Periodic Plasmonic Nanoantennas in a
Piecewise Homogeneous Background

by
Saba Siadat Mousavi

A thesis presented to the
Faculty of Graduate and Postdoctoral Studies
in partial fulfililment of the requirements for the degree of

Master of Applied Science
In Electrical Engineering

Ottawa-Carleton Institute for Electrical and Computer Engineering
School of Electrical Engineering and Computer Science
Faculty of Engineering
University of Ottawa

© Saba Siadat Mousavi, Ottawa, Canada, 2012



Abstract

Optical nanoantennas have raised much interest during the past decade for
their vast potential in photonics applications. This thesis investigates the
response of periodic arrays of nanomonopoles and nanodipoles on a silicon
substrate, covered by water, to variations of antenna dimensions. These arrays
are illuminated by a plane wave source located inside the silicon substrate.
Modal analysis was performed and the mode in the nanoantennas was
identified. By characterizing the properties of this mode certain response
behaviours of the system were explained. Expressions are offered to predict
approximately the resonant length of nanomonopoles and nanodipoles, by
accounting for the fringing fields at the antenna ends and the effects of the gap
in dipoles. These expressions enable one to predict the resonant length of
nanomonopoles within 20% and nanodipoles within 10% error, which

significantly facilitates the design of such antennas for specific applications.
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Chapter 1

Introduction

This chapter presents a general introduction to the subject of optical
nanoantennas, where the primary focus would be on the rules governing the
design of nanomonopoles and nanodipoles, and their agreement or
disagreement with classical antenna design rules. The motivation for studying
nanoantennas, in general, and nanodipoles, in particular, is addressed and
some of the related literature is reviewed. At the end, the scope and
organization of this thesis are introduced.

1.1 Plasmonic Nanoantennas
Although the concept of nanoantenna has been around since 1985 [1], it is

only in the past decade that (due to the progress made in nanoscale fabrication
methods) manufacturing of structures employing nanoantennas seems
feasible. Since then, many applications have been found for nanoantennas in
e.g. imaging and microscopy, spectroscopy, biosensing, and photovoltaics [1].
This growing range of applications has motivated various theoretical,
numerical and experimental studies of nanoantennas. A variety of
nanoantenna types have been considered ranging from nanoshells to
monopoles, dipoles and bowties to Yagi-Uda nanoantennas. While a great
number of these studies have concentrated on specific applications of
nanoantennas, some have considered the physics behind these plasmonic
structures and formed a fundamental understanding of their response
behaviour.

Developing design rules for monopole, dipole, and bowtie nanoantennas
has been of particular interest. Easy-to-use, yet precise rules may improve the
efficiency of nanoantennas and improve their applications. Some concepts
around nanoantennas have been built up in analogy to classical (RF) antennas.

However, fundamental differences exist between classical antennas and



nanoantennas due to the properties of metals at IR and visible frequencies.
Metals are no longer perfect electric conductors at optical frequencies but
rather resemble a cold plasma [2]. Consequently they support surface plasmon
polaritons (SPPs) at their surfaces. SPPs are inherently excited on
nanoantennas.

This thesis was motivated by an idea of employing nanoantennas for
biosensing. A periodic array of nanoantennas was considered for this
application, as an isolated nanoantenna is too small comparing to the
wavelength, and thus inefficient. To be able to determine the optimum
nanoantenna design for the intended application, understanding the behaviour
of nanoantennas, and developing appropriate design rules are important. To
this end, the work in this thesis was started with a full parametric study of a
periodic structure of gold nanomonopoles and nanodipoles in a piecewise
homogeneous background, consisted of a silicon substrate in an aqueous
medium. This background was chosen in anticipation of the biosensing
application, where the sensing medium is aqueous. It was then decided that
nanodipoles are more suited to the application of biosensors, because of their
highly sensitive gap region which offers significant field enhancement, and
their narrower spectral response compared to nanomonopoles or nanobowties,
both of which improve photo detection. A schematic of a nanodipole under
study is depicted in Fig. 1.

The plasmonic mode resonating in a nanomonopole was identified by
comparing the electric field components in a yz cross-section of the
nanomonopole, illuminated by a plane wave source from below, to the modal
electric field components resonating in a plasmonic waveguide of the same
cross-section. By characterizing the properties of this mode we were able to

explain the trends in the response of the nanomonopoles and nanodipoles.



Fig.1. Schematic of a gold nanodipole on silicon, covered by water.

The effective length of a nanomonopole is evaluated from 3D FDTD
results, and then an estimate of this effective length is offered by employing a
length scaling factor obtained from the weighted average of the decay length
of the transverse modal electric field in silicon and in water. A transmission
line model is also developed to estimate the effective length of a nanodipole
by considering the gap as a parallel plate capacitor. Using this model one can
design dipoles of desired dimensions and material that are resonant at a

required wavelength.

1.2 Literature Review
This section intends to review some of the previous theoretical and
experimental work on properties of nanoantennas, on new nanoantenna

designs, and on developing practical rules to simplify their design.



Different studies have attempted to achieve these goals by first
understanding the properties of nanoantennas and developing theoretical
models or equivalent circuits that closely reflect these properties. Among
studies that focused on nanoparticles and their properties [3-5] Rechberger et
al investigated the interactions between two gold nanoparticles [3].
Experimental results are reported for arrays of spherical nanoparticles with
different inter-particle distance under perpendicular and parallel illumination.
The study finds that under parallel illumination reducing the center to center
distance of every pair of nanoparticles, such that the array eventually looks
like an array of nanodipoles, causes a red-shift in the surface plasmon
extinction peak (Fi.2), where extinction is defined as log,, T. However, for
perpendicular incidence, where the incident field is perpendicular to the long
axis of the nanoparticle pairs, a small blue-shift is observed in the extinction
peak as inter-particle distances are reduced. These observations are, first,
qualitatively explained using a simple dipole-dipole interaction model based
on the repulsive and attractive forces between the electric field of the incident
light and the plasma electrons in the nanoparticles. Then a 2D quantitative
study is performed based on a dipole-pair model, where the interactions of
particles in the normal direction are sufficiently small to be ignored. Finally, it
is shown that the experimental results are in good agreement with the results
of dipole pair model calculations.
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Fig.2. SEM images of particle pair samples with varying inter-particle distance (center-
to-center) of (a) 450 nm, (b) 300 nm and (c) 150 nm. The particle diameter is 150 nm, the
particle height is 17 nm. (d) shows spectral position of the extinction maximum vs. inter-
particle distance for the full set of seven samples for the polarization directions parallel
(circles) and normal (rhombs) to the long particle pair axis. Full lines show the
corresponding results of the dipole-pair model calculations. (Reprinted with permission
from [3] © 2003 Elsevier Science B.V.)

Nanomonopoles have attracted a lot of attention [6-10].Cylindrical
rounded-end Au nanomonopoles of different length and radii are investigated
by Bryant et al.in terms of their optical far field, near field, and scattering
cross section responses [6]. By mapping the plasmon dipole resonances in Au
nanomonopoles, it is demonstrated that nanomonopoles do not obey rules of
the quasistatic regime, unless they are almost spherical in shape. In other
words, the spectral response of a non-spherical nanoantenna is not solely
dependent on the aspect ratio of the antenna, as is suggested in the quasistatic
limit. Rather, the antenna response is highly sensitive to any change in the
length and radius of the nanomonopoles, even if the aspect ratio remains
constant. Numerical results demonstrated in this study suggest a linear
increase in the resonant wavelength of the nanomonopoles as the antenna
length is increased, while the radius remains fixed. Looking at the rate of shift
in the resonant wavelength of antennas of different radii, one observes more

significant red-shift for larger radii. On the other hand, for a fixed antenna



length and increasing radius, the resonance first blue shifts in agreement with
the quasistatic predictions, and then red shifts as the radius becomes larger.
The value of the radius at which this shift happens is different for different
antenna lengths. One must note that the resonance of larger radii monopoles
obtained from the near-field results is substantially red-shifted with respect to
the resonance of the far-field results. This red-shift is due to “retardation from
the resonance in far-field scattering”[6]. Numerical results are then compared
to the results obtained from a simple dispersion relation for the cylindrically
symmetric mode of an infinite cylinder. Results are somehow different since
the dispersion relations do not consider the end effects of the nanomonopoles,
which are crucial for evaluating the correct resonant length of the
nanomonopoles.

Bowtie nanoantennas are investigated theoretically and experimentally [11-
15]. Ding et al. measure intensity extinction of nanobowties [11], defined
aslogqo T /Ty, Where T (To) is the intensity of zero-order transmitted light in
the present (absence) of the nanoantennas, and the normalized field
distributions. Several extinction peaks are identified and associated to
fundamental and higher-order resonances according to their field distributions.
It is observed and explained through local mode theory and propagation of
isolated SPPs along the prism edges, that increasing the bowtie angle causes
the fundamental peak to blue-shift and then red-shift. These analyses are also
confirmed by considering the magnitude and phase distributions of the
normalized electric field parallel to the long axis of the nanobowties. Electron
beam lithography is used to build periodic arrays of silver bowtie
nanoantennas. The experimental results confirm the shifts of the fundamental
resonance observed in simulations, although the blue-shift is not significant in
experimental results. The first higher-order resonance is evident from the
measurements, however, the second higher-order resonance falls outside the

acquisition range of this experiment.



Fischer and Martin have comparatively studied dipole and bowtie
nanoantennas [16]. In this study the spectral response of dipole and bowtie
nanoantennas was investigated by varying their length, gap width, substrate
index ns, the index of their surrounding environment neny, and the bowtie angle
in the case of the nanobowties. While dipole antennas support only one mode,
multiple modes are excited in a bowtie nanoantenna. Although changing the
bowtie angle shifts the spectral position of the resonances, it does not change
the field enhancement in a special trend. The field intensity is shown to be
stronger in the gap of a dipole than a bowtie. The dimensions of the antenna
significantly affect the spectral position of the resonance. Increasing the
length of the nanoantenna redshifts the resonance, and increases the relative
field enhancement in the gap for the case of dipoles. However, for bowties,
where multiple resonances are present in their spectrum, each resonance must
be considered individually in order to observe a clear trend. Doing so, one
finds an almost linear redshift of the resonance position as a result of
increasing the length of bowtie. The relative field enhancement in the gap is
smaller than in the dipole, still increases by increasing the length. The authors
suggest that this increase in the field enhancement is a result of stronger
coupling between the two antenna arms. As the antenna is elongated, its
resonance wavelength becomes larger, and hence the effective length of the
gap becomes shorter, which leads to stronger coupling between two arms.
Another dimension of the antenna that is examined in this study is the gap
width. Decreasing the gap width of the dipole antenna shifts its resonance to
longer wavelengths, while the position of the bowtie main resonance remains
almost unchanged. The field enhancement is also increased by shortening the
gap in both antennas. This increase is stronger in the case of dipoles. The
authors suggest that “the spectrum of the bowtie antenna appears to be more

determined by the resonance of the two triangular arms, rather than by the



coupling between them” [16]. As for nsand neqy, increasing the indices linearly
results in linear increase of the wavelength.

A theoretical wavelength scaling rule for nanomonopoles is introduced by
Novotny [18]. It assumes that the nanomonopole is made of linear cylindrical
segments of radius R «< A and that the metal properties are described by the
Drude model. A nanorod of known geometry and dielectric constant, located
in a dielectric medium is considered for this study. Taking into account the
charge density wave propagating along the rod and the reactance of the rod
ends which increases the antenna length, the effective wavelength is

calculated as
k
Aepr = A [70] — 4R (1)

where A is the incident wavelength, k, is the free-space wave number, and
y is the propagation constant of the charge density wave, which is determined
by solving for the TMy modes of a cylindrical waveguide. Effective
wavelengths corresponding to various incident wavelengths are calculated for
nanomonopoles of different radii made of Ag, Au, and Al. The effective
wavelength obtained numerically by using the proposed model is then
compared to the results of experiments from other studies, and a good
agreement between the results is evident.

This study importantly states that the effective wavelength of nanoantennas
is shorter than the free space wavelength. However, it does not give a general
rule for designing antennas to be resonant at a particular free space
wavelength, as would be required in practical antenna design work.

Ding et al. proposed an analytical model of nanoantennas based on a
microcavity model [19]. Using this model, expressions are offered for the
normal and longitudinal components of the electric field of the SPP mode
propagating in the antenna, as well as its propagation constant, and charge and

current densities. A silver hybrid dimmer nanoantenna design is presented



(Fig.3), which consists of a bowtie-like gap and two rod-like shafts. This
nanoantenna is compared to a nanobowtie and a nanodipole of the same
dimensions with regards to its near and far-field properties. 2D simulations are
also done for all of the above mentioned nanoantennas using the boundary
element method (BEM). Based on their numerical results the hybrid dimmer
antenna offers higher near and far-field enhancements and Q factor than
bowtie and dipole nanoantennas. In fact the hybrid dimmer nanoantenna
possesses benefits originating from the long shafts of the nanodipole, which
introduce strong far-field enhancements, as well as the sharp tips of the
nanobowtie, which significantly improves the near-field enhancement because
of high charge accumulation around the tips. 3D simulations are also done for
dipole and hybrid dimmer nanoantennas using the finite-difference time-
domain method. The trends of 3D simulation results agree well with those of
2D simulations. It is also noticed that by modifying the gap size of a dimmer
nanoantenna one can tune its resonant wavelength. The results suggest that

decreasing the size of the gap red shifts the resonance.
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Fig.3. From right to left: schematics of the rod dimer
antenna, the bowtie antenna, and the hybrid dimer antenna.
(Reprinted with permission from [19] © 2009 OSA.)

Cubukcu and Capasso modeled nanomonopoles as 1D Fabry-Perot
resonators for surface plasmons [20]. Through numerical analysis, it is shown
that the resonance of nanomonopoles occur at integer multiples of half the
effective wavelength of the SPP mode excited in the nanomonopole, rather

than at half of the free space wavelength. Modal analysis of an infinitely long



nanowire of the same cross section as the nanomonopole yields the effective

mode index of the nanoantenna. Then the resonance condition is described by

L= L)+ 28(R) )
neff

m

where m is an integer indicating the order of resonance and 9§ is the field
penetration in vacuum “corresponding to the phase shift acquired upon
reflection of the SP mode from the antenna ends. In other words, & corresponds
to the decay length of the displacement current in vacuum increasing the
effective antenna length”[20]. The authors suggest that “6 is comparable to the
1/e decay length of the one-dimensional SP mode in the radial direction”.
Thus, by obtaining the nes and 6 from finite element method modal
calculations, one can determine the resonant antenna length using Eg.2.
Results of these calculations are shown for various wavelengths and are
compared with the results of finite integration method simulations, where the
resonant wavelength is found for a fixed antenna length. This comparison
confirms the credibility of the expression suggested in Eq.2.

AlG and Engheta studied nanoparticles as lumped nanocircuit elements,
used for loading and tuning the frequency response of nanodipoles [21]. The
optical impedance of these nanoloads, which may be metal or dielectric

nanodisks is evaluated by

Zaisk = ng::az ©)

where t, 2a, and &, are respectively the height, diameter, and permittivity of
the nanodisk, and w is the frequency of the excitation electric field. In this
expression o is the frequency of the incident field parallel to the nanodisk’s
axis. The input impedance of the nanodipole, Z;,, is evaluated as the ratio
between the applied voltage across the gap and the displacement current that
flows through the dipole terminals. The authors suggest that Z;, consists of a

parallel combination of the gap impedance, Zy,p, and Zgip. Thus, by evaluating
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Zgap from Eq. 3 and then removing it from Z;, one can obtain Zgj,. For tuning
the nanodipole at a particular frequency, one needs to design the load such
that the Zg,p cancels the reactance Xgip of the dipole at the desired frequency.
This can be done by changing the geometry or permittivity of the nanodisk
filling the gap.

Nanodipole and nanocross plasmonic antennas were studied by Hecht et al.
[22]. For nanodipoles of different lengths, the amplitude and phase of the
electric field component localized in the gap of a dipole antenna at the
wavelength of illumination is calculated with respect to the driving field in the
absence of the antenna. It is shown that the enhanced filed peaks for a dipole
of certain length, which is the resonant length of the nanodipoles for the
incident wavelength. The phase of the field component in the gap shifts from
0° to 180°. Therefore it is possible to choose the appropriate length of a dipole
to achieve desired amplitude and phase values. An asymmetric cross antenna
is then proposed to convert linearly polarized propagating waves to circularly
polarized fields that are confined in the common feed gap area of the antenna.
By properly choosing the length of the antenna arms, one can shape the
polarization of the field component inside the gap as desired.

Combining known antenna designs to produce higher field enhancement
and more sensitivity Verellen et al. introduced the nano-cross (XI) geometry
shown in Fig.4 for high sensitivity refractive index [23]. In this geometry the
dipole modes in the bar (DI) and cross (Dx) and the higher order quadrupole
mode in the cross (Qx) couple and produce a higher energy super-radiant anti-
bonding dipole-dipole mode (ADD) with a broad line width. A lower energy
sub-radiant bonding dipole-dipole mode (BDD) with a narrower line width is
also produced in the XI geometry. Furthermore, coupling of DI and Qx modes
results in a third hybridized mode, which is a narrow bonding quadrupole-
dipole mode (BQD). Spectral overlap of the ADD and BQD modes gives rise

to a destructive Fano interference, which reduces the radiation losses and
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produces a narrow anti-resonant dip around the Qx resonance. Next, a Fano
interference fitting model is introduced for the far field extinction spectra
E(®) = 1- T(®) of the nano-cross. In a series of bulk localized surface plasmon
resonance (LSPR) refractive index (RI) sensing measurements sensitivities of
different plasmon modes are obtained. A figure of merit (FOM) (6A/dn)/
fwhm is then determined. For this geometry FoM values 4.6 (BDD) and 4.1
(BQD) are obtained using the line widths found by a full Fano model fit.
These FoM’s are the highest reported to date (according to this article) for
arrays of particles (higher values are reported for single particle
measurements). The strong spectral shift is attributed to the long resonant
wavelengths, which are just below the water absorption band at 1900 nm, and
the reduced substrate effect, due to partial removal of the substrate.
Simulations show 30% increase in peak shift sensitivity for the BDD and 45%

for BQD Fano modes upon etching.

Fig. 4.Schematic of the nano-cross antenna. (Reprinted with
permission from [23] © 2009 American Chemical Society.)

Tang et al. proposed an open-sleeve dipole nanoantenna as a photodetector
at near-infrared frequencies [24]. In this device the nanodipole concentrates
the incident field inside the germanium-filled gap region. The germanium
nanowire is extended in the direction perpendicular to the dipole, where it is

covered by two line electrodes (sleeves) to deplete the electrons and holes
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created in the germanium. The high dielectric constant of the germanium in
the gap significantly enhances the field inside the gap, which in turn results in
enhanced photocurrent. Results of numerical simulations are confirmed by
experimental results. This device provides a low-capacitance efficient sub-

wavelength photodetector.

1.3 Thesis objectives and outline

This thesis intends to investigate the response of a periodic array of linear
nanoantennas, namely nanomonopoles and nanodipoles, in a piecewise
homogeneous medium to variations of antenna dimensions, such as length,
gap size, width, thickness, and the pitch. The response of the system is defined
as far-field transmittance, reflectance and absorptance. This thesis also aims at
finding expressions that approximately determine the resonant length of
nanomonopoles and nanodipoles.

The bulk of this thesis, chapter 2, consists of a scientific article which is
submitted for publication.

Chapter 2 reports a parametric study of the response of periodic arrays of
nanomonopoles and nanodipoles. An in-depth analysis of the physics of SPPs
in nanomonopoles and nanodipoles is also provided by considering these
nanoantennas as plasmonic metal stripe waveguides. Theoretical and
equivalent circuit models are developed to predict the resonant length of
nanomonopoles and nanodipoles, respectively. Chapter 3 presents
conclusions, lists the thesis contributions and makes suggestions for future

work.
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Chapter 2

Periodic Plasmonic Nanoantennas in a Piecewise Homogeneous
Background

2.1  Summary

A parametric study of periodic nanomonopoles and nanodipoles in an
inhomogeneous background consisting of a silicon substrate and an aqueous
medium on top is presented. By viewing the nanoantennas as plasmonic
waveguides and performing modal analysis the response characteristics of the
system were determined and theoretical models for predicting the resonant
length of nanomonopoles and nanodipoles were offered. These models rely on

the result of modal analysis.

2.2 Author Contribution
The results provided in section are to be submitted to the journal Optics
Express. Iperformed the simulations, generated and interpreted the results,
formulated the theoretical model, and wrote the manuscript.

Prof. Berini and Prof. McNamara contributed to the theoretical

formulation, the interpretation of the results, and revised the manuscript.

2.3 Article

The manuscript submitted follows.
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Periodic plasmonic nanoantennas in a piecewise

homogeneous background

Saba Siadat Mousavi,! Pierre Berini,%?and Derek McNamara®

!School of Electrical Engineering and Computer Science, and *Department of Physics,
University of Ottawa, Ottawa, Ontario, Canada.

Abstract: Periodic rectangular gold nanomonopoles and nanodipoles in a
piecewise inhomogeneous background, consisting of a silicon substrate and
a dielectric (aqueous) cover, have been investigated extensively via 3D
finite-difference time-domain simulations. The transmittance, reflectance
and absorptance response of the nanoantennas were studied as a function of
their geometry (length, width, thickness, gap) and found to vary very
strongly. The nanoantennas were found to resonate in a single surface
plasmon mode supported by the corresponding rectangular cross-section
nanowire waveguide, identified as the sa,’ mode [Phys. Rev. B 63, 125417
(2001)]. We determine the propagation characteristics of this mode as a
function of nanowire cross-section and wavelength, and we relate the modal
results to the performance of the nanoantennas. An approximate expression
resting on modal results is proposed for the resonant length of
nanomonopoles, and a simple equivalent circuit, also resting on modal
results, but involving transmission lines and a capacitor (modelling the gap)
is proposed to determine the resonant wavelength of nanodipoles. The
expression and the circuit yield results that are in good agreement with the
full computations, and thus will prove useful in the design of nanoantennas.

© 2012 Optical Society of America

OCIS codes: (240.6680) Surface plasmons; (290.5850) Scattering particles;
(310.6628) Subwavelength structures, nanostructures
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1. Introduction

Nanoantennas have been widely investigated, both experimentally and numerically, during
the past decade. Nanomonopoles, nanodipoles and nanobowties have been of particular
interest. Although there are some conceptual similarities between optical nanoantennas and
classical microwave antennas, the physical properties of metals at optical frequencies dictate
applying a different scaling scheme. Moreover, feeding procedures are very different between
classical and optical nanoantennas, since driving nanomonopole, nanodipole, and nanobowtie
nanoantennas using galvanic transmission lines is not an option, due to their small size.
Instead, localised oscillators or incident beams are often used to illuminate nanoantennas [1].

One of the primary differences between classical monopoles and dipoles and their optical
counterparts is their resonant length which is considerably shorter than A/2 [2], where A is the
free-space incident wavelength. In [2] Novotny introduces useful analytical expressions for
wavelength scaling of free-standing cylindrical nanomonopoles of different radii surrounded
by a dielectric medium. The results of this study, however, are not easily applicable to other
nanoantenna geometries such as dipoles and bowties, or non-cylindrical nanoantennas.
Adding a substrate, which is often required in practice, also necessitates some modifications
to wavelength scaling expressions.

As in classical antennas, the spectral position of the resonance in the optical regime
depends strongly on the geometry of the antennas. Antenna length has been investigated as a
crucial tuning parameter in nanomonopoles, nanodipoles, and nanobowties [3-6]. Capasso and
Cubukcu proposed a resonant length scaling model for free-standing cylindrical
nanomonopoles by using the decay length of the surface plasmon mode excited in the
corresponding plasmonic waveguide as the scaling factor [4]. In the case of dipoles and
bowties the gap size and gap loading play an important role in determining the position of
resonance [3, 5-11]. Alu and Engheta have looked at nanoantennas as lumped nanocircuit
elements and investigated some of their properties such as optical input impedance, optical
radiation resistance, and impedance matching [7, 10]. In these studies the gap is considered as
a lumped capacitor, which is connected in parallel to the nanodipole. This model identifies the
gap length and gap loading as additional tuning parameters of nanodipoles. Fischer and
Martin show that in nanodipoles, decreasing the gap shifts the resonance towards the red
region of the spectrum, whereas in the case of bowties the resonance hardly shifts as a result
of changing the gap [5]. High intensity fields in the dipole and bowtie gaps are strongly
sensitive to the index of the material inside the gap [5, 7]. Also the effects of variations in the
bow angle of a bowtie antenna on its spectral response have been investigated numerically
and experimentally [5, 9], showing that the bow angle can be used as a tuning parameter.

Semi-analytical investigations have been done on nanodipole, nanobowtie, and hybrid
dimer nanoantennas based on a microcavity model [11], and analytical expressions were
suggested for surface and charge densities corresponding to the SPP mode propagating in the
nanoantenna, which in turn represent near- and far-field properties of these nanoantennas.
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Nanoantennas, in general, and the three above-mentioned types in particular, have found
many applications in nanoscale imaging and spectroscopy [1], photovoltaics [1], and
biosensing [12]. With a growing range of applications, developing precise, yet practical
design rules for nanoantennas seems essential.

Although many theoretical and experimental studies have been carried out on various
aspects of nanoantennas and their applications, a systematic study of their spectral response to
variations in design parameters is lacking in the literature. In this paper, we present a full
parametric study of the spectral response of infinite arrays of rectangular gold nanomonopoles
and nanodipoles on a silicon substrate covered by water. (The materials were selected in
anticipation of an eventual biosensing application to be described elsewhere; however, the
study remains otherwise generic.) We vary the nanoantenna length (1), width (w), thickness
(t), and, in the nanodipole case, the gap length (g), as well as the vertical and horizontal
distance (p, q) between any two adjacent nanoantennas in an infinite array. Physical insight
into the resonant response of arrays of nanoantennas is then provided through modal analysis
of the corresponding plasmonic nanowire waveguides. A simple rule is proposed to determine
the effective length of a nanomonopole in a piecewise homogeneous background from the
modal properties of the corresponding nanowire. An equivalent circuit using transmission
lines and a capacitor is proposed for the nanodipoles, with the capacitor taking into account
the effects of the gap. This simple rule and model should become helpful aids in the design of
such nanoantennas. (In the remainder of this paper we refer to nanoantenna, nanomonopole
and nanodipole simply as antenna, monopole and dipole.)

The antenna geometry and the method used in its study are discussed in Section 2. The
parametric study of monopole and dipole arrays is presented in Section 3. Section 4 discusses
the operation of the antennas from a modal viewpoint and gives expressions for the resonant
length of monopoles and the equivalent circuit of dipoles. Section 5 gives our conclusions.

2. Geometry and Methods

Figure 1 gives a sketch of the dipole geometry under study. The array cell is symmetric about
the x and y axes. An infinite array is constructed by repeating the cell along x and y with pitch
dimensions p and q (respectively). A plane wave source having an electric field magnitude of
1 V/m, located in the silicon substrate, illuminates the array from below at normal incidence.

The finite difference time domain (FDTD) method [13], with a 0.5x0.5x0.5 nm® mesh in
the region around the antenna, was used for all simulations. Palik’s material data [14] were
used for gold and silicon, and Segelstein’s data [15] for water. Transmittance and reflectance
reference planes were located 2.5 um above and below the silicon-water interface,
respectively, parallel to the interface. (A convergence analysis was performed where the
resonant wavelength of an array was tracked as a function of mesh dimensions in the
neighborhood of the antenna. Mesh dimensions were halved successively, starting from a
2x2x2 nm® cubic mesh to a 0.25x0.25x0.25 nm® cubic mesh, over which the resonant
wavelength was observed to trend monotonically. The wavelength of resonance for mesh
dimensions of zero (infinitely dense) could thus be extrapolated using Richardson’s
extrapolation formula [16]. Comparing this extrapolated wavelength to the wavelength
obtained for a finite mesh of 0.5x0.5x0.5 nm?® reveals a ~2% error, which considering the
broad spectral response of the structures of interest, was deemed acceptable.)

The transmittance T was calculated as a function of frequency (wavelength) using:

T(f) = f, Re(P™(f)}-ds/f, Re(P*(f)}-ds (1)

where P™ is the Poynting vector at the monitor and source locations, f is the frequency and S
is the surface of the reference plane where the transmittance is computed [13]. Eq. (1) was
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also used to compute the reflectance R of the system by changing S to the appropriate
reference plane. The absorptance is then determined as A=1-T-R.

Fig. 1. Geometry of a unit cell of the system under study: a Au rectangular dipole antenna on a silicon substrate
covered by water. A plane wave source illuminates the antenna in the z-direction from within the substrate.

Throughout this paper the resonant wavelength (4,) refers to the free-space wavelength at
which the transmittance curve reaches its minimum value. Reflectance resonance and
absorptance resonance refer to the wavelengths at which reflectance and absorptance reach
their minima, respectively (in general these three resonant wavelengths are different).

3. Parametric Study of an Array of Antennas

A rigorous analysis of the design parameters of the two types of antennas is carried out by
varying one design parameter at a time and monitoring the response of the system. Results are
presented for monopole and dipole antennas in Sec. 3.1 and Sec. 3.2, respectively. These
results will be useful as a guideline for design and to relate the antenna performance to its
geometry. The minimum values of g, t and w reflect approximate limitations of an eventual
fabrication process.

3.1 Periodic Array of Monopoles

An array of monopoles (g = 0) with fixed pitch is a relatively simple, yet, effective resonant
structure. Here, we investigate such an array by determining the influence of changing each
design parameter (independently) on the system response, while keeping the other parameters
fixed, including the pitch (pxq)which is maintained to 300x300 nm® We consider variations
of length I, width w and thickness t of the monopoles.

3.1.1 Length (1)

Length is one of the main design parameters of antennas. As shown in Fig. 2, increasing the
length of a monopole shifts its transmittance, reflectance, and absorptance resonances to
longer wavelengths. The red shift is expected by analogy to classical antennas, where
resonance occurs when the antenna length is roughly half a wavelength. Increasing the length
thus increases the wavelength at which the antenna is resonant. Increasing the length also
decreases slightly the absorptance in the monopoles and broadens the absorptance response.

Field enhancements (not shown here) very much depend on the location along the
monopoles; the only regions with field enhancement are the ends of the monopole. In
contrast, as discussed in Sec. 3.2, the gap region of dipoles generates highly enhanced fields,
making dipoles very sensitive to changes in the gap region.
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Fig. 2. (a) Transmittance, (b) reflectance and (c) absorptance vs wavelength for monopoles of w=20 nm, t=40
nm and variable | (given in legend inset to (a)).

3.1.2 Width (w)

Monopole width is another design parameter. Considering the system response to changes in
width w, shown in Fig. 3, we note that increasing the latter blue-shifts the transmittance,
reflectance and absorptance resonances. We also note that the amount of shift decreases as
Aw/w decreases. The reasons for this behaviour will become clear in Sec. 4, where we
examine the modal characteristics of the corresponding nanowire waveguides.

The absorptance level, as shown in Fig. 3(c), does not follow a linear trend with increasing
monopole width. A maximum value of absorptance is evident, unlike the linearly decreasing
trend that we observed as a result of increasing the length of the monopoles.
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nm, t=40 nm and variable w (given in legend inset to (a)).

3.1.3 Thickness (t)

The response of the system to variations in thickness t is shown in Fig. 4. As with the width,
increasing the thickness causes a blue-shift in the resonant wavelengths. The absorptance
peaks at t = 30 nm, while the amount of shift of the resonant wavelength decreases as At/t
decreases. This behavior will also be explained in Sec. 4 where we discuss the modal
characteristics of the corresponding nanowire waveguides.
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Fig. 4. (a) Transmittance, (b) reflectance, and (c) absorptance vs wavelength for monopole antennas of 1=110
nm, w=20 nm and variable t (given in legend inset to (a)).

3.2 Periodic Array of Dipoles

A region of highly localised, enhanced fields is one of the main attractions of dimer antennas,
such as dipoles and bowties. Here we chose to study a periodic array of dipoles not only
because of its similarities to an array of monopoles, but also for its advantage over
monopoles, namely, having a gap region with highly concentrated fields, and its sharper
wavelength response compared to bowties and monopoles. In this section we study the
response of an array of dipoles to variations in individual dipole length, gap, width and
thickness.

3.2.1 Length (1)

Figure 5 shows the response of a periodic array of dipoles to changes in the length from
1=190 to 280 nm in steps of 10 nm, while w, t, g, p and g remain fixed. As is evident from
Fig. 5(a), increasing the length of the dipole red-shifts the resonant wavelength, decreases the
amount of power transmitted at resonance, and increases the level of reflectance of the
system, but the absorptance remains almost unchanged.

Elongating the dipole while keeping the pitch constant means increasing the proportion of
gold surface area covering the silicon-water interface (and thus intercepting a greater fraction
of the incident wave) resulting in more reflection and less transmission. The electric field
enhancement on resonance is calculated at the center of the gap, 3 nm above the silicon-water
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interface (a representative location in the gap in H,O) with respect to the electric field at the
same location in the absence of the antenna, and is shown in Fig. 5(d). The electric fields in
the absence of the antenna are computed at the A, Of each corresponding dipole. The
difference between the electric fields at different wavelengths in the absence of the dipole is,
however, negligible, as expected. The field enhancement, although slightly decreasing as |
increases, is relatively constant over the range of lengths, which implies the electric field
distribution in the gap does not change much by increasing the length of the dipoles.
However, as the antenna length increases, the coupling between any two adjacent antennas
(along the x-axis) increases. This means higher field localisation at antenna ends, which leads
to slightly less field localisation in the gap as the antenna length increases, explaining the
trend of Fig. 5(d). This is also confirmed in Fig. 6 which shows the magnitude of the x-
component of the electric field along the antenna length, taken at the silicon-gold interface at
y = 0 at the resonant wavelength for each case. This figure clearly shows coupling between
two neighbouring dipoles for this pitch p. As the length increases the distance between the
ends of any two adjacent dipoles becomes smaller. When the dipole is long enough, such that
the distance between two neighbouring antennas is the same as the gap length, the electric
fields at the gap are equal to those at the ends.
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Fig. 5. (a) Transmittance, (b) reflectance and (c) absorptance vs wavelength for a dipole of g=20 nm, w=10 nm,
t=40 nm, p=g=300 nm and variable | (given in legend inset to (a)). Part (d) shows 10log(|E|/|Einc|) Where Eis
taken at x=0, y=0, z=3 nm on resonance and Ei is the incident field at the same location and wavelength in the
absence of the antenna.
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Figure 7 shows the electric field distribution of dipole over the x-y cross-section close to
the silicon-gold interface, slightly inside the gold. Fig. 7(b) shows the field distribution on
resonance, while Figs. 7(a) and (b) show the fields at wavelengths below and above A The
magnitude of the electric field is clearly enhanced on resonance.
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Fig. 7. |E| = \/|Ex|*> + |E,|*> + |E,|? on the x-y plane 3 nm inside a gold dipole of dimensions I= 210 nm,
w=20 nm, t=40 nm, p = g = 300 nm, and g=20 nm at (a) A= 1250 nm, (b) A= As=1366 nm, and (c) 2=1700 nm.

3.2.2 Gap (9)

Figures 8(a)-(c) show the transmittance, reflectance and absorptance of the system as a
function of wavelength for different antenna gap lengths g. While the transmittance increases
with increasing gap length, the reflectance decreases, as the proportion of gold covering the
surface becomes smaller. Increasing the gap of an array of dipoles moves the response from
the limit g = 0, corresponding to an array of monopoles of length I, to the limit g = p - |,
corresponding to an array of monopoles of length (I - g)/2. At this limit, the length of the
antennas are reduced to less than a half of their original value, which according to classical
antenna theory implies a blue-shift in the resonance. This is indeed observed in the results of
Fig. 8. There is also a capacitance associated with the gap that explains in part the wavelength
shift, as discussed in Sec 4.4.

The field enhancements, shown in Fig. 8(d), are calculated as described in Sec. 3.2.1. A
steep decrease in the field enhancement is evident as the gap increases, which is corroborated
by the field distributions of Fig. 9.
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where E, is taken at x=0, y=0, z=3 nm on resonance and Ei,. is the incident field at the same location and
wavelength but with the antenna removed.

We note from Fig. 9 that in dipoles with a small gap, fields are appreciably larger in the gap
than at the ends. However, as the gap gets larger the fields are almost equally distributed at
both ends of a single arm of the dipole. Localised fields in the gap region of dipoles make
small-gap antennas highly sensitive to changes in the gap region.
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Fig. 9. |E| = \/|E,|? + |E,|? + |E,|? on the x-y plane 3 nm inside a gold dipole having | = 210 nm, w = 20 nm
,t=40 nm and p =g = 300 nm for (a) g= 4 nm, (b) g= 20 nm and (c) g= 44nm.
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3.2.3 Width (w)

Figure 10 shows the transmittance, reflectance and absorptance of the array of dipoles as a
function of wavelength for different antenna widths w. From Fig. 10(a) one can clearly see
that increasing the width of the antenna from 4 to 60 nm blue-shifts the position of the
resonance and lowers the level of transmittance at resonance. Figs. 10(b) and (c) show a
similar shift in the reflectance and absorptance, respectively. The amount of shift decreases as
Awl/w decreases. This property is explained in terms of the characteristics of the mode excited
in the dipole arms, as will be discussed in Sec.4. Fig. 10(d) shows field enhancements
calculated at the center of the dipole gap, 3 nm above the silicon-water interface. One can
clearly see that w=20 nm gives the maximum enhancement of the electric field, while w=4 nm
yields the minimum enhancement.

From Fig. 11, which shows the total electric field over the x-y cross-section of the antenna
where the field enhancements are calculated, one can clearly see that at w=20 nm the fields at
the center of the gap reach their largest value, resulting in the strongest field enhancement.
However, for very small and very large widths, although fields are strongly localised at the
extremities, the non-uniform distribution of fields over the gap yields smaller field values at
the center of the gap.

og
or
)}

05

Q. A T e e

oz -

", r
R A

‘IDZJD 1200 1400 4500 800 1700 1200 1900 2000 ‘IDZJD 1200 1400 4500 800 1700 1200 1900 2000
A [ A [
@ (b)

LT it R R e e PR TR 14 . . . . .

13.5

w

Field Enhancemnent [dB]
. =
(e ] o

1.5

f00 1200 1400 100 1E0D 1700 1800 1800 2000 110 1'0 2'0 3'0 4'0 5'0 60
B [rie] W [1m]
(© (d)

Fig.10. (a) Transmittance, (b) reflectance and (c) absorptance vs wavelength for dipole antennas of 1=210 nm,
t=40 nm, g=20 nm, p=g= 300 nm and variable w (given in legend inset to (a)). Part (d) plots 10log(|Ex|/|Einc|),
where E, is taken at x=0, y=0, z=3 nm on resonance and Ei, is the incident field at the same location and
wavelength in the absence of the antenna.
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Fig. 11. |E| = \/|E,|? + |E,|? + | E,|?0n the x-y plane 3 nm inside a gold dipole having | = 210 nm, g = 20 nm,
t=40 nm and p = g = 300 nm for (a) w=4 nm, (b) w=20 nm and (c) w= 36 nm.

In Fig. 12 the total electric field is shown over a y-z cross-sectional plane taken at the
middle of a dipole antenna arm. As the antenna gets wider, the field becomes less intense
across the y-z plane, and less coupling occurs between the fields localised at the left and right
edges. This establishes two separate localised field regions (Fig. 12(c)), as opposed to one

high intensity region that exists in narrow-width dipoles (Fig. 12(a)). Clearly, the antenna
fields are strongly dependant on w.
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Fig. 12. |[E| = \/|E,|? + |Ey|* + | E,|? on the y-z plane at the middle of a gold dipole arm having I =210 nm, g
=20nm, t= 40 nm and p = g = 300 nm for (a) w= 4 nm, (b) w=20 nm and (c) w= 60 nm.

3.2.4 Thickness (t)

A similar study was performed to understand the effects of changing the thickness t of the
dipole. Increasing the thickness causes a blue-shift in the resonances, as shown in Fig. 13. The
amount of shift decreases for decreasing At/t. This property is explained in terms of the
characteristics of the mode excited in dipole arms, as will be discussed in Sec. 4. Fig. 13(d)
shows field enhancements calculated at the center of the dipole gap, 3 nm above the silicon-
water interface. One notes that the field enhancement does not depend strongly on thickness.

26



B2Y ek i S 03§p--==-=-=--- i S

[gul

Field Enhancement [dB ]
i3
(i)

o0 1200 1800 7200 2000 1 '%D 3'0 4'0 ID EID ?ID a0
A [ t fnm]
(c) (d)

Fig. 13. (a) Transmittance, (b) reflectance, and (c) absorptance versus wavelength for dipole antennas of 1=210
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10log(|Ex//|Einc|), Where Ey is taken at x=0, y=0, z=3 nm on resonance and Ej is the incident field at the same
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In Fig. 14 the total electric field is shown over a y-z cross-sectional plane taken at the
middle of a dipole antenna arm. As the antenna gets thicker, the field becomes more localised

near the silicon-water interface but does not change appreciably in character (compared to
changes in width - Fig. 12).
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Fig. 14. |E| = \/|E,|? + |Ey|? + |E,|? on the y-z plane at the middle of a gold dipole arm having | =210 nm, g
=20 nm, w=20 nm and p = g = 300 nm for (a) t= 30 nm, (b) t= 50 nm and (c) t= 70 nm.

3.2.5 Alignment of Transmittance, Reflectance and Absorptance Extrema

From Figs. 2-5, 8, 10 and 13, we note that the wavelength corresponding to the minimum of
the transmittance curve does not lineup with extrema in the reflectance or the absorptance
curves for a given array of dipoles. To determine the reason, the imaginary parts of the
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permittivity of gold and water were made zero, one at the time. Results are shown in Fig. 15,
where one could clearly see that the positions of the minima in the transmittance and
reflectance curves are aligned if the permittivity of gold is purely real, which implies that the
misalignment is due to the absorption of gold. As the imaginary part of the permittivity of
gold is forced to zero, no energy is absorbed by the antennas, which makes the absorptance
close to zero (small losses remain in water); thus the illuminating beam is partially transmitted
and reflected. This also shows that most of the energy in the system is absorbed by the gold
and not by the water. In fact, water absorption is negligible over most of the wavelength range
shown (for the reference planes adopted). Fig. 15 shows the transmittance, reflectance and
absorptance curves on the same scale, which clearly demonstrates their relative values.
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Fig. 15. Transmittance, reflectance and absorptance of an array of dipoles, using (a) the full material properties
of silicon, gold and water, and (b) forcing the imaginary part of the permittivity of gold to zero.

3.2.6 Full Width at Half Maximum

In this section we consider the full-width-at-half-maximum (FWHM) of the absorptance
response of the arrays. We determine the FWHM by finding the difference between the two
wavelengths corresponding to the half value of the peak of each response curve. These results
are shown on the left vertical axes (AZ) in Figs. 16(a)-(d) as a function of each design
parameter. We convert the A/ values to the frequency domain using

AV=—2AZ @
where ¢ is the speed of light in free-space and v= «f(2)is the frequency, and we plot this on
the right axis of each figure.

Fig. 16(a) shows an increasing FWHM as the length of the dipoles increases. This is
caused by an increase in the loss of the antennas due to their longer length, resulting in
broadening (see also Sec. 4.2). The same argument holds for the change in FWHM as a
function of gap length: by increasing the length of the gap in a dipole of fixed length, we
effectively make the dipole arms shorter, thus decreasing the loss and the FWHM, as shown
in Fig. 16(b). The FWHM is shown in Figs. 16(c) and (d) as a function of dipole width and
thickness. Here, as the length of the dipoles is fixed, the only contributing factor is the change
in the attenuation of the mode resonating in the antenna - it increases as 1 decreases (see Sec
4.2). Thus, by increasing the width and thickness of dipoles, their FWHM (Av) decreases.
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Fig. 16. FWHM of the absorptance response as a function of (a) length I, (b) gap g, (c) width w, and (d)
thickness t. The left axis shows the FWHM calculated as A\ and the right axis shows the corresponding Av.

3.3 Field Decay from the Monopole Ends - Effective Length Leg

Generally, resonance depends on a balance of stored electric and magnetic energies. Energy is
stored not only over the physical length of a monopole but also in the fields decaying at its
ends (as in microstrip resonators at microwave frequencies viz. the end fringing fields [17]).
Thus, a monopole appears to have an effective length (Let) which is greater than its physical
length. The longitudinal electric field component, E,, is used to measure the 1/e field decay
beyond the antenna ends. Fig. 17 shows E, along the x-axis at y=0 for several heights (z). The
average of these decay lengths is denoted by &, (also termed the length correction factor) and
used to determine the effective monopole length L as:

Ly =1+26, 3)

We could also take the electric displacement D, or the polarization density P, to measure

the length correction factor. Not surprisingly, the measures yield essentially the same value

regardless of their definition. The results show that the antenna fields (which can be thought

of as equivalent current densities) penetrate the background a non-negligible distance (~20

nm) beyond the ends of the monopole. In Sec. 4, we propose an alternative method to estimate
6, Which does not require FDTD modelling.
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Fig. 17. Electric field E, along the x-axis of a monopole of 1=210 nm, w= 20 nm, t = 40 nm and p=g= 300 nm, at
y= 0 for several heights z (indicated in the legend). The average of E, at the z locations of this figure (and for z= 15
and 25 nm) is also shown. The inset shows E, at the physical end of the antenna, where the field is discontinuous.

4, Surface Plasmon Mode of the Antennas

The antennas investigated in the previous section are formed from rectangular cross-section
Au nanowires in a piecewise homogeneous background. It is known that a thin, wide metal
stripe in a symmetric [18] or asymmetric [19] background supports several surface plasmon
modes. The nanowire comprising the antennas is very similar in structure to the asymmetric
stripe [19]. It is thus surmised that it operates (and resonates) in a surface plasmon mode of
the nanowire, compatible with the geometry and the excitation scheme (an x-polarised plane
wave.) In this section we identify the mode of operation of the antenna, we relate its
propagation characteristics on the nanowire to the performance of the antennas, and we
propose design models resting on modal results to predict the performance of the antennas.

4.1 Modal identification

The surface plasmon mode that is excited on the antennas must first be identified. To this end,
we found the modes and their fields on a nanowire waveguide of the same cross-sectional
configuration as one of the monopoles analysed in Sec. 3.1.1 (I =210 nm, w = 20 nm, t = 40
nm). The wavelength for the modal analysis was set to 4 = A, = 2268 nm, which is the
resonant wavelength of the aforementioned monopole. In order to remain consistent with the
FDTD computations, the finite-difference mode solver in Lumerical was used and the same
mesh as in the antenna cross-sectional plane (y-z plane, 0.5 nm mesh) was adopted. The same
material properties for gold, silicon and water were retained.

Figures 18(a)-(b) show the real part of the transverse electric fields (which are at least 10x
larger than their corresponding imaginary parts) and Fig. 18(c) shows the imaginary part of
the longitudinal electric field (which is significantly larger than its real part) of the nanowire
mode of interest computed using the mode solver. These field components are compared to
the corresponding electric field components distributed over a y-z cross-section taken near the
centre of the monopole antenna in Figs. 18(d)-(f) computed using the FDTD method. A very
close resemblance between all corresponding field distributions is apparent from the results,
suggesting that the mode of operation is correctly identified and that the antenna operates in
only one surface plasmon mode (monomode operation). Based on the distribution of E, we
identify the mode as the sa,” mode [18,19]. The longitudinal (E,) field component of the
monopole (Fig. 18(f)) has a large background level because it consists of the sum of the
surface plasmon mode field and the incident (plane wave) field.
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In general, the surface plasmon modes that are excited on an antenna depend on the
polarisation and orientation of the source. Modes that share the same symmetry as the source,
and that overlap spatially and in polarisation with the latter, can be excited.
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Fig. 18. (a)-(c) Electric field distribution of a surface plasmon mode plotted over the cross-section of a nanowire
waveguide (w=20 nm, t=40 nm and A.s = 2268 nm) computed using a mode solver. (d)-(f) Electric field distribution
over a cross-section of the corresponding monopole antenna computed using the FDTD. (a) and (d) Re{E,}, (b) and

(e) Re{E.}, (c) and (f) Im{E,}.

4.2 Effective Index and Attenuation

Now that we have successfully identified the mode resonating in the monopoles, or each arm
of the dipoles, we can evaluate the effective refractive index nes and the attenuation « of this
mode as a function of the nanowire cross-section. For this purpose, the incident wavelength
was arbitrarily fixed to 4,=1400 nm and w and t were changed, one at the time, to determine
their influence on net and a. From these results we then explain some of the trends observed
in the parametric study of Sec. 3.

Figures 19(a) and (b) give the computed results. Evidently, the effective index and the
attenuation decrease with increasing nanowire width and thickness. Therefore, increasing the
width or thickness of an antenna, while keeping its length fixed, results in a blue-shift of its
resonant wavelength, because:
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ﬂ’res o neff (4)

This behaviour is observed in our FDTD computations in Figs. 3 and 10, and in Figs. 4 and
13. It is worth noting here that the rate of change of ng and « decrease as w and t increase.
Applying this observation to Eq. (4), we expect a smaller shift in the position of resonance as
w and t increase. This is also observed in the trends of Figs. 3, 4, 10 and 13.
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Fig. 19. Effective refractive index and attenuation of the mode resonating in the antennas as a function of (a)
width using t=40 nm and (b) thickness using w= 20 nm, at 2=1400.

Next, w and t were fixed to representative values (w = 20 nm, t = 40 nm) and the incident
wavelength was varied to determine its influence on ngs and a. As is observed from Figs.
20(a) and (b), nes and o decrease with increasing wavelength. Returning to Figs. 16(c) and (d),
for a fixed dipole arm length d = (I - g)/2, the FWHM decreases as w and t decrease because a
decreases with the latter (recall that A, red-shifts with decreasing w and t - see Figs. 10 and
13 or the previous paragraph). However, if d varies, one needs to consider the product da as
the total loss. Given the slow rate of change of a with wavelength (Fig. 20 (b)), the total loss
changes mostly with d. Increasing the length of the dipole while the gap is fixed thus
increases the FWHM, as shown in Fig. 16(a) (d increases). However, increasing the gap while
the antenna length is fixed decreases the FWHM, as shown Fig. 16(b) (d decreases). These
observations also explain the results of Fig. 8 (broader response for smaller gaps).
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Fig. 20. (a) Effective index and (b) attenuation as a function of wavelength calculated from modal analysis for a
nanowire waveguide of cross-section w =20 nm by t =40 nm.
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4.3 Effective Length of a Monopole Based on Modal Analysis

We wish to use the results of the modal analysis to estimate J, and the physical length | of the
monopole required for resonance at a desired A, An estimate, inspired from RF antenna
theory, of the required physical length would be | = A./2ng, Where ng; is obtained from
modal analysis at the desired A, However, this is incorrect because we know from the
parametric study (section 3) that the monopole operation is such that it appears longer than its
physical length due to fields extending beyond its ends (Fig. 17), i.e., L¢s> |. We thus propose
the following alternative relation:

Ares=2L ettt )

The nanowire of Sec. 4.1 (w = 20 nm, t = 40) was analysed at different wavelengths,
corresponding to the resonance wavelengths A.s of monopoles of length | (Fig. 2) in a pitch
large enough to eliminate the coupling effects between neighboring monopoles (p=gq=700
nm). (In fact, the values of n; were obtained from the data of Fig. 20 by interpolation at the
required wavelengths). The decay of |E,| of the mode away from the nanowire along the z-axis
was evaluated. In the positive z-direction (into the H,0) |E,| falls to 1/e of its value a distance
oy from the nanowire surface. In the negative z-direction (into the Si) |E,| falls to 1/e of its
value a distance J; from the nanowire surface. The decays thus obtained from |E,| of the mode
along with ng are summarised in Table 1. (In general o5 # Jy, in which case we would use a
weighted decay length correction factor 6,,= (1-7)dy* ©ds, Where 7/(1-7) is defined as the ratio
of |E,| at the Au-Si interface to |E,| at the Au-H,O interface.)

Table 1. Results of the Modal Analysis
I (nm) Ares (nm) nEff 5w (nm) 65 (nm) 6m (nm)

1 90 1281 5.35 23 23 23
2 100 1358 5.20 24 24 24
3 110 1441 5.07 24 24 24
4 120 1526 4.96 25 25 25
5 130 1601 4.87 26 26 26

Substituting ne and A, corresponding to every value of physical length | from Table 1
into Eq. 5 yields Ly One can then estimate the physical length of the monopole Il by
analogy with Eq. (3) as:

Iest ~ Lef'f _25m (6)
Using o, from Table 1, we find the estimated physical length of the monopoles le as
summarised in Table 2. Our estimated lengths are all within 20% of the physical length,
which is quite acceptable considering the relatively broad response of the monopoles. Part of
this error may be caused by numerical inaccuracies due to the finite mesh size used in the

FDTD and modal analyses.
Table 2. Estimated Lengths of Monopoles

lesy (NM) Error (%)
1 73.6 18
2 825 17.5
3 94 14.5
4 104 13
5 112 14

4.4 Transmission Line Model of Dipoles

A transmission line model with a lumped element as shown in Fig. 21 is proposed to account
for the effect of the gap on the position of the resonant wavelength of dipoles observed in Fig.
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8. In this model the gap is represented by capacitor Cq, which is connected to two open-
circuited transmission lines, modelling the two arms of a dipole. Z,® and Z,,® are the input
impedances looking from the terminal port in Fig. 21, Z, is the characteristic impedance of the
transmission lines, £ is the propagation constant and d + &, is the length of each transmission
line (d = (I - g)/2). S is taken as the phase constant of the mode resonating in the antenna (i.e.,
based on ng, as computed in Sec. 4.2 near the expected resonance wavelength):

B = W,/ Soﬂo/neff
Using a simple parallel-plate model, C, is evaluated as
Cy = gHZOAd/g )

where &y, ,is the permittivity of water, Ay = wt is the cross-sectional area of the dipole arms,
and g is the length of the gap.

|l’ d+4, { : I d+d,, I
® 2, i , # 2
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e
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Fig. 21. Transmission line model of the dipole where the gap is modelled as a parallel-plate capacitor.

By Analogy to a lumped-element LC circuit, resonance occurs when the input impedances
Zw® and Z,,® add to zero [20]. For our model we have:

2} = =jZy cot(B(d + 6,)) (8.2)
7P =L _jz d+6 8.b
IN = g, %0 cot(B(d + 6,)) (8.b)
which yields the following expression on resonance:
tan(wresv otto(d + 6m)/neff) = _zwrengZO ©)

Wres = 2TC/ Ares

where:

Solving Eqg. (9) for A (numerically) provides a good estimate to this wavelength without
requiring time-consuming 3D FDTD modeling.

However, we must first determine the characteristic impedance Z, to be used. We assume
Z, to be equal to the wave impedance Z,, of the mode, which is given in general as [21]:

_ k(ExH"
Zw = Gy (o) (10)

where the propagation direction is k =% and E and H and are the modal electric and
magnetic fields of the nanowire corresponding to the dipole of interest. Fig. 22 shows the real
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part of Z,, over the y-z cross-section (w=20 nm, t=40 nm) of the nanowire, computed using
Eg. (10). The nanowire waveguide has an inhomogeneous cross-section, so the mode does not
have a unique Z,. By averaging Z,, over a 300 <300 nm? cross-section we obtain Z,~ 275 Q.
Note that the small region inside the metal where values of Z,,become large (z ~ 25 nm, y =0)
is due to the denominator of Eq. (10) becoming close to zero - Z,, is non-physical here so this
region was removed from the averaging calculations.
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Fig. 22. Wave impedance over a y-z cross-section of the nanowire.

Going back to Eq. (9), we now solve for A, and plot the results in Fig. 23 as a function of
gap length. We also plot the values obtained from the FDTD analysis of dipoles of | = 210
nm, w = 20 nm, t = 40 nm and variable gap lengths. The pitch was set to 700700 nm* to
eliminate coupling effects between antennas in the FDTD analysis, thus making the results
directly comparable to the results of modal analysis. Very good agreement is noted.
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Fig. 23. Ars oObtained from FDTD analysis and from the transmission line
model for a dipole of 1= 210 nm, w= 20 nm, t= 40 nm and variable g.

5. Concluding Remarks

We performed a full parametric study of periodic plasmonic monopoles and dipoles in a
piecewise homogeneous environment consisting of a silicon substrate and an aqueous cover.
The study considered three system responses: transmittance, reflectance and absorptance. The
responses were evaluated numerically and the results interpreted. Increasing the length red-
shifts the resonance of monopoles and dipoles, whereas increasing the width, thickness and
gap causes a blue-shift in their responses. We show that such trends are expected by
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identifying the surface plasmon mode that is excited in the antennas (the sa,’ mode [18,19])
and computing its effective index and attenuation as a function of geometry and wavelength.
The field enhancement (|E,//|Ein]) and FWHM of dipoles were also computed, yielding values
of up to ~100 in g = 4 nm gaps, and 30 to 40 THz, respectively.

We proposed an expression resting on modal results (for the surface plasmon mode excited
in the antennas) to predict the resonant length of a monopole given its cross sectional
dimensions and the required resonant wavelength. The expression, which takes into account
field extension beyond the antenna ends, estimates the physical length of monopoles to within
~20% when compared with the FDTD results. Finally, we proposed a simple equivalent
circuit, also resting on modal results, but involving transmission lines and a capacitor which
models the gap, to determine the resonant wavelength of dipoles. This circuit successfully
estimates the resonant wavelength of a dipole to within ~10% when compared to the FDTD
results. The expression and the equivalent circuit should prove useful as design guidelines for
optical monopole and dipole antennas.
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2.4  Convergence Analysis

Convergence analysis was done by tracking the resonant wavelength of a
nanoantenna for dx=dy=dz=0.25, 0.5, 1, and 2 nm, where dx, dy, and dz are
the dimension of mesh cells around the antenna. The results are shown in Fig.
3, as well as the expected convergence value at zero, calculated using
Richardson Extrapolation Formula. The 0.5x0.5x0.5 nm® mesh that is used

throughout this study gives 2.1% numerical error.
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Fig. 3. Convergence results

2.5 Effects of Pitch

Changing the pitch, while keeping antenna length and width constant varies
the coupling between adjacent antennas and hence the response of the system.
Figs. 4 and 5 show the system response as a function of square and non-square
pitch, respectively. For a square pitch, where p=q, a slight blue-shift, followed
by a red-shift can be seen in the system response as p and q increase. At
p=0g=400 and 450 nm the response of the system is not as smooth as it is for
smaller pitch. This issue, as well as the trends of the system response as a

function of pitch need to be further investigated.
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Fig. 4.(a) Transmittance, (b) reflectance and (c) absorptance versus wavelength for dipole antennas of 1=210 nm,
g=20 nm, w=20 nm, t=40 nm and variable p=qg(given in legend inset to (a)).

For a non-square pitch, where p=300 nm and g varies from 150 to 350 nm,
as shown in Fig.5, a red-shift is clear in T, R and A. Further investigation is
required to determine the cause of this red-shift.

Considering the FWHM of the system response, as well as the level of
absorptance at p=g=300 nm, a relatively narrow response with high level of
absorptance is observed. Thus 300 nm was chosen as the cell dimensions

throughout this study.
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Chapter 3

Conclusions

3.1 Summary and Thesis Contributions

Periodic gold nanoantennas on silicon and covered by water were considered
and analysed numerically and theoretically. A full parametric study of the
response of the system was done through 3D FDTD simulations. The resultant
trends were determined and interpreted physically. The plasmonic mode
resonating in nanomonopoles was identified by comparing the electric field
distributions over a yz cross-section of a nanomonopole illuminated by a
plane wave in FDTD analysis to the distribution of the modal electric fields of
an infinitely long plasmonic waveguide of the same cross-sectional
dimensions. Effective refractive index and loss of the plasmonic mode were
evaluated as a function of the incident wavelength, as well as the width and
thickness of the waveguide.

A theoretical model, which can easily estimate the resonant length of a
nanomonopole was proposed. In this model the decay length of the transverse
modal fields was used as a scaling factor. A transmission line model was also
developed to estimate the resonant length of nanodipoles, in which the gap is
modeled as a parallel plate capacitor, connected in series with the two arms of
the dipole, modeled as two transmission lines. This model can predict the
resonant wavelength of nanodipoles to within a 10% error with respect to
rigorous 3D FDTD analysis. The length of the transmission lines can be
estimated by the model proposed for determining the resonant length of

nanomonopoles.
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3.2 Suggestions for Future Work

Experimental work is required to confirm the numerical results obtained.
Designs need to be further optimized in terms of bulk and surface sensitivities
to get the best response for the intended application. Achieving sharp and
intense responses by adjusting the antenna parameters would result in better
detection of the spectral response of the system in the experimental work. The
array factor could be analysed as another design parameter, which may have a
significant effect on the intensity of response. It may be worthwhile to look at
different antenna designs to achieve higher order resonances, as well as the

Fano resonance.
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