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ABSTRACT

We begin with the electromagnetic field propagation through nano slit composed of different
materials. Field enhancement, plasmonic characteristics and power flow are discussed. An
equivalent circuit that can model the nano slit and surrounding medium is purposed. The
different combinations used in the slab include, gold-gold, silver-gold and silver-silver. It is
assumed that the nano slit is placed in free space. This study focus on the behavior of
electromagnetic field at the surfaces. Further, different types of nanocavities are introduced at
the entrance of nanoslit to enhance the power flow and electric field. An excellent response is
observed to obtain the required goals and new method to build a nanoslit is presented. Next
we consider spherical nanoparticles, that were prepared in lab and also analyzed using
COMSOL Multiphysics simulations. The comparison between theoretical and experimental
results is presented. Nanospheres with and without coating are considered to study the
interaction of electromagnetic field with these particles. The nano particles consist of silver or
gold and coating layer of SiO, or Al,0; are considered. For the case of nanosphere it is
assumed that the surrounding medium is water. Using optical properties and parameter values
an equivalent circuit for nanosphere is also modeled. In the next step, we focus on nano
ellipsoids placed in free space composed of different materials, we analyze the nano ellipsoids
and design corresponding equivalent circuit. We consider that the nanoellipsoid consist of
silver or gold and the coating layer consist of Si0, or Al,03, similarly as we did in the case of
nanosphere. Finally, using seed based approach, silver nanoprisms are fabricated and their
optical properties are studied. The experimental and simulation results are obtain to compare
the response of nanoprism composed of silver and gold. Based on optical properties and using
modeling parameters the values of nanocomponents are calculated. The effect of size shape
and surrounding medium are discussed by using different types of nanoparticles. Ag and Au
NPs were characterized using Uv-Vis, and SEM. The spectra was recorded on Thermo

Scientific Evolution 600S spectrophotometer.

Keywords: Field enhancement. Equivalent circuit. Optical properties.



RESUMO

Noés comecamos com a propagacdo de campo eletromagnético por fendas compostas de
diferentes materiais. Aumento do campo, caracteristicas plasmonicas e fluxo de potencia sao
discutidos. E proposto um circuito equivalente que pode modelar a nanofenda e o meio. As
diferentes combinacdes de materiais utilizados na fenda sdo ouro-ouro, ouro-prata e prata-
prata. E assumido que a nanofenda é posicionada no espago livre. Esse estudo foca no
comportamento do campo eletromagnético nas superficies. Adicionalmente, diferentes tipos
de nanocavidades sao introduzidas na entrada da nanofenda para melhora do fluxo de poténcia
e campo elétrico. Uma boa resposta foi observada e foi apresentado um novo método de
constru¢do de nanofendas. Em seguida, sdo consideradas nanoparticulas esféricas, que foram
preparadas em laboratério e analisadas utilizando simulagdes no COMSOL Multiphysics. E
apresentada uma comparagdo entre os resultados tedricos e experimentais. S3o consideradas
nanoesferas com e sem revestimento, ¢ sdo analisadas a sua interagdo com campos
eletromagnéticos. As nanopoarticulas consistem de ouro ou prata e uma camada de
revestimento de Si0, ou Al,05. Para o caso da nanoesfera ¢ considerado um meio composto
por &gua. Também, ¢ modelado um circuito equivalente para nanoesfera utilizando
propriedades 6ticas. No proximo passo sao analisados nanoelipsoides compostos de diferentes
materiais posicionados no espaco livre, e é elaborado o seu circuito equivalente. E
considerado que a nanoelipsoide € composto por ouro ou prata, € contém um revestimento de
Si0, ou Al,05. Sao fabricados nanoprismas utilizando método baseado em sementes, e sdo
analisados suas propriedades oticas. Os resultados experimentais e simulados sdo utilizados
para comparar o0s nanoprismas compostos de prata e de ouro. Os valores dos
nanocomponentes sdo calculados utilizando as propriedades Oticas e os paramentros de
modelamento. O efeito do formato, tamanho e meio sdo discutidos utilizando diferentes tipos
de nanoparticulas. Ag e Au NPs sdo caracterizados utilizando Uv-Vis e SEM. O espectro foi

capturado utilizando o espectrometro Evolution 600S, da Thermo Scientific.

Palavras-chave: Amplificagdo de campo. Circuitos equivalentes. Propriedades oticas.
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1 INTRODUCTION

In this chapter we will introduce the concept of plasmonics, nanocircuits and the objectives of
our study. We will explain how the phenomena of light mater interaction occurs and its

significance.
1.1 Introduction

Plasmonics forms a major part of the fascinating field of nanophotonics, which explores how
electromagnetic fields can be confined over dimensions on the order of or smaller than the

wavelength.

Interaction process between electromagnetic radiation and conduction
electrons in small metallic nanostructures or at metallic interfaces, is the base of an enhanced
optical near field of sub-wavelength dimension. Research in this area demonstrates that

nanoparticles can offer an unusual phenomenon with practical applications in many areas. @)

Using Maxwell’s equations, the plasmon resonances of nanoparticles can be investigated.
The permittivity of the metals varies with wavelength because they exhibit frequency
dispersion. At optical frequency, metals like silver and gold may have negative permittivity.
The interaction of the electromagnetic field with the conduction electrons is the underlying
microscopic mechanism that leads towards this negative value of permittivity. For specific
negative values of the permittivity, which depend on the shape and size of the particle, an
external electromagnetic field can produce a resonantly enhanced polarization that can lead to
large electromagnetic fields near the particle. These distinct resonances are known as

plasmon resonances or the surface polariton modes of the particle.

Almost for last one hundred years, the optical properties of particles small enough as compare
to the operating wavelength have been the point of interest for researchers. Particularly the
optical properties of small metallic nanoparticles have gained particular attention. ® The
electric field near the surface of the particle is enhanced at frequencies close to the particle
plasmon resonance. Quite large values of enhanced field as compare to the incident field have
observed in the literature and have been used to enhance a variety of linear and nonlinear

optical processes occurring just outside the particle surface. “4-9)

Experiments have shown that molecules located within a wavelength of a metal surface can
decay, by means of the optical near field, by directly exciting the propagating optical-
frequency surface-plasmon mode of the metal—dielectric interface. This direct surface-wave

excitation is known to be an important energy-transfer process near metal surfaces, one with
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an efficiency that exceeds 90 % under the best conditions. '’ This phenomenon has been
used successfully to demonstrate spectacular enhancement of sensitivity in fluorescence

an

measurements and in Raman sensing. '* This phenomenon has also been described as a

13)

method in potential applications in various optical devices, in detectors * *’ and to increase the

efficiency of solar cells. ¥

Due to involvement and efforts of a large community of theorists in the field of nano-
plasmonics, in addition to these impressive experimental results, a better picture of
understanding the local field enhancement has been gradually emerged. It has become clear

5 (12-20)

that the enhancement is the largest in the so-called “hot-spots occurring when the metal

is structured in a rather sophisticated way with small gaps.

We must focus on the most important parameter maximum enhancement of field to conduct
this study as maximum enhancement is limited by the metal losses. A single metal
nanoparticle ' with simple smooth shape (sphere, ellipsoid, or nano-rod) cannot provide the
electric field enhancement larger than the Q-factor of the metal, where the Q factor is the ratio

(20)

of real and imaginary parts of dielectric function of the metal, and as reported in " it is less

than a factor of 10-20 in the visible and near infrared regions.

But more significant enhancement can occur in the intricately structured and arranged
nanoparticles when the field gradually couples from the larger particles or regions serving as
antennae into the smaller regions that serve as field-concentrating hot spots. @D 1t has been

(22)

suggested by Stockman ““*’ that sequential coupling of energy from larger to smaller particles

can result in high degree of field concentration.

For metals like silver and gold, the plasma frequency w,, of the electron gas lies in the optical
range. This provides very strong interaction of these metals with light and leads to a highly
dispersive dielectric function at optical frequencies. ' In particular, the real part of the
permittivity ¢ (w) changes sign when the illumination frequency w reaches close to w,. For
particles smaller than the skin depth, this microscopic interaction can result in a resonance of

the entire particle, known as a plasmon resonance or a surface mode of the particle. @* It is

well known that a spherical nanoparticle has its single resonance frequency when Re [g] =

_280 .
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The surface plasmon resonances are found somewhere in the visible to near-infrared spectral

@D in this work we

region, depending on the particle shape, the environment and the metal
will study these parameters to complete the results.

Smartly engineered structure parameters of nanoparticles are the key components that are
used to control the functionalities of plasmonic nanodevices. In conventional circuit theory, at
microwave and radio frequencies, lumped circuit elements, i.e., resistor, inductor and

capacitor are effectively and flexibly used to design the basic building blocks for designing

complex micro-electronic devices.

The conventional circuits in the lower frequency domains (such as in the RF and lower
frequency range) indeed involve elements that are much smaller than the wavelength of
operation, and the circuit theory may be regarded as the ‘‘approximation’” to the Maxwell
equations in the limit of such small sizes. It should be pointed out that a mere scaling of the
circuit component concepts conventionally used at lower frequencies may not work at
frequencies beyond the far infrared, since conducting materials (e.g., metals) behave

differently at these higher frequencies. In ¥

, using quasistatic approximation approach the
concept of the circuit elements including nanoinductors, nanocapacitors and nanoresistors is
presented. Such concepts may be extended to more arbitrary configurations of nanoparticles.
As in this work based on this knowledge of nanocircuits, we will present the equivalent circuit

for nanoslit, nanosphere and nanoellipsoid.

In electronics, basic functions are synthesized using ‘lumped’ circuit elements and more
different operations can be performed by combining these circuit elements in specific series or
parallel ways. To perform these operations in infrared or visible domain the optical analogy
requirements cannot be achieved by simply reducing the basic unit size of the circuit element
from micrometer to nanometer scale. The fact that does not allow to adopt this analogy is
material dispersion which may be vital for some cases. Metals such as silver, gold, copper and
aluminum are highly conductive materials at radio frequencies and microwaves.

At optical frequencies these metals behave differently, instead of usual conductivity, these
metals exhibit plasmonic resonance. When the real part of permittivity is negative, optical
signals coupling with collective oscillation of conduction electrons dominate at the surface of

these metals. At optical wavelengths, the conduction current remains no longer the dominant
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current circulating through lumped optical elements. As a result, the traditional circuit theory

and its methodology lose their functionality in optical frequency domain.

» 329 that bridges the gap between high

Engheta et al. proposed the concept of ‘metatronics
frequency nanodevice design and conventional low frequency circuitry design. By properly
arranging and designing non-plasmonic and/or plasmonic nanoparticles it is possible to
realize the lumped-circuit-like elements at optical frequencies. ‘Metatronics” has simple
framework that is based on one Maxwell equation

VXH=—jwD+]; oo (1.1

Equation (1.1) has two term on its right side, first, displacement current and the second is
conduction current. As the dispersion of material plays critical role at optical wavelength, and
the conduction current do not dominate any more that originally dominates at low
frequencies. In this situation, the displacement current can be considered as flowing optical
current. So this change in role of dominant current requires to rebuild the formulae to
calculate the lumped impedance of nanoparticles at optical frequencies. The optical
impedance, which is intrinsic property of nanoparticles, is similar to the electrical counterpart

(Z = V/I) and it is independent of the surrounding medium. *

In circuit theory, the lumped elements are completely isolated from the external environment
and their interaction with the circuit depends on their connection with the rest of the circuit. In
contrast, in the case of equivalent circuits, external and fringing fields play dominant roles in
the interaction of nanoparticles with their surrounding environment and neighboring particles,
so based on the orientation of the external applied field the same connection may be presented
as series or parallel connection. This characteristic provides additional and important degree

of freedom in the designing of optical nanocircuit. Recently (25, 26)

, 1t 1s experimentally
verified that it is possible to alter the functionality by reconfiguring the circuit response by
changing the polarization and orientation of incident field. By applying these function it is
possible to achieve different features by using same circuit that was not possible by using
conventional electric circuits. For example, for a circuit when set to operate in as series

connect acting as band stop filter may behave as band pass filter when the configuration is

changed from series to parallel by changing the polarization of incident field.

Silver nanoparticles of different shapes are of considerable interest in nanotechnology. The
collective oscillation of the conduction electrons in resonance with particular frequencies of

incident light leads to an extinction known as surface plasmon resonance is major
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characteristic of silver nanoparticles that provides new directions to investigate these
nanoparticles. @7** Shape, size and refractive index of the nanoparticle and refractive index
of the surrounding medium are the key factors on which the spectral position of the resonance
highly depends. At the surface plasmon resonance (SPR) of a metal nanoparticle, the electric
field intensity at the interface between metal nanoparticle and surrounding medium is
enhanced strongly as compare to the applied field that is the key and most interesting property
of highly shaped nanoparticles. “"** Two potential applications of this field enhancement are
Surface Enhanced Raman Spectroscopy (SERS) and Surface Enhanced Fluorescence (SEF).
(139 These applications of are the driving force for the development of synthetic approaches
that provide high degree of control on the final nanoparticle morphologies. The in-plane
dipole surface plasmon resonance can be tuned across the entire visible spectrum starting

from 400 nm to the near infrared. >

In this work we will prepare silver and gold nanospheres to study the optical properties and
will compare the experimental results with the results obtain by performing simulations. Both
types of nanospheres will be prepared based on thermal synthesis. For the production of silver
nanoprisms the syntheses process can be divided in to two categories fist one is

38, 49) and second is thermal. ©% *V

photochemical that is based on plasmon-driven synthesis
Photochemical synthesis produces the high quality samples but this approach involves few
days to prepare a sample. On the other hand, thermal approaches are much quicker but often

they produce samples with a range of sizes and shapes. “**¥

The method we used for synthesis of silver nanoprism in this work is seed-based thermal
procedure that selectively produces silver nanoprisms in a reproducible and rapid manner.
This method can be performed under mild conditions (room temperature and water solvent).
Without applying any significant variation in the thickness, the spectral position of surface
plasmon resonance can be tuned by controlling the size of nanoprisms. The size  of

nanoprisms can be changed by adjusting the number of seeds in the growth mixture.

To prepare high quality samples one key ingredient is poly (sodium styrenesulphonate)
(PSSS), that plays the role of stabilizer in the seed production step. Missing of this stabilizer
or adding it to seed solution after seed production can cause a diversity of nanoparticle sizes
and shapes. This shows that PSSS does not play simple role in shape directing by preferential
adsorption to certain crystal faces during the growth but it has strong influence on the defect

structure of the seeds and preference for seed that undergo their structural chage, i.e., sphere
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to nanoprism. Characterization of the nanoprisms produced by this method can be performed
using SEM or TEM analysis and to explore the relationship between nanoparticle dimensions
and the position of surface plasmon resonance using this method samples with different

dimensions can be prepared.

In chapter 2, we will present the review of literature on nano slit, nanosphere, nanoellipsoid

and nanoprism.

In chapter 3, an equivalent circuit that can model the nanoslit and surrounding medium will be
purposed. We will develop an equivalent circuit for nanoslit and will study the phenomenon
of field enhancement inside the nanoslit, plasmonic characteristics and Fabry-Perot. The
different combinations will be used in the slab include, gold-gold, silver-gold and silver-
silver. This study will focus on the behavior of electromagnetic field at the surfaces. We will
also describe spherical nanoparticles with and without coating to study the interaction of
electromagnetic field with these particles. The basic equivalent circuit for different types of
materials will also be discussed. The preparation of silver and gold nanosphere will be
discussed in details. The nano particles consist of silver or gold or aluminum and coating
layer consist of silicon dioxide (Si0;) or aluminum oxide(Al,053). Using same materials we
assumed for core and shell for nanospheres, we will discuss the optical properties of
nanoellipsoids. The objective of this study is to observe the effect of shape on the optical
properties of nano particles and to compute the corresponding nano circuit elements. We will
discuss the optical properties of nanoprism and the preparation of silver nanoprism in the lab
and conclude how the change in shape of nanoparticles effect the optical properties of these

nanoparticles.

In chapter 4, the response of nanoslit composed of different types of materials will be
discussed, further to increase the power flow in different types of nanoslit, nanocavities will
be introduced at the entrance of nanoslit and the corresponding effects will be explained.
Silver and gold nanospheres will be prepared in lab and their structural and optical properties
will be studied. We will present the results and discussion for nanoslit, nanosphere,
nanoellipsoid and nanoprism. We will analyze optical properties and field enhancement using
different sizes of nanoellipsoids and will design corresponding equivalent circuit. Using seed
based approach it will be shown how we can prepare silver nanoprisms from silver

nanospheres.

In chapter 5, we will conclude the results and discussions.
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2 LITERATURE REVIEW

In chapter 1, we introduced the concept of light mater interaction and the importance of
equivalent circuits. In this chapter, we briefly review the literature about nanoslits,

nanospheres, nanoellipsoids and nanoprisms.

2.1 Review of Literature

Basic equivalent circuits for different type of nanostructures, i.e., nanoslit ), nanosphere “®

and nanoellipsoide “”

are presented in the literature. Based on basic circuit elements, i.e.,
nanoinductors, nanocapacitors, and nanoresistors, the concept of circuit nanoelements using
plasmonic and nonplasmonic nanoparticles was presented in the optical domain. “® Based on
characteristic impedance model a method to analyze elementary subwavelength structures
interacting with light was presented. “” These nanoelements may have applications in
different areas such as nano-optics, biophotonics, optical information, molecular signaling and

biological circuits.

As described by Ghaemi et al. *® how extraordinary optical transmission can be achieved
using sub-wavelength hole arrays. In last two decades transmission of light from nano slit has
been an interesting topic for researchers where they used array of slits to study the field
enhancement “°>", transmission resonances %, transmission and focusing properties ¥ of
nano slits. It was also described that ©* how optical transmission can be enhanced by using
multiple paths. Y. Takakura ©> explained the optical response in a narrow slit in a thick
metallic screen and observed Fabry-Perot-like behavior during the interaction of TM-
polarized waves with a subwavelength thick metallic slit. In the petahertz domain high

frequency response of subwavelength-structured metals was discussed in details. (56)

A bulk material consists of constant physical properties that do not depend up the shape or
size of material. On the other hand, at nanoscale, morphology plays key role to change the
physical, chemical and biological properties of particles. For example at nanoscale, nanosilver
possesses the antibacterial character and becomes an odor eater and at nanoscale the melting

point of gold decreases from 1064° C to 100°C. ©”

When nanosphere with radius very less as compare to the operating wavelength of light is
exposed to light, free electrons of nanosphere interact with photon energy and they produce
subwaves and conducting electrons in oscillating mode offering localized surface plasmonic

resonance (LSPR). LSPR adds the benefits of enhanced UV-Vis absorption, enhanced local
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. . . 58 . . .
electric and molecular polarization effects. ®® Core applications of these nanoparticles
include medicine, optics, renewable energies, inks, microelectronics, medical imaging, and

biomedical devices. 7V

Silver nanoparticles (Ag-NPs) are most popular due to their unique chemical, physical and
biological properties. “® As compare to the other noble metals Ag-NPs are non-toxic, high
electric conductivity, small loss of the optical frequency during the surface plasmon
propagation and low cost, wide absorption of visible and far IR region of
the light, surface-enhanced Raman scattering and nonlinear optical behavior. ** Moreover,
they exhibit a broad spectrum of high antimicrobial activity, attracting the scientists and

technologists with much interest to develop nanosilver-based disinfectant products. 64

Based on size dependent electromagnetic and optical properties, silver nanoparticles (NPs)
have applications in optics, electromagnetics, water treatment and antibacterial agents in
biotechnology and bioengineering among many others. “>°® Silver NPs are being used in
many technologies that take advantage of their-optical and antibacterial properties. The use of
silver NPs in biosensors to efficiently enhance optical spectroscopy, i.e., surface enhanced

Raman scattering (SERS) is other example. ©¢”

Since ancient times optical properties of colloidal gold nanoparticles have been used in
particular for staining glass. It is possible to synthesize gold nanoparticles of diameters
ranging from few nanometers up to several hundred nanometers. During typical syntheses
process, reducing agent is used to reduce gold salts leading to the nucleation of Au ions to
nanoparticles. Stabilizing agent, it could be adsorbed or chemically bound to the surface of
the Au nanoparticles, is used. Typically, stabilizing agent is charged, so that the equally
charged nanoparticles repel each other and as a result they remain stable. Citric acid is very

commonly used to reduce gold salt.

Interaction of gold nanoparticles with light is the base for most prominent detection
techniques. “” Gold nanoparticles can strongly absorb and scatter light. When they absorb
light, the light energy excites the free electrons present in Au nanoparticles to a collective
oscillation, known as surface plasmon. '” At plasmon resonance frequency the absorption
cross-section is very high. This light absorption leads to heating of Au particles. In several
ways, interaction of Au nanoparticles with light is used for the visualization of nanoparticles.
Au particles are used for labelling with different colors as the color of light scattered by these

particles depends on their size and shape. "
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The scattering cross-section for small particles decreases rapidly whereas the absorption
cross-section decreases less. This absorbed light heats the particles and subsequently these
heated particles transport this heat to their surrounding environment. Depending on the
application, different microscopy techniques are used to detect Au particles include, dark field
microscopy, scanning electron microscopy (SEM) and transmission electron microscopy

(TEM) among others.

In general, Raman signals are quite weak, but this Raman scattering dramatically enhanced if
the molecules of subject under exam are placed closer to the gold surface as for example
small gold nanoparticles. This effect is called surface-enhanced Raman scattering (SERS).
Plasmon resonance of these nanoparticles produces enhancement of the electric field in close
proximity to these nanoparticles as compared to the field of incident light. ) Very reliable
intrinsic property of gold nanoparticles at their resonance frequency can be used for sensing

applications. ¥

In certain noble metals such as silver and gold, it is well known that in the ultraviolet or
visible regimes plasma frequency does exist and they behave as plasmonic materials and the
real part of their permittivity is negative. 7 As conducting materials (e.g., silver and gold)
behave differently at higher frequencies, the circuit component concepts conventionally used
at lower frequencies may not work accordingly beyond far infrared frequencies. Engheta et al

(76) presented the concept of synthesizing circuit elements in the optical regime.

On metal nanoparticles, we can excite surface plasmons when illuminated at a specific
frequency. So it is possible to consider these oscillations in terms of electric circuits and can
be described in the form of circuit elements such as resistor ‘R’, capacitor ‘C’ and inductor
‘L’. Engheta et al. explained the correspondence between metal nanoparticles and circuit
elements in terms of electric permittivities. "”” Nunes et al has shown that optical surface
waves at planar structures may be analyzed as electric circuits, being described as

transmission lines or condensed circuits. 757

Nanoparticle structures supporting localized surface plasmons can be modeled as standard
circuits composed of resistance, capacitance and inductance. At optical frequencies, when the
real part of electric permittivity is positive the equivalent circuit presents capacitive behavior
and being inductive when negative value is the case, as shown by metals for characteristic

range of frequencies.
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For dielectric surrounding medium, where a nanostructure is present, its equivalent circuit
corresponds to a capacitive circuit. The imaginary part of permittivity requires a circuit
resistive behavior, for describing dissipative effect, for both nanoparticle and enviroment.

This corresponds to metal ohmic losses being represented as resistance. ¢

The plasmon circuit model provides a way to design optical elements based localized surface
plasmons. This method gives a new approach to understand plasmonics behavior of
nanoparticles and to manipulate optical information. "**% Before this, interpretation of

plasmonics was considered a typical optical phenomenon.

Controlling the shape and size of the nanoparticles can result in changing the
positive/negative charge separation and the intensity and frequency of localized surface
plasmon resonance (LSPR) can be tailored in visible and the infrared region. ®* For
nanoparticles with different symmetry axis, more than one plasmonic modes are observed ®%
and ellipsoidal nanoparticles are the most interesting nanostructures among this kind of
nanpparticles. Due to 3-fold symmetry, nanoellisoidal particles exhibit both longitudinal and
transverse plasmon modes. The effect of length distribution on the extinction coefficient of
gold oblate and prolate spheroidal nanoparticles arranged in two dimensional arrays has been

studied experimentally

, and the linear dependency of the peak position of the plasmonic
mode with respect to the length of the corresponding principal axis was observed. To study
plasmonic modes of the ellipsoidal particle quasistatic approximation was used to find an
analytical expression for the plasmon frequency. #6) The optical properties of an oriented
isolated nanoellipsoidal particle both for the gold (Au) and silver (Ag) cases were studied ®”
and concluded that the optical response of the metallic ellipsoidal nanoparticle is quite
specific when compared to other nanoparticle morphologies due to the possibility of three
different LSPR modes. Based on optical properties of nanoellipsoidal particles different
applications using nanoellipsoidal particles are presented. ®**” The concept of equivalent

(47

nanocircuits for nanoellipsoids is also discussed in *"" and the roots of the theoretical models

of the nanotechnoscience in the electric circuit theory are explained. ©0)

Interpretation of light interaction with plasmonic nanostructures in terms of circuit models has
been discussed in literature. ") Nanoparticles with size of nanometers are of particular interest
in the new technological developments. The major characteristic of these nanoparticles is their
large surface area to volume ratio for surface study, for example surface enhanced Raman

scattering (SERS) is the best known example up to date. @7 Gold and silver nanoparticles
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being non-reactive and non-toxic are used as the metallic probs. Sliver provides higher
magnification on the other hand gold colloid solution is highly stable. Due to relatively sharp
spectrum of surface plasmon, silver nanoparticles produce high local electric filed when

exposed to light at resonance wavelength.
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3 MATERIALS AND METHODS

In this chapter we will explain how the equivalent circuits for nanoslit, nanosphere and
nanoellipsoid can be designed. It is shown that how depending upon the properties of
materials corresponding electric nanocomponents can be designed. The motivation behind this
work is that in future how we can reduce the size of optics devices. This chapter presents the
materials required for the preparation of different types of nanoparticles and techniques to
visualize the structural and optical properties. The other objective of this chapter is to explain
the experimental and simulation techniques that are used to study optical properties of

different particles.
3.1 Equivalent circuit for nanoslit

The motivation behind investigating this kind of equivalent circuits is their scalar form that
reduces the complexity of design. We discuss how the response of nanoslit, when it is
exposed to light can be represented as an equivalent circuit. The electromagnetic coupling
between nanoslits can be presented as arrays of RLC circuits. Ohmic losses can be represented
as resistance of the circuit and permittivity of dielectric as inductance L and negative

permittivity of the metal as capacitance C, respectively. @)

Figure 1 - Nanoslit with thickness ¢ and width w placed in free space. Transverse magnetic (TM)
mode polarized plane wave incident normal to the top surface.

Source: The Author, 2019.

Equivalent circuit of the nanoslit and its surrounding is shown in figure 1. We assume that a
subwavelength nanoslit of width w and thickness ¢ is milled into a subwavelength metal layer.

Dielectric material above, inside and below the slit is same (dielectric). However metal
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surface changes in different cases as we have assumed three different cases, i.e., gold-gold,
silver-silver and silver-gold surface. In the case of silver-gold slit the impedance of metal on
both sides of slit is different. This difference of impedance on both sides of slit can be
interesting tool as discussed in chapter 4. The width and thickness of slit are of

subwavelength.

Figure 2(a) shows a schematic of the corresponding equivalent circuit for nanoslit and its
surrounding medium and figure 2(b) represents the impedance model of figure 1. When
Transverse Magnetic (TM) polarized plane wave on the top of the slit interacts with the
dielectric metal interface, a standing wave is generated. The magnetic field component of the
wave is adjacent to the surface and penetrates to the skin depth within a real metal. This time-
harmonically oscillating magnetic field induces currents and voltages on the top surface,
within the skin depth and on the slit walls. " The equivalent circuit in figure 2(a) consists of
two symmetrical voltage sources V; and V,, these sources are impact of incident wave. The
currents passing in the slit generate the inductance L. Currents on the walls of slit generate
capacitance C and internal resistance of the material is mentioned as R. The expressions for
Thevenin voltage Vy, and Thevenin resistance Zgy, of circuit shown in figure 2(b) are
calculated in equation (3.1) and (3.2). In circuit analysis Laplace transform is used for simple

conversions of circuit elements to the S-domain.

Figure 2 — Equivalent circuit model of nanoslit

V2
S

R,

("spau.‘c

Source: The Author, 2019.
(a) components of equivalent circuit of nanoslit (b) impedance model.
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Similar to phasor impedances, circuit elements can be transformed in to impedances using

Laplace transform. Using Laplace transform the relation for Thevenin voltage is

2

W;
Vin = : — Vs 3.1)
[s? + (w§ + w]) + T 5]
. 1
Where w is angular frequency, a)g,i = T
0,i

Similarly the relation for Thevenin resistance can be obtained using Thevenin theorem and

Laplace transform as

%(2+ wi2+§s)

Zth = R
[52 + (w¢ + w?) +7 s]

(3.2)

Using impedance approach, we can model the impedance equivalent circuit model as shown
in appendix A, it consist of a voltage source V; followed by impedance Z;,, Z, is impedance

of transmission line and Z, is load impedance.

R 1
2 2, I
(s + wg + LS)_SCO
Zz - (3-3)

R 1
2 2 —_ —_
(s2+ w2+ Ls)+LC0
Zy (14 T,)e #r
V, = ] : v, 3.4
0 Zth + ZO I(l —_ 1"11"26_21'3" th ( )

3.2 Equivalent circuit for nanosphere

We consider a plasmonic nanosphere (Silver or Gold) with dielectric function &(w) that is
complex quantity as shown in figure 3. The size of sphere is much smaller than the operating
wavelength in the vacuum and in the plasmonic material. We consider a monochromatic
incident electromagnetic plane wave illuminating the plasmonic nanosphere. The plasmonic
nanosphere is placed in lossless, homogeneous, non-dispersive and isotropic media, i.e., free
space. The permittivity of the free space is &, and permiability is py. As compare to the
wavelength the size of nanosphere is very small, so using well-known time harmonic,

quasistatic approach the scattered electromagnetic fields inside of the nanosphere and in the
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vicinity can be calculated. This quasistatic approach leads to the following expressions for the

fields inside and outside of the nanosphere. 7 %229

Figure 3 - A basic nanoscale circuit in visible regime for plasmonic nanosphere
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Source: Adopted from the Ref. [7].
Note: (a) nanoplasmonic sphere with € > 0, which provides a nanocapacitor and a nanoresistor as
shown in figure (b).

Eine = 3¢0E, /(e + 2¢¢) (3.5)
Eexe = Eo+ Eqp = Eo+ [3u(p.w) — p] /(4meor?) (3.6)
Where p = 4megR3(e — €9)Ey/ (e + 259)
And u="/

Where 7 is position vector from the center of sphere to the observation point. Boundary
conditions at the surface of plasmonic nanosphere show the normal component of

displacement current is continuous at the surface:
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—iw(e — g))Eg. Ml = —iwegE gip. N + IWEE, 5. 1 (3.7)

Where 0 is the local outward unit vector normal to the surface of the nanosphere. In this

equation
Eres = Eint_ EO

is the residual field internal to the nanosphere when the incident field is subtracted from the

total internal field.
3.2.1 Nonmetallic Nanosphere

For this configuration the real part of permittivity is positive so that the impedance is of
capacitive nature along with the imaginary part of permittivity acts as resistance of
nanosphere as shown in figure 3 (a). As it is always assumed that the outside region has
positive permittivity so that the impedance of the outside fringe is always capacitive. Thus the
equivalent nanocircuit for a nonplasmonic nanosphere composed of silver or gold can be

imagine as shown in the figure 3 (b). In terms of parameters of the nanospheres the equivalent

circuit elements can be expressed as follows: 2%
Cspn = TRRelg] 3.8(a)
Gspn = TwRIm[¢] 3.8(b)
Crringe = 2MwRE, 3.8(c)

Where Cgp,p, shows the capacitance of sphere, Crringe is capacitance of surrounding medium
and Ggp,p 1s reciprocal of resistance. Since there are two capacitive elements, there is no
resonance present in this case a fact that is consistent with the absence of resonance for
optical wave interaction with the small nonplasmonic nanosphere. In figure 3 (a) solid black

arrows represent the incident electric field, and the thinner field lines together with the blue

arrows represent the fringe dipolar electric field from the nanosphere.

3.2.2 Metallic Nanosphere

When the nanosphere is composed of a plasmonic material, such as noble metals, e.g., silver
and gold, in the visible or infrared band in this case the real part of permittivity of these
metals may have a negative value in these frequency bands as shown in figure 4 (a). So the

equivalent impedance of the plasmonic nanosphere can be negatively capacitive for any
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(46, 76)

frequency for which Re[e] < 0. As discussed in this can be interpreted as a positive

effective ‘‘inductance,’’.

Figure 4 - A basic nanoscale circuit for metallic nanosphere in visible regime

|
’I T\\ ! \‘
’ * ¢

(b)

£
T
i

Source: Adopted from Ref. [7].

Note: (a) A nanoplasmonic sphere with € < 0, which provides a nanoinductor and a nanoresistor as
shown in figure (b), solid black arrows represent the incident electric field, and the thinner field lines
together with the blue arrows represent the fringe dipolar electric field from the nanosphere.

Therefore, the equivalent circuit for the case of optical wave interaction with a plasmonic
nanosphere may be presented as shown in figure 4 (b). Here the inductance of equivalent

circuit for the sphere becomes:
Lopn = (—w?mRRe[eD? (3.9)

In this case the fringe capacitor is parallel to the inductor as a result the circuit may exhibit

(52)

resonance, as mentioned in, ~’ this resonance corresponds to the plasmonic resonance for the
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metallic nanoparticles which interact with the optical wave. The resonance condition for the

circuit is
LophCopn = 0™ (3.10)
requires the well-known condition of plasmonic resonance for a nanosphere
Re [e] = —2¢,

We conclude from this discussion that a small nanosphere, when excited by an optical signal
may behave effectively as a nanocapacitor or a nanoinductor at the optical frequency such that

the nanosphere is made of nonplasmonic or plasmonic materials, respectively.

One more importance parameter of any nanocircuit could be nanoresistor. An equivalent
nanoresistor may be designed based on the imaginary part of the material permittivity. An
effective intrinsic inductance may be modeled by using the plasmonic characteristics of
natural noble metals. The value of intrinsic inductance depends on parameters, e.g., shape,

size and material contents of the nanostructure.

Nano-optics has been very exciting subject in the nanotechnology during the last decade. The
main concentration is on subwavelength optics and applications based on plasmon. ** In the
optical range, magnetic resonant structures and magnetic plasmons have been mainly focused
on metallic structures with unavoidable losses and saturation effects inherent to metals. ¢* 2>
Moreover, it is required that the size must be comparable to the operating wavelength or a
fraction of the operating wavelength in order to provide a non-negligible response. The
magnetic response is strongly influenced and affected by an intrinsic quadrupolar
contribution. This contribution introduces additional impurity of polarization and radiation

and additional radiation losses. ?®

One of the most important factor is the enhancement of the electromagnetic field intensities
around subwavelength-size metal particles due to the coupling between the incident photons

and collective oscillation of free electrons at the metal surface.
3.3 Coated nanosphere

Based on the discussions in pervious sections in this chapter, we can consider a coated
nanosphere and develop its equivalent circuit model. We will use silver, gold and aluminum

as metal nanoparticles and silicon dioxide(Si0,), glass and aluminum oxide (Al,03) as
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coating materials, as shown in figure 5. Metal nanoparticles and nanoshells consisting of
metal shells and dielectric cores are known to enhance incident electromagnetic fields around
themselves due to surface plasmons. The field enhancement factors can be calculated for
spherical metal nanoparticles and nanoshells in the quasistatic limit using empirical
wavelength-dependent dielectric constants.

We will investigate the dependence of the field enhancement factor on various parameters
such as metal element, wavelength, surrounding medium, dielectric core material and

diameter ratio between the core and the shell.

It also has been known that nanoshells, concentric nanoparticles consisting of a dielectric core
and a metallic shell, exhibit attractive features due to the hybridization of the plasmons

supported by the nanoscale sphere and a cavity in the surrounding medium. >

By adjusting the relative core and shell dimensions, we can widely tune the resonance
frequency, or the peak wavelength for field enhancement, of a nanoshell, while the optical
resonance is essentially a fixed frequency resonance, almost independent of their particle sizes
for metal nanospheres. We will apply the quasistatic analysis to find the intensities of
electromagnetic fields around subwavelength-size metal nanoparticles and nanoshells. In the
following, we extend this nanocircuit concept to the general case of a nanoellipsoid. Such
concepts may be extended to more arbitrary configurations of nanoparticles, and may provide
methods to model a planar substrate underneath these nanocircuits. We report on the
numerical analysis of the local electric field enhancement of silver and gold ellipsoids placed
in the free space.
Figure 5 - Schematic configuration of a metal nanoparticle or nanoshell illuminated by plane wave.

Where €, represents the permittivity of metalic nanoparticle, €, dielectric coating and &3 surrounding
medium (free space), respectively.

Source: The Author, 2019.
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3.4  Equivalent circuit model for nanoellipsoid

This work is organized as follows: we will discuss briefly the basic idea of the equivalent
circuit, followed by a presentation of the impedance matching, the corresponding structural
parameters, resistor, inductor and capacitor. We consider an ellipsoidal nanoparticle with

semi-axes a, b, and ¢ (where a > b > ¢).

Figure 6 - An ellipsoidal nanoparticle and its equivalent circuit.
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Source: Adopted from the Ref. [47].
Note: (a) An ellipsoidal nanoparticle illuminated by a uniform electric field (b) lumped impedance
Znano €xcited by the impressed current generator I;,,, and load with the fringe cacitance associated

with its fringe dipolar fields.
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The effective impedance of such ellipsoidal nanoparticle excited by a uniform electric field

parallel to the ¢ axis can be defined as: “”
Znan = L2020 3.11
nano — _lwgn_ab ( * )

With

2c fsup\/(c2 + n)(c2+ () dS
\/(a2 + c?)(b% —c?) Syp

U(a,b,c) =

Znano 1N equation (3.11) is nanoimpedance that can be defined with analogy to the circuit
theory as the ratio of the voltage V across the two terminal of the nanoelement and the
displacement current I,, flowing through it @788 This impedance is a fixed quantity,
depends on the constituent materials of the particle, its geometry and may be on the

orientation of the applied field in case if particles having anisotropic polarizability.

Where 1 and { are the transverse coordinates on the ellipsoid in a confocal ellipsoidal
reference system and the integral is taken over half of the ellipsoidal surface with area S, 6

D In this case, the fringe impedance Zfringe and the impressed current I;,;, are given by the

expressions:
B U(a,b,c)
Zfringe - . 1— LZ(O) (3.12)
—La)sonabT(O)
limp = —lw(e — gy)mabE| (3.13)
P
Where
L (o) = ¢ J dq (3.14)
2 (2 + (g + a®)(g+ b (q + c?)

0

Such expressions converge for sphere when a = b= ¢, i.e., in the spherical geometry.
Equivalently, the effective circuit elements for a generic nanoellipsoid, its equivalent
capacitance Ceg er1ipsoid> INductance Leg erripsoia> T€SiStance Geq enipsoia and equivalent fringe

capacitance Ceq fringe are:

mab Im(g)

Ceq,ellipsoid = “Uabo) if Re(e) >0 (3.15 (2))
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U(a,b,c)
Leg,euiipsoia = —w?mab Re(¢)

if Re(e) <0  (3.15 (b))

wmab Im(¢)

Geg,eltipsoia = W (3.15 (0))
gomab 1 z %6)(0)
Ceq,fringe = Ula, b,ZC) (3.15 (d))

In (47)

the voltage V' is defined as the averaged potential difference between the “top” and the
“bottom” of the particle. I,,; the displacement current is defined as the integral flux of the
displacement current flowing across the top or bottom terminal of the nanoparticle, J; =
—iwD, where D is the local electric displacement vector, that satisfies Kirchhoff’s current
and voltage laws. In this way these definitions describe a physical analogy and complete
correspondence between the scattering problem of an isolated ellipsoidal particle (figure 6 (a))
and its equivalent circuit representation in terms of its impedance Z, 4y, (figure 6 (b)). The
external exciting field can be related with I;,,, that is the amplitude of an impressed current
generator and the dipolar fields around the nanoparticles associated with a parallel fringe

capacitance of impedance Zsinge “n

Varying the aspect ratio of the ellipsoid or the orientation of the exciting electric field we
can modify the effective impedance associated with the nanoparticle, it can add effectively
new degrees of freedom to the possibility of synthesizing the desired circuit response with an

isolated dielectric or plasmonic nanoparticle. The impedance Z,,,,, enters into resonance with

Zfringe 1n the circuit of figure 6 when Zgyinge = — Znano 1.€., for
11— L,(0)
€=~ ¢ (3.16)

3.5 Coated ellipsoid, equivalent circuit and field enhancement

Based on the discussions in pervious sections in this chapter, we can consider a coated
ellipsoid and develop its equivalent circuit model. Silver, gold and aluminum as metal
nanoparticles and silicon dioxide(Si0,), glass and aluminium oxide(A4l,03) as coating

materials, can be used to study the behavior of coated ellipsoid, as shown in figure 7. Metal
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nanoparticles and nanoshells consisting of metal shells and dielectric cores are known to
enhance incident electromagnetic fields around themselves due to surface plasmons. The field
enhancement factors can be calculated for spherical metal nanoparticles and nanoshells in the

quasistatic limit using empirical wavelength-dependent dielectric constants.

Figure 7 - Metallic ellipsoid coated with dielectric.

Source: The Author, 2019.

We will investigate the dependence of the field enhancement factor on various parameters
such as metal element, wavelength, surrounding medium, dielectric core material and
diameter ratio between the core and the shell. By adjusting the relative core and shell
dimensions, we can widely tune the resonance frequency, or the peak wavelength for field
enhancement, of a nanoellipsoid, while the optical resonance is essentially a fixed frequency
resonance, almost independent of their particle sizes for metal nanospheres. Also,
nanoellipsoid can exhibit significantly larger field enhancement than that for nanoparticles
according to conditions. We will apply the quasistatic analysis to find the intensities of

electromagnetic fields around subwavelength-size metal nanoparticles and nanoellipsoid.

3.6 Nanosphere

In this section we discuss the materials required for the preparation of silver and gold
nanospheres and the synthesis of silver and gold nanospheres. The characterization of

nanoparticles is explained in 3.6.3 in details.
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3.6.1 Materials

Silver nitrate (AgNO3, 99.9999%) was purchased from Aldrich. The reactions were carried
out using Sodium borohydrate (Sigma Aldrich), Trissodium citrate (TSC) (Sigma Aldrich),
ascorbic acid (Neon chemistry) and sodium poly 4-styrene sulfonate (PSSS), that was
purchased from Sigma Aldrich. For gold nanoparticles, HAuCl, was purchased from (Sigma
Aldrich) as well.

3.6.2 Synthesis of silver nanospheres

To prepare spherical silver nanoparticles, silver nitrate and trisodium citrate were used as
starting materials, using the methodology adapted by Lee and Meisel (1982), based on
chemical reduction. ®® In an Erlenmeyer flask, 25 ml of 0.001 M AgNOs; was heated to boil
using magnetic stirring (800 rpm), followed by the addition of 5 ml of trisodium citrate (TSC)
1% drop by drop until the change of color until pale yellow. The solution was kept stirring
until the change of the solution to gold yellow and was stored for further characterization. The
mechanism of reaction could be expressed as follows:

4Ag* + C4Hs0,Nas + 2H,0 — 4Ag° + C¢ HsO,NaH; + 3Nat + H* + 0, 1 (3.17)

3.6.3 Synthesis of gold nanospheres

The chemicals required for this procedure are Hydrogen tetrachloroaurate (HAuCls) and
trisodium citrate. Au”™ ions are reduced to neutral gold atoms, where citrate ions act as both
reducing agent and capping agent. In an Erlenmeyer, 20 ml of 0.001M HAuCl4 was added,
and 5 ml of a 1% solution of TSC was quickly added to the rapidly-stirred (800 rpm) boiling
solution. The gold solution gradually forms as the citrate reduces the Au”. The solution was
removed from heating when the solution has turned deep red or 10 minutes has elapsed. As a
result of this process gold nanoparticles were synthesized and were confirmed by the color
change since the gold nanoparticles are red in color. To synthesize gold nanoparticles again
citrate reduction method was used. The reason for choosing this method is that the citrate
method can produce quality particles up to ~50 nm in size, beyond which the particles are

non-spherical. ¢*
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3.6. 4 Colloidal NPs characterization

Ag and Au NPs were characterized using UV-Vis, and SEM. The spectra was recorded on
Thermo Scientific Evolution 600S spectrofotometer, with a scanning range from 350 nm to
720 nm and 450 nm to 720 nm in the case of silver and gold, respectively. A base line was set

using ultrapure water.

Figure 8 — characterization of silver and gold nanosphere.
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Source: The Author, 2019.

Note: (a) Plane wave incident on silver/gold nanosphere, (b) scanning electron microscopy (SEM)

image of silver, (c) gold nanosphere.

The synthesis was determined by observation of a plasmon resonance band and their Ap;x
value. Data plot was designed using Origin Pro. The analysis was obtained using Zetasizer
7590 (Marlven, UK). Briefly, the samples were diluted and inserted into a specific acrylic
cuvette (DTS 0012 or DTS1060 microelectrophoretic cell). All the measurements were made

in triplicate. A few drops of colloidal solution were allowed to dry on an aluminum paper, on
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ambiental temperature. Later, SEM microscopy was performed using MIRA 3 TESCAN
operated at 20 kV. Data was analyzed using ImageJ software. Silver nanospheres of radius R
= 2342 nm and gold nanospheres of radius R = 10+1.6 nm in water suspension were

prepared in lab as shown in figure 8(b) and figure 8(c).

3.7  Nanoprism

This section is divided into three subsections: materials required for the nanoprisms,
sysnthesis of spherical silver nanoparticles and Synthesis of silver nanoprisms using the seed-

mediated method. The details of each section are given below.

3.7.1 Materials

Silver nitrate (AgNO3, 99.9999%) was purchased from Aldrich. The reaction were carried out
using Sodium borohydrate (Sigma Aldrich), Trissodium citrate (TSC. Sigma Aldrich),
Ascorbic acid (Neon chemistry) and Sodium poly 4-styrene sulfonate (PSSS), that was
purchased from Sigma Aldrich.

3.7.2 Synthesis of spherical AgNPs

To prepare spherical silver nanoparticles, silver nitrate and trisodium citrate were used as
starting materials, using the methodology adapted by Lee and Meisel ®?, based on chemical
reduction. In an Erlenmeyer flask, 25 ml of 0.001 M AgNO; was heated to boil using
magnetic stirring (800 rpm), followed by the addition of 5 ml of trisodium citrate (TSC) 1%
drop by drop until the change of color until pale yellow. The solution was kept stirring until
the change of the solution to gold yellow and was stored for further characterization. The
mechanism of reaction could be expressed same as shown in equation (3.17) and we rewrite
here

4Ag* + CcHsO,Nas + 2H,0 — 4Ag° + C¢HsO,NaH; + 3Na*+ H" + 0,1

3.7.3 Synthesis of silver nanoprisms using the seed-mediated method

The methodology was adapted following the work of Aherne et. al. D In a typical
experiment, silver seeds were produced in an aqueous medium by combining TSC (5 ml, 2.5

mmol.l'l), solution of the desired polymer PSSS, PVA, NaPO; and CBP (0.25 ml, 500 mg.l'l)
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and NaBH, (0.3 ml, 10 mmol. 1", freshly prepared), followed by the addition of aqueous
AgNO; solution (5 ml, 0.5 mmol.I"', dropwise) .The growth was prepared using 5 ml of
deionized water, ascorbic acid (75 pl, 10 mmol.I"") and different amounts of seed colloids (90,
200, 500, and 650 pl) followed by the addition of more AgNO; solution (3 ml, 0.5 mmol. 1™).

All the colloids was kept on refrigeration until further characterization.

3.8 Colloidal NPs characterization

Ag nanoprisms were characterized using Uv-Vis, and SEM. The spectra was recorded on
Thermo Scientific Evolution 600S spectrofotometer, with a scanning range from 350 nm to
720 nm. A base line was set using ultrapure water. The synthesis was determined by
observation of a plasmon resonance band and their Az, value. Data plot was designed using
Origin Pro. The analysis was obtained using Zetasizer ZS90 (Marlven, UK). Briefly, the
samples were diluted and inserted into a specific acrylic cuvette (DTS 0012 or DTS1060
microelectrophoretic cell). All the measurements were made in triplicate. A few drops of
colloidal solution were allowed to dry on an aluminum paper, in ambiental temperature. Later,
SEM microscopy was performed using MIRA 3 TESCAN operated at 20 kV. Data was

analyzed using ImageJ software.

3.9 Numerical Analysis

The numerical modeling of nanoslits, nanospheres, nanoellipsoids and nanoprisms was
performed using finite element method (FEM) with COMSOL Multiphysics. Proper boundary
conditions were applied in all cases of nanoslit to avoid the reflections. Spherical perfectly-
matched-layer, 10 times greater than the radius of nano sphere was used to enclose the
simulation volume and to avoid unnecessary reflections for the cases of nanospheres,
nanoellipsoids and nanoprisms further proper boundary conditions were applied to study the

22) Wwas used to

optical properties of these nanoprticles. Optical data from Johnson and Christy
model the dielectric functions of the both materials, i.e., silver and gold. The magnitude of the

background electric field was set 1 V/m for all cases for all types of nanoparticles.
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Figure 9 - Tertrahidral meshing of spherical object.

Source: The Author, 2019.

To justify the validity of our results obtained during the simulations here we demonstrate two
examples where we reproduced the results from published literature. ©'®? In our first
example we consider a nanoslit composed of silver as assumed in. “" The adopted values for

the slit from ©“V include the thickness of the slit t = 700 nm and width of W= 100 nm.

Figure 10 — Electromagnetic properties of nanosphere.
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Source: The Author, 2019.

Note: (a) Magnetic field component of nanoslit composed of silver ©", (b) scattering coefficient of
nano gold sphere 2.

Using these parameters we plotted magnetic field component H, of magnetic field as shown in

figure 10 (a). In second example, we consider a single gold nanosphere with radius a = 30 nm
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©2) excited by a uniform electric field, its corresponding scattering measurement is reported in

figure 10(b), showing a clear resonant peak around 530 nm.

These two examples demonstrated in figure 10 show excellent correspondence with the
results published in literature. ®'*? Based on these examples we can conclude that our
numerical simulations are in correct order. On the bases of these materials and methods we

discussed in this chapter we will present our results in next chapter.
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4 RESULTS AND DISCUSSIONS

In this chapter we will discuss the results based on the materials and methods discussed in
chapter 3. We will explain the optical properties of nanoslit, nanosphere, nanoellipsoid and
nanoprism in this chapter. Further we explain how we can design equivalent nanocircuit for

nanosphere based on optical properties of nanosphere.
4.1 Optical properties of nanoslit

Plasma frequency in certain metals such as silver and gold, is in the ultraviolet or visible
regimes, at the optical frequencies these metals behave as plasmonic materials, i.e., the real
part of their permittivity is negative. " As a result, the interaction between optical signals

. . . 1
and plasmonic nanoparticles involves surface plasmon resonances. ">

Numerical simulations are performed using finite element method (FEM) with COMSOL
multiphysics. The metals, silver and gold, are used and their dielectric functions are modeled
using optical data from Johnson and Christy. ®® The results are expressed in terms of electric

field, magnetic field and the power flow for transverse magnetic or p-polarization.

In the following discussion we explain how field enhancement occurs. In figure 11(a) a very
small amount of electric field is present at metal-dielectric interface, this amount of electric
field is enough to sustain the surface current J and this current J sustains the magnetic field
above the surface as shown in figure 11 (b) and justifies the continuity conditions of electric

and magnetic field across the interface.

Figure 11 (b) shows the corresponding magnetic field. The reflected electric and magnetic
fields interfere with the incident electric and magnetic fields and as a result they produce a
standing wave above the interface. At the sharp edges of the slit, there exists electric dipole
because the current J stops at the edges of the slit and allow the accumulation of charges at
the sharp corners and these oscillating charges on the opposite edges of the slit behave as an
electric dipole. These electric dipoles can be observed at the top and bottom of figure 11 (a). It
is considered that these dipoles contribute in the field enhancement alongside the surface
plasmons on the metal-dielectric-metal interface. " Inside the waveguide the surface charges
and currents, carry the traveling beam downward. When this traveling beam reaches at the
bottom of the waveguide it encounters an impedance mismatching and at this end

accumulation of charges give rise a second electric dipole as it can be viewed in figure 11 (a),
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this strong dipole generates an upward-traveling wave inside the waveguide. The opposite

travelling beams generate a standing wave inside the waveguide.

Figure 11 - Gold-gold slit of width w = 50 nm in a metallic structure of thickness ¢ = 500 nm.
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Source: The Author, 2019.
Note: (a) Electric field distribution, (b) magnetic field, under p-wave illumination at the wavelength A

=633 nm.

Top of figure 11 (a) outside of the slit present’s total field as the sum of incident, scattered
and reflected field. We observe a maximum value of enhanced field up to 9 times in figure 11
(a). These results show that the pattern of the E-field amplitude at the beginning of the slit at
the top surface clearly reveals the localized character of the resonance and its dipolar nature.

The figure 11 (a) also show that the E-field intensity maxima are at the edges of the slit.

As we are going to deal with different materials so for the sake of comparison using the same
parameters used in figure 11, we further investigate field enhancement and amount of power
present inside the waveguide. For this purpose, first we considered the slit composed of silver
slabs separated by the width of the slit 50 nm and we assumed the waveguide length 500 nm

as shown in figure 12.

In figure 12 (a) only one strong dipole exits at the bottom of the slit and the amount of the
charges at the top edges of the slit is reduced. Field enhancement in this case is 6 times of the
incident field. By comparing this result with figure 11(a) the electric field enhancement is

reduced up to 3 times.
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Figure 12 - Silver-silver slit of width w = 50 nm in a metallic structure of thickness ¢ = 500 nm.
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Source: The Author, 2019.
Note: (a) electric field distribution (b) magnetic field, under p-wave illumination at the wavelength A =

633 nm.

Here we demonstrate an example how we can tailor the value of enhanced electric field and
power flow. We considered a slit composed of silver and gold and observed the interesting
results as shown in figure 13. Figure 13(a) presenting the electric field, as we observed in
figure 11(a) and figure 12(a), the value of enhanced electric field is 2 times less as compare to
gold nano slit and 1 time higher as compare to silver nano slit suggesting that this
configuration is helpful to adjust the value of electric field. Similarly the analysis of figure
11(b), 12(b) and 13(b) indicates that values obtained for magnetic field in figure 13 (b) are
less than figure 11(b) and higher as compare to figure 12(b), respectively. By using this
configuration the values obtained for electric field and magnetic field are in-between the
values obtained for electic field and magnetic field using gold slit in figure 11 and silver slit
in figure 12. It proves that by using different combinations of materials we can adjust the

values of electromagnetic fields and power flow as per required.

The desired response of the system can be obtained by modeling the parameters including
refractive index of surrounding medium, permittivity and permeability of the materials used
for the slit and by adjusting the subwavelength parameters of the nano slit. On the basis of the
results shown from figure 11 to figure 13 it is observed that, the reflection and transmission
inside the slab generates the Fabry—Perot resonance at the entrance and the exit of the slab

when we observe the behavior of electric field.
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Figure 13 - Silver-gold slit of width w = 50 nm in a metallic structure of thickness ¢ = 500 nm.
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Source: The Author, 2019.

Note: (a) electric field (Ey) distribution (colors in ¥/m units) (b) magnetic field (Hy) (in A/m units),
under p-wave illumination at the wavelength A = 633 nm.

The nanoslit in the plasmonic slab, regardless of how narrow that is, for TM mode always
supports a propagating state. Even though we considered just a single wavelength but these

models can be used for broader range of frequencies.

The interface between metal and dielectric medium has major significance; one may consider

different dielectric material else then free space and can study the behavior.
4.2 Power flow in nanoslit

When plane wave propagating from top (air) reaches at the air-metal interface as we
considered the situation in figure 11, most part of power is reflected back to air and only a
small part of incident power is transmitted to the metal as the skin depth is only a few
nanometers so the energy flux or the power flow penetrates only a few tens of nanometers.

The power penetrating into the metal is given by !?

_|E,|? 2ko6
 Zy 2+ 2koS + (ko6)?

P = %Re[S] (4.1)

At air-metal (silver or gold) interface, the cycle-averaged incident power is

- |Eo|?
LT 27,

(4.2)
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Figure 14 — Power Flow in nanoslit

@ °PeT T ® o007
0.019} |y 1
i 0.0068+ |\ A
iR ooossl ] AAL 1
0.017}] ‘A\f ; ) i VAL .
. , .\_/"'_J)_ 0.0064 ' v \}-.‘ i i ]
3§ 0016f \4 = . PAALAL Y |
=~ [ '\..1. ""E 0.0062 ' SN \l\[‘\ A /i. |
g 0015 . & o0l YRl
5 0014 \ [ |
z J\-"'\./\ A 0.0058; l
g oo A & 00056 i
0.012 -.4\.*\.‘ 00054 I
0.011 i 0.0052 11-
0.01 \ 0.005 i
0005 . I ] ‘ ; 0.0048 : ‘ ] | ]
0 100 200 300 400 0 100 200 300 400
Length of nanoslit (nm) Leagth of naneslit (m)
(©) ?
o011ty
oot0s) | &
S A R
~ 001f] e \‘/L\A. .
X ] (5
E 0.0095 f A
0.009 A A
: (W _jl. £ A
0.0085] I
\ 4
0.008} YA
0.0075} {
0.007} i\
0.0065} Y
0 100 200 300 400
Length of naneslit (am)

Source: The Author, 2019.

Note: (a) gold nanoslit (b) silver nanoslit (c) silver-gold nanoslit, Power flow (in W/m’ units) under p-
wave illumination at the wavelength A = 633 nm inside of nanoslit of width w = 50 nm and thickness ¢
=500 nm.

And therefore the fraction of the incident power entering the metal is:

P 2ky6 4.3
The reflected power is given by
|Eo|?
P.= —|R|?—— 4.4
y= RIS ()

And the fraction of the incident power reflected is

P,
> ~ (1= 2kod) (4.5)

L
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Figure 14 (a) presents the power flow inside the waveguide. Fabry—Perot resonances occur
inside the waveguide and metal (gold) losses decrease the power flow inside the waveguide.
The width of the slit effects Fabry Perot resonances. From figure 14 (a)-(c), it is observed for
all cases that the power flow inside the slit decreases as long as the length of waveguide
increases. This loss in power flow mainly occurs because of internal losses of metals
considered for different cases. Inside the waveguide, for the case of gold nanoslit as shown in
figure 14 (a) the power decreases from its maximum value 2 X 1072 to 1.1 X 1072 . For the
case of silver nanoslit (figure 14 (b)) the power decreases to 0.7 X 1072 from 0.63 x 1072,
Finally, for the case of silver-gold nanoslit (figure 14 (c)) the power decreases from 1.1 X
1072 to 0.8 X 1072. In all these three cases the length of waveguide is 500 nm. The power
flow scheme also justify our consideration that if we use silver-gold nanoslit we can obtain

intermediate value of enhanced electric field and power going outside of the nanoslit.
4.3 Electric field enhancement and power transmission in nanoslit using nanocavity

In different cases we assumed from figures (11-13) we observed that in every case we
observed enhanced value of electric field. If we want to transfer power from one end to other
end of the slit, amount of power transfer is low and the reason behind this phenomenon is
impedance mismatching at the boundary of metal-dielectric interface. So in this section, we
particularly focus on power flow inside the slit and possibility of field enhancement. We will
discuss three different models that can be used to enhance both electric field and power.
These models are modified by keeping in mind the concept of impedance matching so that we

can reduce the power reflection.

In this section we will show numerically that a compact structure, consisting of different types
of nanocavities at the entrance of a subwavelength plasmonic slit, can lead to enhanced
transmission through slit. These nanocavities can increase resonant transmission
enhancement. In addition the nanocavities can improve the impedance matching. An
optimized structure at the entrance of the slit can lead larger transmission cross section
compared to the optimized reference slit without nanocavities. Using single microcavity at the
entrance and exit of a subwavelength plasmonic slit, the transmission cross section of the slit
can be enhanced. ' ' Use of multiple microcavities can be used to enhance the coupling
efficiency of slit ' on the other hand it was demonstrated that using multiple microcavities at
the entrance and exit sides of a subwavelength slit and filling with absorbing material can be

used to enhance the absorption cross section of the slit as well. **
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The use of nanocavities can enhance the incoupling of normally incident light from free space
into the slit mode and the outcoming of light from the slit mode to free space radiation in the
normal direction. In this work consider nanocavity where we are using single wavelength but
these models can be studied using broad range of frequencies. Here we consider a nanoslit
composed of gold, silver or silver-gold structure with X nanocavities at the entrance. All the
considered structures are compact will all nanocavities dimensions limited to less than
operating wavelength 633 nm. We use finite element method (FEM) using COMSOL
Multiphysics to calculate the power transmission through the structure and the field
enhancement. Using this method we can use the experimental data for the frequency
dependent dielectric constant of metal such as gold and silver *? to model the optical
properties. Perfectly matched layer absorbing boundary conditions at all boundaries of the

. . . 21
simulation domain are also used. ?"

In first step, we analyze a structure with a single nanocavity (X) at the entrance of the slit as
shown in figure 15 with X = 1. Using this structure we want to study the effect on field
enhancement and power flow. This structure is optimized at a single wavelength 633 nm
however this structure can be used to operate at other wavelengths at near-infrared and
visible. All the nanocavity dimensions are limited to less than 633 nm and we are addressing
asymmetric structure. Thus, for the optimized (X=1) structure the presence of the nanocavity
at the entrance results in significantly larger field enhancement and much higher values of

power for all cases considered in figure 15.

In all cases, our reference structure is nanoslit composed of that material without nanocavity,
first we discuss the structure composed of gold. As shown in figure 15(a) electric field
enhancement is 1.56 times higher as compare to electric field enhancement in figure 11(a). On
the other hand the amount of power flow is 2.8 times higher in figure 15 (b) as compare to
figure 14(a). So these results in figure 15 indicating that using nanocavity it is possible to
achieve higher values of electric field and power transmission. In the case of silver as shown
in figure 15 (c) field enhancement is 2 times higher as compare to figure 12 (a) and power
flow in figure 15 (d) is 4.29 time higher as compare to figure 14(b). Finally, for the case of
silver-gold structure the field enhancement is 2.28 times higher in figure 15(d) as compare to
figure 13 (a) and amount of power is 4.55 times increased in figure 15(e) as compare to figure

14(c).
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This structure can be considered as a system of two coupled resonators, the silt and the
nanocavity at the entrance of the slit. These are also coupled to free space propagating plane

waves above the structure as well as to plasmonic modes at the top of metal surface.

The nanocavity can be considered as a plasmonic transmission line which is short circuited on

one side and open-circuited on the other. “* To consider the Fabry-Perot resonance condition
. : .. A :
for nanocavities, the first resonant length of the microcavity is Io which for 1, = 633nm

gives 158.25 nm.

To study the effect of nanocavity on electric field enhancement and power flow here we
consider multiple nanocavities at the entrance of the slit (figure 16). More specifically, we use
(X' =2) in such a way that the widths and lengths of nanocaivties are less then 1, = 633nm.
In this case, the nanocavities at the entrance of the slit greatly enhance the coupling between
the free space waves and the slit mode. This is consistent with previous studies that optimized
multi section structures can be used to improve the impedance matching and therefore the
coupling between optical modes. " *? In the case of optimized single nanocavity structure
where the increased transmission is associated with increased resonance enhancement in the
slit, for optimized double nanocavity structure the increased transmission is mostly associated
with improved impedance matching between free space waves and the slit modes. For gold
nanoslit with double nanocavities at the entrance, field enhancement is 1.78 times higher and
power flow is 2.8 times higher as compare to gold slit without nanocavity at the entrance as

shown in figure 16 ( a-b).

Whereas, for silver nanostructure we observer 2.33 times increase in electric field (figure
16(c)) with respect to our reference slit in figure 12 (a) and 4.29 times higher amount of
power is recorded (figure 16 (d)) as compare to figure 14 (b). Finally, for silver-gold slit with
double nanocavity at the entrance we found 2.57 times higher electric field (figure 16 (e)) as
compare to shown in figure 13 (a) and 4.55 times higher value of power (figure 16 (f)) as
compare to figure 14 (c). In both cases we assumed so far for nanocavities showed excellent
way to improve the electric field enhancement and amount of power flow as well. Still we
observe that even these structures offering excellent electric filed enhancement and better
amount of power flow from the system, there are some accumulation of charges at the edges
of nanocavities, which may cause reflections and can reduce the required outcomes. To
minimize the reflection and increase the value of electric field enhancement and power flow,

here we introduce new type of nanocavity as shown in figure 17. Our results show that this
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type of nanocavity is useful to increase the impedance matching and can be used to minimize
the reflections from the interface. We deign this geometry in such a way that it does not
contain the edges at its interfaces. This circular cavity at the entrance of nanoslit provides

higher values as compare to the results of reference nanoslits shown in figures (11-16).

In figure 17 (a) for gold nanostructure, we notice 1.33 times higher value of enhanced electric
field. The amount of power is 2 times higher as compare to our reference slit in figure 13 (a).
Whereas, for silver nanostructure we observer 1.33 times increase in electric field (figure 17
(c)) with respect to our reference slit in figure 12 (a) and 2.57 times higher amount of power is
recorded (figure 17 (d)) as compare to figure 14 (b). Finally, for power (figure 17 (f)) as
compare to figure 14 (c) is calculated. In this section we have demonstrated successfully that
how one can improve the amount of electric field and power flow inside of the nanoslit with
nanocavity at its entrance for different combinations of these metals. This introduction of
nanocavity can be presented in equivalent circuit by introducing a parallel impedance to
impedance (Z;) in figure 2 (b). It may be useful to include the nanocavity at the exit of
nanostructures presented in figures (15-17) to obtain required results as explained in @) for
microcavities. By applying such nanocavities corresponding components will be required to
model equivalent circuit. In this work, as we focused on designing new type of proposed nano
structure composed of silver-gold combination, that can be used to obtain the intermediate
values that are less than the values obtained on the case of gold and higher as compare to

silver structures.
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Figure 15 - Nanoslit with nanocavity at the entrance of width wi = 150 nm and thickness ¢/ = 50 nm

while the width of nanoslit w = 50 nm and thickness ¢t = 450 nm.
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Note: (a), (c) and (e) electric field distribution (colors in ¥/m units) and corresponding power flow (in
W/ m’ units) in (b), (d) and (f) for gold-gold, silver-silver and silver-gold structures, respectively,
under p-wave illumination at the wavelength A = 633 nm.
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Figure 16 - Nanoslit with nanocavity at the entrance of width wi = 150 nm and thickness ¢t/ = 25 nm

and width w = 130 nm and thickness 2 = 25 nm while the width of nanoslit w = 50 nm and thickness
t =450 nm.
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Note: (a), (c) and (e) electric field distribution (colors in V/m units) and corresponding power flow (in
W/ m’ units) in (b), (d) and (f) for gold-gold, silver-silver and silver-gold structures respectively,
under p-wave illumination at the wavelength A = 633 nm.
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Figure 17 - Nanoslit with nanocavity at the entrance of width w/ = 280 nm and thickness ¢/ = 140 nm
while the width of nanoslit w = 50 nm and thickness ¢t = 360 nm.
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Note: (a), (c) and (e) electric field distribution (colors in V/m units) and corresponding power flow (in
W/ m’ units) in (b), (d) and (f) for gold-gold, silver-silver and silver-gold structures, respectively,
under p-wave illumination at the wavelength A = 633 nm.
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In future, these interesting results will courage the researchers to apply different combinations
of materials. This concept of nanoslit is like a device that can be used to control the required
outputs. One may just change the material inside the slit instead of free space that we
considered here and can study new problem or even it is possible to use different materials to
design the nanoslit. The other controlling possibilities are the parameters of nanoslit. As we
studied (not shown in this work) that the height and width of nanoslit plays key role to
enhance the parameters of incident light so one may use this option such that fulfilling the

subwavelength requirement to design the parameters of slit.
4.4 Numerical analysis for nanosphere

For many applications in nanoplasmonics, silver and gold are used widely. Silver has intense
plasmonic response while gold is known for its easier functionalization and localized plasmon
resonances in the visible infrared range. ®” Here we discuss the optical properties of both

materials in details.

In figure 18, electric field |E/E,| is shown for gold and silver sphere at resonance
wavelengths. At the interface between water and silver or gold, due to higher conductivities of
silver and gold nanoparticles, show higher values of the field enhancement. In figure 18(a),
the enhanced value of electric field is ~6 times while for silver sphere figure 18(b) of same
radius (r = 10 nm) electric field enhancement at the interface is 3.29 times higher as compare
to incident electric field. The maximum values observed in these results are associated with
the resonances or surface mode. Usually the peak value of the field enhancement factor is

around the wavelength where
& 1= —2& 2

Where ¢; and ¢, are the permittivities of the sphere and the surrounding medium,
respectively. For all wavelengths considered for both silver and gold nanospheres, we
observed that the electric field map shows the typical two-lobe distribution corresponding to
an electric dipole oriented along the x axis of different amplitudes depending on the type of
the material and corresponding wavelength. Whereas in the case of silver nanosphere (around

r=50 nm) Albeit, four lobs are possible presenting quadropole mode distribution.

Extinction cross section of small nanoparticles is the sum of scattering cross section and
absorption cross section of nanoparticles. Enhanced electric field expresses the ability of the

nanosphere to increase the electric field at its vicinity that is dominant parameter for various
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applications including surface-enhanced Raman spectroscopy (SERS) or molecule sensing.
On the other hand, electric field inside the sphere is directly related to the ability of
nanosphere to generate heat so the Joule effect is directly linked to the magnitude of the

electric field inside the nanosphere.

Figure 18 - Enhancement of electric field (in V/m units) at plasmonic resonances.
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Source: The Author, 2019.

Note: (a) A = 530 nm for gold nanosphere, (b) A = 355 nm of silver nanosphere (radius r =10 nm)
under p-wave illumination.

In figure 19, the extinction cross section of silver and gold nanoparticles is presented. For
silver and gold sphere resonance peak for sphere of radius (r = 10, 15, 20, 25, 30, 35, 40, 45
and 50 nm) are considered. For both silver and gold sphere red shift in the wavelength is
observed as the radius of sphere gets larger. For gold sphere, the resonance peak for sphere (r
=10 nm) is at 525 nm and as the size of sphere increases this resonance peak moves towards
higher values of wavelength, i.e., for (r = 50 nm) the resonance peak is at 550 nm. For silver
sphere the resonance peak for (r=10 nm) is at 354 nm and with increase in size of sphere the
red shifted resonance peak is observed as shown in figure 19 (b), for example, for silver
sphere (r = 50 nm) the resonance peak is at 394 nm. The contribution of scattering and
absorption cross section to extinction cross section changes depending on the size of
nanoparticles. For example in the case of silver for sphere (radius < 30 nm) the absorption
cross section plays main role and scattering is very small, but as long as the radius of the
sphere increases from 30 nm the nanoparticle scatters reasonable amount of light and as a
result this scatting cross section starts dominating the extinction cross section. In figure 19
(b), for sphere (r = 50 nm), there are two peaks, first at 354 nm, that is because of absorption

and the other at 394 nm because of scattering. In figure 19 field enhancement of electric field
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is presented that is the typical two-lobe distribution corresponding to an electric dipole but
this distribution of enhanced electric field becomes 4-lobs and corresponds to quadrupole
mode in the case of silver sphere for radius (r = 50 nm). On the other hand, dipole resonance
is dominant mode in the case of gold sphere. Figure 19 represents the effect of size on
resonance peak, in this figure the nano sphere (silver or gold) is placed in water. It can be
observed that the amplitude of resonance peak can be tailored by changing the type of
material. As it is evident from figure 19 (a) and 19(b) that the resonance peak amplitude for
same size of sphere (silver or gold) is different. To adjust this amplitude one more factor that
can play key role is surrounding medium. In this present case the surrounding medium is
water. Furthermore, this value of resonance peak wavelength can be used to obtain maximum
value of electric field as demonstrated in figure 20, where electric field enhancement is shown

for different wavelengths.

Figure 19 — Details of extinction cross section of nanosphere.

Source: The Author, 2019.

Note: (a) A = 530 nm for gold nanosphere, (b) A = 355 nm of silver nanosphere (radius r =10, 15, 20,
25, 30, 35, 40, 45 and 50 nm) under p-wave illumination.

One possible way to enhance electric field is to apply light with different wavelengths to
obtain different values of enhanced electric field for same size of object. For example for
silver or gold sphere (radius = 10 nm) we studied in figure 4.9 (a) the electric field
enhancement at wavelengths (4 = 450,560,570, 600, 660,720, 530 nm ) where 530 nm is
the wavelength of resonance peak for gold sphere and in figure 4.9 (b) at wavelengths
(1 =400,450,550,570,600,660, 355 nm ) where 355 nm is the wavelength of resonance

peak for silver sphere.
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Figure 20 - Enhancement of electric field (in V/m units) at plasmonic resonances.
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Note: (a) L =450, 560, 570, 600, 660 and 720 nm for gold nanosphere, (b) L =355, 400, 450, 550,
570, 600 and 660 nm of silver nanosphere (radius r =10 nm) under p-wave illumination.

As it is observed in figure 20 (a) and (b) that the amplitude of electric field decays
exponentially as the observation point goes away from the interface. Depending on the size of
nano sphere (silver or gold) the length of this field decay may vary from few nanometers upto

few tens of nanometers.
4.5 Nanosphere as a nanocircuit

Equivalent circuits are very useful tool to design any object as they are scalar quantities.
Being simple in nature still they are capable of capturing the properties of nanoparticles. In
this section, we demonstrate how we can use optical properties to design the components of

equivalent circuit. As described in, @ impedance matching is powerful technique that can be

(4, 55-57, 78) (7, 23-26,

used to design the model of any nano geometry, i.e., nanoslits
92) (84)

, nanospheres
and nanoellipsoids. “” We assumed single silver / gold nanosphere with

radius (r = 10, 15, 20, 25, 30, 35, 40, 45 and 50 nm) excited by uniform filed, as shown in

, hanorods

figure 8 (a) with SEM images of silver and gold nanospheres in figure 8(b) and figure 8(c).
The corresponding extinction cross sections (sum of scattering and absorption) is reported in
figure 19. As mentioned in ") using these measurements we can model nanocircuit that can
exhibit these properties. As explained in ), that nanocircuit can capture the resonance

frequency, frequency dispersion and resonance quality factor of the measured spectra.
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Figure 21 - A basic nanoscale circuit in visible regime, nanoplasmonic sphere with ¢ < 0, which
provides a nanoinductor and a nanoresistor and surrounding medium that can be modeled as
nanocapacitor.

Ifringe

Sourece: Adopted from Ref. [7]

We consider a plasmonic nanosphere (silver or gold) with dielectric function &(w) that is
complex quantity. The size of sphere is much smaller than the operating wavelength in the
vacuum and in the plasmonic material. We consider a monochromatic incident
electromagnetic plane wave illuminating the plasmonic nanosphere. The plasmonic
nanosphere is placed in lossless, homogeneous, non-dispersive and isotropic media,i.c., free
space. The permittivity of the free space is &, and permiability is yy. As compare to the
wavelength, the size of nanosphere is very small, so using well-known time harmonic,
quasistatic approach the scattered electromagnetic fields inside of the nanosphere and in the

vicinity can be calculated.
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Table 1 - Values of circuit elements, i.e., nano resistor, nano inductor and nano capacitor for silver
sphere at corresponding wavelengths.

0.439

0.658

0.877

1.096

1.315

1.535

1.754

1.973

2.193

6.724

4.585

3.458

2.844

2.435

2.144

1.927

1.766

1.657

Source: The Author, 2019.

0.556

0.834

1.112

1.390

1.667

1.945

2.223

2.501

1.656

355

359

360

365

370

375

380

386

394

When the nanosphere is composed of a plasmonic material, such as noble metals, e.g., silver

and gold, in the visible or infrared band in this case the real part of permittivity of these

metals may have a negative value in these frequency bands. So the equivalent impedance of

the plasmonic nanosphere can be negatively capacitive for any frequency for which Re[e] <

0. As discussed in ®? this can be interpreted as a positive effective “‘inductance,”’. Therefore,

the equivalent circuit for the case of optical wave interaction with a plasmonic nanosphere

may be presented as shown in figure 21. Depending upon the application, we can choose
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current source or voltage generator. The optical circuit is driven by a current source associated

with the applied fields.

Using impedance approach, we can calculate the values of capacitor, inductor and resistor as

shown in table 1 by using the relations.
Zspn = (—iwenR)™! (4.6)
Ztringe = (—iw2mRey )7t (4.7)
Here the equivalent circuit element for the sphere becomes:
Lopn = (—w?*mRRe[e])™"  (4.8(a))
Cspn = 2TRg (4.8(b))

Gspn = TwRIM[g] (4.8(c))

In this case the fringe capacitor is parallel to the inductor as a result the circuit may exhibit

. . )
resonance, as mentioned in ©?

this resonance corresponds to the plasmonic resonance for the
metallic nanoparticles which interact with the optical wave. The resonance condition for the

circuit is
LspnCspn = w™? (4.9)
requires the well-known condition of plasmonic resonance for a nanosphere
Re [e] = —2¢, (4.10)
4.6 Optical properties of ellipsoid

We will discuss the results, which have main focus on analyzing the enhanced electric field
and extinction cross section of an isolated nanoellipsoid. Comparison will be made between
gold particle and silver particle of the same size. The second subsection will examine the
effect of the axis length distribution on the particle’s optical properties. And finally based on
these optical properties and using size parameters we will calculate the values of

corresponding nanoelements.
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In this work, for better understanding of the behavior of this quite interesting shape, in a
comprehensive way the optical properties of an isolated nanoellipsoidal particle for the gold
and silver cases are studied, because in nanoparticle form these two materials exhibit most
interesting extinction coefficient (that is sum of absorption and scattering coefficients) in the
visible and near-infrared range. The results found in this work will be useful to optimize the
optical properties of nanoparticles for applications such as biosensing ?" and in the plasmonic

photovoltaic field. (¥

We considered the field distribution for three different wavelengths. To study the resonant
plasmonic modes excited on nanoellipsoid numerical simulations are performed using finite
element method (FEM) with COMSOL. In this study we are addressing 3D configuration.
Perfectly-matched-layer boundary conditions are used to terminate the simulation volume.
Optical data from Johnson and Christy is used to model the dielectric functions of the both
materials, i.e., silver and gold. 2 The results in this section are expressed in term of electric
field E[V/m] and extinction cross section. In the following we discuss the details of the

ellipsoids composed of gold or silver and illuminated at different wavelengths.

Figure 22 - Detail of the electric field norm E(r) (in V/m units) at resonance wavelengths.

= -J

Source: The Author, 2019.
Note: (a) gold ellipsoid at A =450 nm and a = 50 nm (b) silver ellipsoid at A = 570 nm and a = 50 nm.

The purpose of using same geometry for different wavelengths is to understand the behavior
of nanoellipsoids composed of different materials in better way. As the field enhancement
depends on the particle shape, the environment and the metal, as we mentioned in chapter 1,

so one way to control this enhancement could be the coating of dielectric on ellipsoid.
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In figure 22, electric field |E/E,| is shown for gold and silver sphere at resonance
wavelengths. At the interface between free space and silver or gold, higher conductivities of
silver and gold nanoparticles result in higher values of the field enhancement. For all
wavelengths considered for both silver and gold nanoellipsoid, we observed that the electric
field map shows the typical two-lobe distribution corresponding to an electric dipole oriented
along the x axis of different amplitudes depending on the type of the material and
corresponding wavelength. Figure 22 (a) presents the field enhancement for gold ellipsoid.
The length of major axis a in this case is 50 nm. We observed in figure 22(a) that at resonance
wavelength A = 555 nm, maximum field enhancement, i.e., 17.8 times higher value of electric
field near the interface between ellipsoid and free space. For same size of ellipsoid considered

for silver we observe 39.2 times higher electric field enhancement as shown in figure 22 (b).

Figure 23 - Detail of the electric field norm E(r) (in V/m units) for nanoellipsoid.
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Note: (a) gold ellipsoid at A =450 nm, A = 555 nm, A = 580 nm, and A = 635 nm and (b) silver
ellipsoid at A = 455 nm, A = 530 nm, A = 570 nm, and A = 635 nm.

It is possible to change the enhanced value of electric field by changing the parameters. One
possible way to do this is to apply light with different wavelengths. For example for silver or
gold ellipsoids (a = 50 nm) we studied as shown in figure 23, (a) the electric field
enhancement for gold ellipsoid at wavelengths (4 = 450,555,580,635 nm ) we obtain
maximum value of electric field at resonance peak at 555 and in figure 23 (b) at wavelengths
(1 = 455,530,570,635 nm ) we studied the electric field enhancement where we obtain

maximum value of electric field at resonance wavelength 455 nm for silver ellipsoid.

As it is observed in figure 23 (a) and (b) that the amplitude of electric field decays

exponentially as the observation point goes away from the interface. Depending on the size of



63

nanoellipsoid (silver or gold) the length of this field decay may vary from few nanometers
upto few tens of nanometers. It is observed in figure 23 for both cases, i.e., silver and gold,
especially at resonance wavelength the distribution of electric field inside the nanoellipsoid is
uniform. This uniform distribution of electric field can play role in such applications where it
is required to heat the nanoparticle for treatment, for example in the treatment of cancer cells

it can be significant to heat these nanoparticles at resonance wavelengths.

Figure 24 - Extinction cross section of nanoellipsoid.
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Note: (a) gold (b) silver for major axis a =30 nm, 35 nm, 40 nm, 45 nm and 50 nm.

In figure 24, the extinction cross section of silver and gold nanoellipsoids placed in free space
is presented. For silver and gold nanoellisoid, resonance peak for ellipsoid with major axis (a
=30, 35, 40, 45 and 50 nm) are observed. For both silver and gold nanoellipsoids red shift in
the wavelength is observed as the length of major axis increases. For gold nanoellipsoid, the
resonance peak for (a =30 nm) is at 515 nm and as the size of nanoellipsoid increases this
resonance peak moves towards higher values of wavelength, i.e., for (a = 50 nm) the

resonance peak is at 555 nm.

So in these 5 cases, we considered for gold nanoellipsoid we observe a red shift of 40 nm in
the wavelength spectrum. For silver nanoellipsoid the resonance peak for (a = 30 nm) is at
375 nm and with increase in size of sphere the red shifted resonance peak is observed as
shown in figure 24 (b), for example, for nanoellipsoid (r = 50 nm) the resonance peak is at
455 nm, showing the overall 80 nm red shift in the wavelength spectrum shown in figure 24

(b). Figure 24 represents the effect of size on resonance peak, where it is observed that the
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amplitude of resonance peak can be tailored by changing the type of material and size of

nanoellisoid.

Extinction cross section of small nanoparticles is the sum of scattering cross section and
absorption cross section of nanoparticles. Enhanced electric field expresses the ability of the
nanoellipsoid to increase the electric field at its vicinity that is dominant parameter for various
applications including surface-enhanced Raman spectroscopy (SERS) or molecule sensing.
On the other hand, electric field inside the nanoellipsoid is directly related to the ability of
nanosphere to generate heat so the Joule effect is directly linked to the magnitude of the

electric field inside the nanosellipsoid.
4.7  Optical properties of nanoprism

To study the properties of nanoprism, a series of samples of increasing edge length was
prepared. The progression in color was observed as the main surface plasmon resonance is
increasingly red-shifted as the nanoprism edge length increases. The SEM image of one of
those sample is shown in figure 25(a) and the spectra is shown in figure 25(b). Since the
spectra were obtained using UV-vis measurements of nanoprism in solution with a
distribution of sizes, the spectra are inhomogeneously broadened. As shown in figure 25 (b),
as the size of particle increases surface plasmon resonance is sufficiently red shifted and
quadrupole SPR are more visible. The spectra of nanoprisms are highly sensitive to the size of
nanprisms (figure 25(b)). The extinction coefficient of light is the net effect of absorption and
scattering and explains the interaction between radiation and the material upon which is
impinges. The volumetric cross-section plays a larger role in changing the spectra of silver
nanoparticles as compare to the case of gold nanoparticles, indicating for a population
containing equal concentrations of two sizes of silver nanoparticles, nanoparticles with larger
volume contribute more to the spectra or extinction coefficient value. Similar we observed in
the case of silver and gold nanospheres, in the case of nanoprisms where the extinction
coefficient gets influenced by the size, the contribution of the scattering to the extinction
coefficient also depends on the size of nanoparticles. As it can be seen in figure 25(b) that
with increase in the size of nanoprism shoulder peak is more visible along with main
resonance peak, this peak presents the scattering coefficient. This shoulder peak also
describes the quadrupole nature of nanoprims. The numerical modeling of nano prisms was
performed using finite element method (FEM) with COMSOL Multiphysics. Spherical

perfectly-matched-layer 10 times greater than the altitude length D of nanoprism was used to
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enclose the simulation volume and to avoid unnecessary reflections further proper boundary
conditions were applied to study the nature of nanoprism. Optical data from Johnson and

(22)

Christy was used to model the dielectric functions of silver. The magnitude of the

background electric field was set 1V/m.

Figure 25 — Nanoprism and its extinction cross section.
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(a) Scanning electron microscopy (SEM) image of silver nanoprism with D = 4746, (b) extinction
cross section of nanoprism with different sizes.

Figure 26(a) displays the normalized electric field distribution (|E/E,|) around a single silver
nanoprism at A; = 635 nm with D = 40 nm and t = 5 nm, in free space. It is evident in this
figure that the field enhancement is highly localized at the corners of silver nanoprism. In this
case field enhancement is 30 times higher as compare to the incident field. Where as shown in
figure 26 (b) field enhancement at SPR is 300 times higher at the tip along x-direction of
nanoprism much higher as compare to figure 26 (a), as shown in figure 26 (b). For dipole
plasmon mode (565 nm), the strong field distributions observed at the tips of the nanoprism,
indicating a higher polarization charges distribution at sharp corners/tips. The field amplitude
decays exponentially as a function of distance from the nanoprism tips as shown in figure 26
(b). In figure 26 (a) and figure 26 (b), the amount of electric field is higher and approximately
uniform inside the prism. This enhanced electric field inside the nanoprism has significance
that is can produce heat inside of the nanoprism, so this kind of nanoparticles can be used to

kill cancer cells.
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Figure 26 - Electric field enhancement for nanoprism placed in free space.
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Note: (a) Electric field enhancement at resonance wavelength, (b) electric field enhancement at two
different wavelengths.

Figure 27 - Extinction cross section of nanoprism.

Source: The Author, 2019.

Note: (a) Extinction cross section of nanoprism with D =40 nm, (b) comparison of extinction
cross section of two nanoprisms with D = 40 nm and D = 90 nm, respectively.

In figure 27(a), the extinction cross section is shown for a nanoprism with D = 40 nm and t =
5 nm for a range of wavelength from 300 nm to 800 nm. Absorption peak is at 565 nm and
the shoulder peak is at 425 nm. While keeping the thickness constant at t = 5 nm we designed
a nanoprism with D = 90 nm placed in free space. In this case we observe red-shift in SPR
from 565 nm to 730 nm (figure 27 (b)). The dominant mode is attributed to plasmon dipole
resonance. The quadrupole peak is observed at 430 nm as shown in figure 27(b). These results

in figure 27(b) indicate that with increase of size of nanoprism higher order multipole
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resonances becomes visible in the extinction spectrum. In our discussion we kept the
thickness of the nanoprism constant, t = Snm. But it is possible to control the SPR of

nanoprism the thickness of nanoprism can be changed to obtain required results.
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5 CONCLUSIONS

In this work, we focused on designing new type of slit surrounded by two materials with
different properties i.e., silver and gold. We found that for all cases considered for silver-gold
nanoslit, that our newly proposed nano structure composed of silver-gold combination, can be
used to obtain the intermediate values that are less than the values obtained for the case of
gold and higher as compare to silver structures. In future, these interesting results will courage
the researchers to apply different combinations of materials. This concept of nanoslit is like a
device that can be used to control the required outputs. One may just change the material
inside the slit instead of free space that we considered here and can study new problem or

even it is possible to use different materials to design the nanoslit.

The other controlling possibilities are the parameters of nanoslit. As we studied (not shown in
this work) that the height and width of nanoslit plays key role to enhance the parameters of
incident light so one may use this option such that fulfilling the subwavelength requirement to

design the parameters of slit.

In this work, we analyzed the optical properties of Au / Ag nanospheres. Based on optical
properties we calculated the values of components required to design a circuit. Our circuit
model is for nanospheres suspended in water whereas earlier models were considered for

nanosphere placed in free space.

This work shows how one can build a circuit using optical properties of nanospheres. The
values of resistor, inductor and capacitor calculated in this work are very small as compare to
the values used for these components in electronics. This study suggest how one can use these
nanosphere to design complex circuits for nanodevices. Silver nanospheres prepared in lab
can be used as seed to prepare other complex structures. Using seed based approach we used
silver nanoshperes to design silver nanoplates and we are currently using those silver

nanoplates in different biological applications.

In our next work we will focus on coated spheres, ellipsoids and coated ellipsoids, as these
particles can provide more options to control the functionality of nanoparticles and we will

describe the relation for their nanocircuits.

A reproducible and rapid seed-based method for the preparation of silver nanoprisms in high
yield is presented. The position of the main plasmon resonance and edge length of the

nanoprism was readily controlled by adjusting reaction conditions. From UV-vis spectra of
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solutions of the nanoprisms, the inhomogeneously broadened line width of the dipole plasmon
resonance was measured and trends in the extent of plasmon resonance as a function of
nanoprism size have been elucidated. Numerical simulations are performed using COMSOL
Multiphysics and optical properties are discussed. The choice of selection of altitude and
thickness of nanoprism can provide control on the localized surface plasmon resonance and
field enhancement near the nanoprism. We found that based on optical properties, nanoprisms
can be used in biomedical applications. These experimental and theoretical investigations

guide towards the selection nanoprism for different applications.
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APPENDIX A - Analysis of the equivalent circuit

For better analysis of the equivalent circuit presented in figure 2(a), we divide the circuit into

three parts, i.e., upside, middle part and down side and simplify each part step by step.

The up side of the circuit in figure 2(a) is shown in the figure A.1 (a), containing two voltage
sources, V; and V5, it is assumed for simplicity that each voltage source has voltage V; /2, two
capacitors, Cspqce and C;, where Cgpqce represents the capacitive nature of free space and C;
is capacitance representing the phenomenon, when the charges are accumulated on the edges
of nanoslit and as a result these charges generate a capacitance. Ohmic losses on both sides
are assumed as R/2, moving currents produce inductance on each side represented by L/2

respectively.

Figure A.1 (a) upper part of figure 2(a), (b) simplified form of figure 4(a), (¢) Thevenin

equivalent circuit.
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When the light interacts with the interface, then currents flow in opposite direction in both

slabs and presence of charges at the edges generate displacement current respectively.

The elements of circuit shown in figure A.1 (a) can be combined as shown in figure A.1 (b) to
simplify the circuit. The simplified circuit shown in figure A.1 (b) consist of a voltage source
V;, resistor R, inductor L and two capacitors Cgpqce and C; respectively. The circuit shown in
figure A.1 (b) is further simplified using Thevenin theorem and finally we have Thevenin

voltage followed by Thevenin resistance as presented in figure A.1(c).

1
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Vi, = : |/ 2% §
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After some simple calculations we find the expression for Zy,

%(2+ a)i2+%s)

[52 + (wg + wlz) +% S]

Equation (2.1) and equation (2.2) represent the Thevenin voltage and Thevenin resistance,

respectively.

Figure 4 (a) represents the equivalent circuit for waveguide, that consist of two resistors R,
R, and two inductors Lz, L4, representing the resistance and inductance of both sides of
waveguide, respectively. The electromagnetic details about this kind of waveguide can be
seen in [12-13]. As the waveguide has a finite length and due to mismatching of impedances

at both ends of the waveguide reflections occur at both ends.

Figure A.2 (a) middle part of figure 2(a), (b) reflection and transmission in waveguide.

(@)
< W > N
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It is important to define the transmission and reflection coefficients. The reflection

coefficients I at the interfaces are:

Zo— Z4

Zo+ Z4

T )
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F = Zl B ZO (2 4)

2 7.+ Z )
Zz - ZO

3T Z+ Z, (2.5)

Where Z,, Z and Z, are the impedances shown in figure 2(b). Reflection coefficients I" are

related to transmission coefficients T as:
Ti=14 T o e e e e (2.6)
T3 =14 T3 e e e e e e e e e e (2.7)
The voltage at any point within the waveguide is a sum of two wave voltage components:

forward and backward. Voltage at any point within the waveguide is

V(z) = Ve #7+ V.eb?z = V. (2) + V.(2) .. (2.8)

— —ifL — —ifL
Vi(w) =T Tze " [1 — I,e-i2hL V,i(0) =Ty Tze ' 1+ F11-3e—i2,8L] Vv, (0)
T,Tze~PL
= (29)
1+ I [ze—i2RL
By using equation (2.6) and (2.7) we have
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Figure A.3 (a) down side of figure 2(a), (b) compact circuit for figure 5(a), (c) impedance of

circuit in figure 5(a).
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Figure A.4 impedance model of nanoslit shown in figure A. 1.
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We have evaluated the core relations for source impedance and load impedance. We observe
that these impedances depend upon the values of corresponding capacitance and inductance.

Under certain conditions these capacitors and inductors can produce resonance.



