as a function of particle

separation. The results of their calculation are shown in Figure 1.15.

Their results (see Figure 1.15) show how the line-width and the resonance energy of
the particle pair oscillates around the single particle values as the separation increases.
These oscillations have a period of approximately 400 nm and decay in amplitude with
increasing particle separation. The oscillations decay more rapidly when the electric
field is parallel to the particle-pair axis than when perpendicular (the line-width de-
creases with increasing separation). This oscillatory behaviour of the line-width with
particle separation has been confirmed experimentally by Olk et al. [41] where they

collected the back scattered light from a pair of gold nanospheres of the same dimen-
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Figure 1.15: Calculated plasmon line-widths (FWHM, left axis) and plasmon energies
(right axis) of a pair of 80 nm diameter gold nanospheres as functions of the centre-
to-centre inter-particle distance D. Every datapoint is extracted from a light-scattering
spectrum (central inset: light-scattering spectrum calculated for D = 290 nm, transverse
polarization). (a) is for transverse polarization of the incident electric field and (b) is for
longitudinal polarization (see top right insets). In both figures, the horizontal dashed lines
indicate the plasmon line-width and plasmon energy of an isolated 80 nm gold sphere.

Figure taken from Ref. [40].
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sions as Dahmen and coworkers. Olk and coworkers observed a periodic modulation
of the line-width with a period of approximately 350 nm, but over smaller distances
(approximately A for parallel and approximately 3\ for perpendicular) than theoretical
predicted by Ref. [40]. Ref. [41] suggest that shorter distance of line-width modulation
is related to the bandwidth-limited coherence length of their light source. Dahmen and
coworkers observe an increase in resonant energy when the electric field is parallel to
the pair axis as the particle separation is increased for distances less than A/2, which is
in agreement with the gap sizes investigated Gunnarsson et al. [33] (see spectra (A-D)
in Figure 1.12). However, when the electric field is perpendicular to the pair and for
distances less than \/3, they predict an increase in resonant energy with increasing

particle separation which disagrees with Gunnarsson and coworkers.

As noted above for the single particle, the line-width is related to how heavily the os-
cillation is damped. Again, as with the single particle, there are two possible damping
mechanisms: radiative and non-radiative. In this instance it is the collective radiative
damping of the pair that is altered. For distances greater than A\/2 the simple elec-
trostatic model is no longer valid and the finite speed of light needs to be accounted
for. Accordingly, retardation of the electric field, depends upon the particle separation.
The particle pair in Figure 1.15 has been modelled in a medium with refractive index
of 1.51 (the resonant wavelength of an isolated 80 nm diameter gold sphere is 387 nm
in this medium) [40]. When the particles are separated by a distance of a multiple of
nA/2 (where n = 1,2,3...) destructive interference takes place. This leads to reduced
collective radiation and lower resonant energy of the pair. When the separation is nA
constructive interference takes place and the pair radiate more light and have a higher

resonant energy.

Does the optical response of particles arranged in a periodic array differ from that of
two coupled particles? Yes, the response can be very different from that of a single

isolated particle, as will now be demonstrated.

1.7 Array of particles

Haynes et al. [42] fabricated square and hexagonal arrays by electron-beam lithography
in order to investigate the plasmonic coupling between particles. They measured the
extinction spectra of arrays with different pitches d (where d < Appr/2, where Appr
is the particle plasmon resonant wavelength). Figure 1.16a shows a scanning-electron

micrograph of an example of one of the structures that was fabricated (in this case
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Figure 1.16: (a) scanning-electron micrograph of cylindrical particles in a hexagonal
arrangement, (b) measured extinction spectra of the same arrangement but with a variety
of array pitches and (c¢) dependence of the particle plasmon peak wavelength as a function
of pitch d for the arrays in (b). Coloured lines in (b) correspond to array pitches: 230 nm
(black), 260 nm (blue), 280 nm (green), 300 nm (red), 325 nm (pink), 350 nm (purple),
400 nm (orange), 450 nm (brown) and 500 nm (navy). Figures taken from Ref. [42].

cylindrical nanoparticles in a hexagonal arrangement). Shown in Figure 1.16b are the
extinction spectra of gold cylinders with D = 200 nm, h = 35 nm in a hexagonal array
with a variety of array pitches (230 nm-500 nm). The corresponding plot of particle
plasmon peak wavelength (nm) vs. pitch, d, is exhibited in Figure 1.16c. Haynes et
al. [42] observed a red-shift of the particle plasmon resonance peak wavelength with
increasing pitch of square and hexagonal arrays for both types of shapes (discs and

trigonal prisms) of nanoparticles.

Lamprecht et al. [43] also explored the coupling between particles in an array. They
fabricated periodic arrays of gold discs by electron-beam lithography with various array
pitches but over a larger range (d > Appr/2) than Haynes et al. [42]. They found that
for small pitches (d < Appr/2) a red-shift of the particle plasmon resonance peak was
displayed with increasing array pitch, see dashed line in Figure 1.17, in agreement with
Haynes et al. [42]. In both, Refs. [42] and [43], the square and hexagonal arrays
exhibit a red-shift in Appr with increasing array pitch for pitches d < A\ppgr/2. Focus
on thinking about the simpler case of a square array: in a square array there are both
types of particle-pair interactions that were described in Section 1.6. Refer back to

Figure 1.14, from which it is seen that the red-shift for polarization of the incident
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Figure 1.17: Plasmon decay time (solid line) and particle plasmon resonance wavelength
(dashed line) vs. pitch (350-850 nm) of different square arrays. The particles were gold
discs with a diameter of 150 nm and height 14 nm giving an isolated particle plasmon
resonance of approximately 775 nm. Plasmon decay time was determined from FWHM of
the measured extinction spectra. Figure taken from Ref. [43].

electric field parallel to the particle-pair axis is much stronger than the blue-shift for
the perpendicular polarization - this is different to what is observed in an array. For
pitches greater than d = Appr/2 an oscillatory dependence of the Appr with pitch was

found, with the oscillation amplitude decreasing with increasing pitch.

Lamprecht et al. [43] also investigated the resonance lifetime which, as discussed in
Section 1.5, is equivalent to the inverse resonance line-width 1/T". For pitches of ap-
proximately A the plasmon lifetime is found to take its greatest value (see solid line in

Figure 1.17) leading to the narrowest resonance (I' ~ 30 nm, Q ~ 26).

Auguié and Barnes [44] fabricated square arrays of gold nanorods by electron-beam
lithography and varied the pitch of the arrays from 480 nm to 560 nm. They performed
the transmittance measurements of these arrays with the incident electric field parallel
to the long-axis of the nanorods, and the particles immersed in an index-matching fluid
to provide a homogeneous optical environment. In each of the spectra (see upper panel
in Figure 1.18), a strong dip in transmittance is observed at a longer wavelength than
isolated single particle plasmon resonance (approximately 710 nm), which red-shifts
with increasing pitch of the array. This extra feature, i.e. the largest dip in each of
the transmittance spectra, is due to the periodic nature of the array and results from

coherent interaction of dipoles associated with the single particle resonances. This was
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Figure 1.18: Transmittance spectra for gold nanorod arrays in homogeneous index en-
vironment (top, oil immersion n = 1.46) and asymmetric refractive index configuration
(bottom, incident light in air) for five array pitches. Nominal particle sizes: 100 nm x 90
nm X 35 nm (top), 120 nm x 90 nm x 35 nm (bottom). The vertical lines indicate the
position of the (1,0) and (1, 1) diffraction edges for the two refractive index environment
configurations. Figure taken from Ref. [44].

not seen by Lamprecht et al. [43] and Haynes et al. [42] as they did not index-match
the surrounding environment of the array with the substrate. A non-index-matched
environment leads to two different interference conditions: one for the substrate and
one for the surrounding environment of the array. The overall effect of this is blurring

of the dip, as shown in the bottom panel in Figure 1.18.

Chu et al. [45] demonstrated that by selecting the appropriate size of particle and
pitch a narrower resonance could be produced. They fabricated gold nanodiscs by
electron-beam lithography. The nanodiscs had a diameter, D, of 180 nm and a height,
h, of 40 nm and were arranged in a square array (see Figure 1.19a). The arrays were
immersed in water (n = 1.327) and the spectra obtained (see Figure 1.19¢). The spectra
show two important trends: a red-shift in Appg with increasing pitch (in agreement
with Lamprecht et al. [43] and Haynes et al. [42]) and a narrowing of the line-width
with increasing pitch. It is interesting to compare the single isolated particle line-width
(see black line in Figure 1.19¢) with the narrowest resonance (corresponding to a pitch
of 660 nm), see pink line in Figure 1.19c. The line-width of a single isolated particle,
I' = 311.6 nm with ) ~ 3 compared to an array of the same particles giving a line-width,
' =26.6 nm and @Q ~ 38.
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Figure 1.19: (a) scanning-electron micrograph of gold disc array. (b) intensity ({|E|?))
distribution on the surface of single gold disc at A = 930 nm (bottom). Intensity distribu-
tion on the surface of gold disc of an array with a grating pitch d = 640 nm at A = 982
nm (top). Polarization of plane wave illumination is shown, which is along one axis of the
square array. (c) near-field intensity enhancement ((|E|?)) spectra for a single isolated gold
disc and for gold discs in 2D arrays of different grating pitches (d). Figure taken from Ref.
[45].

Zhou and Odom [46] fabricated arrays of gold nanoparticles using a template-stripping
nano-fabrication technique in order to investigate out-of-plane plasmon modes. An
out-of-plane plasmon mode is one in which the conduction electrons oscillate in the
z-dimension (height dimension) of the particle, instead of in the z-direction as with the
in-plane mode (see Figure 1.20). The gold nanoparticles that Zhou and Odom studied
have a diameter of 160 nm and were arranged in a 400 nm pitch square array. Zhou
and Odom considered four different particle arrays, each with a different particle height
(h = 65 nm, 100 nm, 120 nm and 170 nm), and measured their transmittance spectra
as a function of wavelength (see Figure 1.21a). The arrays were illuminated with k at
an angle of incidence, 6 of 15°, to provide a component of the incident electric field in
the z-direction so an out-of-plane plasmon mode could be excited. An illustration of
the two different configurations of the incident electric field (TM and TE) are shown
in Figure 1.20.

For both TM and TE polarizations (see Figure 1.20) of the incident electric field, a broad
resonance associated with the in-plane plasmon mode is seen at approximately 750 nm,
which blue-shifts with increasing particle height in agreement with Ref. [27]. The main
difference between the two polarizations is that for TM-polarization (see Figure 1.21a)

there is a sharp dip in the transmittance spectra that shifts to longer wavelengths with
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Figure 1.20: Schematic illustrating the two different polarizations of the incident electric
field: (a) TM and (b) TE-polarized light. TM-polarized light at an angle of incidence,
0 = 15° provides a component of the incident electric in the z-direction allowing excitation
of an out-of-plane plasmon mode. Figures adapted from Ref. [46].

increasing particle height (from A ~ 720 to A\ ~ 860 nm). This sharp dip corresponds
to an out-of-plane plasmon mode and is exhibited at different wavelengths for different
particle heights: approximately 710 nm for height 65 nm; approximately 730 nm for
height 100 nm; approximately 755 nm for height 120 nm; and approximately 860 nm
for height 170 nm. This feature is not observed with TE-polarization (see Figure 1.21b)
as there is no component of the incident electric field in the z-direction of the particles,
so an out-of-plane resonance can not be excited. I' &~ 5 nm, () ~ 146, cf. single particle
where @ < 10.

Kravets et al. [47, 48] have probed out-of-plane resonances of single particles and parti-
cle pairs and more recently Thackray et al. [49] have studied out-of-plane resonances by
fabricating particles with a non-trivial geometry and measuring their normal-incidence
transmission spectra as a function of wavelength. The non-trivial geomery allows an
out-of-plane dipole moment to be excited. In this thesis, only in-plane resonances are
investigated, as all the measurements are performed at normal incidence, and the par-
ticles have a height of 30 nm, so an out-of plane particle plasmon mode can not be

excited.

1.8 Conclusion

It was demonstrated that the interaction of light with a metallic particle leads to the
collective oscillation of the free conduction electrons that constitute the particle. This
collective surface charge oscillation of a particle is known as a particle plasmon res-
onance and results in enhanced absorption and scattering of light at certain visible

frequencies for silver. To understand the physics behind particle plasmons, the electro-
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Figure 1.21: Measured transmittance spectra of 400 nm pitch square arrays of gold
nanoparticles with heights of A = 65 nm (black), 100 nm (red), 120 nm (blue) and 170 nm
(green) under (a) TM- and (b) TE-polarized light. Incident angle, # = 15°. The individual
spectra have been displaced by 10% for clarity. Figures taken from Ref. [46].

magnetic response of the bulk metal must be first described. The optical response of
metals at optical frequencies is dominated by their conduction electrons, which can be
described using the Drude model for the permittivity. The permittivity is frequency
dependent and below the plasma frequency the real part becomes negative meaning
that waves decay evanescently, their amplitude falling to a value of 1/ exp after approx-

imately 30 nm in gold and silver at optical frequencies.

In previous studies, it was found that the size, shape and dielectric environment of
the single particle changes the particle plasmon resonant wavelength. Changing the
size and shape of the particle changes the charge distribution of the electrons, and the
restoring force between the electron and ionic cores. For an interacting particle pair,
the spectral position of the particle plasmon resonance red-shifts when the incident
electric field is parallel to the particle-pair axis and blue-shifts when perpendicular.
The red-shift of the resonance occurs because when the incident electric field is parallel
to the pair axis, the internal electric field of the particle and the electric field from
the the neighbouring particle are in opposite directions, so the electric field between
the electrons and ionic cores are reduced. A reduced restoring force results in a lower
resonant frequency, i.e a red-shift. When the incident electric field is perpendicular
to the pair, the internal field of the particle and electric field from the neighbouring
particle are in the same direction and add to make a stronger restoring force, i.e. a

blue-shift in the resonance.
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1. Introduction

Previous investigations on particle arrays showed that when the particles are roughly
separated by the wavelength, illuminated by normal-incidence light, and the environ-
ment of the particles was homogeneous that sharp spectral features were observed.
The normal-incidence light excites an in-pane dipole plasmon mode, where the electron
oscillation in the particle is parallel to the plane of the array. These sharp spectral
features are the result of the of coherent interaction of the scattered light in the plane
of the array by each one of the particles. The strength and width of this coherent
resonance is an interplay between the single particle resonance and the pitch of the

array.

Further studies showed that by exciting the particles by oblique angle of incidence light
that an out-of-plane plasmon mode could be excited. An out-of-plane plasmon mode is
one in which the electrons collectively oscillate parallel to the height dimension of the
particles, normal to the plane of the array. These were only observed for TM-polarized
light, as TE-polarized light does not supply a component of the electric field in the
height direction of the particle.

The results discussed above show that the optical response of an array can be controlled
by appropriate array design. Plasmonic arrays offer the opportunity to confine light to
dimensions less than the diffraction limit [50], with a high field enhancement [51] and

can be used for example for strong coupling [52, 53] and lasing [54, 55].

The work reported in this thesis, through experiment and theory, explores the electro-
magnetic interaction between in-plane particle plasmon resonances in periodic arrays of
nanoparticles. Periodic arrays, which have a pitch comparable to the particle plasmon
resonance wavelength, may exhibit narrow resonances known as surface lattice reso-
nances (SLRs). In the first part of this thesis, these SLRs are studied in different array
geometries with a one-particle basis and in the second part, SLRs are investigated in

square arrays with a two-particle basis. The details are provided below in Section 1.9.

1.9 Thesis overview

Chapter 2: Single particle response

In Chapter 2, a polarizability with retardation and radiation terms is introduced to
describe the interaction of light with an isolated silver spheroidal nanoparticle. A

discussion on how the spectral position of the particle plasmon resonance of spheroids
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shifts by changing the axes is presented. Mie theory is discussed and used to describe
the main features of the absorption and scattering of light from spherical particles.
Fabrication of isolated single particles by electron-beam lithography (EBL) is described
and their optical characterization by dark-field spectroscopy is introduced. Comparison
is made between experimental and simulated scattering spectra of isolated single silver

discs.

Chapter 3: Response of regular arrays of plasmonic particles

In Chapter 3, different array geometries of plasmonic particles that exhibit sharp spec-
tral features from the coherent scattering of light in the plane of the particles is stud-
ied. The optical response of these arrays is modelled as coupled point dipoles using
the polarizability introduced in Chapter 2 to describe the interaction of light with
an isolated particle. The coupled-dipole calculated extinction spectra are compared
to finite-element method calculations. Square, hexagonal and honeycomb arrays are
fabricated by EBL, and extinction measurements are described and presented. Finally,
the polarization sensitivity of the optical response of square, hexagonal and honeycomb
arrays is investigated - finding that due to their high symmetry they are insensitive to

the polarization of the incident light.

Most of the results presented in this chapter appear in the publication:

HumpPHREY, A.D. AND BARNES, W.L. Plasmonic surface lattice reso-
nances on arrays of different lattice symmetry. Phys. Rev. B, 90, 075404,

(2014). Ref. [50].

Chapter 4: Optical response of rectangular arrays

In Chapter 4, rectangular arrays are fabricated to explore the coupling between plas-
monic particles over large distances (greater than lambda). The polarization depen-
dence of rectangular arrays of silver nanoparticles is probed by normal incidence extinc-
tion measurements as in Chapter 3. The coupled-dipole model introduced in Chapter
3 is used to calculate the extinction cross-section of rectangular arrays and chains of
particles. Experimental observations of the rectangular array are explained by consid-
ering the interaction between particles in chains. Lastly, the nature of the coupling
between particles is examined by isolation of the different components of the scattered

field. Coupling between particles is found to be dominated by far-field interaction.
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Most of the results presented in this chapter appear in the publication:

HuMPHREY, A.D. AND BARNES, W.L. Plasmonic surface lattice reso-
nances on arrays of different lattice symmetry. Phys. Rev. B, 90, 075404,
(2014). Ref. [56].

Chapter 5: Symmetric two-particle basis square arrays

Chapter 5 is concerned with the polarization dependence of square arrays with a two-
particle basis. The measured extinction of one-particle basis square arrays of varying
pitch are compared with two-particle basis square arrays of the same pitch. Two-basis
particle square arrays show a polarization dependence in their measured extinction,
unlike one-particle basis arrays. SLRs observed in the extinction spectra of both one-
particle basis and two-particle basis square arrays are explained using the coupled-
dipole model used in Chapters 3 and 4. Presented is a discussion on whether a two-
particle basis can be treated as a single polarizable unit, concluding that the basis must
be treated as two separate particles. Extinction measurements are performed on two-
particle basis square arrays with varying centre-to-centre separation between the two
particles that form the basis. Centre-to-centre separation variation of the basis shows
when approximately the A/2 condition is met, destructive interference of the scattered

light from the particles results and the SLR is wiped out.

Results from this chapter were presented at Nanometa 2015 in a poster entitled:

‘Narrow Surface Lattice Resonances on Arrays of Plasmonics Particle Pairs’.

Chapter 6: Asymmetric two-particle basis square arrays

Chapter 6 investigates surface lattice resonances of bright (symmetric) and dark plas-
monic (anti-symmetric) modes of a two-particle basis. In Chapter 5 the coupling of the
bright modes of the basis were investigated, as the dark mode of the symmetric pair
could not be coupled to by a normal-incidence light. The dark mode can be coupled
to by breaking the symmetry of the system, either by either oblique angle of incidence
excitation or by inducing asymmetry into the basis itself. In the work reported here,
the asymmetry is introduced by fabricating particle pairs with different diameters and

probing their optical response using normal-incidence-extinction measurements. The
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optical response of the arrays will then be compared to a modified simple-coupled dipole
model to accept two different particle polarizabilities. The nature of the observed SLRs
will be studied using finite-element modelling to determine their spatial electric field

distributions.

Results from this chapter were presented at Nanometa 2015 in a poster entitled:

‘Asymmetric dot dimers - optical properties and interactions’.

Chapter 7: Conclusions and future work

In Chapter 7, a summary of each chapter is presented with an overall summary of
the thesis. Following are suggestions for future work and a list of publications and

presentations of the work in this thesis.
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Chapter 2

Single particle response

2.1 Introduction

It was shown in Chapter 1 that light incident on a single metallic nanoparticle causes
its conduction electrons to oscillate, resonantly absorbing and scattering light at opti-
cal frequencies. A polarizability for a spherical particle with dimensions much smaller
than the incident wavelength was introduced. The polarizability of describes how the
collective electron oscillation in a particle responds to an applied electric field. In this
chapter, a polarizability that is applicable to non-spherical particles is introduced to
model the optical response of discs that are fabricated and charaterized in this thesis.
The polarizability for non-spherical particles is modified with additional terms that take
into account particle size effects, i.e. retardation and radiation damping. Mie theory
calculations are presented to discuss general features of the absorption and scattering of
light from an isolated spherical particle. A comparison is made between the quasi-static
approximation (QSA), the modified long-wavelength approximation (MLWA), Kuwata
empirical polarizability, and Mie theory of the extinction cross-section of different radii
of spheres. A description of the the electron-beam lithography (EBL) fabrication of
isolated silver discs is presented, and dark-field scattering microscopy is introduced.
Finally, experimentally determined scattering spectra of single isolated discs are com-
pared with MLWA calculated spectra.
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2. Single particle response

2.2 Modelling techniques

It is often more informative to work with analytical expressions to get a grasp of the
physical concepts, therefore, in this thesis the quasi-static (QS) model is used with
additional terms added to approximate the optical response of discs. To describe the

optical response of a metallic nanoparticle, a polarizability is used.

2.2.1 Quasi-static approximation: non-spherical particles

The QSA assumes that electric field is uniform over the complete volume of the particle
[6] and is therefore only valid for particles much smaller than the resonant wavelength.

The polarizability within the QS regime can be extended for ellipsoids and is given by
[7],

Em — s
3es +3L(em —&s)’

Qstatic = 4mabe (2.1)

where a, b and ¢ are the semi-axes of the particle, €, is the relative permittivity of
the surrounding medium, &, is the relative permittivity of the material from which
the particle is made and L is a geometrical factor. Each axis of the ellipsoid has an
associated geometrical factor, where L, < Ly < L. and L,+ Ly+ L. = 1. L in Equation
2.1 is chosen by selecting the geometrical factor that corresponds to axis of the ellipsoid

which the incident electric field is parallel to. L, can be calculated using [7],

abe dg

b= /o (a2 + q)/(q + a?)(q + b2)(q + %)’

(2.2)

To calculate the absorption and scattering cross-sections, Equation 2.1 is inserted into
Equation 1.25 or 1.26. From Equation 2.1 it is seen that the particle plasmon resonance
condition depends on the geometrical factor L. Physically this is because the surface

charge distribution changes the internal and external electric fields of the particle.

Three cases will be considered; a sphere, a prolate spheroid and an oblate spheroid.
Spheroids are special cases of ellipsoids having two axes of the same length: a prolate
spheroid has two minor axes of the same length (b = ¢), and is therefore cigar-shaped
(see Figure 2.1a), and an oblate spheroid (see Figure 2.1b) has two major axes of the

same length (a = b), and is therefore pancake-shaped. The aspect ratio, R, of a spheroid
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2. Single particle response

(a) Prolate spheroid (a > b = ¢). (b) Oblate spheroid (a = b > c).

Figure 2.1: 3:1 aspect ratio spheroids: (a) prolate and (b) oblate. The aspect ratio of a
prolate spheroid is given by a/b and the aspect ratio of an oblate spheroid is given by a/c.
is given by R = a/b for prolate and R = a/c for oblate.

For a sphere a =b=c¢ & L, = Ly = L. = 1/3 and Equation 2.1 reduces to Equation
1.3.

The geometrical factor relating to the major axis (a) of a prolate spheroid is given by
[71;

1—¢e2 1.1 b2
Lo=—f <—1—|—ln +e> 2=1-— (2.3)
a

where e is the eccentricity.

The geometrical factor relating to the two major axes (a = b) of an oblate spheroid is

evaluated from [7],

and,

1 — 2\ /2 2
g(e) = ((32) ; el =1-—. (2.5)

39



2. Single particle response

Figure 2.2: Geometrical factors L,, L, and L. of prolate and oblate spheroids plotted
against aspect ratio R. R = a/b for a prolate spheroid and R = a/c for an oblate spheroid.
L, prolate major axis (blue line), L, and L. prolate minor axes (green line), L, and
Ly, oblate main axes (red line) and L. oblate minor axis (cyan line). Geometrical factors
calculated using Equations 2.3—2.5.The geometrical factors are related via L,+ Ly+ L. = 1.

Figure 2.2 shows the relationship between the geometrical factors and aspect ratio of
prolate and oblate spheroids. Several observations can be made from Figure 2.2: the
geometrical factors associated with their major axes of both prolate (blue line) and
oblate (red line) spheroids decrease with increasing aspect ratio R, and the geometrical
factors associated with their minor axes (prolate (green line) and oblate (cyan line))
increase with aspect ratio. It is of experimental advantage to produce particles with
high aspect ratios (greater than 4) as for a small variation in particle dimensions the
geometrical factor will change less than with lower-aspect-ratio particles (compare gra-
dient of L vs. R between aspect ratios of 1 and 2 and 4 and 5 in Figure 2.2). Notice
that L only changes depending on the aspect ratio and not on the overall particle size:
the QSA is independent of particle size. The typical discs fabricated in this thesis are
oblate spheroids, have a diameter of 120 nm and a height of 30 nm, giving an aspect

ratio of 4 with a corresponding L, of 0.1482.

The dipole particle plasmon resonance will occur when the denominator of Equation

2.1 vanishes, this can be approximated to [7, p. 343],

Rlem] = &5 (1 - 2) , (2.6)

providing that the imaginary part of the permittivity of the metal is small compared
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Figure 2.3: Variation of dipole particle plasmon wavelength with geometrical factor L
with three different surrounding media of different refractive index (permittivity of silver
taken from Ref. [10] and gold from Ref. [11]). An increase in geometrical factor will
result in a blue-shift of the dipolar particle plasmon mode, and an increase in surrounding
refractive index will cause a red-shift.

to the real part. Again, L corresponds to the geometrical factor of the ellipsoid axis
which the incident electric field is parallel to. The particle plasmon resonant wavelength
dependence of the geometrical factor can then be plotted (see Figure 2.3). The particle
plasmon resonance position as a function of geometrical factor has been evaluated for

(a) silver and (b) gold using measured optical constants from the literature [10, 11].

From comparison of Figure 2.2 and Figure 2.3, is it is seen that the aspect ratio, R
is related to the position of the particle plasmon resonance wavelength corresponding
to each axis of the spheroid. As the aspect ratio of prolate and oblate spheroids is
increased, the geometrical factor associated with their major axes decreases (see Figure
2.2), therefore the particle plasmon wavelength associated with their major axes red-
shifts (see Figure 2.3). The case is opposite for their minor axes. The increase of aspect
ratio, thus decrease of L,, of an oblate spheroid would be equivalent to increasing disc
diameter and then measuring the particle plasmon resonance associated with the charge
oscillation in the plane of a and b of the particle and observing a red-shift. It is also
observed that for prolate spheroids, e.g. nanorods, the long-axis mode is more sensitive
to a change in aspect ratio than the short-axis mode (gradient of L vs. R plot greater).
This is in contrast to oblate spheroids where the short-axis mode is more sensitive to
changes in aspect ratio. It is also noted that for the same aspect ratio spheroid, the
two resonances for silver will occur at shorter wavelengths than gold and increasing the

host refractive index will red-shift the particle plasmon resonance (see Figure 2.3). The
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2. Single particle response

red-shifting of the resonance can be understood by realising that if the surrounding
refractive index is increased, Equation 2.6 will be satisfied at a different wavelength for

the metal, as the permittivity of the metal is frequency dependent (see Figure 1.5).

As previously mentioned, the QSA resonance position is independent of particle size,
however this does not reflect reality (see Equation 2.1). This is because the full elec-
trodynamic response of the particle has been ignored. The Modified long-wavelength
approximation puts some of these key retardation features back into the QSA to extend

the range of particle sizes it can be applied to.

2.2.2 Modified long-wavelength approximation

For particles that are comparable to the wavelength of incident light, the polarizability
has to be modified to take into account radiation damping [57] and retardation [58].
These are incorporated into the MLWA [59]. The MLWA polarizability is given by

AT Qstatic

QMLWA = ) (2.7)

2, k2
47 — nggastatic — ¢ Ostatic

where k is the wavenumber in the surrounding medium, a is the semi-axis of the particle
parallel to the incident electric field and aggatic 18 the QS polarizability. The radiation
damping term, i%astatick?), arises from the damping of the dipole by photon emission, i.e.
the dipole produces a field which acts back on itself [60]. This radiation reaction causes
weakening and broadening of the plasmon resonance with particles of large volumes
(a > 20 nm). The dynamic depolarization term, ozstam%, arises from the finite speed
of light, causing retardation of the internal and external electric fields of the particle
[61]. The retardation causes a red-shift of the particle plasmon resonance for large

particles.

2.2.3 Kuwata: empirical polarizability

In 2003, Kuwata et al. [62] determined a simple analytical formula that can be used to
calculate the polarizabilty of the dipolar plasmon mode of non-spherical particles with
dimensions that fall outside the Rayleigh regime (see Section 1.2.1). The empirical for-

mula was verified by comparing it with experimental scattering spectra of the long-axis
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mode of gold nanorods. The Kuwata polarizability is given by [62],

v

QKuwata ~ E 2 (28)
L+ 5+ Acya? + Belaot — i7" 535

Em )\S

where V' is the volume of the particle, \g is wavelength in vacuum and z is a size
parameter corresponding to the half-axis of the direction that incident light is polarized

along, and is evaluated from,

_ 2ma

x = N (2.9)

The experimentally determined material independent parameters by Kuwata et al. are,

A(L) = —0.4865L — 1.046 L% 4 0.8481L3, (2.10)

and,

B(L) = 0.01909L + 0.1999L? + 0.6077L>. (2.11)

2.2.4 Mie: exact solution for spherical particles

In 1908, Gustav Mie [63] solved the Maxwell equations in spherical polar coordinates
by expansion of the incident, internal, and scattered plane waves using vector spherical
harmonics [7]. Using this approach the absorption, scattering, and extinction cross
sections of a sphere of arbitrary size can be calculated. The scattering cross-section

can be found by evaluating,

2T —
Osen = ﬁ2(2u+1)(laul2—|— 1bu?), (2.12)
u=1
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Figure 2.4: Mie calculated absorption, scattering and extinction cross-sections of four
different radii silver spheres embedded in a refractive index of n = 1.5. Permittivity of
silver taken from Ref. [10]. Extinction of a 5 nm radius particle is dominated by absorption,
whereas the extinction of a 30 nm radius particle is dominated by scattering. The feature
seen in all spectra at approximately 380 nm is attributed to the permittivity taken from

the literature.
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and the extinction cross-section by,

2T —
Oext = 13 > 2u+ DR{ay + bu}, (2.13)

u=1

and the absorption cross-section by,

Oabs = Oext — Oscas (214)

where u is the order of the partial wave and corresponds to u = 1 for dipole field, u = 2
for quadrupole field and u = 3 for octupole field etc., and a, and b, are scattering

coefficients. The scattering coefficients can be obtained from,

_ mbu(ma)l (@) — Yyl (ma)
* T i (ma)€ () — Eu(@) (ma)

(2.15)

and,

_ dulma () — mipu () (ma)
Gu(ma) €, (@) — mé, (), (ma)

by, (2.16)

where m is the relative refractive index given by m = nj/n, where n; and n are
the refractive indices of the particle and medium respectively, x is a size parameter
given by x = k/a = 2mna/\, where a is the radius of the sphere and 1, (p) = pju(p)
and &,(p) = phq(})(p) are Riccati-Bessel functions. For the Mie calculations of the
cross-sections of spheres in this chapter, MATLAB code from the SPlaC package from
Ref. [64] was used. For more information on Mie theory, the reader is directed to Ref.
[7].

Figure 2.4 shows the calculated absorption (blue line), scattering (green line) and ex-
tinction (red line) cross-sections of various different radii of a silver sphere in n = 1.5
calculated using Mie theory. From these spectra, it is seen that the plasmon resonance
peak for a 5 nm radius particle is at approximately 410 nm, red-shifting to approxi-
mately 480 nm for a 30 nm radius particle as the phase of the incident electric field
varies more over the volume of the particle. The width of the particle plasmon reso-
nance becomes broader as the particle dimensions are increased, due to the increased

radiation damping. For a sphere of radius of 5 nm or less, the extinction of the particle
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Figure 2.5: Comparison of extinction cross-sections calculated by quasi-static, modified
long-wavelength approximation, Kuwata and Mie for three different radii of silver spheres.
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is almost completely due to absorption; for a sphere of 25 nm radius the absorption and
scattering are comparable; and for a 30 nm radius sphere scattering dominates: in the
QS limit oap, scales with a® (see Equation 1.25) and o, scales with a® (see Equation
1.26) and explains why the extinction of small particles is dominated by absorption. A
further observation is that the extinction cross-section of a 25 nm radius sphere is two
orders of magnitude greater than that of a 5 nm radius sphere. This increase in extinc-
tion is attributed to the additional scattering of light by the particle and demonstrates
why it is difficult to measure the scattering of light by particles with dimensions of less

than 5 nm.

Figure 2.5 shows a comparison between commonly used modelling approaches to calcu-
late the extinction cross-section of a spherical particle [60]. The spheres were modelled
in a refractive index of n = 1.5 and the permittivity for silver was taken from Ref. [10].
All of the methods show the dipole plasmon resonance at approximately 410 nm for a
5 nm radius particle (see Figure 2.5a). The particle can be considered to be in the QS
regime, since it is small compared to the wavelength of the incident light. The feature
seen at approximately 380 nm in all of the spectra is attributed to the permittivity
taken from Ref. [10]. Moving to a 15 nm radius particle, the position of the QS peak
remains in the same spectral position as for a 5 nm radius particle and its magnitude
increases as the polarizability is scaled by the volume (proportionaltoa®) of the particle.
Red-shifting of the particle plasmon peak is seen with the MLWA, Kuwata, and Mie
theory, as retardation effects are now important. The MLWA and Kuwata agree well
with Mie theory on the spectral position of the resonance, but both give a larger extinc-
tion cross-section. If the particle radius is increased to 30 nm, the QS approximation
strongly overestimates the strength of the resonance and remains at the same spectral
position as for the 5 nm radius sphere, as expected from Equation 2.1. The MLWA and
Kuwata have red-shifted and give a similar position of the plasmon resonance peak as

Mie, but both give a larger extinction cross-section.

2.3 Electron-beam lithography

The process of EBL involves passing an electron beam over the surface of a resist
to trace the desired shape. The interaction of electrons with the resist change the
resist’s solubility and allows the exposed or unexposed regions to be removed with
solvent, depending on whether a positive or negative resist has been used. EBL is
a fundamental nanoscale fabrication technique allowing the production of structures

with sub-10 nm dimensions [65]. With EBL, nanostructures can be produced with

47



2. Single particle response

Figure 2.6: Schematic of electron-beam lithography process outlining the key steps in-
volved. The steps are (a) substrate preparation, (b) spin coating of substrate with resist
(indicated in green) and addition of conductive layer, (¢) exposure of resist (indicated with
yellow areas), (d) removal of conductive layer and development, (e) evaporation and (f)
lift-off.

precise control over particle size and position, with the resolution limited by the forward
scattering of electrons in the resist and by back scattering from the substrate [66, 67].
Electrons entering the resist perform a series of elastic collisions that act to broaden the
beam - this forward scattering increases with resist thickness. Back scattering arises
where electrons pass through the resist and penetrate deeply into the substrate and
are scattered at large angles and re-enter the resist at a distance (greater than 1pm)
from where they first entered. A schematic of the key steps of the EBL process are

illustrated in Figure 2.6 and are described below.

1. Substrate preparation. The particle arrays were fabricated on fused-quartz
silica substrates with dimensions of 25 mm x 25 mm. Initially, the substrates
were cleaned with acetone and cotton buds to remove any large dust particles and
foreign particles from the surface. This is the only stage at which cotton buds are
used as they can leave fibres on the surface of the substrate. Then the substrates
were sonicated hot in acetone (50°C-70°C) for 10 min followed by 2 min hot in
Propan-2-ol (50°C-70°C). Acetone is used to remove any organic contaminants
and Propan-2-ol (IPA) to remove the residue left from the acetone. After each

stage the sample was dried in a stream of nitrogen.

2. Spin coating of substrate with resist and addition of conductive layer.
Substrates were spin-coated with 950k A4 poly(methyl methacrylate) (PMMA)
positive photo resist at a spin speed of 4000 rpm for 50 s to produce a resist layer
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of 200 nm (950k refers to the molecular weight of the PMMA and A4 refers to
the concentration (i.e. 4%) of the PMMA in solvent (the A in A4 is for anisole)).
The resulting thickness of the resist is an interplay between the concentration of
the PMMA (the more viscous the PMMA the thicker the layer) and the rotation
speed of the spinner. After the application of the resist to the substrate, the
sample is baked for 20 mins on a hotplate at 160°C to evaporate any remaining
solvent. A 20 nm aluminium film is then deposited on top of the resist layer by
thermal evaporation to provide a continuous conductive layer to prevent charge
accumulation and thus defection of the beam in the lithography process. If the
conductive layer is too thick, there will be a small amount of electrons transmitted

and if it is too thin the metal will not form a continuous conducting film.

3. Exposure of resist. The substrate was placed into a scanning-electron mi-
croscope chamber, where a focussed electron beam was passed through the con-
ductive layer and resist, drawing the required pattern. In this process, inelastic
collisions of the electrons with the long chain polymer resist produce smaller more
soluble fragments. A positive resist was used so that the exposed regions of the
resist become more soluble and can be removed in the development stage and

that is advantageous because the area coverage of structures to substrate is tiny.

4. Removal of conductive layer and development. Prior to development the
conductive layer of aluminium was etched by placing the sample in tertamethy-
lammonium hydroxide. The removal of the layer allows the developer to surround
the fragments of the resist. The sample was rinsed twice by placing it in two sep-
arate beakers of de-ionized water and agitating it. The exposed regions of the
resist now consist of smaller more mobile fragments and can be removed by diffu-
sion into the developer (mixture of 3:1 Methyl isobutyl ketone (MIBK) to IPA).
This stage involves placing the sample in the developer for 10 s, then 20 s into
IPA and finally drying with a stream of nitrogen. This produces a template of
the desired pattern in the resist, through which the metal can pass and adhere to

the substrate, forming the silver particles.

5. Evaporation. The sample is placed in a vacuum chamber where 30 nm of silver
was deposited by thermal evaporation at a rate of 1-2 As~! and pressure of
2 x 1079 mbar. The mass of silver deposited was then measured by the change in
frequency of a quartz crystal microbalance, which can then be converted to the
thickness. After the evaporation of the metal, the sample is left for 30 min to

cool down before bringing the chamber up to atmospheric pressure.

6. Lift-off. The remaining resist and excess metal was removed by immersion of the
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sample in warm (less than 50°C) acetone for 2-10 min. The acetone dissolves the
PMMA and lifts the metal film away from the sample, leaving only the patterned

metal arrays behind.

The single particle plasmon resonance of each fabricated disc can then be measured by

collecting the resonantly scattered light by dark-field spectroscopy.

2.4 Dark-field scattering measurements

Dark-field spectroscopy is a common technique used for obtaining the scattering of
single particles [23, 68-72], but is limited to the detection of 20 nm or larger particles
[73, 74]. This is the result of the optical response of particles with dimensions less than
20 nm being dominated by absorption (see Figure 2.4). The advantage of dark-field
scattering measurements is the reduced background signal over conventional transmis-
sion measurements; only the weak scattering from the substrate, in comparison to the
large background of the incident light source in the transmission geometry. The sub-
strate must be thoroughly cleaned as any dust on it will scatter more light than the
particle in question, reducing the contrast of the measurement. The key to dark-field
scattering measurements is for the numerical aperture (NA) (Equation 2.17) of the con-
denser to be greater than the collection objective, so that no directly transmitted light
is collected [75], see Figure 2.7. Alternatively, the scattering of a single particle can be
measured by total-internal reflection (TIR), by placing the particle in an evanescent
field produced by a prism [76]. In Ref. [76] they claim by using TIR as the excitation
method, particles with dimensions less than 10 nm can be detected. Particle plasmon
resonance of single particles with dimensions of 5 nm have been measured using an
interferometric detection technique [77]. The NA is defined as [31],

NA =mnsinb, (2.17)

where n is the refractive index of the surrounding medium and 6 is the half-angle of
the cone of light that can enter or exit the lens. In this instance, n = 1.515 for the
immersion oil and the NA = 0.5 for the collection lens, meaning the half-angle of the

collection lens is 19.3°.

The condenser contains a block that stops small angles of light being transmitted thus

producing a hollow cone of light (in this case 53°~72°) that is focussed onto the sample.
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Figure 2.7: Schematic of experimental dark-field setup. The numerical aperture of the
collection objective must be smaller than the condenser, so no directly transmitted light is
collected. Light scattered by an isolated single nanoparticle is measured over the collection
angle of the objective lens.

To obtain the scattering from one nanoparticle, the slit of the spectrometer is centered
and then opened or closed to isolate one row of particles in the square array, see Figure
2.8. The pitch of the square array is 2 um to avoid particle interactions. Scattered
light from each disc is seen using an optical microscope, as the scattering cross-section
is larger than the geometric cross-section of the particle. By choosing the different
strips of the CCD, the scattering spectrum of an individual particle can be measured.

To normalize the scattering spectra of a particle, the dark-field intensity is calculated

by,

Isignal - Iref

Ipp = (2.18)

3
Ilarnp - Idark

where Iggnal is the spectrum obtained of a single particle, ¢t is the spectrum of a blank
portion of the substrate, ljump is the lamp spectrum (which is the same as Io¢ in this
case) and I, is the dark counts from the CCD.

An example of the dark-field processing of spectra is shown in Figure 2.9. Firstly,
the lamp spectrum (see Figure 2.9a) is obtained by finding a blank portion of the
substrate away from the location of the particles. This lamp spectrum is the same one

used for the reference. Notice that the intensity of the halogen lamp source is highest
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2. Single particle response

Figure 2.8: Colour image taken using a CCD coupled to an optical microscope illustrating
the resonantly scattered light from silver nanoparticles. The scattered light can be observed
using an optical microscope as the scattering cross-section of each disc is larger than its
geometric cross-section. Particles are arranged in a 50 pm x 50 pwm square array with a 2
um pitch to avoid particle interactions.

between wavelengths 500 nm to 900 nm. The shutter of the CCD is closed for the same
integration time to obtain the dark counts (see Figure 2.9b) from the CCD. The array
is imaged and the slit on the spectrometer centered and closed to isolate just one row
of the array of particles (see Figure 2.9c). Equation 2.18 is computed by subtracting
the spectrum of lamp (see Figure 2.9a) from the spectrum of the particles (see Figure
2.9¢) and dividing this by the lamp spectrum (see Figure 2.9a) minus the background
(see Figure 2.9b).

An example of the measured scattering spectra of one row of silver discs (d = 110 nm,
h = 30 nm) is shown in Figure 2.10. (a) is a CCD image of the dispersed light from
one row of particles in the square array; and (b) scattering spectra from six selected
discs in the row by choosing strips corresponding to the spectrum of each disc (bright
regions in (a)). Inset top of (b) is a SEM of a typical disc in the row. From (b) it is
seen that there is variation in the scattering spectra (spectral position and strength)
from the discs that have been designed with the same dimensions. Due to the EBL
fabrication process each particle is not a symmetric disc: it has jagged edges and a
rough surface from the polycrystalline domains formed from the evaporation of silver.
Any change to the shape of the particle will change the way light is scattered from it

and will result in different scattering spectrum.

Plotted in Figure 2.11 are (a) experimental and (b) MLWA calculated scattering spectra
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Figure 2.9: CCD images of the dispersion of the (a) lamp, (b) dark and (c) signal spectra

The dark-field intensity is calculated by [(c)-(a)]/[(a)-(b)]
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Figure 2.10: Dark-field scattering spectra of silver discs (d = 110 nm, h = 30 nm)
arranged in a 2 pm pitch square array. (a) image from CCD corresponding to the dispersion
of one row of discs from the square array and (b) six scattering spectra by choosing different
strips from (a). Inset top right in (b) is a scanning-electron micrograph of an example of

one of the particles from the row.
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Figure 2.11: (a) measured and (b) Modified long-wavelength approximation calculated
scattering spectra of single silver discs with various diameters (d = 70 nm, d = 85 nm,
d=95nm, d =110 nm and d = 125 nm). Each disc has a height of 30 nm and is surrounded
by an environment with n = 1.515. As the disc diameter is increased, retardation effects
become important and the dipolar plasmon mode red-shifts.
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2. Single particle response

from five different diameter particles (d = 70 nm, d = 85 nm, d = 95 nm, d = 110 nm
and d = 125 nm) of silver discs. The discs have a height of 30 nm and the surrounding
medium has n = 1.515 to index-match with the substrate. In the experiment (see
Figure 2.11a), for each different disc diameter a peak is observed in each scattering
spectrum, corresponding to the dipolar particle plasmon resonance of the disc. The
particle plasmon resonance wavelength red-shifts as the disc diameter is increased as
the phase of the incident electric field varies more over the volume of the particle.
As the particle diameter is increased, the strength of the scattering increases and the
particle plasmon resonance broadens. The strength of the scattering increases with
particle size as there are more electrons in the particle collectively oscillating (scattering
scales with the volume of the particle). Broadening is the result of radiative loss from
the accelerating charges and as the particle volume increases there are simply more
charges. These trends are also displayed in the calculated spectra (see Figure 2.11b).
There is poor agreement between the experiment and model for the spectral position
of the particle plasmon resonance for the smaller diameters of the disc (d = 70 nm,
d = 84 nm and d = 93 nm) - it is not obvious why this is the case and has also been
observed elsewhere [33]. Two possible suggestions are: there is variation in particle
height between each one of the arrays or in relation to their size the imperfections
that change the scattering are more dominant for smaller particles. It is important to
note, there are several differences between the experiment and model: (i) the particles
have been modelled as oblate spheroids, in the experiment they are in fact discs with
jagged edges (not symmetric); (ii) the illumination optics provide a range of k vectors
and polarization states which are unknown; (iii) unpolarized light will cause multiple
plasmon modes in each particle, and as the discs are not symmetric this will change the
width of the resonance; (iv) the immersion oil may not exactly match the dispersion of
the substrate.

2.5 Conclusion

In Chapter 1 it was demonstrated that light incident on a metallic nanoparticle displaces
its conduction electrons from their equilibrium positions inducing a dipole moment. The
dipole moment of a particle is related to its polarizabilty, which describes the response
of the collective charge oscillation to an applied electric field. Introduced in this chapter
was a polarizability that is applicable to non-spherical particles outside the quasi-static
limit to model the isolated single particle response of discs to incident light. Using

Mie theory, it was shown the extinction of a small sphere (r = 5 nm) is dominated
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by absorption; scattering increases with particle volume; and for a » = 25 nm sphere
the absorption and scattering are comparable. Comparison was made between the
quasi-static (QS), modified long-wavelength approximation (MLWA), Kuwata and Mie
calculated extinction cross-section of spheres: there is good agreement for a r = 5 nm
sphere, but as the radius of the sphere is increased the QS, MLWA and Kuwata predict
a larger magnitude cross-section, with the MLWA and Kuwata red-shifting more than
Mie theory. Isolated single particles were fabricated by electron-beam lithography and
their scattering measured and compared to calculated scattering spectra. There was
good agreement between the model and experiment for larger dimension discs (d = 110
nm and d = 125 nm), but poor agreement with smaller (d = 70 nm, d = 85 nm,
d =95 nm). A discussion on differences between the model and the experimental setup
were presented to account for this discrepancy. The fact that plasmonic particles can
resonantly scatter light, means they can couple together over long distances (greater
than \). By an appropriate choice of array pitch, the scattered fields from the particles
can interfere together constructively, giving rise to surface lattice resonances (SLRs).
The content of Chapter 3 explores theoretically and experimentally SLRs on different

array geometries.
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Chapter 3

Response of regular arrays of

plasmonic nanoparticles

3.1 Introduction

In Chapter 2, it was shown that plasmonic silver nanoparticles resonantly scatter light
at optical wavelengths. For particles with dimensions greater than approximately 30
nm, their extinction is dominated by scattering over absorption. The fact that plas-
monic particles scatter light means they can couple over large distances (greater than
the incident wavelength). When such particles are separated by roughly the particle
plasmon resonance wavelength, the scattered light from all the particles can interfere
constructively, resulting in sharp (FWHM < 10 nm) spectral features. This chapter
investigates the collective array response of particles via experiments and modelling of

square, hexagonal and honeycomb arrays, which possess a high degree of symmetry.

Firstly, three methods used in this thesis to model the extinction of arrays of plasmonic
metallic nanoparticles will be introduced: the coupled-dipole approximation (CDA), a
semi-analytical coupled-dipole model and the finite-element method (FEM). Next, fab-
rication and extinction measurements on square, hexagonal and honeycomb arrays are
discussed, and the semi-analytical model will be compared to experimental extinction
spectra. Lastly, the polarization sensitivity of different array geometries will be inves-
tigated. Previous work has involved studying square arrays but initially without the
conditions needed (unsuitable particle size, illumination angle and an asymmetric opti-

cal environment etc.) [43, 78, 79] to observe narrow surface lattice resonances (SLRs).
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3. Response of regular arrays of plasmonic nanoparticles

It was not until 2008 that narrow SLRs were observed experimentally [44, 45, 47]. More
recently, Rodriguez et al. [80] have studied the number of particles that contribute to
this collective behaviour, i.e. they addressed the question when does an array become
infinite. They modelled the extinction of square arrays of nanoparticles by treating
the particles as coupled point dipoles and compared the @Q-factor of the SLR peak.
They found for a square array of 30 x 30 particles the Q-factor approached that of
an infinite array. The effect of disorder and particle size dispersion on the SLR has
been studied by Auguié and Barnes [81]. They fabricated square arrays of particles
and varied both particle position and size separately. Upon a gradual transition from
a regular to a disordered array, the SLR broadened, weakened and eventually disap-
peared, whereas varying the particle size only caused broadening and weakening of the
SLR. Out-of-plane SLRs have been investigated by Zhou and Odom [46] using oblique
angle of incidence excitation, and more recently by Thackray et al. [49]. Out-of-plane
resonances occur where the electrons of the particle collectively oscillate parallel to the
height dimension. In Ref. [49] they fabricated arrays of particles with a non-trivial
geometry, allowing normally incident light to couple to out-of-plane dipole moment. In
Ref. [46] they fabricated square arrays of gold discs (65-170 nm tall) and measured
their transmission and reflection at a range of incident angles (10-60°) for TE and TM
polarized light. Up until now, a direct comparison of the optical response of three dif-
ferent array geometries (square, hexagonal and honeycomb) has not been made - this
is the essence of this chapter. This chapter begins by introducing modelling techniques

to predict the optical response of the arrays.

3.2 Modelling of array response

3.2.1 Coupled-dipole approximation

The coupled-dipole approximation (CDA), also known as the discrete-dipole approx-
imation (DDA), is a versatile and useful modelling technique used to calculate the
scattering and absorption of particles. It was first used to study interstellar dust grains
by Purcell and Pennypacker [82] in 1973. The CDA can be used to model either a
particle of arbitrary geometry for which Maxwell’s equations can not be solved exactly,
or for an ensemble of particles that are small enough to only support a dipolar mode
[83]. For an array of particles, each particle is approximated as a dipole and given
a polarizability. The CDA code used in this thesis is a modified version of the one
produced by Burrows in Ref. [84]. The code has been modified by Dr. N. Meinzer to
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3. Response of regular arrays of plasmonic nanoparticles

accept polarizabilities of non-spherical particles.

Here the incident electric field at the position of each particle f is a plane wave of the
form Einc’ §= E, exp(z’(E -7 — wt)), where E, is the amplitude, k is the wavevector in
the medium, 7 is a position vector, w is angular frequency and ¢ is time. Each particle
can be considered as an oscillating dipole moment and, ignoring the time dependence

the electric field, can be written as [85],

- N ) 1 dk\ ...

Edipole = Eexp(zk:-r) {r[(r X P) X T] + (743 — 7“2> [37(7 - P) —ﬁ]} , (3.1)
where 7 is the distance from the dipole to the point of observation, p is the dipole
moment and gg is the permittivity of free space. The electric field at the site of each
particle f is the sum of the incident electric field at position f plus the scattered field

from the other j particles and can be expressed as,

Ef = Euney— Y _ Eyj, (3.2)
I#i

where the term — 3 .. Efj is the contribution of the electric field from the other j

dipoles at point f, and can be written as [86],

. 1 exp(iE-Ff-) . . .
~> Epj=- E Ineg 55 S KPPy < (Fry % 5y)

ro.
j ) fi
J#7 F4]
(1 —ikry;) . oL
t L2 103,55 = 3757 - )] (3.3)
fi

Equation 3.2 can be rewritten as,

Ej = Eues — Y Afibi, (3-4)

f#3
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where Ay; is the interaction sub-matrix and is given by,

Ay — L cxplikry) {k2(f @i~ Ig) + <2kr“_1> (Br @7 — 13)} o (35)

47T€0 Tfj T?‘j

where I3 is a 3 x 3 identity matrix. The interaction sub-matrix is a 3 x 3 matrix that
contains the cartesian components of the electric field at point f due to the dipole
moment at point j [84]. A simplification can be made, by relating the electric field at
point f to the polarizability of particle f by E + = pr/ayreo. This allows Equation 3.4

to be rewritten as,

Ee,p = Ay + Y Agib, (3.6)
i

where Ayr is a 3 X 3 matrix and is given by,

1
anf7z 0 O
1
€0 f,y 0
1
0 0 Zoar s

where oy, ay, and ay. are the polarizabilities associated with the three different
axes of the ellipsoid. For the discs modelled in this thesis, oy, and ay, are the
polarizabilities related to the two major axes and ay . is the polarizability corresponding
to the height dimension of the particle. Equation 3.6 can be reduced to the following

equation for a system of N particles,

N
Eine,p = Y Agjii. (3.7)
j=1

Column vectors P and FEj,. of length 3N can be constructed containing the dipole
moments and the incident electric field. The dipole moment of each particle f can be

found by solving the matrix equation,

P = A_lEinc- (38)
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3. Response of regular arrays of plasmonic nanoparticles

The absorption cross-section per particle and scattering cross-section per particle can
then be calculated by substituting NEmC f -py for the single particle polarizability into
Equations 1.25 and 1.26, giving the following formulae,

o1
— § 3 * D
Oabs = ‘E»0|2 ~ \Y(NElnC,f pf)7 (39)
and,
Osca 6 ’E ’2‘ E ’ 1ncf pf)‘ (310)

where IV is the number of particles modelled in the CDA calculation, py is the dipole
moment at position f, |EO| is the magnitude of the incident field and Efnc ¢ is the

complex conjugate of the incident electric field at position f.

3.2.2 S-factor: a semi-analytical coupled-dipole model

For an infinite 2D array of identical dipoles, the CDA model can be simplified leading
to an useful approximation in the context of this chapter [42, 44, 49, 80, 87, 88]. It
was introduced in Chapter 1 that the dipole moment, Pigolatea Of an isolated metallic

particle is related to an applied electric field, Einc, by its polarizability, «,

ﬁisolated = go0Bipc. (311)

In an array, the total field experienced by each particle is the sum of the incident field

plus the scattered fields from the other particles,

Etotal = Einc + Z Eother- (3.12)

The dipole moment of a particle in the array can be expressed by using Equation 3.12,

ﬁarray = 6()Ol(-E_jinc + Z Eother)' (313)
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If the array is assumed to be infinite, which is equivalent to each point dipole having the
same magnitude and direction [88], the electric field scattered from the other particles

can be written as,

Z Eother = Sﬁarraya (314)

where the array factor, S, only depends on the geometry of the array. Substitution of

Equation 3.14 into Equation 3.13 with rearrangement yields,

1 _,

_’\arra = 7Einc- 1
Parray EOl/a—&oS (3:15)

By comparison of Equation 3.15 with Equation 3.11, it is seen that the modified polar-

izability, a*, of a particle in the array is given by,

_ 1
- 1/0(—805.

*

e (3.16)

For 7; and pj in the same plane, and noting that in Equation 3.3 it is the projection of

(75 -73) and (7 x 7;) along pj that is needed [89, p. 126],

Dj - (Frj % (Fpj < 7)) = —rfcjpj sin 0, (3.17)

and,

i+ (7 (Frs - 05)) = r3;pj cos” Oy, (3.18)

where 0y; is the angle between p; and ;. Substitution of Equation 3.17 and Equation
3.18 into Equation 3.3 gives,

J

_ 1 expz'/g-f'- oo 1 —ikr; ., .
ZEdipole =— E ( 3 3) {[—k‘QTJQ-pj sin? 6;] + (rgj)[rfpj - 37“]219]- cos? Oj]}

4meq T
J
(3.19)
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Figure 3.1: The total electric field on the central particle in the array is the sum of the
incident electric field plus the scattered field from the other particles. || is the distance
from the central particle to particle j and ¢; is the angle between the dipole moment of
the central particle, Peentral, and 7.

where 7 is the vector from the central particle to particle j and 6; is the angle between

7 and Peentral (see Figure 3.1). After rearranging, Equation 3.19 can be expressed as,

» 2: 7 B, Ksin20;] (1 — ikr;
ZEdipole: Zli]g()eXp(ik-ﬂ){[ S;I; ]]—i—( r;’ TJ)[?)COSQQJ‘—I]}. (3.20)

‘ J
J
Assuming p; = p for each j, then,

Z Edipole = Sﬁ7 (321)

and,

1}: 1 — ikr; 20, —1 2sin? 0,
g exp (ikr;) [( zk:r])(?)gcos 0, )+ k* sin® 6, . (3.22)

471'{50 ’I”j Ty

J
It should be noted that, for a given k, S only depends on the particle separation
and arrangement. Once the polarizability has been calculated, the absorption o,pg
and scattering oy, cross-section per particle can be calculated by the substitution of

Equation 3.16 into the expressions for the cross-sections expressed in Chapter 1 (see
Equations 1.25 and 1.26).
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Figure 3.2: Comparison of (a) un-smoothed and (b) smoothed S-factor (see Equation

3.22) of a 480 nm pitch square array. Smoothing was carried out using MATLAB function
“csaps” with a smoothing parameter of 0.01.

The S-factor (see Equation 3.22) is plotted in Figure 3.2a. As a finite number of
particles (400 x 400) are modelled, the real (blue line) and imaginary (green line) parts
of the S-factor shows rapid oscillations [90]. Before substitution of S into Equation
3.16 to perform the calculations, the S-factor data was smoothed using the MATLAB
function “csaps” with a smoothing parameter of 0.01 to remove the oscillations (see
Figure 3.2b).

As seen in Chapter 1, particle plasmon resonances occur when the denominator of
Equation 1.3 is minimized (for a sphere in the QS regime when the real part of the
permittivity of the metal equals -2). When the particles, are placed in an array the
modified polarizability is given by Equation 3.16 and again, similar to the single particle,

resonances occur when the denominator is minimized (when Re (1/a = £pS5)). For
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Figure 3.3: Calculated (a) real and (b) imaginary parts of 1/« and £¢S and (c) calculated
extinction cross-section per particle for an oblate spheroid (d = 120 nm, h = 30 nm) in
a square array with a pitch of 480 nm. The interceptions of the real part of 1/« and
€05 indicate the position of the surface lattice resonances and the difference between the
imaginary parts of 1/« and ¢S the width and strength. The particles have been modelled
in a homogeneous medium with n = 1.515. The electric field is in the plane of the particles.
Dashed lines indicate the crossing points of the real parts of 1/« and €05 (690 nm, 721 nm
and 770 nm).
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particles in an array, however, these collective resonances describe SLRs and not particle

plasmon resonarnces.

It will now be discussed how the real and imaginary parts of S are related to the SLR.
Presented in Figure 3.3 are the results of an S-factor calculation for a square array
of silver discs (d = 120 nm and h = 30 nm) with a 480 nm pitch. The real parts of
1/« (red line) and £¢S (blue line) are plotted in (a) and their accompanying imaginary
parts (1/a (cyan line) and S (green line)) are in (b). The crossing points of the real
parts of 1/a and (S are illustrated with black dashed lines. The calculated extinction
cross-section per particle of the square array of discs (blue line) and isolated single
particle (green line) are shown in (c). The MLWA (see Equation 2.7) has been used to

calculate the single particle polarizability.

In Figure 3.3a three crossing points of the real parts of 1/« and ¢S (690 nm, 721 nm
and 770 nm) are seen, so three SLRs would be predicted in the extinction spectrum
(see Figure 3.3c). The extinction spectrum exhibits only two SLRs (at approximately
660 nm and 773 nm) where the real part of 1/a and ¢S intersect [91]. Two SLRs are
seen because the strength and width of the SLR depends on the difference between the
imaginary parts of 1/« and €S [87]: the difference between 1/a and ¢S is largest at
the crossing point at 721 nm, so a SLR is not expected to occur, in contrast to the
crossing point at 770 nm where the difference between the imaginary parts of 1/« and
€08 are small. The SLR at 773 nm does not occur at the crossing point of 770 nm
due to the smoothing of the extinction spectrum: the smoothing causes the spectrum
to shift to longer wavelengths. In this particular square array example, the SLRs are
observed when the real parts of 1/a and €S intersect, but in different arrays, which
are studied later in this thesis, the SLRs can occur on the closest approach of 1/«
and €095 [49] as SLRs occur when the denominator of Equation 3.16 is minimized (not

necessarily vanishing).

3.2.3 Finite-element modelling

Throughout this thesis the CDA code has been used to explore the responses of ar-
rays metallic nanoparticles; however, in some circumstances the finite-element method
(FEM) was employed. This method was used to verify the results of the CDA and

S-factor model.

FEM is a widely used technique for calculating the electromagnetic properties of a wide

range of structures [92]. Since its inception, FEM has been used to simulate the EM
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3. Response of regular arrays of plasmonic nanoparticles

responses of electronic and antenna components [93], and more recently, researchers
used it to investigate a number of different EM effects, for example in the fields of

plasmonics [94, 95] and metamaterials [96, 97].

The FEM simulations presented in this thesis were performed by Dr. T. Starkey using
Ansys’s High Frequency Structure Simulator (HFSS) [98] FEM software. HFSS is
a three-dimensional full wave EM field simulation package that solves electric field

components. A brief description of this full FEM is given in Ref. [99].

Building and solving a model takes several steps: first, a unit cell that represents the
structure is created and assigned material properties. Second, boundary conditions
and excitation conditions are applied to the unit cell. Following this, a mesh of small
elements to represent the structures in the unit cell is generated. Finally, the electric
field components associated with each mesh element are calculated in order to obtain

reflectance, transmittance and other field information.

For structures with regular periodicities, like the arrays of metallic nanoparticles sim-
ulated in this thesis, a unit cell is first created. The geometries can be drawn using
the built-in CAD interface or imported from other software. For designs with regular
shapes the three-dimensional CAD tool is ideal. Using the in-built CAD tools first a
particle is rendered as a cylinder, and then surrounded with a dielectric volume (other
structures, such as a membrane can be incorporated at this stage). Once the geome-
tries are rendered each component is assigned their associated optical constants i.e.

material. Here, the permittivity parameters of silver were taken from Ref. [10].

Since the arrays are large compared to the incident radiation periodic boundary condi-
tions (BCs) can be assigned. Periodic BCs enable a unit cell to be repeated throughout
space to allow the EM modelling of periodic planes, using Bloch-Floquet expansion
theory [100].

In addition to these periodic BCs, further BCs need to be imposed on the top and
bottom of the unit cell in order to excite and terminate the electric fields in the model.
To achieve this excitation and termination, Floquet ports are assigned. Floquet ports
allow the excitation of the arrays with different polarization, incident angle and fre-
quency parameters, and importantly allow the calculation of the optical response for
different diffracted orders.

To simulate the response of a structure, the model is first ‘meshed’. The meshing
process involves subdividing the model unit cell into smaller spatial volumes in which

the electric fields are later solved. This is done by adding mesh elements, which are
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3. Response of regular arrays of plasmonic nanoparticles

tetrahedra, to approximate the rendered structure and surrounding space in which the
electric field is later interpolated. HFSS’s solution is then calculated by numerically
solving using Maxwell’s equations in vector potential form [101] for every individual
element. The electric fields can be interpolated at any point in each mesh element
using the field components at the vertices and midpoints of the connecting lines. At
the start of the solution process, an initial guess is made for the matrix of unknowns
that describes Maxwell’s equations [101]. This matrix is recursively updated, during

which the adaptive mesh process takes place, until an error tolerance has been reached.

A convergence process decides when an acceptable tolerance, defined by the user, has
been achieved. This is determined by using the percentage change in the local energy
of each tetrahedron between each solution iteration. As this relative change decreases
between solutions, the model is assumed to have converged. Once converged, the

electric fields are then solved for the frequency range defined.

Once the model is solved, the reflectance and transmittance can be obtained from the
scattering matrix for each diffracted order, typically the transmitted specular diffracted

order is extracted for the metallic-particle arrays considered here.

3.2.4 Comparison of methods used to model the optical response of
arrays

A comparison of the three different methods used in this thesis to calculate the optical
response of a square array (480 nm pitch) of silver particles is shown in Figure 3.4. In
this example, the particles are silver discs with d = 120 nm and A = 30 nm. All of
the extinction spectra (see Figure 3.4) have been smoothed using a Gaussian to mimic
the 7 nm resolution of the spectrometer: the MATLAB “filter” function has been
used with 7-points with ¢ = 1 and b = [0.054;0.123;0.203; 0.240; 0.203; 0.123; 0.054]
where a and b are weighting coefficients. This smoothing has been applied to all of
the modelled extinction spectra with the filter function run from shorter to longer
wavelengths. For the S-factor and CDA calculations the MLWA has been used for
the single particle polarizability to allow direct comparison between the two methods.
The MLWA polarizability has been used in the remainder of this thesis for all of the

following extinction cross-section calculations.

In the S-factor calculation (see Figure 3.4a), two SLRs are seen at approximately 660
nm and 773 nm; in the CDA calculation (see Figure 3.4b) approximately 665 nm
and 774 nm and in the FEM calculation (see Figure 3.4c) approximately 670 nm and
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(c) Finite-element model calculated extinction cross-section per particle.

Figure 3.4: Comparison of the three different methods used in this thesis to calculated
the optical response (extinction cross-section per particle) of a square array (480 nm pitch)
of silver discs (d = 120 nm, h = 30 nm). (a) S-factor calculated extinction cross-section per
particle; (b) CDA calculated extinction cross-section per particle; and (¢) FEM calculated
extinction cross-section per particle. Surface lattice resonances are observed at 773 nm in
(b), 774 nm in (b) and approximately 790 nm in (c¢). In (a) 400 x 400 particles have been
modelled and in (b) 30 x 30. In all of the calculations, the surrounding environment of the
particles is n = 1.515 and the incident electric field is in the plane of the particles. The
modified long-wavelength approximation has been used for the single particle polarizability

in (a) and (b).
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3. Response of regular arrays of plasmonic nanoparticles

Expt. S-factor CDA FEM
Res. Apeak (M) Apeak (M) Apeak (M) Apeak (M)
(Mag. (um?)) | (Mag. (um?)) | (Mag. (um?)) | (Mag. (um?))
SLR1 650 (0.05) 660 (0.10) 665 (0.09) 670 (0.06)
SLR2 Not visible Not visible Not visible Not visible
SLR3 755 (0.11) 773 (0.85) 774 (0.68) 790 (0.20)

Table 3.1: Spectral positions and magnitudes of surface lattice resonances from experi-
ment and different modelling approaches: S-factor, the coupled-dipole approximation and
finite-element method. An experimental extinction spectrum is not shown, but the data
has been added to the table for comparison.

approximately 790 nm. The SLR at 773 nm in the S-factor calculation has an extinction
cross-section of approximately 0.85 um?, the SLR at 774 nm in the CDA calculation has
an extinction cross-section of approximately 0.7 pm? and the SLR at approximately 790
nm in the FEM calculation has an extinction cross-section of approximately 0.2 pm?.
A summary of the spectral position and magnitude of the SLRs, calculated by the three
different methods along with experimental data (spectrum not displayed), is presented
in Table 3.1. There is a 3-fold difference in the extinction cross-section between the
S-factor and CDA calculations with the FEM calculation. The difference in spectral
position and strength (extinction cross-section per particle) of the SLRs between the
S-factor calculation and CDA calculation is due to the S-factor model treating the array
as infinite: each point dipole has the same magnitude and direction whereas in the CDA
model each dipole moment can be different. In the S-factor calculation, the incident
electric field and scattered field is simply summed at the position of the centrally
located particle in the array, which is different to the CDA model where the electric
field is summed at the position of each dipole. The spectral position of the SLRs in the
S-factor model are closer to the experimental values than those predicted by the FEM,
but there is an 8-fold difference in the magnitude of the extinction cross-section instead
of 2-fold with the FEM when both are compared to experiment. In this thesis, the
S-factor model has been implemented as the primary method since it broadly predicts
the spectral position of the SLRs and it takes approximately 10 min to calculate the
extinction cross-section of 400 x 400 particles which is a lot faster in comparison to the
CDA (approximately 1 hr for 30 x 30 particles) and FEM (approximately 10 hr).
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/D | det
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(a) SEM taken normal to array. (b) SEM taken at 52° to array.

Figure 3.5: Scanning electron micrographs of examples of arrays made by nanosphere
lithography. 780 nm diameter nanospheres were used to produce triangular silver particles
with an in-plane width of 180 nm and an out-of-plane height of 100 nm.

3.3 Array fabrication

Regular arrays of metallic particles can be fabricated by common methods such as
nanoshere lithography [102-104] (NSL), nano imprint lithography or electron-beam
lithography (EBL). An example of an array made by NSL is shown in Figure 3.5.
By selecting different diameters of the nanospheres the period of the structure can be
varied. The advantage of this method is the high throughput and the large footprint of
the array that can be made. In this thesis, the regular arrays of metallic nanoparticles
have been fabricated by EBL (see Section 2.3 where the whole process is described).
EBL has a greater degree of freedom and more precise control over the nanostructures
that can be produced. The drawback with the Nova 600 (FEI) system or any older
system used to produce the particles is that at the extremities of the write-field, i.e.
in the corners, the particles become distorted. An example of the distortion of the
particles in a 50 pm x 50 pwm is shown in Figure 3.6. Distortion of the particles occurs
because only the centre of the write-field is optimized for the stigmation and focus of the
electron beam. A way around this edge distortion would be to chose a larger write-field,
but this would decrease the resolution of the particles designed. A write-field of 50 wm
x 50 um was chosen as the beam spot for the extinction measurements has a diameter
of 30 um: the spot can be located centrally on the array for the measurement. The
added complication of producing arrays of particles with smaller pitches is the proximity
effect. The electron beam of the SEM has a finite size with a Gaussian distribution

function centered at the focus, but this isn’t the limitation on the resolution. The
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‘ HV WD | det
10.00 kV| 5.0 mm | ETD| 12

(a) Top left of write-field.

’

HV WD | det mag curr HV WD | det mag curr 500 nm ——
50mm [ETD| 120 000 x| 0.13 hA 10.00 kV| 5.0 mm | ETD | 120 Of 13 nA

(c) Bottom left of write-field. (d) Bottom right of write-field.

Figure 3.6: Scanning-electron micrographs of different regions of one 50 um x 50 pm
write-field illustrating particle variation attributed to distortion of the electron-beam at
the extremities. (a) top left of write-field, (b) top right of write-field, (c) bottom left of
write-field and (d) bottom right of write-field.
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3. Response of regular arrays of plasmonic nanoparticles

limitation of the feature size (resolution) is down to the forward scattering of electrons
with the resist, and the proximity is dictated by the back scattered electrons. Back
scattered electrons originate from passing through the resist and into the substrate.
The electrons are then scattered at a large angle back into the resist at distance from
where they first entered. This means for dense arrays, particles in close proximity
receive an additional dose. The overall outcome for the particle is that the more close
neighbours a particle has the higher dose the particle will receive. The greater the
dose, the larger the final particle will be - this will be seen as a redshift in the single
particle response. The area dose used was 1450 wAscm ™2 and this was varied between
(0.9 —1.1) x Area dose depending on the pitch of the array (smallest dose for the most
dense array). When the arrays for the single particle scattering measurements were
fabricated for Chapter 2, the dose did not have to be varied as the pitch of the arrays

was much larger (2 pum).

3.4 Optical charaterization techniques

The optical response of the arrays was determined by measuring their normal-incidence
extinction spectrum. The setup consisted of an inverted microscope (Nikon ECLIPSE
TE2000-U) coupled to an Acton Research Corporation Spectra Pro-2500i spectrometer
with a 1056 x 256 pixel CCD. In all of the measurements described here, the sample
was index-matched using immersion oil (n = 1.515) and an oil objective was used. A
30 um pin-hole aperture was inserted in the light path between the lamp and collector
lens (see Figure 3.7) to reduce the beam-spot diameter on the sample and to reduce the
in-plane component of the incident wavevector. The illumination beam spot diameter
was 30 pm to ensure it was smaller than the size of the array (50 pm x 50 um), and the
beam divergence was estimated to be around 1°. A long-pass filter (500 nm cut-off) was
placed in the optical path after the objective and before the spectrometer to eliminate

second order diffraction from the grating in the spectrometer.

Kohler illumination (see Figure 3.7) was adopted to provide bright and uniform illu-
mination of the sample. The collimating lens focusses the illumination light rays at

infinity, in effect defocussing the light source [75].

The optical extinction was calculated from 1—T', where T is the measured transmittance
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of plasmonic nanoparticles

100 W halogen light source

Diffuser
<« 30 pm diameter pinhole

Collector lens

Linear polarizer

Aperture

Collimating lens

<—— Sample (face down)

Figure 3.7: Schematic of setup to measure the transmission of arrays of particles. The
substrate to provide a homogeneous environment for
the particles. The array was illuminated by a 30 um diameter beam spot with a beam
divergence of less than 1°. Light collected by the objective was then fed to the spectrometer

array was index-matched with the

e Index-matching oil

<~ X100 objective lens

<~ 500 nm long-pass filter

where the light is dispersed and collected by the CCD camera.
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and is given by:

signal — background

~ reference — background’ (3.23)

where signal is the spectrum of the particle array and substrate, background refers to
the dark counts from the CCD and reference refers to the spectrum of a blank portion
of the substrate. To compare experiment with theory, the calculated transmission was

converted to extinction cross-section per particle using,

Goxs = A(1 —T), (3.24)

where A is the area per particle. Equation 3.24 is valid because the array footprint is
much larger (by about 60 %) than the illumination spot. To directly compare measured
and calculated extinction is hard due to the objective lens in any optics experiment
collecting light over a small finite angle range around the forward direction. Conse-
quently, the measured extinction cross-section will be smaller than that predicted by

theory.

To obtain a transmission spectrum, the 30 um diameter beam spot is aligned centrally
with the array in question. Due to the size of the beam spot not all of the CCD is illu-
minated, so for each measurement only the central strips (100-150) are selected. Figure
3.8a displays an image of the dispersion of the transmission of the square array shown
in Figure 3.9 across the CCD. The strips 100-150 are the translation of a line along the
sample which has a finite thickness. Here each strip (y-dimension) corresponds to a dif-
ferent spatial position of the array in one-dimension, and the z-dimension corresponds
to wavelength. The narrow SLR is shown as the thick black strip at approximately 760
nm and does not vary with spatial position of the array. For the smaller array periods
of smaller particles proximity effects means that the variation in particle size is greater.
Figure 3.8b shows the dispersion of the transmission spectrum of a 350 nm pitch square
array of silver discs (d ~ 85 nm, h = 30 nm). The SLR ranges from approximately 560
nm to approximately 660 nm from strip 50 to 200. This is caused by increasing particle
size across the array, which - for this sample - was due to proximity effects in the EBL

fabrication process.

77



3. Response of regular arrays of plasmonic nanoparticles

Strip

(a)

Transmission
— 1
50 - 10.9
0.8
100
0.7
150
0.6
200
0.5
250 0.4

‘ L i
400 500 600 700 800 900 1000
Wavelength [nm]

Dispersion of the transmission spectrum of a 480 nm pitch square array of silver discs

(d =120 nm, A = 30 nm).
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(b) Dispersion of the transmission spectrum of a 350 nm pitch square array of silver discs
(d ~ 85 nm, h = 30 nm).

Figure 3.8: CCD image of the dispersion of the transmission from two square arrays
with different pitches: (a) 480 nm and (b) 350 nm. The surface lattice resonance (SLR)
of the array corresponds to a minimum in transmission, as light is absorbed and scattered
at that particular wavelength. In (a) the SLR occurs at approximately 760 nm and in
(b) at approximately 560 nm to approximately 660 nm. For smaller pitches, proximity
effects between particles change the particle size such that the spectral position of the SLR
changes with spatial position of the array. Particles that receive a higher dose are larger
and this is seen as a red-shift in their optical response.
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Figure 3.9: Measured extinction spectrum of a 480 nm pitch square array of silver discs
(d =120 nm, h = 30 nm) with the incident electric field parallel to the y-axis of the array
(see inset top left for scanning-electron micrograph of the array). Surface lattice resonances
are observed in the extinction spectrum at approximately 650 nm and 755 nm. The extra
feature at approximately 520 nm is due to < 1,1 > diffraction edge, and the feature at
approximately 720 nm is attributed to the divergence of the incident beam.

3.5 Extinction measurements of square, hexagonal and

honeycomb arrays

The focus of this section, using experiment and theory, is to investigate the factors
that dictate the spectral position and width of SLRs in different array geometries.
Square, hexagonal and honeycomb arrays are studied with their diffraction edge in the
same spectral position, but as they possess different symmetries their nearest neigh-
bour separation is different. The work reported here directly compares SLRs in square,
hexagonal and honeycomb arrays in contrast to earlier work, which has involved study-
ing the different array geometries separately. A short summary of earlier investigations
is given below. Haynes et al. [42] have experimentally studied hexagonal arrays of
gold particles, but because of their inappropriate choice of particle size, relative to the
diffraction edge and an inhomogeneous optical environment for the particles, they failed
to observe sharp SLRs. Following the work of Haynes and coworkers, hexagonal [87]
and honeycomb [105] arrays have been modelled using a coupled-dipole model, predict-
ing sharp SLRs. These sharp SLRs have been experimentally confirmed in honeycomb
arrays in Ref. [106], but the majority of observations of SLRs have been reported on
square arrays [44, 45, 47, 81].

As mentioned above, in order to observe the phenomenon of SLRs, square, hexagonal
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(a) Square array. (b) Dispersion diagram.

Figure 3.10: (a) schematic example of a square array and (b) dispersion diagram of the
square array with the single particle resonance illustrated as grey shaded band. The particle
array acts as a diffraction grating so that light of the same wavelength as the single particle
resonance (grey band) is diffracted in the plane of the array. The resonantly scattered light
from each of the particles arrives in phase with the collective electron oscillation (plasmon)
of each of its neighbours. The electric field experienced by each particle in the array is the
sum of the incident electric field plus the scattered field from the other dipoles.

and honeycomb arrays with their diffraction edge (727 nm) in the same spectral position
were fabricated. The diffraction edge corresponds to when a diffractive order changes
from evanescent to radiative and emerges at grazing along the grating [107, 108]. In the
literature, the diffraction edge is also referred to as the Rayleigh anomaly [109-111]. A
schematic example of a square array is shown in Figure 3.10a. The dispersion diagram
of the square array with the dispersion-less broad single particle resonance [112] added
as a dark grey shaded band [90] is shown in Figure 3.10b. The light cone (light grey
shaded region) is the radiative region, corresponding to the dispersion of free space
radiation. The diffraction edge occurs in Figure 3.10b where the first diffracted order
light lines intersect each other. All of the measurements in this thesis were performed at
normal incidence, i.e.k = 0, which corresponds to probing along the frequency axis in
Figure 3.10b. Normal incidence light can scatter off the grating and gain or lose integer
multiples of k4, where k, is the grating lattice vector. For frequencies lower than the
diffraction edge the additional in-plane momentum gained by the light means it lies
outside the light cone. Light with k| > w/c can not couple to free space radiation
and decays as an evanescent wave. For the experiments, the pitch, g, of the square
array was specifically chosen so its diffraction edge coincides with the spectral position
of the single particle resonance. This causes incident light of the same frequency as

the particle plasmon resonance to gain or lose k, and be diffracted in the plane of the
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(b) Hexagonal array (555 nm nearest neigh-
bour separation).

(c) Honeycomb array (320 nm nearest neigh-
bour separation)

Figure 3.11: Scanning-electron micrographs of different array geometries of silver discs
(d =120 nm, h = 30 nm). (a) square array with 480 nm pitch; (b) hexagonal array with 555
nm nearest neighbour separation, and; (c¢) honeycomb array with 320 nm nearest neighbour
separation. Fach of the structures has a diffraction edge of 727 nm when surrounded by
immersion oil with n = 1.515.
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particles. Resonantly scattered light from each one of the metallic particles arrives in
phase with the collective electron oscillation (plasmon) of each one of the neighbouring
particles. The array response is now the sum of the incident electric field and scattered
electric fields from the other particles. Because these narrow spectral features rely
on constructive interference, it is paramount that the particles are surrounded by a
homogenous medium. FEarly studies [43, 113] failed to observe in-plane SLRs due to
an asymmetric optical environment. In the present case, the particle environment was

index-matched with the substrate by the application of immersion oil (n = 1.515).

SLRs are now investigated in different array geometries by first examining the optical
response of a square array. For ease of comparison, Table 3.2 includes experimen-
tal and S-factor data for the three different array geometries. For the square array
measurement, the linearly-polarized electric field is parallel to the y-axis, (see Figure
3.11a). Figure 3.12 shows the (a) measured extinction cross-section per particle, (b)
S-factor calculated extinction cross-section per particle and (c) 1/a (real part red line
and imaginary part cyan line) and ¢S (real part blue line and imaginary part green
line) for a 480 nm pitch square array of silver discs (d = 120 nm, A = 30 nm). From
the measured extinction vs. wavelength [nm] spectrum (see Figure 3.12a), two SLRs
are observed at approximately 650 nm and 755 nm. Also in the extinction spectrum is
a peak at approximately 720 nm which is due to divergence of the illuminating beam
[80] and a dip at approximately 520 nm which is caused by the < 1,1 > diffraction edge
of the square array. The S-factor calculated extinction cross-section per particle of the
square array (see Figure 3.12b) displays two SLRs at approximately 660 nm and 773
nm, which are both at longer wavelengths than the experiment. The dashed lines in (b)
and (c) illustrate the crossing points of the real parts of 1/ and €pS. The SLR in the
calculation at 773 nm corresponds to where the real parts of 1/a and £(.S intersect, (see
Figure 3.12c). The second SLR shown in the calculated spectrum occurs at a shorter
wavelength (at approximately 660 nm) than the crossing points of 1/« and £¢.S (690
nm). This is due to the difference between the imaginary parts of 1/« and £¢S being
small but not negligible, thus causing a shift in the SLR position. There is a third
crossing point at 721 nm but no resonance is seen because the difference between the
imaginary parts of 1/« and £¢S is now significant, so this SLR vanishes attributed to
high damping. It is noted the SLR at 773 nm (calculated) and at 755 nm (measured)
is sharper and stronger than the SLR at approximately 660 nm (calculated) and at
approximately 650 nm (measured) due to the difference between the imaginary parts
1/a and 0S being smaller. In the first case, for the larger wavelength SLR there is a
factor of 8 difference between the calculated and measured extinction cross-section per

particle because the MLWA for these particle dimensions and incident wavelengths, the
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limit of the validity of this approximation is reached. Although the MLWA does not
correctly predict the magnitude of the extinction cross-section, it does broadly predict
the spectral position and shape of the measured extinction cross-section per particle of
the fabricated arrays. Because only an analytical expression can be used to describe
the polarizabilty of the particle in the S-factor model, the MLWA is used. The MLWA
is a suitable single particle polarizability that includes terms that correct the QSA for

retardation effects.

SLRs on a hexagonal array will now be discussed. In the measurement, the incident
electric field is polarized along the y-axis of the array (see Figure 3.11b). The hexagonal
array studied here has a nearest neighbour separation of 555 nm. The (a) measured
extinction cross-section per particle, (b) S-factor calculated extinction cross-section per
particle and (c) 1/« (real part red line and imaginary part cyan line) and €S (real part
blue line and imaginary part green line) of a hexagonal array of silver discs (d = 120
nm, h = 30 nm) is shown in Figure 3.13. From the measured extinction spectrum (see
Figure 3.13a), three features are seen at approximately 635 nm, approximately 720 nm
and 760 nm. The small peak at approximately 720 nm is due to beam divergence,
similar to the square array. The features at approximately 635 nm and 760 nm are
SLRs as in the case of the square array. These SLRs are present at different spectral
positions compared to the calculated spectra (see Figure 3.13b) in which they occur at
approximately 650 nm and 781 nm. Again, the position of the SLRs are determined
by where the real parts of 1/a and £pS cross (providing the difference between the
imaginary parts of 1/a and £¢S is small), which are found at 679 am and 778 nm
(Figure 3.13c).

Lastly, SLRs on a honeycomb array will be studied. The nearest neighbour separation
is 320 nm and the polarization of the electric field is parallel to the y-axis of the array,
(see Figure 3.11c). Presented in Figure 3.14 is the (a) measured extinction cross-section
per particle, (b) calculated extinction cross-section per particle and (c) 1/« (real part
red line and imaginary part cyan line) and £9S (real part blue line and imaginary
part green line) for a honeycomb array of silver discs (d = 120 nm, h = 30 nm). As
with the square and hexagonal arrays, two SLRs (approximately 650 nm and 743 nm)
are seen in the measured extinction spectrum, (see Figure 3.14a). These two SLRs
occur at different positions (at approximately 665 nm and 756 nm respectively) in the
calculated spectra, (see Figure 3.14b). When real part of 1/« intercepts the real part of
£0S (683 nm, 753 nm) (see Figure 3.14c). Table 3.2 displays experimental and modelled
extinction-cross section data for the SLRs on each of the different array geometries for

comparison.
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(c) Real and imaginary parts of 1/a and ¢S real (¢0S) (blue line), imag
(0S) (green line), real (1/c) (red line) and imag (1/a) (cyan line).

Figure 3.12: (a) m
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the square array. T
incidence with the e

easured extinction cross-section per particle; (b) calculated extinction
ticle and; (c) S-factor for a square array (480 nm pitch) of silver discs
30 nm). Inset top left in (a) is a scanning-electron micrograph of
he particles were illuminated with linearly-polarized light at normal
lectric field parallel to the y-axis of the array, see Figure 3.11a. The
environment of the array is index-matched by immersion oil with n = 1.515 meaning that
the diffraction edge is at 727 nm. Dashed lines in (a) and (b) indicate the intersection of

the real parts of 1/« and £¢S.
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(c) Real and imaginary parts of 1/« and £9S: real (£0.5) (blue line), imag
(0S) (green line), real (1/c) (red line) and imag (1/a) (cyan line).

Figure 3.13: (a) measured extinction cross-section per particle; (b) calculated extinc-
tion cross-section per particle and; (c) S-factor for a hexagonal array (555 nm nearest
neighbour separation) of silver discs (d = 120 nm, A = 30 nm). Inset top left in (a) is a
scanning-electron micrograph of the hexagonal array. The particles were illuminated with
linearly-polarized light at normal incidence with an electric field parallel to the y-axis of
the array, see Figure 3.11b.
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3. Response of regular arrays of plasmonic nanoparticles

0.05 |-

Oext Per particle [pum?]

| | | | | |
%00 550 600 650 700 750 800 850 900
Wavelength [nm]

(a) Measured extinction cross-section per particle.

0.6 A : —— ] W
& = [solated particle |} .
] — Particle in array |a ;
< 04r ' ]
2 '
5
& '
g 0.2} - |
o ]
g . :
S ' .
| | | | - ln | |
%OO 550 600 650 700 750 800 850 900
Wavelength [nm]
(b) Calculated extinction cross-section per particle.
T T T L w- T T
5 0
g
= :
0 .
5 ;
—500 :
| | : n | |

| |
500 550 600 650 700 750 800 850 900
Wavelength [nm]|

(c) Real and imaginary parts of 1/a and ¢S real (¢0S) (blue line), imag
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Figure 3.14: (a) measured extinction cross-section per particle; (b) calculated extinc-
tion cross-section per particle and; (c) S-factor for a honeycomb array (320 nm nearest
neighbour separation) of silver discs (d = 120 nm, A = 30 nm). Inset top left in (a) is a
scanning-electron micrograph of the honeycomb array. The particles were illuminated with
linearly-polarized light at normal incidence with the electric field parallel to the y-axis of
the array, see Figure 3.11c.
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3. Response of regular arrays of plasmonic nanoparticles

Coxt Experiment Model
Res.  Geometry Apeak (M) FWHM | Apeak (nm) Re (1/a = |Im (1/a—
(Mag. (um?))  (S.M,B) £05) £05)|
SLR1 Square 650 (0.05) Broad | 660 No 237
Hexagonal | 635 (0.05) Broad | 650 No 279
Honeycomb | 650 (0.06) Broad | 665 No 199
SLR2 Square Not visible N/A Not visible  Yes 585
Hexagonal | Not visible N/A Not visible  Yes 739
Honeycomb | Not visible N/A Not visible Yes 439
SLR3 Square 755 (0.11) Medium | 773 Yes 45
Hexagonal | 760 (0.13) Medium | 781 Yes 41
Honeycomb | 743 (0.10) Medium | 756 Yes 68

Table 3.2: Experimental and S-factor calculated extinction cross-sections for square,
hexagonal and honeycomb geometries.

It has been demonstrated that square, hexagonal and honeycomb arrays all exhibit
SLRs, but with their SLRs occurring at slightly different wavelengths relative to each
other (see Figure 3.15a). To see why this is the case, the real parts of 1/a and €S as a
function of wavelength of the square (blue line), hexagonal (green line) and honeycomb
(red line) arrays were plotted in Figure 3.15b. Even though each one of the arrays has
its diffraction edge in the same spectral position (727 nm), the narrowest SLR for each
one of the different geometries does not occur at the same spectral position. This can
be explained by comparing where the real part of the inverse polarizability intercepts
the real part of €9S. In Figure 3.15b it is seen that the real part of 1/« crosses the real
part of €05 in different positions for the different arrays: 753 nm for honeycomb, 770
nm for square and 778 nm for hexagonal. The square array has an additional feature
due to the < 1,1 > diffraction edge.

Square, hexagonal and honeycomb arrays possess a high degree of symmetry. Therefore
it is expected that normal-incidence extinction measurements of square, hexagonal and
honeycomb arrays of symmetric discs will be independent of the orientation (polariza-
tion) of the incident electric field. To check if this is the case, the orientation of the
electric field was swept in 15° increments from 0° (parallel to y-axis) to 90° (parallel to
x-axis) of the three different array geometries (see Figure 3.16). The optical response of
the three array types is seen to be insensitive to the orientation of the incident electric
field as expected. The honeycomb array has a larger measured extinction than the

square and hexagonal arrays because it has a larger particle density.
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Figure 3.15: (a) measured extinction cross-section per particle of square array (see Figure
3.11a); hexagonal array (See Figure 3.11b) and honeycomb array (See Figure 3.

corresponding real parts of 1/« and ¢S shown in (b).
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3. Response of regular arrays of plasmonic nanoparticles
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Figure 3.16: Measured extinction vs. wavelength [nm] of the three different array ge-
ometries: (a) square, (b) hexagonal and (c) honeycomb. In each case, the incident electric
field polarization is swept in 15° increments from 0° (parallel to the z-axis of the arrays)

to 90° (parallel to the y-axis).
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3. Response of regular arrays of plasmonic nanoparticles

3.6 Conclusion

In this chapter, various modelling techniques to describe regular arrays of nanoparti-
cles have been discussed. Fabrication methods and extinction measurements have been
described. It has been shown that regular arrays of nanoparticles, when of a similar pe-
riod as the single particle resonance exhibit surface lattice resonances (SLRs). Square,
hexagonal and honeycomb arrays display these narrow SLRs at slightly different spec-
tral positions even when they all have the same diffraction edge. A semi-analytical
coupled-dipole model has been used to explain and demonstrate why these SLRs oc-
cur in different spectral positions: SLRs occur where the real parts of 1/« and £pS
intersect, and because of the different particle positions for each array geometry 95 is
simply different. For the different array geometries considered, at each point where the
real parts of 1/« and €S cross, the difference between the imaginary parts of 1/« and
€05 are similar, so the width of their SLRs are comparable. It has been verified experi-
mentally that SLRs exhibited by square, hexagonal and honeycomb arrays of discs are
polarization insensitive to the incident electric field. To gain a greater understanding
of how the particles couple together over long distances (greater than \), an array with
lower symmetry needs to be investigated. A useful example is the rectangular array,
and this is the focus of Chapter 4.
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Chapter 4

Optical response of rectangular

arrays

4.1 Introduction

In order to understand the nature of the constructive coupling between particle reso-
nances in arrays of plasmonic particles, it is helpful to examine the optical response of
a lower symmetry array, and a useful example is the rectangular array. In this chap-
ter rectangular arrays of silver discs (d = 120 nm and A = 30 nm) were fabricated
by electron-beam lithography (EBL) and their extinction as a function of wavelength
was measured. The environment of the particles was index-matched with the substrate
to provide a homogeneous optical environment to observe constructive interference ef-
fects, known as surface lattice resonances (SLRs) [44, 52, 53, 114-119]. The polarization
dependence of the rectangular array is studied and comparison made between the rect-
angular array and chain. The experimental spectra are compared with the S-factor
model, the coupled-dipole approximation (CDA) and finite element modelling (FEM).
Lastly, the near-, intermediate- and far-field terms of the S-factor are investigated for

their effect in the modelling of extinction spectra.

4.2 Polarization dependence of rectangular arrays

One example of a fabricated rectangular array is shown in Figure 4.1. In this instance,

the array has a pitch of 370 nm in the z-direction, g,, and 480 nm in the y-direction, g,.

91



4. Optical response of rectangular arrays

Figure 4.1: Scanning-electron micrograph of a rectangular array with g, = 370 nm and
gy = 480 nm, where g, and g, are the pitches in the x- and y-directions respectively. The
particles are silver discs with d = 120 nm and A = 30 nm.

The particle dimensions are the same as used in Chapter 3 (silver discs with d = 120
nm and A = 30 nm). Discs have been chosen because their polarizability (particle plas-
mon resonance) is independent of the polarization of the incident electric field in the
plane of the particles. This means that the polarization dependence of the measured
extinction cross-section is due to the array only. For each S-factor array calculation,
consisting of 160,000 particles, each of the identical particles was assigned a polarizabil-
ity, anmpwa, calculated from the modified long-wavelength approximation (see Equation
2.7). The modified polarizability, a*, which takes into account the scattered field from

the neighbouring particles in the array is given by,

1
* 4.1
“ 1/amiwa — €05’ (4.1)

where S is given by,

1}: 1 — ikr; 20, -1 2sin? 0,
g exp (ikr) [( zkr])(33cos 0, )+ k* sin® 6; ’ (4.9)

471'50 rj 74].

J

where r; is the distance from the central particle to particle j, and 6; is the angle
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4. Optical response of rectangular arrays

between 77, and the dipole moment of particle j (Equations 4.1 and 4.2 are a repeat of
Equations 3.16 and 3.22). S is simply the sum of the scattered electric fields from the
particles in the array evaluated at the position of the central particle of the array, and
only depends on the geometry of the array. The absorption and scattering cross-sections
per particle in the array can then be calculated from insertion of Equation 4.1 into the
cross-sections (see Equations 1.25 and 1.26). The extinction cross-section can then
be found by addition of o.hs and gg.a. All the modelled extinction spectra have been
convolved with a suitable Gaussian to reproduce the 7 nm resolution of the spectrometer

in the experiment, as described in Section 3.2.4.

The optical response of the arrays was measured by normal-incidence extinction mea-
surements as outlined Section 3.4. The incident electric field was linearly-polarized
either parallel to the x-axis or y-axis of the array. Figure 4.2 shows the (a) measured
extinction cross-section per particle and (b) S-factor calculated extinction cross-section
per particle of the array in Figure 4.1 with the isolated single particle response. The
two different polarizations of the incident electric field yield different extinction cross-
section spectra in contrast to the square, hexagonal and honeycomb arrays (see Figure
3.16): when the electric field is parallel to the z-axis of the array, two SLRs are observed
(at approximately 620 nm and 752 nm) - a similar extinction spectrum is seen with the
square array with 480 nm pitch (see Figure 3.12). A somewhat different response is
seen for the orthogonal electric field polarization - a single SLR is seen in the spectrum
(at approximately 685 nm). The optical response of the array is now polarization de-
pendent and this has also been observed elsewhere [120]. In Ref. [120] they fabricated
rectangular arrays of gold spheres with pitches of 655 nm and 649 nm and investigated
the incident electric field polarization dependence of the SLR. Because the difference
between the array pitch dimensions they studied was small (6 nm), the change in the
observed SLRs between the two orthogonal polarizations of the incident electric field

was not as pronounced as reported here.

The S-factor calculated extinction cross-section per particle (see Figure 4.2b) correctly
predicts two SLRs (at approximately 640 nm and approximately 780 nm) with the
electric field parallel to the z-axis of the array and one SLR (at approximately 740
nm) with the electric field parallel to the y-axis of the array. The SLRs are at longer
wavelengths in the model than in the experiment. The position and strength of these
SLRs can be explained from Figure 4.3b, which shows the real and imaginary parts
of ¢S of the array and the real and imaginary parts of the inverse polarizability of
a silver disc with d = 120 nm and A = 30 nm. Figure 4.2b has been reproduced in

Figures 4.3 and 4.4 to allow easier comparison with the modelled extinction spectra.
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Figure 4.2: (a) measured extinction cross-section per particle and (b) calculated extinc-
tion cross-section per particle for a rectangular array with g, = 370 nm and g, = 480
nm, where g, and g, are the pitches in the z- and y-directions respectively. The particles
are silver discs (d = 120 nm, » = 30 nm) and were illuminated with linearly-polarized
light at normal incidence. The incident electric field was parallel to either the z-axis (blue
solid line) or y-axis (red solid line) of the array, see Figure 4.1 for scanning-electron micro-
graph. The optical environment of the array was index-matched using immersion oil with
n = 1.515. The two diffraction edges occur at 561 nm (red dashed line) and 727 nm (blue
dashed line).
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Figure 4.3: (a) extinction cross-section per particle (this is a repeat of Figure 4.2b, for
ease of comparison) and (b) S-factor for a rectangular array of silver discs (d = 120 nm,
h = 30 nm), together with the calculated inverse polarizability of an isolated particle.
g. = 370 nm and g, = 480 nm for the rectangular array, were g, and g, are the pitches
in the z- and y-directions respectively. The electric field is parallel to either the z-axis
or y-axis of the array, see Figure 4.1 for a scanning-electron micrograph. The array was
modelled in n = 1.515. The two diffraction edges occur at 561 nm (red dashed line) and

727 nm (blue dashed line).
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Figure 4.4: (a) S-factor (this is a repeat of Figure 4.2b, for ease of comparison), (b)
CDA and (c¢) FEM calculated extinction cross-section per particle of silver discs (d = 120
nm, h = 30 nm) in a g, = 370 nm and g, = 480 nm rectangular array, where g, and
gy are the pitches in the z- and y-directions respectively. The electric field was either
parallel to the z-axis (blue solid line) or y-axis (red solid line) of the array, see Figure
4.1 for scanning-electron micrograph. The array was surrounded by a refractive index of
n = 1.515 meaning the two diffraction edges occur at 561 nm (red dashed line) and 727
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nm (blue dashed line). 30 x 30 particles were modelled in the CDA model.
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4. Optical response of rectangular arrays

Two different S-factors are seen (blue) electric field parallel to the x-axis of the array
and (red) parallel to the y-axis of the array. These SLRs occur when the denominator
of Equation 4.1 is minimised. This occurs where the real part of £9S and 1/« intersect,
providing that the difference in imaginary parts of €95 and 1/« are small. This is the
case for the SLR at approximately 780 nm with the incident electric field parallel to
z-axis of that array and with the SLR at approximately 740 nm when the electric field
is parallel to the y-axis of the array. The SLR at approximately 640 nm does not occur
exactly at the crossing points of the real parts of £9S and 1/« as the difference between
their imaginary parts is large. SLRs occur when the denominator of Equation 4.1 are

minimized.

Figure 4.4 shows the modelled extinction cross-section per particle vs. wavelength
spectra of the array in Figure 4.1 calculated by three different methods: (a) S-factor,
(b) CDA and (c¢) FEM. For consistency all of the calculated extinction spectra have
been convolved with a Gaussian as described before. For the CDA calculation 30 x 30
particles have been modelled with the MLWA polarizability given by Equation 2.7. The
S-factor and CDA calculations give almost identical results apart from the spectrum
associated with the electric field is parallel to the x-axis of the array, going to nearly
zero at the diffraction edge (blue dashed line). This difference could be due to the
S-factor calculation assuming that the array is infinite, therefore, each particle has the
same dipole moment, unlike the CDA where the dipole moment of each particle can
have different magnitude or direction. The FEM model gives extinction cross-section
per particle values that are comparable with the experiment, but the spectral position
of the SLRs are at longer wavelengths than the S-factor and CDA models.

4.3 Coupling in regular arrays of plasmonic particles

From the results of the rectangular array it is seen that the pitch associated with the
r-axis and y-axis of the rectangular array and the incident electric field polarization af-
fects how the particles couple together. To investigate this further, arrays with g, = 480
nm and four different values of g, were fabricated: g, = 370 nm, g, = 480 nm (square
array), g, = 520 nm and g, = 560 nm (see Figure 4.5). Figure 4.6 shows the measured
normal-incidence extinction spectra of these arrays with the electric field (a) parallel
to the z-axis and (b) parallel to the y-axis. The corresponding S-factor calculated
extinction spectra of these arrays is shown in Figure 4.7. In the measurements when
the electric field is parallel to the z-axis of the arrays, a single strong SLR is seen

at approximately 750 nm in each extinction spectrum. A different response is found
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(€) g« =520 nm. (d) g = 560 nm.

Figure 4.5: Scanning-electron micrographs of silver particle arrays with different
x-pitches, g, and same y-pitches, g,. For the arrays g, = 480 nm. (a) g, = 370 nm,
(b) g, =480 nm (square array), (¢) g, = 520 nm and (d) g, = 560 nm. All arrays consist
of silver discs with a diameter of 120 nm and height of 30 nm.
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Figure 4.6: Measured extinction cross-section per particle as a function of wavelength
of arrays with different x-pitches, g,, and same y-pitches, g,. g, = 480 nm for all of the
arrays. Arrays have g, = 370 nm, g, = 480 nm (square array), g, = 520 nm and g, = 560
nm, see Figure 4.5 for scanning-electron micrographs. All the arrays consist of silver discs
with a diameter of 120 nm and height of 30 nm. (a) is with electric field parallel to the
z-axis of the array and (b) parallel to the y-axis. The diffraction edges relating to g, of
the four arrays are shown as dashed lines at 561 nm (blue), 727 nm (green), 788 nm (red)
and 848 nm (cyan).
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Figure 4.7: S-factor calculated extinction cross-section per particle as a function of wave-
length of arrays with different z-pitches, g,, and same y-pitches, g,. For all of the arrays
gy = 480 nm. Arrays have g, = 370 nm, g, = 480 nm (square array), g, = 520 nm and
g = 560 nm. All the arrays consist of silver discs with a diameter of 120 nm and height
of 30 nm. (a) is with electric field parallel to the z-axis of the array and (b) parallel to the
y-axis. The diffraction edges relating to g, of the four arrays are shown as dashed lines at
561 nm (blue), 727 nm (green), 788 nm (red) and 848 nm (cyan).
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when the electric field is parallel to the y-axis: each array has a strong SLR associated
with the z-pitch, but these now occur at different spectral positions (approximately
685 nm, 755 nm, 798 nm and 852 nm) for each different array pitch. As the diffraction
edge of g, is increased, the SLR increases in strength and sharpens until at g, = 560
nm it starts to weaken. The spectral position of the diffraction edge is located in the
long-wavelength tail of the single particle resonance, so the SLR is weak. For both
polarizations of the electric field, the S-factor calculated extinction spectra broadly
predict the experimental spectra with all of the SLRs occurring at longer wavelengths.
However there are two main exceptions for the perpendicular polarization: the differ-
ence between the experiment and model in the spectral position of the SLR for the
g> = 370 nm array is much greater than for the rest of the arrays, and the strength
of the SLR of the g, = 560 nm array is stronger relative to the g, = 370 nm, 480 nm
and 520 nm arrays. From the spectra, it appears that the particles couple together in
the direction that is orthogonal to the applied electric field in agreement with recent
literature [114, 121, 122]. To confirm this coupling mechanism, chains with the same

pitches as g, of the rectangular arrays were modelled using the S-factor approach.

Figure 4.8 presents calculated extinction spectra of chains of silver discs (d = 120 nm
and h = 30 nm) with pitches g = 370 nm, 480 nm, 520 nm and 560 nm. The incident
electric field is parallel to the chain axis in (a) and perpendicular in (b). Since SLRs
are sensitive to the particle number, chains were modelled with the same total number
of particles (160,000) as for the arrays described above. The accompanying real and
imaginary parts of £9S and inverse polarizability of a single isolated particle (d = 120
nm with ~ = 30 nm) are shown in Figure 4.9. The optical response of the chain depends
on the polarization of the incident electric field. As illustrated in Figure 4.8a, when
the incident electric field is parallel to the chain, the extinction spectra of the chains
is similar to the single particle plasmon resonance with a small change in strength and

spectral position relative to the perpendicular case.

Equation 4.2 can be split up into the three separate field components: near-, intermediate-

and far-fields. The separated-field version of S is given by Equation 4.3,

1 2: 3cos?0; — 1)  —ik(3cos?0; — 1) k?sin?0;
= exp (ikr;) (8 cos < )—i— ik cos2 2 )—i- R , (4.3)
4dmeg T T T
J Y
near-field intermediate-field far-field
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Figure 4.8: S-factor calculated extinction cross-section per particle as a function of wave-
length of four different pitches, g, of silver particle chains (¢ = 370 nm, 480 nm, 520 nm
and 560 nm). The chains are made up of oblate spheroids with d = 120 nm and h = 30 nm.
(a) is with electric field parallel to the chain axis and (b) perpendicular. The diffraction
edges relating to the period of the four chains are shown as dashed lines at 561 nm (blue),
727 nm (green), 788 nm (red) and 848 nm (cyan). The colours in (b) correspond to the

legend in (a).
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Figure 4.9: Calculated S-factor of four different pitches, g, of silver particle chains (g =
370 nm (blue), 480 nm (green), 520 nm (red) and 560 nm (cyan)). Solid lines correspond to
the real part of S and dashed lines the imaginary part. The real (solid line) and imaginary
(dashed line) parts of the inverse polarizability of an oblate spheroid with d = 120 nm and
h = 30 nm have been added as a black line. (a) is with electric field parallel to the chain

axis and (b) perpendicular.
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Oext Rectangular Expt. Rectangular Model Chain Model
Jz Apeak (mm) FWHM | Apeax (nm) FWHM | Apeak (nm) Re [Im
(nm)| (Mag. (S,M,B) | (Mag. (S,M,B) | (Mag. (1/a= (1/a—
(nm?)) (nm?)) (wm?)) 0S)  €09)|
370 | 685 (0.10) Broad 733 (0.61)  Broad 720 (0.39)  Yes 83
480 | 755 (0.11) Medium | 773 (0.85) Medium | 763 (0.55)  Yes 60
520 | 798 (0.13) Sharp | 810 (1.07) Sharp | 800 (0.68) Yes 47
560 | 852 (0.08)  Sharp 863 (1.62)  Sharp 854 (0.19) No 47

Table 4.1: Experimental and S-factor calculated extinction cross-sections for rectangular
arrays with different values of g, but all with g,=480 nm. Also added for comparison is
S-factor calculated extinction cross-sections for particle chains with the same values of g,
as the rectangular arrays. In all the spectra the incident electric field is parallel to the
y-axis.

There can be no far-field interaction in the parallel case as the far-field term is zero i.e.
sin 0° = 0 (see Figure 3.1 and Equation 4.3). The interaction is only due to the near and
intermediate fields, which are weak due to the particle separation (approximately A),
meaning that the real and imaginary parts of ¢S are small (see Figure 4.9a). Therefore

there is no SLR as far-field coupling is required.

When the electric field is perpendicular to the chain axis (see Figure 4.8b) an SLR
is seen in each extinction spectrum with the SLRs closer to the diffraction edge than
with the rectangular array calculation (see Figure 4.7b). The response is similar to the
rectangular array calculation apart from the strength of the g = 560 nm chain being
weaker (relative to the other chains) than for the corresponding rectangular one. The
extinction cross-section per particle is less for each chain SLR than the corresponding
rectangular array result, since in a rectangular array there are contributions to the scat-
tered electric field from diagonal particles, which are not present in the chain. Rather
surprisingly, the perpendicular chain result is a closer match to the experiment - this
is the subject for future investigation. Again, these SLRs occur where the real parts of
£0S and 1/« intersect except for the g = 560 nm chain where it is the closest approach,
resulting in a weak SLR (see Figure 4.9b). Displayed in Table 4.1 is experimental and
S-factor calculated results extracted from the data of Figures 4.6b, 4.7b, 4.8b and 4.9b.
The data in the table compares the SLRs of rectangular arrays and chains when the
incident electric field is parallel to the y-axis of the array (perpendicular to the chain

axis).

The relative contribution of the near, intermediate and far-fields can be seen by plotting

the different terms of Equation 4.3. Figure 4.10 shows the S-factor calculated extinction
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Figure 4.10: S-factor calculated extinction cross-section per particle showing the contri-
bution of the different field components to the extinction spectrum. Calculation is of 480
nm pitch square array of silver discs (d = 120 nm, h = 30 nm). The electric field is in

the plane of the particles and the particles are embedded in a homogeneous medium with
n = 1.515.

cross-section per particle as a function of wavelength for a square array of silver discs
(d = 120 nm and h = 30 nm) for each different component of the field. It is seen
that the near and intermediate field make little difference to the extinction spectra and
that the far-field term is responsible for the coupling between particles. Because S is a

complex quantity, onear + Tint + Tar 7# Tall-

4.4 Conclusion

Rectangular arrays of metallic nanoparticles have been fabricated by electron-beam
lithography. The collective array response has been characterized by index-matched
normal-incidence extinction measurements and experimental results have been com-
pared with the S-factor model, coupled-dipole approximation and finite element mod-
elling. Rectangular arrays have a lower degree of symmetry than square, hexagonal and
honeycomb arrays studied previously in Chapter 3, and have shown a clear polariza-
tion dependence in their optical response. Further investigation showed that particles
coupled together over distances greater then A in the direction orthogonal to the ap-

plied electric field. By modelling the optical response it was found that the dominant
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coupling mechanism was due to the far-field interaction.
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Chapter 5

Symmetric two-particle basis

square arrays

5.1 Introduction

It was shown in Chapter 3, that when the diffraction edge lies within the single particle
resonance narrow spectral features, known as surface lattice resonances (SLRs), can
be observed. Chapter 3 also presented results showing that SLRs can be observed for
different particle geometries (square, hexagonal and honeycomb). The mechanism by
which particles couple was investigated in Chapter 4, concluding that particles couple
in the direction orthogonal to the applied electric field. A natural question to ask would
be, how does the SLR change (with incident electric field perpendicular to the pair-axis)
when an extra particle is added to the basis? Kravets et al. [48] have experimentally
observed SLRs in square arrays of particle pairs at normal incidence, but their work
was mainly focused on out-of-plane SLRs (oblique incidence). Their particles were
gold nanopillars with height 90 nm (much taller than considered in this thesis). They
provide a comprehensive study of the effect that particle size [123] and the presence
of a conducting substrate [48] have on SLRs. In Ref. [123] they perform ellipsometry,
transmission and reflection measurements on a variety of diameters of gold nano-pillars
in square arrays, identifying the plasmonic modes (in-plane, out-of-plane, symmetric
or antisymmetric) responsible for the optical response they observe. An in-plane plas-
mon mode is where the electrons collectively oscillate in the plane of the array, and
an out-of-plane mode is where the electrons oscillate parallel to the height dimension

of the particles. In Ref. [48] they demonstrate by ellipsometry, transmission and re-
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5. Symmetric two-particle basis square arrays

flection measurements that the optical response of particle arrays on conducting and
non-conducting substrates is dramatically different. Further differences between their
work and the work presented here is that all of their measurements were performed in
an asymmetric optical environment (air/glass). They kept the centre-to-centre sepa-
ration (140 nm) of the particle pair the same and concentrated mainly on one square
array pitch (320 nm) throughout their work [47, 48, 123].

To study the electromagnetic interaction of in-plane particle plasmon resonances in a
particle pair. Rechberger et al. [35] fabricated square arrays of gold discs and varied
the centre-to-centre separation between the pairs. Characterization of these samples
was performed by normal-incidence extinction measurements in an asymmetric optical
environment (air/glass). They chose an array pitch (450 nm) such that their arrays
were non-diffracting in the spectral range of the single particle resonance (780 nm in
their case), therefore they did not study SLRs. They found when the incident electric
field was polarized parallel to the pair axis, a red-shift (compared to the single particle
resonance) of the particle plasmon resonance wavelength was observed. A blue-shift of

the particle plasmon resonance was observed for the orthogonal polarization.

The work reported in this chapter investigates the coupling between particle pairs,
in square arrays that are diffracting within the spectral region of the single particle
resonance, rather than simply between particles in a pair, as in Ref. [35], In the
extinction measurements presented here, the in-plane plasmon mode was probed, which
differs from the work by Kravets and coworkers where they studied the out-of plane
mode. The polarization dependence of one- and two-particle basis square arrays of silver
nanoparticles fabricated by electron-beam lithography (EBL) will be presented and
discussed. The arrays were characterized by normal-incidence extinction measurements
and their extinction cross-section compared with a simple coupled-dipole model, i.e. the
S-factor model. The simple coupled-dipole model introduced in Section 3.2.2 can be
used to explain the main features of the spectra, i.e. the spectral position, strength
and width of the SLRs. Extinction spectra of one-particle basis square arrays will
be presented first, followed by two-particle basis arrays and finally two-particle basis

arrays with different centre-to-centre separations.

The measured transmission (see Equation 3.23) was converted to the extinction cross-
section per particle/particle pair using Equation 3.24. The response of the particle

arrays was modelled using the S-factor model, where the modified polarizability of the
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array is defined by,

1
~ 1/ampwa — 05’

O[*

(5.1)

where ayrwa (see Equation 2.7) is the modified long-wavelength polarizability, g¢ is
the permittivity of free space and S is given by:

1}: 1 — ikr; 20, -1 2sin? 0,
g exp (ikr;) [( zk:rj),(?;cos 6, )+ k* sin® 6, ’ (5.2)

47(&0 rj rj

J

where r; is the distance from the central particle in the array to particle j and 6; is the
angle between 7; and the dipole moment of the central particle (see Figure 3.1). Equa-
tions 5.1 and 5.2 are a repeat of Equations 3.16 and 3.22). The function S (see Equation
5.2) was smoothed before insertion into Equation 5.1 (see Section 3.2.2). SLRs occur
when the denominator in Equation 5.1 is minimized. In the calculations, the particles
(400 x 400 particles for one-particle basis and 280 x 280 pairs for two-particle basis)
were approximated as oblate spheroids and given a polarizability calculated from the
modified long-wavelength approximation (see Equation 2.7). The calculated extinction
cross-section of the particle arrays was convolved following the procedure outlined in
Section 3.2.4.

5.2 One-particle basis square arrays

At this point, it is necessary to revisit the square array with a one-particle basis. In
this section, the spectral position of the diffraction edge is moved through the single
particle resonance by fabricating arrays with pitch g = 350 nm, 400 nm, 450 nm and
500 nm. The extinction cross-section and phase of the polarizability (with respect to
the incident electric field) of the single-particle response of a circular silver disc (d = 85
nm, h = 30 nm) with the position of the four different diffraction edges of the arrays
(530 nm, 606 nm, 682 nm and 758 nm) are shown in Figure 5.1. The polarizability
of the particle describes the response of the conduction electrons in the particle to an
applied electric field. In Figure 5.1 the single particle plasmon resonance (black solid
line) is observed at approximately 610 nm at which point the phase of the polarizability
with respect to the incident field (purple solid line) is 7/2. It is noted that the 530
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Figure 5.1: Modified long-wavelength approximation calculated extinction cross-section
(left axis) and phase of polarizability (right axis) with respect to the incident electric field of
a single silver disc (d = 85 nm, h = 30 nm). The particle was embedded in a homogeneous
medium with a refractive index n = 1.515 with the incident electric field in the plane of the
particle. Diffraction edges for ¢ = 350 nm (blue), 400 nm (green) , 450 nm (red) and 500
nm (cyan) square arrays are illustrated by dashed lines. The phase of the polarizability
is /2 on resonance and decreases for wavelengths longer than the single particle plasmon
resonance.

nm diffraction edge (blue dashed line) lies on the short-wavelength side, 606 nm (green
dashed line) centrally, 682 nm (red dashed line) and the 758 nm (cyan dashed line) on
the long-wavelength side of the single particle resonance. The phase of the polarizability

decreases from 0.87 to approximately 0 from wavelengths of 500 nm to 900 nm.

Figure 5.2 shows scanning-electron micrographs (SEMs) of silver discs (d = 85 nm and
h = 30 nm) fabricated by EBL that are arranged in square arrays with g = 350 nm, 400
nm, 450 nm and 500 nm. The corresponding extinction spectra per particle for normal
incidence as a function of wavelength for two orthogonal polarizations of the electric
field ((a) parallel to x-axis or (b) y-axis of the array) are displayed in Figure 5.3. For
each different pitch of square array, the corresponding diffraction edge is illustrated by
a dashed line of the same colour. In the measured extinction spectra, with the incident
electric field parallel (see Figure 5.3a), a peak is seen in each spectrum (at 586 nm,
620 nm, 682 nm and 752 nm) and is attributed to the SLR of the array. These SLRs
result from the constructive interference of the scattered light by the particles in the
plane of the array. They occur when the real part of 1/« equals €S, provided the
difference between their imaginary parts is small. The SLRs occur spectrally closer to

the diffraction edge as g, and hence the diffraction edge of the array, is increased. The
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phase of the particle polarizability at these wavelengths is smaller (see purple solid line
in Figure 5.1) meaning there is less lag in the collective electron motion in response to
an applied electric field. The reduced phase difference causes the SLR to occur nearer
to the diffraction edge. It is noted that due to the symmetry of the particles and the
array, there is negligible difference between the measured extinction spectrum relating
to the two orthogonal polarizations of the incident electric field. The differences between
the results (see Figures 5.3a and 5.3b) are attributed to the asymmetry of the discs
due to the imperfections in the fabrication process. In Figure 5.4 the (a) calculated
extinction cross-section per particle and the (b) S-factor of the four different square
arrays (see Figure 5.2 for SEMs) are displayed. As with the experimental extinction
spectra, the four diffraction edges are illustrated by dashed lines. For a square array of
discs, illuminated at normal incidence, the optical response of the array is independent

of the orientation of the incident electric field (see Figure 3.16).

A comparison is now made between the experiment (see Figure 5.3a) and model (see
Figure 5.4a). In the experiment, a SLR is observed in each extinction spectrum (at
586 nm, 620 nm, 682 nm and 752 nm). These SLRs occur when the real part of €3S
intersects (or most closely approaches) the real part of 1/« [49, 105, 124, 125]. There
is good agreement between the experiment and model for the spectral positions of the
SLRs for g = 450 nm (red solid line) and g = 500 nm (cyan solid line), but there is
an increasing discrepancy for ¢ = 350 nm (blue solid line) and g = 400 nm (green
solid line). This could be due to the MLWA failing at shorter wavelengths, which is
attributed to the product of ka becoming larger: the higher powers of ka that have
been neglected in the MLWA (see Equation 2.7), which is the lowest order correction

the quasi-static polarizability [126], become important.

The relative strengths and widths of the SLRs will now be discussed: in the model
(see Figure 5.4a), when g = 450 nm (red solid line) the SLR has a smaller FWHM
and greater magnitude because the real part of 1/« and (S intersect perpendicularly
(see black solid line and red solid line in Figure 5.4b) and the difference between the
imaginary parts of 1/« and (S is small (see black dashed line and red dashed line in
Figure 5.4b). The strength of the SLR is determined by the difference between the
imaginary parts of 1/« and €¢S and whether the real part of 1/« crosses the real part
of £9S. The width of the SLR is determined by the difference between the imaginary
parts of 1/a and £0S and the angle of the interception of the real parts of 1/« and £¢S
(for an in-depth discussion see Section 3.2.2). The SLRs for ¢ = 350 nm (see blue solid
line, Figure 5.4a) and g = 400 nm pitch (see green solid line, Figure 5.4a) square arrays

are similar in strength and width as their real parts of 1/« and £(S intercept (see Figure
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(¢) g =450 nm. (d) g =500 nm.

Figure 5.2: Scanning-electron micrographs of one-particle basis square arrays with four
different pitches, g. The particles were silver discs with d = 85 nm and h = 30 nm. (a)
g =350 nm, (b) g =400 nm, (c) g = 450 nm and (d) g = 500 nm.
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(b) E parallel to y-axis of array.

Figure 5.3: Measured extinction cross-section per particle vs. wavelength of four different
pitches, g, square arrays (g = 350 nm, 400 nm, 450 nm and 500 nm) with a one-particle
basis. The particles were silver discs (d = 85 nm and h = 30 nm), see Figure 5.2 for
scanning-electron micrographs of arrays. The incident electric field was parallel to the
x-axis of the array in (a) and parallel to the y-axis in (b). The environment of the particles
was index-matched with the substrate using oil (n = 1.515). The diffraction edge associated
with each different array pitch is illustrated by the corresponding coloured dashed line: (530
nm, 606 nm, 683 nm and 758 nm).
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Figure 5.4: Simple coupled-dipole model calculated (a) extinction cross-section per par-
ticle and (b) &¢S for four different pitch square arrays (¢ = 350 nm, 400 nm, 450 nm and
500 nm) with a one-particle basis. Black lines in (b) indicate the real (solid) and imaginary
parts (dashed) of the inverse polarizability of a single silver oblate spheroid (d = 85 nm and
h =30 nm). The particles were modelled in a medium with n = 1.515, and the diffraction
edge associated with each different array pitch is illustrated by the corresponding coloured
dashed line. In each case, 160,000 particles each with its own polarizability, calculated
using the modified long-wavelength approximation (see Equation 2.7), was modelled.
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5.4b), so the SLR will purely be determined by the difference between their imaginary
parts of 1/« and £¢S, which are similar. The SLR associated with the 500 nm pitch
array (see cyan solid line, Figure 5.4a) square array is weak because the real parts of
1/a and £¢pS do not cross. The relative strengths and widths of the SLRs between
the experiment and model show good agreement apart from g = 450 nm (compare red
solid line in Figures 5.3 and 5.4a). The inhomogeneity of the particles in the experiment
could be responsible for the disagreement between the model and experiment regarding
the strength of the ¢ = 450 nm SLR (the model assumes perfectly uniform particles)
[81]. The relationship between particle size variation, and the width and strength of the
SLR were studied in Ref. [81]. The authors found by increasing particle size dispersion
in square arrays the SLR broadened and weakened. The order of magnitude larger
extinction cross-section per particle in the model compared to experiment is due to
the polarizability from the MLWA not being an accurate approximation and greatly

overestimating the imaginary part of the single-particle polarizability.

5.3 Two-particle basis square arrays

The electric-field polarization dependence of SLRs in two-particle basis square arrays
will now be investigated. Figure 5.5 shows SEMs of particle pairs with a centre-to-centre
separation of [ = 150 nm arranged in four different square arrays with g = 350 nm, 400
nm, 450 nm and 500 nm. These four different values of g are the same as discussed in
Section 5.2, but instead of comprising of a one-particle basis, they have a two-particle
basis. The particles are silver discs with (d = 85 nm and A = 30 nm). The measured
extinction cross-section per pair with either the incident electric field (a) parallel or (b)
perpendicular to the particle-pair axis of the arrays (see Figure 5.5 for SEMs with array
axes indicated) are presented in Figure 5.6. The extinction cross-section per particle
pair calculated using the simple coupled-dipole model of the two-particle basis square
arrays (see Figure 5.5) is displayed in Figure 5.7. The incident electric field is parallel to
the particle-pair axis in (a) or perpendicular in (b). The S-factor for the perpendicular
case is set out in Figure 5.8b together with the calculated extinction cross-section per

particle pair reproduced to allow easier comparison with £¢5.

A small difference is noted in the shape of the measured optical response (extinction
cross-section) between the one-particle basis (see Figure 5.3) and two-particle basis
square arrays when the incident electric field is parallel to the particle-pair axis (see
Figure 5.6a). The main difference is that the SLRs in the two-particle basis arrays for

g = 450 nm (red solid line) and g = 500 nm (cyan solid line) arrays have increased
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Figure 5.5: Scanning-electron micrographs of four different pitch, g, square arrays with
a two-particle basis. The basis consisted of two discs (d = 85 nm and h = 30 nm) with a

150 nm centre-to-centre separation. (a) g = 350 nm, (b) g = 400 nm, (c) g = 450 nm and
(d) g =500 nm.
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in strength and narrowed relative to the ¢ = 350 nm (blue solid line) and g = 400
nm (green solid line) square arrays. The similar optical response between the one- and
two-particle basis arrays can be explained by considering the direction in which the
particles couple together: from Section 4.3 it was found for particles roughly separated
by A that they coupled together in the direction orthogonal to the applied electric
field. By further investigation, it was found the coupling was through the far-field
component of the scattered electric field (see Equation 4.3) from the other particles.
The radiation of an oscillating dipole moment is concentrated in two lobes perpendicular
to the dipole moment [127], with no radiation along the dipole axis, explaining why it
is the orthogonal direction that is important. The separation between the particles in
the y-direction (orthogonal to the applied electric field) of the two-particle basis array
is the same as the square array with a one-particle basis, so a similar response would
be expected. It might be expected that the SLR could be stronger as there are two
particles scattering light in the direction orthogonal to the applied electric field. The
neighbouring particle could account for the slight red-shift in the SLR compared to the

one-particle basis square array for the parallel electric orientation [33, 35, 38].

The extinction of particle-pair arrays when the incident electric field is perpendicular
to the particle-pair axis is now considered. In the measured extinction cross-section
per particle pair spectra (see Figure 5.6b), a SLR (at 566 nm, 613 nm, 682 nm and 754
nm) is observed for each different square array. This is surprising as there is an extra
particle approximately \/3 away adding to the far-field interference condition. Recall
from Section 4.3, that the dominant coupling is far-field, therefore particles couple
together in the direction perpendicular to the applied electric field. The SLRs for
g = 350 nm, 450 nm and 500 nm square arrays with a two-particle basis appear similar
in spectral shape and strength to the one-particle basis case (compare Figure 5.3 and
5.6b). The largest difference in spectral shape between the one- and two-particle basis
square arrays is for g = 400 nm (compare green solid line in Figures 5.3 and 5.6b). The
shape of the extinction spectra are the most different between the two incident electric
field polarizations for the g = 400 nm square array with a two-particle basis (compare

green solid line in Figures 5.6a and 5.6b).

Comparison is now made between the simple coupled-dipole model (see Figure 5.7) and
experimental spectra (see Figure 5.6). The model predicts a SLR at 637 nm for the
g = 350 nm (blue solid line); 661 nm for g = 400 nm (green solid line); 704 nm for
g = 450 nm (red solid line) and 771 nm for ¢ = 500 nm (cyan solid line) when the
incident electric field is parallel to the particle-pair axis. These occur at 589 nm, 634

nm, 688 nm and 756 nm respectively in the experiment. The largest difference between
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Figure 5.6: Measured extinction cross-section per pair vs. wavelength of four different
pitches, g, of two-particle basis square arrays of silver discs (d = 85 nm and h = 30 nm), see
Figure 5.5 for scanning-electron micrographs of arrays. The particle centre-to-centre in the
basis was 150 nm. The incident electric field was either (a) parallel to the particle-pair axis
or (b) perpendicular. The surrounding environment of the particles was index-matched
with n = 1.515, and the diffraction edge associated with each different array pitch is
illustrated by the corresponding coloured dashed line.
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the experiment and model in the spectral positions of the SLRs is for the g = 350
nm case (compare blue solid line in Figures 5.6 and 5.7a). Again, this is attributed
to validity of the MLWA at large wavevectors (see previous section). The SLR for the
g = 500 nm (compare cyan solid line in Figures 5.6 and 5.7a) square array is stronger
in the model than in the experiment. The weaker SLR in the experiment is due to the
variation in particle size attributed to the fabrication process. The strength and width
of the SLR is correlated with the distribution in particle size: a greater variation in
particle size will broaden and reduce the strength of the SLR [81].

Turning to the perpendicular case, a SLR is seen in the model (see Figure 5.8a) for
each different ¢g: 586 nm for g = 350 nm (blue solid line); 621 nm for g = 400 nm (green
solid line); 690 nm for g = 450 nm (red solid line) and 763 nm for g = 500 nm (cyan
solid line). These SLRs occur at 566 nm, 613 nm, 682 nm and 754 nm respectively
in the experiment (see Figure 5.6b). The spectral position of the resonance for the
g = 350 nm array is a much closer match between model and experiment (compare
solid blue line in Figures 5.8a and 5.6b) than the parallel polarization (compare blue
solid line in Figures 5.7a and 5.6a). These SLRs are seen to occur where the real parts
of 1/a and ¢S intersect or the closest approach (see Figure 5.8b). The model correctly
predicts the relative strength of each SLR associated with each different g. Because
the real parts of 1/a and €S do not intersect for the g = 450 nm (black solid line and
red solid line in Figure 5.8b) and g = 500 nm (black solid line and cyan solid line in
Figure 5.8b) square arrays, their associated SLRs are weak compared to the g = 350
nm (blue solid line in Figure 5.8a) and g = 400 nm (green solid line in Figure 5.8a)
arrays. The weakest SLR occurs for the ¢ = 500 nm (cyan solid line in Figure 5.8a)
array, as the difference between the real parts of 1/« and (S is greater than for g = 450
nm array (compare cyan and red solid lines with black solid line in Figure 5.8b). The
strongest SLR is for ¢ = 400 nm (green solid line in Figure 5.8a) as the difference
between the imaginary parts of 1/a and €¢S is smaller than with g = 350 nm (compare
green and blue dashed lines with black dashed line in Figure 5.8b). Table 5.1 contains
experimental and modelled SLR extinction cross-section data for one- and two-particle
basis square arrays with different g values. A plot of S-factor data for the two-particle
basis arrays when the incident electric field is parallel to the pair axis (z-pol) is not

presented, but the data has been added to the table for completeness.

119



5. Symmetric two-particle basis square arrays

0-6 [ T " I [n : !
s 150nm, : t | =g =350 nm
05l 30 nm ! || =g =400 nm ||
85 nm 85 nm : v | =g =450 nm
& ' . : : || = ¢ =500 nm
ER : : : -
R=| . . . : Ew
< n [ n ] D ———
(o) 03 L} L} L} ] —
2 : 5 : H OO
soof b B NE[] :
b | | | | | ]
0.1 i
| X | | »
%00 550 600 650 700 750 800 850 900
Wavelength [nm]
(a) E parallel to particle-pair axis.
0.6 2 T "B [n : :
' ' ' ! | =g =350 nm
o ' : . | =g =400 nm ||
051 : : t |—g =450 nm
& : : : i | =g =500 nm
ERLE : : : *
= . . . : -
2 03f - £|O O]
5 L] L] []
~ : : :
§ 021 : : i
b | | n | ]
01 : ; |

L | | y : :
%00 550 600 650 700 750 800 850 900
Wavelength [nm]

(b) E perpendicular to particle-pair axis.

Figure 5.7: Simple coupled-dipole model calculated extinction cross-section per particle
pair vs. wavelength of four different pitches, g, of two-particle basis square arrays. The
basis consisted of two silver oblate spheroids with d = 85 nm and h = 30 nm. The electric
field was parallel to the particle-pair axis in (a) and perpendicular in (b). The particles
in the basis have a centre-to-centre separation of 150 nm, and the particles were modelled
in a refractive index of n = 1.515. The diffraction edge associated with each different
array pitch is illustrated by the corresponding coloured dashed line. 280 x 280 particle
pairs were modelled with each particle given a polarizability calculated using the modified
long-wavelength approximation.
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Figure 5.8: (a) simple coupled-dipole model extinction cross-section per pair vs. wave-
length and (b) €05 of four different pitches, g, of two-particle basis square arrays with
g = 350 nm, 400 nm, 450 nm and 500 nm. The basis comprised of two silver discs with
d = 85 nm and h = 30 nm and a centre-to-centre separation of 150 nm. The real (black
solid line) and imaginary part (black dashed line) of the inverse polarizability of a single
disc is added to (b). The incident electric field was perpendicular to the particle-pair axis,
and the particles were modelled in a homogenous medium with n = 1.515. The diffraction
edge associated with each different array pitch is illustrated by the corresponding coloured
dashed line. An array comprising of 280 x 280 particle pairs was modelled with each par-
ticle given a polarizability calculated using the modified long-wavelength approximation.
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5. Symmetric two-particle basis square arrays

Oext Experiment Model
Basis (pol) ¢ Apeak (M) FWHM | Apeak Re (1/a= |Im (1/a—
()| (Mag. (un?)) (SMB) | (nm)  =8) £0S)|
One (z-pol) 350 | 586 (0.05) Broad | 619 Yes 131
400 | 620 (0.07) Medium | 642 Yes 111
450 | 682 (0.04) Sharp | 695 Yes 57
500 | 752 (0.01) N/A 765 No 89
One (y-pol) 350 | 581 (0.06) Broad | 619 Yes 131
400 | 629 (0.07) Medium | 642 Yes 111
450 | 689 (0.05) Sharp 695 Yes 57
500 | 761 (0.01) N/A | 765 No 89
Two (x-pol) 350 | 589 (0.09) Broad | 637 Yes 187
400 | 634 (0.12) Medium | 661 Yes 149
450 | 688 (0.12) Sharp | 704 Yes 115
500 | 756 (0.06) Sharp | 771 Yes 45
Two (y-pol) 350 | 566 (0.09) Broad | 586 Yes 206
400 | 613 (0.11) Sharp 620 Yes 100
450 | 682 (0.06) Sharp | 690 No 125
500 | 754 (0.02) N/A | 763 No 155

Table 5.1: Experimental and S-factor calculated extinction cross-sections for one- and
two-particle basis square arrays with the incident electric field either parallel (z-pol) or
perpendicular (y-pol) to the pair axis). A plot of the S-factor for the two-particle basis
square array when the incident electric field is x-pol is not displayed, but data has been
added to the table for completeness.
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5. Symmetric two-particle basis square arrays

5.3.1 Retardation between particle pairs

A natural question arises: how does the retardation of the scattered light, between

particles in the pair, effect the optical response of the array?

5.3.1.1 Modelling approaches of particle pair

To study this retardation of the scattered electric field between particles in the pair,

the optical response of the array was modelled using two different approaches:

1. Two square lattices offset by the centre-to-centre separation, each with a single

particle at every lattice point with an associated single particle polarizability.

2. A single square lattice with an effective polarizable unit, which only considers
the near-field coupling of the electric field between particles in the pair, at each

lattice point.

The difference between approach (1) and (2) is that in (2) only the retardation of
the electric field between particle pairs is considered, mot between particles in the
pair. Pinchuk and Schatz [128] provide a derivation of the effective polarizability of
two coupled particles and these expressions (Equations 26 and 30 in Ref. [128]) were
adopted for the extinction cross-section modelling shown in Figure 5.9a. They consider
the local near-field component of the electric field from the induced dipole moment in
the neighbouring particle to derive the effective polarizabilities. The equations for the

effective polarizability are:

off Q1 + a9 + 041(12/(271'[3)

Par 1 —20nan/(2m13)2 (5:3)
and,
off arag — ayon/(2703)
= 4
aporp 1— a1a2/(4ﬂ'l3)2 ) (5 )

where [ is the centre-to-centre separation of the particles and a1 and a9 are the polar-

izabilities of particle 1 and particle 2 respectively.
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Figure 5.9: (a) Pinchuk effective polarizability and (b) coupled-dipole approximation
calculated extinction cross-section per particle of a single particle pair (both particles have
d = 85 nm, h = 30 nm) with a centre-to-centre separation 150 nm. In (a) retardation of
the scattered electric field between the particles in the pair was ignored and in (b) it was
included. The electric field is in the plane of the particles was oriented either parallel (red
solid line) or perpendicular (blue solid line) to the particle-pair axis. Equations 5.3 and
5.4 have been used to calculate the effective polarizability for the calculation in (a).
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5. Symmetric two-particle basis square arrays

The calculated extinction cross-section per particle with the incident electric field par-
allel (red solid line) or perpendicular (blue solid line) to the particle-pair axis of a single
pair has been modelled with (a) the Pinchuk effective polarizability and (b) CDA (see
Figure 5.9). Equations 5.3 and 5.4 have been used for the effective polarizability, but
divided by two - to obtain the extinction cross-section per particle. In this instance,
the size of both particles is d = 85 nm and h = 30 nm with [ = 150 nm. The diffraction
edge for the g = 400 nm square array at 606 nm is illustrated with a black dashed line.
In Figure 5.9a a single dipolar resonance can be observed in each extinction spectrum.
When the electric field is perpendicular to the particle-pair axis, the particle plasmon
resonance (at 606 nm) is blue-shifted relative to the single particle case (at 611 nm) and
red-shifted when the electric field is parallel to pair, giving a pair plasmon resonance
of 616 nm. A description of this near-field coupling for a particle pair is discussed in
Section 1.6. The electric field from the neighbouring particle can either increase or
decrease the net restoring force acting on the oscillating electrons in the particle, de-
pending on its orientation relative to the internal electric field of the adjacent particle.
This red- and blue-shift of the particle plasmon resonance is also observed in the CDA
spectra (see Figure 5.9b), but the shift is more pronounced and there is a greater dif-
ference in the magnitude of the extinction cross-section between the two polarizations,
as retardation of the scattered light between the pair has been included. In the CDA
model (see Figure 5.9b), when the incident electric field polarization is pendendicular
to the pair (blue solid line), the line-width of the resonance of the pair is reduced rel-
ative to the parallel polarization (red solid line), as the collective radiation of the pair

is reduced due to interference of the scattered field from each particle.

Figure 5.10a shows 1/« and ¢S for approach (1), in this case a ¢ = 400 nm square
array of silver discs (d = 85 nm and h = 30 nm). The incident electric field was either
parallel to the particle-pair axis (green solid line is £¢.S for parallel) or perpendicular
(cyan solid line is £¢S for perpendicular). In Figure 5.10b the array has been modelled
using approach (2) with the single polarizable unit being a single particle pair with
both particles having d = 85 nm and h = 30 nm with [ = 150 nm, (single particle
pair response shown as black solid line in Figure 5.1). Figure 5.10c displays a com-
parison of extinction cross-section per particle pair calculated with approach (1) and
(2): approach (1) models the array of particles with a single particle polarizability
(retardation between the particles in the pair is included) or approach (2) models the
array as an array of effective polarizable units (retardation between the particles in the
pair has been ignored). From Figure 5.10a it can be seen the S-factor is polarization
dependent, attributed to the symmetry of the array, with two different crossing points

of the real parts of 1/a and €¢S (at 617 nm and 658 nm). Again, these crossing points
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Figure 5.10: Comparison of S-factors and calculated extinction cross-sections of a 400
nm pitch square array with a two-particle basis. In (a) retardation of the scattered electric
field between particles in the pair was incluggd and in (b) ignored.
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Figure 5.11: Comparison between the (a,b) measured and (c,d) calculated extinction
cross-section per pair of a 400 nm pitch square array with a two-particle basis. The optical
response of the two-particle basis array was described as two particles, each particle with
their own polarizability (c; and «s) - hence retardation of the scattered electric field
between the particles in the pair was included. Inset top right in (a,b) are scanning-electron
micrographs of the arrays. In (a,c) the incident electric field is parallel to the particle-pair
axis and in (b,d) perpendicular.
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5. Symmetric two-particle basis square arrays

determine the spectral position of the SLRs. In Figure 5.10b the S-factor is polariza-
tion independent due to the high symmetry of the square array, but instead there are
two polarizabilities (solid red line parallel, solid blue line perpendicular) as the single
pair resonance is polarization dependent (see Figure 5.9a). This time the crossings of
the real parts of 1/a and £9S occur very near to each other (within 10 nm) meaning
that the SLRs for each electric field polarization occur close together. Observation of
the calculated extinction spectra in Figure 5.10c show that if the array is modelled
using approach (1) there is larger difference in the spectral shape and position of the
SLRs (see Figure 5.11a and 5.11b) than modelling the array using approach (2). This
is evidence that the distance (approximately A/3) between the two particles that make
up the pair can not be neglected. Retardation of the scattered light from each particle

in the pair is important and must be considered.

Figure 5.11 shows a comparison of the experiment (a,b) and the model (c,d) for the
g = 400 nm square array with a two-particle basis of silver discs (d = 85 nm and
h = 30 nm). In (a,c) the incident electric field is parallel (solid blue line) to the
particle-pair axis and in (b,d) perpendicular (solid green line). By modelling the array
using approach (1): an array of single particles each with their own polarizability,
which includes retardation of the electric field between the particles in the pair, a
greater difference is exhibited in the spectral shape between the two polarizations of

the incident electric field, similar to the experiment.

One question remains open: what is the influence of the centre-to-centre separation of

the particle pair on the optical response of the array?

5.3.1.2 Extinction measurements on arrays with different particle pair

centre-to-centre separations

In this section results from arrays of particle pairs with [ = 160 nm, 180 nm, 200 nm
and 220 nm in a ¢ = 500 nm square array are presented. The particles that make up the
pair are discs with d = 115 nm and h = 30 nm (see Figure 5.12 for SEMs). Again, the
extinction cross-section per particle pair as a function of wavelength at normal incidence
was measured for each one of the different arrays (experimental spectra shown in Figure
5.13). The orientation of the incident electric field is parallel to the particle pair axis in
(a) and perpendicular in (b). The diffraction edge is at a wavelength of 758 nm (black
dashed line) for all of the arrays in this section. In Figure 5.13a a SLR is observed at
776 nm for [ = 160 nm; at 770 nm for [ = 180 nm; at 769 nm for [ = 200 nm; and at 766
nm for [ = 220 nm. As [ is decreased, the spectral position of the SLR red-shifts and
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(¢) 1 =200 nm. (d) I =220 nm.

Figure 5.12: Scanning-electron micrographs of 500 nm pitch square arrays with a two-
particle basis of silver discs (d = 115 nm and h = 30 nm) with different centre-to-centre
separations, I. (a) [ =160 nm, (b) [ = 180 nm, (c¢) ! = 200 nm and (d) ! = 220 nm.

the FWHM increases when the electric field is parallel to the pair axis. This red-shift
of the SLR can be explained by considering the shift in resonance position of the
single pair response. The electric field from the close neighbouring particle reduces the
internal electric field of the other particle in the pair, which reduces the restoring force
between the electrons and the positive ionic cores. This near-field coupling is explained
in Section 1.6 and is observed in the single pair optical response (red line in Figure
5.9). A different response is obtained when the incident electric field is perpendicular
(see Figure 5.13b). SLRs for [ = 160 nm, 180 nm and 200 nm are observed at 764 nm,
761 nm, 759 nm and approximately 760 nm respectively. The SLR strength decreases

with increasing [ until at [ = 220 nm it has nearly vanished.

Figure 5.14 shows the simple coupled-dipole model calculated extinction-cross-section
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Figure 5.13: Measured extinction cross-section per particle pair vs. wavelength of 500 nm
pitch square arrays with a two-particle basis of silver discs (d = 115 nm and A = 30 nm), see
Figure 5.12 for scanning-electron micrographs of the arrays. Extinction spectra are shown
for four different centre-to-centre separations, I = 160 nm, 180 nm, 200 nm and 220 nm.
The incident electric field was (a) parallel or (b) perpendicular to the particle-pair axis.
The environment of the particles was index-matched with the substrate with n = 1.515
and the diffraction edge is illustrated with a black dashed line.
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Figure 5.14: Simple-coupled dipole model calculated extinction cross-section per particle

pair vs.

wavelength of 500 nm pitch square arrays with a two-particle basis of silver
discs (d = 115 nm and h = 30 nm).

Extinction spectra are shown for four different

centre-to-centre separations of [ = 160 nm, 180 nm, 200 nm and 220 nm. The incident
electric field was (a) parallel to the particle-pair axis or (b) perpendicular. The surrounding
environment of the particles had n = 1.515. The diffraction edge is illustrated by a black
dashed line. An array comprising of 280 x 280 particle pairs was modelled with each
particle given a polarizability calculated using the modified long-wavelength approximation.
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Figure 5.15: Simple coupled-dipole model calculated (a) extinction cross-section per
particle pair and (b) €95 for 500 nm pitch square arrays with a two-particle basis (d =
115 nm and A = 30 nm). The real (black solid line) and imaginary part (black dashed
line) of the inverse single particle polarizability is added to (b). Spectra are shown for
three different centre-to-centre separations (I = 120 nm, 185 nm and 250 nm) with the
incident electric field perpendicular to the particle-pair axis. The surrounding medium of
the particles had n = 1.515, and the diffraction edge is illustrated with a black dashed line.
An array comprising of 280 x 280 particle pairs was modelled with each particle given a
polarizability calculated using the modified long-wavelength approximation.
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per particle pair of 280 x 280 pairs of oblate spheroids (d = 115 nm and h = 30) with
[ of 160 nm, 180 nm, 200 nm and 220 nm. (a) shows the response when the incident
electric field is parallel and (b) perpendicular to the particle-pair axis. In the model
(see Figure 5.14a), when the electric field is parallel to the pair axis a SLR associated
with each different array is seen. These SLRs occur at longer wavelengths (by 30-40
nm) than in the experiment (see Figure 5.13a) and follow the trend of red-shifting as
[ is decreased. In the model, the extinction cross-section per particle pair at the SLR
is a factor of approximately 4 larger, which is attributed to the validity of MLWA for

shorter wavelengths (ka is no longer much less than one).

Figure 5.15 shows the calculated (a) extinction cross-section per particle pair and the
(b) 1/ and £ S with the electric field perpendicular to the particle pair. These SLRs
occur when the real parts of 1/« and ¢S intersect or have their closest approach (see
Figure 5.15b). The SLRs for I = 120 nm and [ = 185 nm arrays are stronger because
the real parts of 1/« and the real parts of £9S intersect, which does not happen with
[ = 250 nm. The ! = 120 nm is stronger than [ = 185 nm because the difference between
the imaginary parts of 1/« and ¢S is smaller than [ = 185 nm. The SLR with [ = 250
nm has nearly disappeared because the separation is approximately A;es/2 providing

almost perfect destructive interference of the light scattered by the nanoparticles.

5.4 Conclusion

One- and two-particle basis square arrays of silver nanoparticles have been successfully
fabricated and their optical response (extinction cross-section) modelled using a simple
coupled dipole model. It has been shown that the spectral position of SLRs red-shifts
with increasing array pitch, along with the diffraction edge, for one- and two-particle
basis arrays and these SLRs occur where the real parts of 1/« and £(.S intersect or have
their closest approach. It has been demonstrated that, when the incident electric field
is parallel to the particle-pair axis, the measured extinction cross-section vs. wave-
length is similar to that exhibited by the equivalent one-particle basis square array.
The perpendicular response of two-particle basis arrays is different from the equiva-
lent one-particle basis arrays for certain pitches of square array (i.e. 400 nm in this
instance). The particles couple together in the direction that is orthogonal to the ap-
plied electric field, and for the perpendicular polarization, this direction has a particle
at approximately A\/3 away. Two-particle basis square arrays can not be modelled as
a single polarizable unit, which ignores retardation of the electric field between the

particles in the pair, placed at each lattice point of a single square array. The optical
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response of the two-particle basis square arrays were explained due to the differing
S-factor. The centre-to-centre separation of the particles is important, and when this
is approximately A;es/2 the SLR vanishes due to destructive interference. A symmetric
two-particle basis can support an anti-symmetric plasmon mode, but this mode can
not be coupled to by light at normal incidence, since it has a zero net dipole moment,
i.e. it doesn’t radiate. However, at normal incidence an asymmetric two-particle basis

may support an anti-symmetric mode and this is the content of Chapter 6.
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Chapter 6

Asymmetric two-particle basis

square arrays

6.1 Introduction

In Chapter 5 it was seen that square arrays with a symmetric two-particle basis, i.e.
two identical particles, can support sharp surface lattice resonances (SLRs). It was
discovered that, when the incident electric field was parallel to the particle-pair axis,
a similar response was obtained to the one-particle basis square arrays; and when the
electric field was perpendicular, the response was determined by the pitch of the array
and the centre-to-centre separation of the particle in the basis. In this chapter, square
arrays with a two-particle-asymmetric basis were fabricated by electron-beam lithogra-
phy (EBL). An asymmetric two-particle basis, formed for example from two particles of
different size, can support both symmetric and anti-symmetric plasmon modes, where
the later can have a non-zero net dipole moment when illuminated by light at normal
incidence. The electric field polarization dependence of the asymmetric-basis arrays
was probed by normal-incidence extinction measurements as a function of wavelength.
The simple coupled-dipole model (i.e the S-factor model) introduced in Section 3.2.2
was modified for an asymmetric basis, and the result was compared to experimental

spectra.
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6.2 Modifications to analytical coupled-dipole model

This section begins by discussing the modifications made to the simple coupled-dipole
model to allow the calculation of extinction spectra for an asymmetric two-particle
basis. Since the particles in an asymmetric particle pair have different diameters, and
hence different polarizabilities, the previously used coupled dipole model (see Section
3.2.2) can not be used. This is because in the simple coupled-dipole model only one

polarizability could be specified.

To extend this approach, firstly, the dipole moment of particle type 1, pi is related to
the local electric field E; at the position of particle type 1 by its polarizability, o, with

the following relation,

—

1= {:‘00[151, (61)
and similarly for particle type 2,

—

P = eooa (6.2)

where g¢ is the permittivity of free space. The local electric field at the position of each
particle type 1 is a combination of the incident electric field, Eo, and the electric field

from particle type 1 and particle type 2,

E\ = Ey+ Spi + S'p3, (6.3)
similarly for particle type 2,
By = Ey + S'pi + Sp3, (6.4)
where S is given by,
m
1 1 —ikr;)(3cos?0; —1)  k%sin?6;
S = E exp (ikrj) [( ikr;)( S N TS
47T€0 ’l“j Ty
J=2
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] P

A

Figure 6.1: Diagram indicating r; and 6; that are used to calculate S, which is the
contribution of the scattered electric fields from the same particle type in the pair and r}
and 9} that are used to calculate S’, which is the contribution of the scattered electric
fields from the different particle type in the pair.

where r; is the distance from the central particle in the array to particle j (same particle
type) in a neighbouring pair, m is the number of particle pairs in the array and 6; is

the angle between 7; and the dipole moment of particle j. S’ is given by,

m
1—ikr")(3cos? 0, — 1 k2 sin2 ¢’
4 ’Lk?"f [ f)( 3 ! ) + / ! ’ (66)
TED Zf r; T

where r} is the distance from the central particle to particle f (different particle type)
and 9} is the angle between 7 'f and the dipole moment of particle f (see Figure 6.1). S
is the contribution of the scattered electric field from all same particle types in the pair
and S’ is from all the different particle types. Because one particle in the pair has to be
chosen as the central particle in the array, the sum for S starts at j = 2, (where j =1
is the central particle). By substitution of Equations 6.1 and 6.2 into Equations 6.3
and 6.4 and rearrangement, the effective dipole moments of particle type 1 and particle

type 2 are found to be,

011(1 — a9gpS + 042803,)
(1 — a1€QS)(1 — ag&oS) — a1a2€05’2

P1 = €0 Ey, (6.7)
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and,

042(1 — o105 + 041605’/)
(1 — a1809)(1 — aepS) — a1a2€gsl2

P2 = ¢€o Ey. (6.8)

The modified polarizabilities of particle type 1 and 2, using p = egaFEp, are given by,

oF — al(l — oS + QQEOS/)
V(1= a1608) (1 — agepS) — aapelS”

(6.9)

and,

% a2(1 — OqE()S + 041805/)
= . 6.10
@2 (1 — a1209) (1 — a2eS) — ay e S*? ( )

The cross-sections are calculated from inserting Equation 6.9 and Equation 6.10 into
Equation 1.27 and then the cross-section of particle type 1 and 2 are added to obtain the
total extinction cross-section of the pair [33]. The modified long-wavelength approxi-
mation has been used for the single particle polarizability for the S-factor calculations
in this chapter. In each case, the particles (400 x 400 pairs) have been approximated
as oblate spheroids embedded in a refractive index of n = 1.515. The measured trans-

mission was converted to the extinction cross-section per pair using Equation 3.24.

6.3 Extinction measurements on arrays with an

asymmetric basis

This section begins by investigating the polarization dependence as a function of wave-
length of square arrays with an asymmetric particle pair basis of silver discs (d; = 85
nm and d2 = 115 nm). The particle pairs have a centre-to-centre separation of 150
nm and both have a height of 30 nm. The calculated extinction cross-section of single
discs (d = 85 nm and d = 115 nm) that make up the asymmetric basis are shown in
Figure 6.2a. The coupled-dipole model calculated extinction cross-section of a single
asymmetric silver particle pair with d; = 85 nm and dy = 115 nm, both with a height of
30 nm and a 150 nm centre-centre separation is shown in Figure 6.2b. The diffraction
edges relating to the four different pitches, g, of square array that will be discussed in

this chapter are illustrated by dashed lines: g = 350 nm (blue), g = 400 nm (green),
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Figure 6.2: (a) Modified long-wavelength approximation calculated extinction cross-
section of single particles (d = 85 nm and d = 115 nm, both with height of 30 nm)
and (b) coupled-dipole approximation calculated extinction cross-section of a single asym-
metric particle pair (d; = 85 nm and d = 115 nm, both with 30 nm height). In (a) the
incident electric field was at normal incidence and was linearly-polarized in the plane of
the particles and in (b) the incident electric field was either parallel to particle-pair axis
or perpendicular. The surrounding medium has n = 1.515. The diffraction edges for the
four different pitches of square array considered in this chapter are illustrated by dashed
lines of the corresponding colour: 350 nm (blue), 400 nm (green), 450 nm (red) and 500
nm (cyan)
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6. Asymmetric two-particle basis square arrays

g = 450 nm (red) and g = 500 nm (cyan). In the extinction cross-section of the single
discs (see Figure 6.2a), a single resonance is seen in each extinction spectrum with the
particle plasmon resonance of the larger disc occurring at a longer wavelength than
that of the smaller disc.

The most noticeable difference between the single particle optical response and the
asymmetric pair is that the asymmetric pair exhibits two resonances for each polariza-
tion of the incident electric field instead of one (compare Figures 6.2a and 6.2b). The
relative strength of the resonances also change when the polarization of the incident
electric field is changed: resonance B is stronger than resonance A when the incident
electric field polarization is parallel and resonance C is stronger than resonance D for
perpendicular. The resonances at B and C are stronger than at A and D because B and
C are symmetric modes, where the dipole moments of the particles are parallel. The
resonances at A and D are anti-symmetric modes, so the dipole moments of each par-
ticle are anti-parallel resulting in a smaller net dipole moment. The smaller net dipole
moment results in reduced scattering and this is observed as the reduced extinction

cross-section.

It has been observed in Chapters 3 and 4 that when a single particle, with one resonance,
is placed in a periodic structure that a single SLR is observed. A single SLR has
also been observed in Chapter 5 with the symmetric basis, but with a polarization
dependence attributed to the polarization sensitivity of the basis. Here the asymmetric
basis not only has a polarization dependence, but possesses two resonances for each
incident electric field polarization. It might be expected that there may be two SLRs
observed for each electric field polarization. The line-width of an SLR associated with
the anti-symmetric mode may have a smaller line-width than the symmetric mode,

because of its smaller dipole moment, meaning it will radiate less.

Shown in Figure 6.3 are scanning electron micrographs (SEMs) of square arrays with
g = 350 nm, 400 nm, 450 nm and 500 nm, where g is the array pitch. The arrays
comprise of a basis of asymmetric silver discs with a 150 nm centre-to-centre separa-
tion and 30 nm height. Particle 1 in the basis has a diameter of d; = 85 nm (left)
and particle 2 dy = 115 nm (right). Presented in Figure 6.4 are the normal-incidence
extinction spectra of the arrays illustrated in the SEMs in Figure 6.3. The incident
linearly-polarized electric field was either (a) parallel to the pair axis or (b) perpen-
dicular. As with all of the previous measurements, the environment of the array was
index matched (n = 1.515) with the substrate to provide a homogeneous medium for
the particles. The diffraction edge associated with ¢ of each different square array

is illustrated with a dashed line of the corresponding colour: 530 nm (blue), 606 nm
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6. Asymmetric two-particle basis square arrays

(c) g =450 nm. (d) g =500 nm.

Figure 6.3: Scanning-electron micrographs of different pitches, g, of square array with
an asymmetric-two-particle basis: (a) g = 350 nm, (b) g = 400 nm, (¢) g = 450 nm and
(d) g = 500 nm. The centre-to-centre separation of the particle pair was 150 nm. The
dimensions of particle 1 (left) are d; = 85 nm, h; = 30 and the dimensions of particle 2
(right) are dy = 115 nm, hy = 30 nm (right).

(green), 682 nm (red) and 758 nm (cyan). The simple coupled-dipole model of the

extinction cross-section of the arrays shown in Figure 6.3 are presented in Figure 6.5.

Turning to the measurements (see Figure 6.4a), when the orientation of the incident
electric field is parallel to the particle-pair axis, a single strong SLR (at 649 nm (blue
solid line), 684 nm (green solid line), 712 nm (red solid line) and 766 nm (cyan solid
line)) is observed for each different value of g. As g is increased, the SLR sharpens
and increases in strength in agreement with the model (see Figure 6.5a). It is noted
that a single strong SLR is displayed for each different value of g, as with the square
array of single particles (see Figure 5.3) and the square array of symmetric particle

pairs (see Figure 5.6a). In the model (see Figure 6.5a), a strong SLR is also seen for
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Figure 6.4: Measured extinction cross-section per pair vs. wavelength of different pitches,
g, of square arrays with asymmetric-two-particle basis with a 150 nm centre-to-centre
separation, see Figure 6.3 for scanning-electron micrographs of the arrays. The dimensions
of particle 1 were d; = 85 nm, h; = 30 nm and the dimensions of particle 2 were do = 115
nm, he = 30 nm. The incident electric field was (a) parallel to the pair axis or (b)
perpendicular. The environment of the particles was index-matched with the substrate
using n = 1.515 oil. The diffraction edge associated with each different pitch is illustrated
with a dashed line in the corresponding colour.
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Figure 6.5: Simple coupled-dipole model calculated extinction cross-section per pair vs.
wavelength for different pitch, g square arrays with a two-particle asymmetric basis. The
particles are silver discs (d; = 85 nm, h; = 30 nm and do = 115 nm, hy = 30 nm) with a
150 nm centre-to-centre separation. The incident electric field was (a) parallel to the pair
axis or (b) perpendicular. 160000 particle pairs were modelled in a homogenous medium
with n = 1.515. The diffraction edge associated with each different pitch is illustrated with
a dashed line in the corresponding colour.
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6. Asymmetric two-particle basis square arrays

each different g, but at somewhat longer wavelengths than in the experiment (largest
discrepancy approximately 50 nm for g = 350 nm (compare blue solid lines in Figures
6.5a and 6.4a). There is good agreement between the model and the experiment in
the shape of the spectra across the spectral range, but, as before, the model greatly

overestimates the magnitude of the extinction cross-section per particle pair.

Considering the electric field perpendicular to the particle-pair axis, a somewhat differ-
ent extinction spectrum is measured (see Figure 6.4b). Noticeably, there are two strong
SLRs associated with each different value of g instead of one: at 590 nm and 691 nm
for ¢ = 350 nm; 628 nm and 715 nm for g = 400 nm, 687 nm and 730 nm for g = 450
nm and 758 nm and 775 nm for g = 500 nm. In the model (see Figure 6.5b), as the
pitch is increased, both SLRs move to longer wavelengths and move closer together. In
the experiment (see Figure 6.4b), the relative strengths of the two SLRs also changes
as g is increased: for g = 350 nm (blue solid line) and g = 400 nm (green solid line) the
shorter wavelength SLR is stronger; for g = 450 nm (red solid line) the SLRs are com-
parable in strength and for ¢ = 500 nm (cyan solid line), the longer wavelength SLR
is stronger. The modelled extinction spectra (see Figure 6.5b) also displays the trend
of the shorter wavelength SLR increasing in strength as ¢ is increased, but incorrectly
predict the relative strengths for g = 350 nm, 400 nm and 450 nm. Compared to the
parallel case (compare Figures 6.4a and 6.5a), there is better agreement in the spectral

positions of the SLRs and good overall agreement.

In order to understand the nature of these SLR modes, a ¢ = 350 nm square array
with an asymmetric basis was modelled using finite element modelling (FEM) and
compared to experimental spectra (see Figure 6.6). The instantaneous electric field
is calculated in a plane that intersects the centre of both particles (i.e. at h/2) in
the particle pair. In (a,c) the incident electric field is parallel to the particle-pair axis
and in (b,d) perpendicular. The spatial distribution of the electric fields at spectral
positions A and B in Figure 6.6¢c and C and D in Figure 6.6d are illustrated in Figure
6.7. By looking at when the electric field is parallel to the particle-pair axis, two SLRs
can be seen at positions A and B in the FEM model (see Figure 6.6¢c) as with the
coupled-dipole model (see blue solid line in Figure 6.5a). The SLR at position A in
Figure 6.6¢ is a combination of both symmetric (see Figure 6.7a) and anti-symmetric
(see Figure 6.7b) depending at which point in phase, ¢, the incident electric field is.
(Symmetric is when both of the dipole moments are parallel and anti-symmetric when
they are anti-parallel). The SLR at position B in Figure 6.6¢ is symmetric (see Figure
6.7c).

In the model, when the incident electric field orientation is perpendicular to the particle-
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Figure 6.6: (a,b) measured and (c,d) finite-element model calculated extinction cross-
section per particle pair vs. wavelength of a 350 nm pitch square array with an asymmetric
two-particle basis (d; = 85 nm and dy = 115 nm), see Figure 6.3a for SEM of array. The
particles have a centre-to-centre separation of 150 nm and both have a height of 30 nm. In
(a,c) the incident electric field is parallel to the particle-pair axis and in (b) perpendicular.
Inset top right in (a,b) are scanning-electron micrographs of the array.
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Figure 6.7: Spatial distribution of electric fields for a 350 nm pitch square array with an
asymmetric two-particle basis of silver discs (d; = 85 nm and dy = 115 nm), see Figure
6.3a. The instantaneous electric field was calculated in a plane intersecting the centres of
the two particles. In (a,b) the field distribution was calculated at a wavelength of 620 nm,
(¢) 721 nm, (d) 610 nm and (e) 725 nm. The electric field orientation was parallel to the
particle-pair axis in (a-c) and perpendicular in (d,e). The letter inset top left in each figure
corresponds to spectral positions in Figure 6.6c and Figure 6.6d.
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6. Asymmetric two-particle basis square arrays

pair axis, two SLRs can be observed at positions C and D in Figure 6.6d, as with the
experiment (see green solid line in Figure 6.6b). The spectral positions of the SLRs
from the coupled-dipole model (blue solid line in Figure 6.5b) are a closer match to
the experiment than FEM, but again the coupled-dipole model greatly overestimates
the magnitude of the extinction cross-section per particle. From the electric field dis-
tributions in Figures 6.7d and 6.7e of the two modes (C and D in Figure 6.6d), it is
deduced that the mode at C is symmetric and the mode at D is anti-symmetric. When
the electric field is parallel to the particle-pair axis the higher energy mode at A is
anti-symmetric, which has a smaller net dipole moment than the symmetric mode at
B. The opposite is the case when the electric field is perpendicular to the particle-pair
axis (higher energy mode at C is symmetric), so the higher energy mode has a larger

dipole moment.

Now it is known from the investigations above that the two SLRs, which are observed
for certain pitches, for each incident electric field polarization are symmetric and anti-
symmetric, similar to the single pair response. The observed SLRs can now be linked
to the optical response of the single pair. In the experiment, when the incident electric
field is parallel to the particle pair-axis, for the g = 350 nm array (blue solid line in
Figure 6.4a) the observed optical response is similar to the single pair response (solid
black line in Figure 6.2b), as in the spectral region of the particle plasmon resonance
the array is non-diffracting. Similarly, because of the spectral position of the diffraction
edge, for the perpendicular polarization of the electric field, the single pair response
is obtained (compare blue solid line in Figure 6.4b with magenta solid line in Figure
6.2b). Moving on to the g = 400 nm array, the diffraction edge is now positioned,
spectrally, in the middle of the single pair resonances (see resonances A and C in Fig-
ure 6.2b), but the key point here is that the relative strengths of the two modes are
different: resonance A is weaker than C. Because of this difference in strength, it would
be predicted that for the parallel electric field polarization, the SLR associated with
the single pair resonance A will be weak. The SLR associated with the single pair
resonance A is not seen in the experiment, but is seen in the model (compare green
solid line in Figures 6.4a and 6.5a). For the perpendicular electric field polarization for
g = 400 nm, the optical response of the array is similar to the single pair response, but
with the diffraction edge cutting through the single pair resonance (see resonance C in
Figure 6.2b). For the longer pitches (¢ = 450 nm and g = 500 nm) when the incident
electric field parallel to the particle-pair axis, an SLR associated with the single pair
resonance A is not seen (see red and cyan solid lines in Figure 6.4a), because the single
pair resonance A is weaker and further away from the diffraction edge than B (see

black solid line in Figure 6.2b). For the longer pitches of array, when the electric field
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Figure 6.8: S-factor calculated extinction cross-section per particle pair of 450 nm pitch
square arrays with an asymmetric two-particle basis (d; = 85 nm and ds = 115 nm, both
with 30 nm height). The calculations were performed for three different centre-to-centre
separations, [, of the pair (I = 150 nm, 190 nm and 225 nm). The incident electric field
was parallel to the particle-pair axis in (a) and perpendicular in (b).

148



6. Asymmetric two-particle basis square arrays

polarization is oriented perpendicular to the particle-pair axis, the shorter wavelength
mode (see resonance C in Figure 6.2b) of the single pair is stronger, so SLRs associated

with the shorter wavelength single pair resonance are seen.

Now that the nature of the two modes (symmetric and anti-symmetric) have been con-
firmed by FEM, it would be interesting to investigate whether the symmetric mode
disappears when the centre-to-centre separation is approximately A/2, providing de-
structive interference between the scattered light from the particles. To study the
dependence of the symmetric mode on the centre-to-centre separation, [, three differ-
ent 450 nm pitch square arrays with an asymmetric two-particle basis (d; = 85 nm
and dy = 115 nm with height 30 nm) were modelled with [ = 150 nm, 190 nm and
225 nm (see Figure 6.8). In (a) the incident electric field is parallel to the particle-pair
axis and in (b) perpendicular. For the parallel electric field orientation only one strong
SLR is seen for each different [. The single strong SLR is observed because the single
pair resonance A is weak and is, spectrally, further away from the diffraction edge than
resonance B (compare resonances A and B with red dashed line in Figure 6.2b). When
the incident electric field is perpendicular to the pair (see Figure 6.8b), two strong
SLRs are seen for [ = 150 nm and [ = 190 nm in the extinction spectra because the
single pair resonance C, which is further away from the diffraction than resonance D,
is stronger than the single pair resonance A in the parallel case (compare A and C in
Figure 6.2b). The longer wavelength SLR in Figure 6.8b is an anti-symmetric reso-
nance and the shorter symmetric. The strength of the symmetric mode reduces as [ is
increased, until [ &~ \/2, where the resonantly scattered light between the particles in

the pair arrives out-of-phase causing destructive interference.

Next how the degree of asymmetry affects the optical response is investigated. Figure
6.9 shows CDA calculated extinction cross-section of five different particle pairs. The
pairs have a centre-to-centre separation of 150 nm and height of 30 nm. Particle 1 is
kept constant (d; = 90 nm) while the diameter of particle 2 was increased from smaller
to larger than particle 1: pair 1 has d; = 90 nm (left) and do = 55 nm (right); pair 2
di = 90 nm (left) and d2 = 80 nm (right); pair 3 d; = 90 nm (left) and d2 = 90 nm
(right); pair 4 d; = 90 nm (left) and da = 105 nm (right) and pair 5 d; = 90 nm (left)
and do = 110 nm (right). In (a) the incident electric field is parallel to the particle-pair
axis and in (b) perpendicular. The diffraction edge of a 500 nm pitch square array is
illustrated by a black dashed line.

Presented in Figure 6.10 are SEMs of 500 nm pitch square arrays with a two-particle
basis. The calculated extinction cross-section of the different bases are shown in Figure

6.9. Normal-incidence extinction spectra of the arrays shown in the SEMs in Figure 6.10
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Figure 6.9: Coupled-dipole approximation calculated extinction cross-section per particle
pair of different single isolated asymmetric pairs. For each of the particle pairs, d; = 90
nm while ds is varied. In (a) the incident electric field is parallel to the particle-pair axis
and in (b) perpendicular. The environment of the particle has n = 1.515. The diffraction
edge for a 500 nm pitch square array is illustrated by a black dashed line.
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(a) Pair 1: d; = 90 nm (left) and dy = (b) Pair 2: d; = 90 nm (left) and d2 =
55 nm (right). 80 nm (right).

(¢) Pair 3: di = 90 nm (left) and d> = (d) Pair 4: d; = 90 nm (left) and dz =
90 nm (right). 105 nm (right).

(e) Pair 5: di = 90 nm (left) and d> =
110 nm (right).

Figure 6.10: Scanning-electron micrographs of 500 nm pitch square arrays with different
asymmetric two-particle bases of silver discs with a 150 nm centre-to-centre separation and
30 nm height. (a) pair 1: d; = 90 nm (left) and do = 55 nm (right); (b) pair 2: d; = 90
nm (left) and dy = 80 nm (right), (c) pair 3: d; = 90 nm (left) and d = 90 nm (right),
(d) pair 4: d; = 90 nm (left) and dy = 105 nm (right) and (e) pair 5: d; = 90 nm (left)
and dg = 110 nm (right).
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are presented in Figure 6.11. The incident electric field is parallel to the particle-pair
axis in (a) and perpendicular in (b). Considering when the electric field is parallel to the
particle-pair axis (see Figure 6.11a), each different pair array has a single SLR occurring
at approximately 770 nm. The SLR increases in strength and red-shifts with increasing
particle 2 diameter (d2 = 55 nm to 110 nm). For the electric field perpendicular to the
pair axis (see Figure 6.11b), two SLRs are now exhibited in each extinction spectrum
except for the symmetric pair case (dy = do = 90 nm). Interestingly, the longer
wavelength SLR is stronger relative to the shorter wavelength SLR for diameters of

particle 2 do = 55 nm and do = 110 nm.

Again, to verify the nature of the SLRs, FEM was used to find the spatial distribution of
the electric fields. Displayed in Figure 6.12 are FEM calculated extinction cross-section
per particle pair and spatial electric field distributions for a symmetric basis (d] = do =
90 nm) and asymmetric basis (d; = 90 nm, do = 110 nm). In (a) the extinction spectra
for the symmetric basis are shown for the incident electric field parallel to the pair axis
(blue solid line) and perpendicular (green solid line). The electric field distributions for
positions A and B in (a) are shown in (¢) and (d) respectively. In (b) the extinction
spectra for the asymmetric basis are shown for parallel (red solid line) and perpendicular
(cyan solid line). The electric field distributions for positions C, D and E in (b) are
shown in (e-g) respectively. The letter inset top left in (c-g) corresponds to the spectral
positions in (a) and (b). In Figure 6.12a, a single SLR is seen when the electric field is
parallel (position A) or perpendicular (position B) to the particle-pair axis. Positions
A and B in Figure 6.12a are symmetric modes, as the dipole moments of particle 1 and
particle 2 are parallel (see Figures 6.12c and 6.12d). A second mode is not seen in the
model (see Figure 6.12a) because the anti-symmetric mode of a symmetric pair has a
zero net dipole moment. There is a weak second mode seen in the experiment (see red
solid line in Figure 6.11b) due to a residual slight asymmetry between the fabricated
particles in the basis. For the asymmetric pair (see Figure 6.12b), only a single SLR is
seen when the incident electric field is parallel to the particle-pair axis (position C, red
solid line), but two are seen when perpendicular (positions D and E, cyan solid line).
The SLR at position C is a symmetric mode (see Figure 6.12¢), position D is symmetric

mode (see Figure 6.12f) and position E is anti-symmetric mode (see Figure 6.12g).

Again, when the incident electric field polarization is parallel to the particle-pair axis
(see Figure 6.9a), for the asymmetric pairs, the short wavelength resonance is weak and
is further away from the diffraction edge than the long wavelength resonance, so an SLR
associated with the short wavelength resonance is not observed in the experiment (see

Figure 6.11a). The symmetric SLR becomes stronger as ds is increased, because the
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Figure 6.11: Measured extinction cross-section per pair vs. wavelength of 500 nm pitch
square arrays with a two-particle basis of silver discs with a centre-to-centre separation of
150 nm and height 30 nm, see Figure 6.10 for scanning-electron micrographs of arrays. The
diameter of particle 1 in the pair was kept constant (d; = 90 nm) while the diameter of
particle 2 was increased from smaller to larger than particle 1. The incident electric field
was (a) parallel to the pair axis or (b) perpendicular. The environment of the particles
was index-matched with the substrate using oil with n = 1.515. The diffraction edge is
illustrated with a black dashed line at 758 nm.
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Figure 6.12: Finite-element model calculated (a,b) extinction spectra and (c-g) spatial
distribution of electric fields for a symmetric basis (d; = da = 90 nm) and asymmetric
basis (d; = 90 nm and dy = 110 nm) in a 500 nm pitch square array. Spatial distribution
of electric field for points A and B in (a) are shown in (¢) and (d) respectively. Spatial
distributions of electric field for points C, D and E in (b) are shown in (e-g) respectively.
Inset top left in (c-g) are letters that correspond to the spectral positions in (a,b).
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symmetric single pair resonance red-shifts and becomes stronger with increasing d».

When the incident electric field is perpendicular to the particle-pair axis (see Figure
6.9b), the short wavelength resonance of the single pair for do = 80 nm, 105 nm and 110
nm is stronger than the long wavelength resonance. Two strong SLRs are seen in the
experimental spectra (see Figure 6.11b), for do = 105 nm (cyan line) and dy = 110 nm
(magenta line) when the electric field is perpendicular to the particle-pair axis. The
relative strengths of the symmetric and asymmetric SLRs change between dy = 105
nm and dy = 110 nm because the long wavelength (anti-symmetric) resonance of the
single pair becomes stronger and red-shifts when dy is increased from 105 nm to 110
nm. Notice that the symmetric SLR strength for do = 105 nm and ds = 110 nm in the
experiment are similar in strength because the symmetric single pair resonances are

similar (compare cyan and magenta lines in Figure 6.9b).

6.4 Conclusion

Arrays with an asymmetric-two-particle basis have been fabricated by electron-beam
lithography and their extinction as a function of wavelength measured. An analyti-
cal coupled-dipole model has been used to simulate the optical response (extinction
cross-section) of these arrays and has shown good agreement with the experimental
results. In contrast to the symmetric two-particle basis arrays in Chapter 5, an asym-
metric basis exhibits two surface lattice resonances (SLRs) when the incident electric
field is perpendicular to the particle-pair axis. The nature of these SLRs was inves-
tigated by finite-element modelling, finding that the two SLRs were symmetric and
anti-symmetric. In a symmetric mode the dipole moments of both particles in the
basis are parallel and in an anti-symmetric mode they are anti-parallel. The anti-
symmetric mode is not observed in the symmetric basis in Chapter 5 as the net dipole

moment is zero.

155



6. Asymmetric two-particle basis square arrays

156



Chapter 7

Conclusions and future work

In this chapter, the conclusions of each of the chapters in this thesis are presented,
concluding with an overall summary. Following this suggestions for future work, and

finally a list of publications and presentations is given.

7.1 Conclusions

In Chapter 1, it was shown that light incident on a metallic nanoparticle causes the
particles’ conduction electrons to oscillate sinusoidally, inducing an oscillating dipole
moment. At certain frequencies, corresponding to particle plasmon resonances, the ab-
sorption and scattering of light by a metallic nanoparticle is enhanced. These plasmonic
resonances, were found to occur when the denominator of the particle polarizability was
minimized, where the polarizability describes the response of the collective charge oscil-
lation to an external electric field. In a particle, the collective motion of the electrons is
altered compared to the bulk material by the restraint of the particle boundary, which
dictates the surface charge distribution of the particle. The response of the electrons in
the bulk metal can be described by the permittivity: for metals their optical response
is dominated by their conduction electrons (free electrons), so at optical frequencies

they behave as a Drude metal.

Following this was a review of the relevant current literature in the field of plasmonics.
Previous studies showed that for different shapes of an isolated single particle light was
resonantly scattered at different frequencies, a result of the different restoring force

acting on the electrons in the particle from the change in surface charge distribution.
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The particle plasmon resonance was also reported to red-shift on an increase in particle
size, arising from retardation of the internal and external (applied) electric fields. Pre-
vious work demonstrated that for particle pairs in close proximity (less than A\/2), the
electric near-field from the neighbouring particle could either be in the same or opposite
direction to the internal field of the adjacent particle. When the incident electric field
is parallel to the particle-pair axis, the electric field from the neighbouring particle is
in the opposite direction to the internal field of the adjacent particle: the net electric
field acting on the oscillating electrons in the adjacent particle is decreased, leading to
red-shift of the particle plasmon resonance position. When the incident electric field is
perpendicular to the particle-pair axis, the electric field from the neighbouring particle
and the internal field of the adjacent particle are in the same direction, the net electric
field acting on the oscillating electrons is increased, and the particle plasmon resonance
position is blue-shifted. For greater separations, (approximately greater than \) there
was a modulation in spectral position and FWHM of the combined particle plasmon
resonance of the pair via their interaction through the far-field component of the electric
field.

In early work it was shown that narrow spectral features can be observed in the extinc-
tion spectrum of arrays of plasmonic particles with a separation of roughly the resonant
wavelength. Normal-incidence light excites an in-plane dipole moment in each of the
particles, which in turn re-radiate (elastically scatters) the light into the far-field. These
narrow features are the result of constructive interference of the resonantly scattered
light from each of the particles. By changing the pitch of the array and/or particle
dimensions the position and width of the collective resonances may be changed. For
oblique angle of incidence of light, an out-of-plane dipole moment may be excited: the
collective electron oscillation of the surface charge of the particle is then parallel to its

height dimension.

In Chapter 2, various modelling techniques were introduced to describe the plasmonic
response of a non-spherical particle via its polarizability. First, the quasi-static approx-
imation was introduced to model the response of spherical and non-spherical particles.
The change of shape was incorporated into a geometrical factor associated with each
axis, which physically arises from the change in surface charge distribution. The geo-
metrical factor of each axis dictates the spectral position of the particle plasmon reso-
nance associated with that axis: as the geometrical factor is reduced the position of the
particle plasmon resonance red-shifts for both silver and gold. Optical cross-sections
calculated using Mie theory of different radii of silver spheres were presented to discuss

the general features of particle plasmon resonances. It was shown for a 5 nm radius
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silver particle, the extinction is dominated by absorption; for a 25 nm radius sphere,
absorption and scattering are comparable in magnitude; whilst for a 30 nm radius
sphere, scattering dominates. The extinction cross-sections of the different modelling
techniques (quasi-static approximation, Modified long-wavelength approximation and

Kuwata) were then compared with Mie theory for three different radii of silver spheres.

The fabrication of silver particles by electron-beam lithography (EBL) and optical
measurements by dark-field spectroscopy were described. Comparison of the experi-
mental scattering spectra of different radii of silver discs was compared to modified
long-wavelength calculated spectra. Good agreement was found in the spectral posi-
tions of the particle plasmon resonance for larger diameters of disc (d = 100 nm and
d = 125 nm), but poor agreement for smaller (d = 70 nm, d = 85 nm, d = 95).
There were a number of differences between the experiment and model suggested in
the chapter for this discrepancy. The resonantly scattered light by the discs, which was
confirmed experimentally, allows them to couple together via their electric fields, and

this was investigated in different array geometries in Chapter 3.

Chapter 3 is concerned with the study of surface lattice resonances (SLRs) in different
array geometries through theory and experiment. It was demonstrated in the review
of current literature in Chapter 1, that narrow spectral features could be observed in
arrays with particle separations of approximately A. In Chapter 3, the in-plane dipole
moment of each particle was excited by normal-incident light and the extinction of
each array measured. The scattered light from the in-plane dipole moment associated
with each particle allows the particles in the array to collectively couple together in the
far-field. Methods of modelling the optical response of the array were introduced: the
coupled-dipole approximation, a simple-coupled dipole model and the finite-element
model. The extinction cross-section per particle calculated using these three different
methods was compared and the processing of the calculated spectra to reproduce the
resolution of the spectrometer was discussed. EBL fabrication of the particles was
discussed, particularly proximity effects and distortion of the particles at the extremities
of the write-field. This was followed by a description of the optical characterization
techniques implemented on the particle arrays. Extinction measurements on square,
hexagonal and honeycomb arrays displaying SLRs were presented and compared to the
simple coupled-dipole model. The SLRs were found to occur where the real parts of 1/«
and €05 intersected. Good agreement was found between experiment and the simple
coupled-dipole model in the shape of the extinction spectra, but the magnitude of the
predicted extinction cross-section was found to be much larger than experiment. The

polarization sensitivity, to incident light, of the three different array geometries was
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then probed by linearly-polarized light: the arrays possess a high degree of symmetry,

therefore they were shown to be polarization insensitive.

In Chapter 4, rectangular arrays of silver discs were fabricated by EBL to explore
the coupling between particle resonances. The optical response (extinction) of these
arrays was measured at normal-incidence, and their extinction cross-section compared
with the simple coupled-dipole model introduced in Chapter 3. It was found that the
optical response of the rectangular arrays was dependent upon the polarization of the
incident electric field, in contrast to the square, hexagonal and honeycomb arrays, which
possess a high degree of symmetry, investigated in Chapter 3. Further experimental
investigation, revealed that the particles couple together in the direction orthogonal
to the applied electric field. By comparison of the simple coupled-dipole extinction
cross-section with the experiment, SLRs were found to be stronger and sharper in
the model. This difference in strength and width of the SLRs was accounted for by
particle size dispersion in the experiment. By modelling the extinction cross-section of
different pitches of particle chains, and also by separating the different components of
the scattered electric field from the particles, the coupling mechanism between particle

resonances was ascertained to be via the far-field component of the electric field.

In Chapter 5, square arrays with a symmetric one- and two-particle basis were fabri-
cated by EBL and their polarization response to the incident electric field measured.
The polarization response of the one-particle basis arrays was found to be similar when
the incident electric field was parallel or perpendicular to the pair axis, with the differ-
ence being attributed to the slight asymmetry of the particles in the EBL process. As
the pitch of the square arrays was increased, and hence the diffraction edge shifted, the
SLR associated with the array moved to longer wavelengths and occurred spectrally
closer to the diffraction edge. This was understood by considering the polarizability
of the particle, which includes phase information of the collective oscillation with re-
spect to an applied electric field: at shorter wavelengths than the particle plasmon
resonance, the phase is greater than /2, increasing as the wavelength is decreased; at
resonance, 7/2; and at longer wavelengths than resonance, less than 7/2, decreasing
as the wavelength is increased. At wavelengths much longer than resonance, the phase
of the electron oscillation is nearly in phase with the electric field, explaining why the

SLR occurred close to the diffraction edge.

Measurements on two-particle basis arrays found that for the incident electric field
polarized parallel to the particle-pair axis, a similar response was obtained to the one-
particle basis of the same dimensions. A different extinction spectrum was found when

the electric field was perpendicular to the particle-pair axis. The SLRs occurred when
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the real parts 1/« and ¢ intersected or at their closest approach. The largest difference
in spectral shape between the two incident electric field polarizations was for the 400
nm pitch array. Following this observation, a 400 nm pitch square array was used to in-
vestigate whether the optical response of the particle pair could be modelled as a single
polarizable unit, which excluded retardation of the electric field between the particles
in the pair, instead of two separate particles each with their own polarizability. It was
found that the particles must be modelled as separate particles; the separation between
the particles is important due to retardation of the scattered electric field between them.
This finding led to additional measurements on particle pairs with different separations
between particles in the pair. In the experiment, when the incident electric field was
polarized perpendicular to the particle-pair axis, for the smallest centre-to-centre sep-
aration of 160 nm, the strongest SLR was observed. The SLR was found to reduce in
strength as the centre-to-centre separation was increased from 160nm to 220 nm, until
at a separation of approximately \/2 the SLR had nearly vanished, due to destructive

interference of the resonantly scattered light from neighbouring particles.

In Chapter 6, square arrays with an asymmetric two-particle basis were studied. Arrays
with an asymmetric two-particle basis were fabricated by EBL and characterized by
normal-incidence-extinction measurements. The measured extinction cross-section was
compared to a modified simple coupled-dipole model, which had been adapted to accept
two different particle polarizabilities. It was found when the incident electric field was
polarized perpendicular to the particle-pair axis that two sharp SLRs were observed.
Investigation of the electric field distributions of these modes, using finite-element mod-
elling, showed the two modes were symmetric (the dipole moments of particle 1 and
2 are parallel) and anti-symmetric (the dipole moments of particle 1 and 2 are anti-
parallel). The anti-symmetric mode of an asymmetric particle pair has a non-zero net
dipole moment, in contrast to a symmetric pair, thus allowing coupling of light to this
mode. Further measurements on particle arrays, where the asymmetry of the pair was
varied, confirmed the nature of the two SLRs: the asymmetric mode disappeared for
a symmetric particle pair. For normal-incidence light, the anti-symmetric mode of a

symmetric pair has zero net dipole moment and can not be coupled to by radiation.

In summary, the investigations reported here have advanced the understanding of the
in-plane dipolar coupling of plasmonic particles in arrays with a pitch comparable to
the wavelength. In particular, SLRs were studied in different array geometries with
the diffraction edge in the same spectral position, finding that they all display SLRs
but at slightly different spectral positions. Studying rectangular arrays and chains

found that the particles couple together in the direction that is orthogonal to the
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applied electric field with their far-field component of the scattered electric field. For
particle pairs, the centre-to-centre separation is important and leads to retardation of
the scattered electric field between the particles in the pair. When the centre-to-centre
separation approaches A/2 the light scattered between the particles in the pair interferes
destructively and destroys the coherent interaction between the dipoles. Arrays with an
asymmetric two-particle basis may support both symmetric and anti-symmetric SLRs

when illuminated with an electric field polarized perpendicular to the particle-pair axis.

7.2 Future work

In this section, possible extensions to the work reported in this thesis are suggested.

7.2.1 Direct extensions

A possible direct extension would be to experimentally measure the dispersion relation
of SLRs in arrays with a one-particle basis. For non-normal incidence, two different
frequencies of incident light will be diffracted in the plane of the particles, in contrast to
one frequency for normal incidence (see Figure 3.10b), and this will change the optical
response of the array. Further dispersion measurements will also confirm the physical
cause of the small dip observed in transmission, which in previous studies [80] has been

suggested as being attributed to divergence of the incident beam.

In Chapter 6 the anti-symmetric mode of a particle pair was excited by introducing
asymmetry in the pair, which provided a non-zero net dipole moment for the anti-
symmetric mode. The anti-symmetric mode of a symmetric particle pair may be excited
by breaking the symmetry of the excitation of the light, i.e. by illuminating the array
by non-normal incidence. It would be interesting to compare the relative strengths and
widths of the symmetric and antisymmetric SLRs associated with a symmetric pair and
asymmetric pair. A good starting point would be to reproduce the data set of Figure

6.4, but with a symmetric pair illuminated by non-normal incidence light.

In Chapter 5 the SLR dependence on the centre-to-centre separation between a sym-
metric particle pair was studied and the SLR was found to reduce for the perpendicular
polarization of the electric field, nearly disappearing completely, for separations of ap-
proximately \/2 (see Figure 5.13b). The S-factor calculated extinction cross-section of

a 450 nm pitch square array with an asymmetric basis showed that for a centre-to-centre
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separation of approximately A/2 and with the electric field polarized perpendicular to
particle-pair axis, the symmetric SLR completely vanished (see Figure 6.8b). It would
be interesting to explore this centre-to-centre dependence of the relative strengths of

the symmetric and anti-symmetric SLRs of asymmetric pairs by experiment.

7.2.2 Graphene-like plasmonic lattices

An extension of the work presented in this thesis would be to experimentally explore the
similarities between graphene, where electrons hop between lattice sites, and graphene-
like (i.e. honeycomb) plasmonic lattices. Previous reported work has explored this
theoretically in Refs. [129, 130], but it has yet to be followed up by experiment. Fabri-
cation challenges will be to reduce the length scale from approximately 500 nm reported
in this work to approximately 100 nm, which is required to achieve the large wavevectors
needed for the Dirac-like modes. These smaller pitch arrays would be non-diffracting
in the spectral region of the particle plasmon resonance in contrast to the diffracting

arrays investigated in this thesis.

7.2.3 Surface lattice resonance mediated lasing

An extension of the work presented here would be to use surface lattice resonances
(SLRs) for lasing by tuning the SLR wavelength of the array to the emission wave-
length of a dye-doped polymer. The features of the SLR, such as resonant enhanced
scattering in the plane of the particles, can be used as an optical resonator for a laser.
The dye-doped polymer can then be pumped at its absorption wavelength using a laser
pulse, which puts the dye molecules into an excited state from which stimulated emis-
sion may occur. Early studies have observed lasing by tuning the spectral position of
the diffraction edge [131] or SLR [55] to the dye emission wavelength, but it is un-
derdetermined which conditions yield a lower laser threshold and a higher intensity
[132].

7.3 Publications and presentations

7.3.1 Refereed papers

e ‘Excitonic surface lattice resonances’ (in preparation for Journal of Optics).
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e ‘Surface lattice resonances in plasmonic arrays of asymmetric disc dimers’ (under
review for ACS Photonics).

e ‘Plasmonic surface lattice resonances in arrays of metallic nanoparticle dimers’

(accepted for publication in Journal of Optics).

e HUMPHREY, A.D. AND BARNES, W.L. Plasmonic surface lattice resonances on
arrays of different lattice symmetry. Phys. Rev. B, 90, 075404, (2014). Ref. [56].

7.3.2 Oral presentations

e HUMPHREY A.D., MEINZER, N. AND BARNES, W.L. A Study in Asymmetry:
Resonances in Arrays of Asymmetric Disc Dimers (invited). PIERS 2015, Prague,
Czech Republic (July 2015).

e BARNEs, W.L. AND HUMPHREY, A.D. Plasmonic Crystals (invited). Applied
Nano Photonics, Bad Bentheim, Germany (June 2015).

e HUMPHREY, A.D. AND BARNES, W.L. Plasmonic Surface Lattice Resonances for
Different Lattice Symmetries. Nanolight 2014, Benasque, Spain (March 2014).

7.3.3 Poster presentations

e HUMPHREY A.D., MEINZER, N. AND BARNES, W.L. Narrow Surface Lattice
Resonances on Arrays of Plasmonics Particle Pairs. NANOMETA 2015, Seefeld,
Austria (January 2015).

e MEINZER, N., HUMPHREY A.D. AND BARNES, W.L.. Asymmetric dot dimers -
optical properties and interactions. NANOMETA 2015, Seefeld, Austria (January
2015).
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