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ABSTRACT

Local Surface Plasmon Resonance is now considered one of the most promising topics due to its
various applications in optics, photo catalysis, medicine and photovoltaics. Among these,
Plasmonic nanoantennas have attracted considerable attention primarily due to the capability of
such structures to confine and significantly enhance the incident electromagnetic field in
nanometer-sized region. These metallic materials patterned at the nanoscale, exhibit interesting
optical properties due to the large enhancement and localization of the electromagnetic fields.
For our paper, we investigate the dependency of this energy of plasmons on the size, geometry
and composition of the nanostructures as well as on the dielectric environment that surrounds
them. Subsequently many such structures have been engineered to provide diverse functions
including, as we report here, for biosensing. We report the behavior of two nanoparticles when
they are close enough, based on their wavelength shift properties. When strong coupling takes
place between them, electromagnetic fields of several times that of the incident light arise in their
gap. Our paper includes, refractive index variations in the gap resulting in significantly greater
displacements of resonance peaks compared to non-coupled metal nanostructures. Moreover, we
report the SPR shift differences when various analytes of different refractive index is tested for

biomolecular surface sensing.
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Overview of the thesis

Chapter 1

This chapter gives an introduction to plasmons and nanoplasmonics and talks about its various

applications in optics, colored glasses and so on.
Chapter 2

This chapter extensively deals with Surface Plasmon Resonance (SPR) and Localized Surface
Plasmon Resonance (LSPR), the physics behind it and the differences between them. Also, it

talks about optical properties of metals using Drude’s model.
Chapter 3

This part explains plasmonic nanoantennas, biosensors and their applications in medical fied and
agriculture. Also, it talks about various proteins as biomolecular analytes that we used in our

paper namely, Lysozyme, Fibrinogen and Human Serum Albumin.
Chapter 4

This chapter talks about Bowtie antenna and its structure, and the effects of changing its features

such as gap size, height, bowtie angle, and radius of curvature as well as our analyzed structures.
Chapter 5

This chapter gives an introduction to the FDTD method, Lumerical and explains the parameters

and features we have used in our simulations.
Chapter 6

This part is all about the research and analysis and the simulation processes being used along
with a few drawbacks. Graphs of extinction curves, peak resonance shifts on changing of

conditions and factors are explained with detail explanations.
Chapter 7

Finally, this chapter is the conclusion of our thesis paper.
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1. Introduction

1.1 Definition of a Plasmon

Plasmons are the quantization of classical plasma oscillations. Like ripples on a water surface are
a collective mode of the water molecules of the liquid, a plasmon is a collective excitation of the
electronic ‘fluid’ in a piece of conducting material. These electronic ripples can have discrete
wavelengths. The displacement of the electrons cause the positive charge left behind to exerts an
attractive force on the electrons, attempting to pull them back to their initial positions. Due to
this interaction, the plasmons oscillate once they are excited, and these Coulomb interactions are

also why plasmons need energy to excite !

Plasmons have become so popular for quite a few reasons. They may be able to provide a way of
shuttling information around on computer chips that naturally interfaces with optics. Also,
plasmons are associated with large electric fields at metal surfaces, which are needed for certain
sorts of spectroscopies and optical trapping. Furthermore, plasmon properties can be controlled
to influence the overall optical response of a conducting system, leading to potential

advancements in ‘perfect lenses’ [/

1.2 Nanoplasmonics

Nanoplasmonics is a new research field combining photonics with nanotechnology, which
investigates the localization of light and light/matter interactions on the nanoscale. Research in
this area has advanced significantly in the last few years, thanks to advances in computation,
nanofabrication, and the development of new experimental techniques to image light fields of
dimensions smaller than the wavelength®] Nanoplasmonics is at the verge of becoming an
impressive technology platform for next-generation applications in information technologies,

energy, high-density data storage and life sciences. Due to the excitation of localized surface
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plasmons, noble-metal nanoparticles that are of size smaller than the wavelength of light in the
visible region show strong resonances for light scattering and absorption. At the point of
resonance, light resonantly energizes and causes combined oscillation of the conduction
electrons of the metal nanoparticle, which in turn acts as a regular dipole. Its resonance
frequency is strongly dependent on the shape of the particle and the dielectric environment. This
phenomenon enables us to tune its color throughout the visible region and into the near-infrared
(IR) regime of the electromagnetic spectrum, while keeping the size of the particle a lot below

the 100 nm range. [

0 T [l T e
< '1 4 ._... #

»

Fig 1.1 TEM images of Au nanoparticles

An interesting application of this phenomenon appears in the form of colored glass with regards
to metal nanoparticle dopants. A dopant, otherwise known as a doping agent, is a trace impurity
element that is inserted into a substance in very low concentrations to alter the electrical or

optical properties of the substance. [
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Fig 1.2 Imaging of 500nm Au Np by SEM

Some of the equipment of the London Centre for Nanotechnology (LCN) is fundamental for
the study and fabrication of the structures needed in nanoplasmonics; high resolution
Transmission Electron Microscopy (TEM) disentangles the properties of plasmonic modes in
complex structures. Electron Beam Lithography or Focused Ion Beam Milling is necessary to
produce metallic structures with properties in the visible range. In order to make sure that the
samples to be investigated have the desired dimensions and morphology, high resolution

Scanning Electron Microscope (SEM) imaging is required. [/
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2. Physics of Localized Surface Plasmon

Resonance

2.1 Surface Plasmon Resonance and Localized Surface

Plasmon Resonance

Surface Plasmon Resonance has emerged as a powerful optical detection technique for studying
label free bimolecular interactions in real time within a variety of diverse applications such as
life science, electrochemistry, chemical vapor detection, food and environmental safety and
beyond. ®1 Due to its simplicity, every commercially available SPR instrument uses a detection
scheme called the Kretschmann configuration. In this setup, a light source passes through a prism

and reflects off the backside of a sensor chip surface into a detector as shown below.

At a certain incident angle known as the resonance angle, light is absorbed by the electrons in the
metal film of the sensor chip causing them to resonate. These resonating electrons are also
known as surface plasmons which are sensitive to their surrounding environment. The result is
an intensity loss in the reflected beam which appears as a dark band and can be seen as a dip in

the SPR reflection intensity curve.
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Fig 2.1 Method of SPR

The shape and location of the SPR dip can then be used to convey information about the sensor
surface. SPR technology is commonly utilized for the study of molecular binding interactions
between free analyte molecules in solution and probe molecules which are linked to or
immobilized onto the sensor surface. As the molecular binding event takes place, a shift in the
reflectivity curve can be observed. This is a direct method of detection which avoids the
drawback of labels. Another powerful aspect of SPR technology is in its ability to absorb the
time dependent binding interactions between molecules. By monitoring this change in SPR

response over time, researchers can study the kinetics of molecular binding events. 1]

Localized surface plasmon resonance (LSPR) is an optical phenomena created by light when it
collaborates with conductive nanoparticles (NPs) that are smaller than the incident wavelength.
As in surface plasmon resonance, the electric field of incident light can be deposited to
collectively excite electrons of a conduction band, with the outcome being coherent localized
plasmon oscillations with a resonant frequency that relies on the arrangement, size, geometry,

and separation distance of NPs, [!!]
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Fig 2.2 Schematic of LSPR oscillation

LSP has two important effects. Firstly, electric fields near the particle’s surface are greatly
enhanced. This enhancement falls off quickly if the distance from the surface is increased.
Secondly, the particle’s optical absorption has a maximum at the plasmon resonant frequency.
For noble metal nanoparticles, this occurs at visible wavelengths. For semiconductor
nanoparticles, the maximum optical absorption occurs in the near-infrared or mid infrared region.
1 Localized Surface Plasmons are non-propagating excitations of the conduction electrons of
metallic nanostructures coupled to the electromagnetic field. These modes generate naturally
from the scattering problem of a small, sub-wavelength conductive nanoparticle in an oscillating
electromagnetic field. An operative restoring force is exerted on the driven electrons by the
curved surface of the nanoparticle. As a result, a resonance arises, leading to field amplification
on both inside and in the near-field zone outside the particle. This resonance is called localized
surface plasmon resonance. Another significance of the curved surface is that the plasmon

resonances can be generated by direct light illumination.
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The resonance in gold and silver nanoparticles lies in the visible range of the electromagnetic
spectrum owing to which bright colors are displayed by the particles. As a result, it can be

applied in staining of glass in windows or ornamental cups.

Fig 2.3 Lycurgus Cup

This cup is green under normal lighting conditions and turns red when illuminated from within.
Tiny metal particles are responsible for the colors. From regular experience it is clear that metals
interact strongly with light. The light is compelled to turn around and travel in the opposite
direction whenever it comes across a mirrored surface. This is due to the fact that metals have
free electrons floating around in them. Light and electrons have a close association due to their
electric fields, for a mirror the oscillation of the light field causes the electrons in the metal to
also oscillate. Because the electron have some mass it takes time to get them moving and so, in
this case, they tend to oscillate in anti-phase with the optical field (the field and electrons moving

in opposite directions).!?]

This movement prevents the light from entering the material. The electrons make a screening
field that the light cannot go through. Thus the light is reflected. In the case of the cup the pieces
of metal are so small that this picture no longer works. It must be recalled that everything is
quantum in nature at the small scale, and therefore everything is a wave. The free electrons

moving around the particles can only oscillate at certain frequencies corresponding to the
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allowed standing waves (like waves on a sting). At these frequencies the light is highly absorbed
and scattered, leading to a much-reduced transmission but enhanced reflection, giving the cup its
properties. By changing the size of the metal particle the scattered colors (and therefore
transmitted colors) are altered. The same rules apply for surfaces, but structuring can cause
standing waves in the free electrons of a metal, and this can create surface plasmons. Since
transmission is impossible in this situation (there is a piece of metal under the surface), the

plasmons will display as simply absorption of a specific shade of the reflected light. (7!

2.2 LSPR in a metal nanoparticles

The Quasi-Static approximation can be used to analyze the interaction of a particle of size d
with the electromagnetic field, given that d<<A/, that is, the particle is way smaller compared to
the wavelength of the incident light surrounding the medium. In such a case, the phase of the
harmonically oscillating electromagnetic field is virtually constant over the particle volume.
Therefore, it is possible to calculate the spatial field distribution by assuming the simplified
problem of a particle in an electrostatic field. Once the field distributions are considered, the
harmonic time dependence can then be added to the solution. This lowest-order estimation of the
full scattering problem describes the optical properties of nanoparticles of proportions below 100

nm, effectively for many purposes.

Initially we begin with a homogeneous, isotropic sphere of radius a, positioned at the origin in a
uniform, static electric field, E = EO “z. the surrounding medium is isotropic and non-absorbing
with dielectric constant em, and the field lines are parallel to the z-direction at an adequate
amount of distance from the sphere. The dielectric response of the sphere is further described by
the dielectric function ¢ (@), which we consider as a simple complex number ¢ for the time

being. !
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Keeping an electrostatic perspective, we are looking towards a solution of the Laplace equation
for the potential, V2® = 0, from which we will be able to calculate the electric field, E = —V®.

Because of the azimuthal symmetry of the problem, the general solution is of the form:

Fig 2.4 Homogeneous sphere in an E field [3]
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Where Pl (cos6) are the Legendre Polynomials of order |, and # the angle between the position
vector r, at point P and the z-axis. While maintaining the fact that the potentials remain finite at
the origin, the solution for the potentials ®in inside and ®out outside the sphere can be written

as:

The coefficients Al, Bland Clcan now be determined form the boundary conditions at r — oo and
at the sphere surface r = a. The requirement that ®in——E0z= —EOr cosfas r — co demands that
Bl=—EO0 and Bl= 0 for | #1. The remaining coefficients Al and Clare defined by the boundary

conditions at r = a. equality of the tangential components of the electric field demands that

And the equality of the normal components of the displacement field

Applying these boundary conditions leads to Al = Cl= 0 for | #1, and by calculating the

remaining coefficients Al and Cl, the potentials evaluate to:
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It is interesting to interpret the w=equation physically: ®out describes the superposition for the
applied field and that of a dipole located at the particle center. We can rewrite ®out by

introducing the dipole moment p as:

Hence, we see that a dipole moment is introduced by the applied field inside the sphere of

magnitude proportional to [E0|. If we introduce the polarizability:
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This equation is the prime result of this section, the complex polarizability of a small sphere of
sub-wavelength diameter in the electrostatic approximation. We observe that it shows the same

functional form as the Clausius-Mossotti relation. [9]

The following figure (Fig. 2.7) shows the absolute value and phase of a with respect to frequency
o (in energy units) for a dielectric constant varying as &(w) of the Drude form, in this case fitted
to the dielectric response of silver [Johnson and Christy, 1972]. It is obvious that the
polarizability experiences a resonant enhancement under the condition that |¢ + 2em| is a
minimum, which for the case of small or slowly varying Im[¢] around the resonance simplifies

to:

This relationship is called the Frohlich condition and the associated mode (in an oscillating field)
the dipole surface plasmon of the metal nanoparticle. For a sphere consisting of a Drude metal
with a dielectric function located in air, the Frohlich criterion is met at the frequency w0=wp/\3,
which further shows the strong dependence of the resonance frequency on the dielectric
environment: The resonance red shifts as emis increased. Metal nanoparticles are thus the ideal

platforms for optical sensing of change in refractive index.
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Fig 2.5 Drude’s absolute value vs. Energy
In Fig 2.5, absolute value and field polarizability a of a sub-wavelength metal nanoparticle with
respect to frequency of the driving field (expressed as eV units) is shown. Here, € (o) is taken as

a Drude fit to the dielectric function of silver [Johnson and Christy. 1972) !

We note that the magnitude of a at resonance is limited by the incomplete vanishing of its
denominator, due to Im [¢ (w)] # 0.

The distributions of the electric field E = —V® can be evaluated from the potentials to:

A resonant enhancement of both the internal and dipolar fields is implied by the resonance in a.
Many of the remarkable applications of metal nanoparticles in optical devices and sensors

depend on this field enhancement at the plasmon resonance.
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Now we will keep electrostatics aside for a while and turn our attention to the electromagnetic
fields radiated by a small particle excited at its plasmon resonance. For a small sphere a << 4, its
representation as an ideal dipole is valid in the Quasi-Static regime, i.e. it allows for time-varying
fields but ignores spatial retardation effects over the particle volume. Under plane-wave
illumination with E(r, t) = EOe—iwt, the fields introduce an oscillating dipole moment p (t) =
e0emaEOe—iwt, with a given by the electrostatic result. The radiation of this dipole leads to
scattering of the plane wave by the sphere, which can be represented as radiation by a point
dipole.

It is useful to briefly review the basics of the electromagnetic fields associated with an oscillating
electric dipole. The total fields H (t) = He—iwtand E (t) = Ee—iwtin the near immediate zones of

a dipole can be written as: 14

With k = 2z/4 and n the unit vector in the direction of the point P of interest. In the near zone

(kr<< 1), the electrostatic result for the electric field is recovered,
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And the accompanying magnetic field present for oscillating fields amounts to:

We can observe that within the near field, the fields are predominantly electric in nature, since
the magnitude of the magnetic field is about a factor V (¢0/x0) (kr) smaller than that of the
electric field. For static fields (kr— 0), the magnetic field vanishes.

In the opposite limit of the radiation zone, defined by kr>> 1, the dipole fields are of the well-

known spherical-wave form:

It is more fascinating from an optical perspective to note that another consequence of the
resonantly enhanced polarization a is an associated improvement in the efficiency with which a
metal nanoparticle scatters and absorbs light. The corresponding cross sections for scattering and
absorption Csca and Cabs can be calculated via the Poynting-vector determined from above

[Bohren and Huffman, 1983] to:
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The scattering efficiency, which scales with a6, is dominated over by the efficiency of absorption
scaling with a3, for small particles within the condition a <</. No explicit assumptions were
made in our derivations so far that the sphere is indeed metallic. The expressions for the cross
sections are therefore valid for the dielectric scatterers too, and demonstrate a very important
problem for practical purposes. Due to rapid scaling of Cscaxab, it is quite difficult to pick out

small objects from a background of larger scatterers.

Imaging of nanoparticles with dimensions below 40 nm, immersed in a background of light
scatterers can thus only be achieved using photo-thermal techniques relying on the slower
scaling of the absorption cross section with size. ['3] Equations also show that indeed for metal
nanoparticles, both absorption and scattering (and thus extinction) are resonantly enhanced at the
dipole particle plasmon resonance, i.e. when Frolich condition is met. For a sphere of volume V
and dielectric function & = ¢1 +ie2 in the Quais-Statc limit, the explicit expression for the

extinction cross section Cext = Cabs + Csca is:

2.3 Differences between SPR and LSPR

Localized surface plasmon resonance is generated by metal nanoparticles, typically gold and
silver, as compared to a continuous film of gold as used in traditional SPR. LSPR produces a
strong resonance absorbance peak in the visible range of light, with its position being highly
sensitive to the local refractive index surrounding the particle. Therefore, SPR measures small

changes in the wavelength of the absorbance position, rather than the angle as in traditional SPR.
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Fig2.6 Bulk effect comparison [4]

A key difference between SPR and LSPR becomes particularly notable in biosensing
applications. The difference is in the sensing volume of the respective plasmons captured by
what is referred to as bulk effect. Due to the much larger plasmon field of SPR up to a thousand
nanometers versus LSPR’s 40 nanometers, biomolecules that are not actually bound on the
sensor surface can be detected in SPR causing a bulk effect. In contrast, in LSPR, only the
molecules bound at the surface are captured by the localized surface plasmons. Thus LSPR has

marginal bulk effect. %]

Using LSPR instead of SPR has a number of significant advantages:

e The optical hardware needed for LSPR is much less complex since no prism is needed to
couple the light, so the instrument can be made smaller and more affordable

e Since the angle is not important, the instrument is much more robust against vibration
and mechanical noise

o« LSPR is not as sensitive to bulk refractive index changes, which causes errors in

experimental data, because it has a much shorter electromagnetic field decay length
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e No strict temperature control is needed, simplifying the instrument
e The sensor chips can be manufactured at a much more affordable price

o Easier to use and maintain

Although SPR sensors have a much higher refractive index sensitivity (m or RIS) than LSPR
sensors, their sensitivity towards biomolecular binding events is similar. This is due to the much
shorter electromagnetic decay length (Id.) of nanoparticles compared to gold films, which
confines the response to a smaller sensing volume. ['”) An LSPR’s sensor response (R) to an

absorbed layer can be modeled with the following equation:

—-2d
R=mhAn(l—e )

Where An is the difference in refractive index between the absorbed layer and the surrounding
medium, and d is the thickness of the absorbed layer.

The smaller decay length of SPR versus LSPR is illustrated in the image below. This smaller
sensing volume means that LSPR is more sensitive to molecular binding and less sensitive to
bulk effects.['® The smaller decay length and sensitivity associated with LSPR reduces artifacts

caused by external variables such as temperature drift or buffer refractive index changes.
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Fig 2.7 LSPR biosensing

2.4 Electromagnetic interaction with metals

The association of metals with electromagnetic fields can be properly comprehended in a
traditional structure in view of Maxwell's conditions. Indeed, even metallic nanostructures which
measure up to a couple of nanometers can be described without a need to depend on quantum
mechanics, since the high density of free carriers brings about tiny spacing of the electron energy
levels contrasted with thermal excitations of energy at room temperature. The optics of metals
described here subsequently falls under the domains of the classical theory. Still, there is a rich
and unexpected variety of optical phenomena due to the strong dependence of the optical

properties on frequency. ]
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Metals are highly reflective for frequencies up to the visible part of the spectrum and do not
allow electromagnetic waves to propagate through them. They are therefore usually used as
cladding layers for the construction of waveguides and resonators for electromagnetic radiation
at microwave and far-infrared frequencies. The perfect conductor approximation of infinite or
fixed finite conductivity makes sense for most purposes in this low-frequency region because
only a tiny fraction of the electromagnetic waves penetrates into the metal. The penetration of the
field increases sufficiently at higher frequencies towards the near infrared and visible part of the
spectrum, resulting in increased dissipation, and restricting a size scaling of photonic devices that
work sufficiently well at low frequencies to this region. Lastly, metals gain dielectric character at
ultraviolet frequencies and allow the propagation of electromagnetic waves, though with varying
degrees of reduction, depending on the details of the electronic band structure. Alkali metals
such as sodium have an almost free-electron-like response and thus display an ultraviolet
transparency. However, noble metals like gold or silver have transitions between electronic

bands leading to healthy absorption in this region.

A complex dielectric function ¢ (w) can be used to describe these scattering properties. The main
reason behind this dependence on frequency of the optical response is a change in the phase of
the induced currents with respect to the field for frequencies coming near to the reciprocal of the

characteristic electron relaxation time of the metal. 1%

Maxwell’s equations are regarded as the mathematical summary of the classical theory of
electromagnetism. They describe how both electric and magnetic fields arise from electrical
charge and currents, how they propagate and how they influence each other. The four equations

are presented below:

e QGauss' law for electricity:

e Gauss' law for magnetism:
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e Faraday's law of induction:

e Ampere's law:

[6]

2.5 Optical properties of metals (Drude’s model)

In solid-state physics, the Drude’s model is a simple model for the behavior of valence electrons
in a crystal structure of a metallic solid. It was first developed by Arnold Somerfield, who
combined the classical Drude Model with quantum mechanical Fermi-Dirac statistics.

The free electron empty lattice approximation forms the basis of the band structure model known
as nearly free electron model. Given its simplicity, it is surprisingly successful in explaining

many experimental phenomena, especially:

e the Wiedemann—Franz law which relates electrical conductivity and thermal

conductivity;
e the temperature dependence of the heat capacity;
o the shape of the electronic density of states;

e the range of binding energy values;
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e c¢lectrical conductivities;

e thermal electron emission and field electron emission from bulk metals.

Similar to the Drude Model, valence electrons are assumed to be entirely separated from their
ion, forming an electron gas. Similar to the properties of an ideal gas, electron-electron
interactions are completely ignored. The electrostatic fields are weak in metals because of the

screening effect.

The crystal lattice is not clearly taken under consideration. A quantum-mechanical explanation is
given by Bloch’s Theorem: an unbound electron moves in a periodic potential as a free electron
in vacuum, except for the electron mass m becoming an effective mass m* which may deviate
considerably from m It is even possible to use negative effective mass to describe conduction by
electron holes. Effective masses can be derived from band structure computations. Even though
the static lattice does not hamper the motion of the electrons, the electrons can be scattered by
phonons and by impurities. These two determine the electrical and thermal conductivity
(superconductivity requires a more refined theory than the free electron model).

According to the Pauli Exclusion Principle, each phase space element (Ak) 3(Ax) 3 can be
occupied only by two electrons (one per spin quantum number). This restriction of available
electron states is taken into account by Fermi—Dirac statistics (see also Fermi gas). Main
predictions of the free-electron model are derived by the Somerfield expansion of the Fermi—

Dirac occupancy for energies around the Fermi level. !
Energy and Wave Function of a Free Electron

For a free particle the potential is V(R) = 0. The Schrodinger equation for such a particle, like the

free electron 18] is:

R _, .9
—%V ‘I’(r,t) = Zﬁa‘p(l’,t)
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The wave function y(r, t) can be split into a solution of a time dependent and a solution of a time

independent equation. The solution of the time dependent equation is:

U(r,t) = Y(r)e

With energy,

The solution of the time independent equation is:

,¢,k (l') — 1 eik-r
Q

With a wave vector k.Qr is the volume of space where the electron can be found. The electron

has a kinetic energy:

K2 k2
B 2m

E

The plane wave solution of this Schrédinger equation is:
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For solid state and condensed matter physics, the time independent solution yk (r) is extremely
intriguing. It is the basis of electronic band structure models that are widely used in solid-state
physics for model Hamiltonians like the nearly free electron model and the tight binding model
and different models that use a Muffin-tin approximation. The Eigen functions of these

Hamiltonians are Bloch waves which are modulated plane waves. 181 [20]

2.6 LSPR of Gold Nanoparticles

Gold nanoparticles have been broadly used for applications in the fields of both biology (e.g.
bio-imaging) and technology (e.g. photonics) due their unique optical properties. These

properties are granted by the interaction of light with electrons on the gold nanoparticle surface.

At a particular wavelength (frequency) of light, collective oscillation of electrons on the gold
nanoparticle surface cause surface plasmon resonance, resulting in both absorption and scattering
of light. The particular wavelength or frequency of light where this occurs is strongly dependent

on the gold nanoparticle size, shape and surface. 2!!

The dependence of gold nanoparticle size on the surface plasmon resonance is illustrated in the
figure below where the absorption maximum (lambda max) increases from 520nm to 570nm for
Cyto diagnostics 20nm and 100nm spherical gold nanoparticles, respectively. Particles with sizes
above 100nm have broader peaks spanning into the 600nm range due to the presence of both
transversal and longitudinal surface plasmon resonances. In comparison, gold nanoparticles with

diameters below 2nm do not exhibit surface plasmon resonance. *?!

The difference in extinction between different sized gold nanoparticles can conveniently be

utilized for multiplexing.
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Fig 2.8 Au Np size dependent SPR

2.7 Summary

Surface plasmon resonance is the resonant oscillation of conduction electrons at the interface
between negative (em< 0) and positive (ed> 0) permittivity material stimulated by incident light.
Upon incidence of light whose frequency matches with that of the natural frequency of the
conduction electrons, the oscillation of the conduction electrons in the metal and dielectric
interface generates a propagating evanescent wave. The electric field propagates both inside and
outside the metal. The generation of evanescent waves proves that the energy is confined in a

small area where the light has hit the metal surface.

A Localized Surface Plasmon Resonance (LSPR) is the result of the confinement of a surface
plasmon in a nanoparticle of size comparable or smaller than the wavelength of the light in the
visible range or the light used to excite the plasmon. Unlike Surface Plasmons, Localized Surface
Plasmons are non-propagating excitations of the conduction electrons of metallic nanostructures

coupled to the electromagnetic field. These modes naturally generate an oscillating
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electromagnetic field from the scattering problem of a small, sub-wavelength conductive
nanoparticle. As a result, a resonance arises, leading to field amplification on both inside and in
the near-field zone outside the particle. This resonance is called localized surface plasmon

resonance.

The advantages of LSPR over SPR include:

e High molecular sensitivity
e Simplicity of instrumentation

e Cost effectiveness

For gold and silver nanoparticles, the resonance falls into the visible range of the electromagnetic
spectrum. It is solely because of this that the bright colors are displayed by particles both in
transmitted and reflected light, due to resonantly improved absorption and scattering. This
application has made itself very useful for many centuries, for example, in the staining of glass in

windows or ornamental cups.

36|Page



Localized Surface Plasmon Resonance based Bowtie Nanoantenna for Optical Biodetection

3. Optical Plasmonic Nanoantennas

3.1 What are nanoantennas?

Nanoantennas for visible and infrared radiation can strongly enhance the interaction of light with
nanoscale matter by their ability to efficiently link propagating and spatially localized optical
fields. This ability unlocks an enormous potential for applications ranging from nanoscale optical
microscopy and spectroscopy over solar energy conversion, integrated optical nanocircuitry,
optoelectronics and density-of-states engineering to ultra-sensing as well as enhancement of
optical nonlinearities [”!. In particular, we discuss the role of Plasmonic resonances on the
performance of nanoantennas and address the influence of geometrical parameters imposed by
nanofabrication. Finally, we give a brief account of the current status of the field and the major

established and emerging lines of investigation in this vivid area of research.

Fig 3.1 Different Plasmonic Nanoantennas

37| Page



Localized Surface Plasmon Resonance based Bowtie Nanoantenna for Optical Biodetection

Nano antennas are used in the visible and infrared range of light. Recently, there has been a
surge of research work on nanoantennas driven by their applications in areas as optical
microscopy, spectroscopy, optical tweezing, and material sensing and in optical wireless
integrated circuits 8], In its simplest form, a nanoantenna is made of a rare metal rod, such as
gold or silver that is embedded in a dielectric substrate. The gold or silver does not act as a good
conductor at the optical range, but rather as a lossy dielectric with negative real part permittivity.
When excited by a plane wave, the nanoantenna shows field enhancement and confinement in a
sub wavelength region near the rod terminals or in the gap region of a dipole nanoantenna.
[*)The longitudinal wavelength on the nanoantenna is considerably shorter than the free space
wavelength. The field enhancement at the nanoantenna gap, in the order of hundreds relative to
the incident field, attains maximum level at some resonant frequency. The latter is a sensitive
function of the substrate relative permittivity. A physical model of bowtie nanoantenna that

predicts its properties is developed and tested against simulations.

3.1.1 Plasmonic nanoantennas

Although silver and gold are the most commonly used materials, LSPR is theoretically possible
in any metal, alloy or semiconductor with a large negative real dielectric constant and small

imaginary dielectric constant [°%

The promise of LSPR sensors for measuring molecular concentrations binding kinetics, dye
absorbance spectra and conformational changes has now been firmly established. However,
transforming these early sensor designs into robust, practical tools for a wider community is an
important challenge that requires the development of uniform, well characterized, highly stable
substrates and instruments. A few recent examples are presented to highlight how these goals are

being pursued.

Because LSPR-based sensors are by design very sensitive to changes in the characteristics of

nanoparticles, uniformity in nanoparticle size, shape and composition improve sensitivity and
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reliability ' Uniform nanoparticles can be produced by using various techniques including

nanosphere lithography.

In addition to uniformity, it is also important to develop sensors that are stable against solvent
annealing and photo thermal annealing if high laser intensities are used. To overcome these
issues, particles can be pretreated in ethanol, water and bovine serum albumin to pre-anneal
them. The nanoparticles can also be protected by using controlled surface chemistries or by
encapsulating them in inert layers such as silica or alumina. These surface chemistries stabilize
the sensing platform and provide different affinities, permitting the detection of a wider variety

of analytes.

Bias pads

Fig 3.2 Nano antenna fabrication
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The figure above shows (a) SEM image of the nanoantenna array fabricated using EBL. (b)
Overlap fabrication process: (i) First antenna arm, (ii) Second arm exposure using EBL, (iii)
Removing the exposed resist using a mixture of MIBK and IPA developer with ratio of 1:3,
(iv) Deposition of 0.7 nm of oxide using atomic layer deposition (ALD), (v) Second arm
sputtering, (vi) Complete device after the liftoff process using acetone. (c) SEM image of the

fabricated overlap. (d) SEM image of the antenna-integrated diode.

Although some molecules can be detected on bare nanoparticle arrays and bare FONs, many
important analytes, such as glucose, have a low affinity for the bare metal surface. In addition,
oxidation of the metal surface can limit sensor stability and shelf life. Furthermore, bare
nanoparticle surfaces offer limited possibilities for isolating the analyte from complex mixtures.
To overcome these limitations, several methods have been used to functionalize substrates for
improved affinity and selectivity. Detection is usually facilitated by the use of various coatings
ranging from simple alkanes to complex macrocyclic molecules. These molecules are anchored
to the noble-metal surface by a thiol group and form a SAM.®? The SAMs serve many functions
including stabilizing the nanoparticles, preventing non-specific binding, selectively binding the
analyte of interest, and bringing the analyte to within a few nanometers of the nanostructure

surface. In addition, antibodies can be immobilized on the SAM to facilitate protein detection.

Research is also being conducted to find alternative surface chemistries to thiol-based SAMs,
which often rearrange over timescales ranging from hours to months, and suffer defects due to
thermal desorption and photo oxidation. One method entails encapsulating the nanoparticles in a
conformal layer of alumina or titania by using either atomic layer deposition or solution-phase
sol—gel deposition. This technique protects the nanoparticle from annealing and broadens the
scope of LSPR-based sensors by offering new chemical functionalities. For example, alumina
selectively adsorbs polar compounds and is extremely stable against oxidation and high

temperatures. [*>) Recently, alumina-functionalized AgFON substrates have been used in the
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quantitative detection of an anthrax biomarker, calcium dipicolinate. The alumina platform also
markedly increased the shelf-life of the SERS sensor (more than a year at last count). The
alumina layer can be further functionalized with self-assembled monolayers by using carboxylic-

acid-terminated group’s andsilane chemistry. [*¥

3.2 Biosensors

Biosensors are analytical devices that convert a biological response into an electrical signal. The
sensing biological elements are biometric components that interact to recognize and analyze the
study and the components like tissue, microorganisms, antibodies, nucleic acids and etc.
Quintessentially biosensors must be highly specific, independent of physical parameters such as

pH and temperature and should be reusable.

Nowadays there are many industries have a vast use of biosensors and each of them needs
various types of biosensors such as enzyme-based, tissue-based, immunosensors, DNA

biosensors, thermal and piezoelectric biosensors.

Fig 3.3 Working principle of biosensing
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The first enzyme-based sensor was reported by Updike and Hicks in 1967. Enzyme biosensors
have been devised on immobilization methods, i.e. adsorption of enzymes by van der Waals
forces, ionic bonding or covalent bonding. The commonly used enzymes for this purpose are

oxidoreductases, polyphenol oxidases, peroxidases, and amino oxidases. °!

3.2.1 Applications of biosensors

Fig 3.4 Major areas of biosensor applications

Biosensors are devices comprising a biological element and a physiochemical detector that are
used to detect analytes. These instruments have a wide range of applications ranging from

clinical through to environmental and agricultural. The devices are also used in the food industry.
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Biosensors can provide cost-effective, easy-to-use, sensitive and highly accurate detection
devices in a variety of research and commercial applications. Some examples of these

applications are described below. [3¥!

Some examples of the fields that use biosensor technology include:

e General healthcare monitoring

e Screening for disease

e Clinical analysis and diagnosis of disease
e Veterinary and agricultural applications

e Industrial processing and monitoring

e Environmental pollution control

3.2.2 Optical nanoantennas as biosensor

For twenty years, broad research has been done in the field of biosensors for their substantial
uses, such as in detection of DNA, different types of cancer and biomolecules. Therefore, an
evolving technology in present biosensor research is optical antennas for label-free and real-time
molecular recognition. Nowadays, numerous researchers are studying making bio-sensing optical
nanoantennas. As optical antennas are governed by the rule of plasmonic, these studies are
divided into two different types, according to the surface plasmons involved: (i) Surface plasmon
resonance (SPR) biosensors and (ii) Localized surface Plasmon resonance (LSPR) biosensors.
Surface plasmon polaritons (SPP) are the basis of SPR biosensors. SPR is a charge-density
oscillation of SPP that might present at the interface of two media with dielectric constants of
opposite signs, for example, a metal and a dielectric. The charge density wave is associated with
an electromagnetic wave, the field vectors of which attain their maxima at the interface and
decay evanescently into both media. The simplest and low cost SPR configuration is the
Kretschmann configuration .Although SPR biosensors offer very high sensitivity, they are not

adequate for small biomolecules in low concentrations. Recently, a new modulation technique
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has been employed, which surpasses the sensitivity of the standard SPR sensor. Therefore, these

types of biosensors must be improved for practical use. [6!!

Medical field applications

In biosensing the major application is the detection of small molecules. As bioreceptors (e.g.,
enzymes, antigens and antibodies) have dimensions in the range of 2—20 nm, similar to those of
nanostructures, the two can be considered structurally consistent. This dimensional compatibility
means that highly miniaturized signal transducers can be achieved through the combination of
nanostructure characteristics, a wide selection of available bioreceptors and the rapid

development of surface biofunctionalisation strategies [/,

DNA hybridization has been successfully detected by LSPR. Endo et al. [**) also monitored
peptide nucleic acid (PNA)-DNA hybridization using a gold-capped nanostructure layer
substrate. The optical properties of the substrate were characterized through transmission

measurements, achieving target DNA detection of concentrations as low as 1 fM.

Diabetes, a disease where 80% of related deaths occur in developing countries [**!and Insulin is
one of the most important indicators for diabetes diagnosis. A novel polydimethylsiloxane
(PDMS) microfluidic LSPR chip has been proposed to interrogate antibody-antigen reactions in
real time with the chip Biosensors 2014, 4 178 later used to detect insulin levels in the real-time
monitoring of insulin and anti-insulin antibody immunoreactions with a 100 ng/mL detection

limit [66],

Ultra-sensitive influenza detection through antigen-antibody interaction on a gold surface was
successfully shown using LSPR [67]. In this work, an active immobilization method was
developed to facilitate the biosensing of avian influenza virus. The gold binding polypeptide
(GBP)-fusion protein was bound onto the gold substrates by means of specific interaction. The
GBP-fusion method allows the immobilization of proteins in bioactive forms onto the gold
surface without surface modification. This methodology could be extended to provide the

detection of clinical diseases and other protein-protein interactions.
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Salmonella presents both a threat to public health and the risk of significant economic losses. In
developing countries, nosocomial outbreaks are more prevalent, but the combination of increased
agricultural activity and poor water quality is likely to increase the risks of foodborne
Salmonella. The detection of bacterial pathogens remains challenging [*8), with difficulties in
repeatedly detecting the levels to an acceptable accuracy, and this is no different for LSPR-based
detection [69]. More recently, the simultaneous detection of tuberculosis and Schistosoma
japonicum (a parasite that affects around 210 million people worldwide, especially in Asian,
African and Latin-American countries) using a simply fabricated substrate has been
demonstrated in low serum concentrations (1:10,000) without the need for sample processing [7%!,
This marks a significant step in the detection of pathogens. A research propose a highly sensitive
LSPR immunosensor for the detection of the HIV-1 virus. The surface of the Au nanostructure
was modified with HIV-1 antibody fragments to measure various concentrations of HIV-1
particles quantitatively with a 200 fg/mL detection limit. Since this LSPR Biosensors 2014, 4
179 immunosensor has the advantages of rapid preparation, high sensitivity and selectivity, it is a

promising approach for the screening of other viral particles. ['!]

The evaluation of cholesterol concentrations of the lipid membrane could be useful for the early
detection of heart diseases and cancer. High levels of cholesterol in the lipid membrane can be
associated with the initial formation of tumours, with two examples being breast and prostate
cancer. A device based on LSPR has been proposed and simulated with FullWAVETM to

measure cholesterol in the lipid membrane [,

LSPR-based biosensors could also be used for the diagnosis of pregnancy-related conditions,
such as preeclampsia, a hypertensive disorder occurring during pregnancy. Uric acid in urine
caused by proteinuria can be used as a biomarker for preeclampsia, with concentrations above
0.4 mM being indicative of severe preeclampsia 3], With 99% of the 500,000 maternal deaths
each year occurring in developing countries and preeclampsia being one of the leading causes of
maternal death worldwide, the sensitivity offered by an LSPR platform could allow for the early

detection of such conditions, where early medical treatment could alter the course of progression.

As mentioned above LSPR sensors can be designed to detect a variety of biological and
pathogenic molecules, making them a valuable diagnostic tool for the biomedical industry. Now,

we will describe one of the most important biological applications of the LSPR biosensor to date,
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namely the detection and diagnosis of a possible biomarker for Alzheimer’s disease. One
hallmark of Alzheimer’s disease is the formation of insoluble protein deposits, known as amyloid
plaques, in brain tissue. These plaques are formed from the soluble precursor amyloid beta, a
small 39- to 43-amino acid protein that is present in elevated levels in the brain and cerebral
spinal fluid (CSF) of Alzheimer’s disease sufferers [*). Single units of amyloid beta readily
assemble into oligomers of two to 24 units (sometimes referred to as amyloid-b-diffusible
ligands, or ADDLSs), and these oligomers themselves exhibit significant neuronal toxicity 74,
Though not proven, it is increasingly likely that ADDLs may cause early memory loss in

Alzheimer’s disease 73 76,

Currently, the diagnosis of Alzheimer’s disease is made based on symptomatic evidence, there
being no diagnostic method based on the molecular pathology of the disease currently available.
The LSPR sensor, however, represents a promising step towards the molecular detection of the
ADDL biomarker. Antibodies which specifically recognize amyloid beta oligomers were
covalently attached to a chemical monolayer on an NSL-fabricated NP surface. Subsequently,
CSF from patients diagnosed with Alzheimer’s disease or from healthy, age-matched controls
was flowed over the sensor surface .Any amyloid beta oligomers that remained bound to the
antibody-functionalized surface were detected using a second capping antibody , thus completing
the ‘‘sandwich’’ assay. By measuring extinction shifts in response to the addition of capping
antibody, it was shown that diseased patients had significantly higher concentrations of amyloid
beta oligomers than did age-matched controls The experiment was repeated using soluble post-
mortem brain extract from diseased and control patients, with similar results The results from
this study not only confirmed the relationship between elevated amyloid beta levels and
Alzheimer’s disease, but also suggested that the LSPR sensor could be used as an early detection
technique for the condition. Moreover, the sandwich assay described above is broadly
generalizable, suggesting that the LSPR sensors might have applications for other biosensing

applications.
Medical-orientated LSPR biosensors are expected to evolve mainly in the following directions

e higher sensitivity;
e detection of more complex systems beyond the molecular level, such as cellular-,

intracellular- and tissue-level detection;
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e acombination of current nanostructures with other materials;
e acombination of LSPR with other available transduction methods;
e overcoming the challenges of using LSPR sensing at the point of care and in field

applications.
Agriculture and Environmental Monitoring

Currently, around one billion people suffer from severe hunger, and this malnutrition makes
people more susceptible to illness, poor growth and reduced work capacity, all leading to a
depressed economy. Thus, food and agriculture can also be considered intrinsically linked with
poverty. With increasing population, changes in the climate and diminishing natural resources,
agricultural productivity has again been put under severe strain. With the development of
affordable biosensing technologies, agricultural output could be both increased and made more
sustainable by improving the use of soil, water and fertilizer, as well as crop resistance to
disease.!®?! Sustainability will come from better education, as well as the ability to monitor the
environment for contaminants and pollutants in order to improve agricultural techniques. The
ability to monitor plant nutrients allows the yield and quality of crops to be improved. The
current methods of analyzing plant nutrients include: inductively-coupled plasma atomic
emission spectroscopy (ICP/AES), X-ray fluorescence spectrometry (XRF), inductively-coupled
plasma mass spectrometry (ICP-MS) and atomic absorption spectrometry (AAS), but all require
the device to be situated in laboratory environments, due to several constraints, such as size,
cooling and necessary gas supplies. LSPR has been shown to offer enhanced sensitivity and
limits of detection (LOD) for the laser-induced breakdown spectroscopy (LIBS) detection of
calcium, iron, copper, sodium, potassium, cobalt, manganese and molybdenum. ["”] This quick

and simple technique highlights the power of an LSPR-based sensor for this application.

Agriculture is the single largest user of surface water and is both a cause and a victim of water
pollution (quality) and contamination (health risk). Therefore the
production/processing/distribution chain requires careful screening to allow
pollutant/contaminant detection and the determination of the likely source. Endocrine disrupting
chemicals (EDCs), such as dioxins, industrial chemicals (e.g., PCBs (polychlorinated biphenyls),
agrochemicals (e.g., atrazine) and pharmaceuticals all accumulate in vivo, causing abnormalities

in growth, reproduction, development, behavior, immune response and the development of
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malignant tumors. Rapid screening for EDCs is highly needed. The detection of dioxins, PCBs
and atrazine have been demonstrated using competitive and sandwich immunoassays [’*); PCBs
have also been measured to the ppb level (50 pM) through LSPR combined with SERS %1,
Organophosphate (OP) pesticides pose a hazard to human health (eye pain, abdominal pain,
paralysis and respiratory failure) and, as such, are an important target for detection. LSPR
detection of OP agents at 0.234 ppb LOD has been demonstrated by covalently coupling
acetylcholinesterase (AChE) to nanostructures. OPs irreversibly bind with AChE, an essential
enzyme in nerve impulse responses that causes OP’s toxicity. The detection of chlorpyrifos and
malathion, pesticides predominantly found in surface waters of developing countries, has been
demonstrated to the ppb level using a simple UV-Vis spectrometer [¥!] The use of Na2SO4
improved the aggregation of the gold nanostructures, allowing amplified LSPR spectral shifts to
be observed at low concentrations. Mercury detection has been achieved by monitoring the
affinity difference of Hg and Au nanostructures with DNA; increased concentrations of Hg cause
changes in the aggregation state of Au nanostructures, and this yields stronger LSPR intensities.
This work is of significant importance given that concentrations of the majority of metals,

regardless of being essential or non-essential, are toxic for living cells: 33

Fig 3.5 Detection of cancer cells
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3.3 Protein as bimolecular analyte

Proteins are the most diverse biomolecules on Earth, performing many functions required for
life. Protein enzymes are biological catalysts, maintaining life by regulating where and when
cellular reactions occur. Structural proteins provide internal and external support to protect and
maintain cell shape. For example, keratins are an important class of structural proteins found in
the hair, skin, nails, and feathers of animals. Motility proteins provide the basis for cellular and
whole organism movement, including muscle motor proteins that can move entire animals!
Membrane proteins transmit signals during cell-to-cell communication, transport molecules into

and out of cells, and protect living organisms by identifying and flagging invaders: [¢!]

Protein functions are so diverse because of the many unique three-dimensional structures protein
polymers form. Despite such variety, proteins also share several specific structural characteristics
in their monomers, the amino acids. Structural similarities among amino acids make protein
synthesis a uniform and regulated process; however, each amino acid contains a unique structural
component as well. Specific differences between each amino acid interact to create unique three-
dimensional protein structures. Combined, the similarities and differences between amino acids

explain how cells can build a diverse pool of proteins from the same set of building blocks.

The biomolecules or proteins are used for the thesis is given below [66]:
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Protein Shape Major Axis | Minor Minor Mass(kDa) | Refractive

Dimension | Axis-1 Axis-2 Index, n
Dimension | Dimension

Lysozyme | Ellipsoid 4.5 1.8 1.8 14.3 1.50

(Lys)

Human Ellipsoid 7.5 6.5 4 66.4 1.44

Serum

Albumin

(HAS)

Fibrinogen | Elongated | 46 6 3 390 1.39

(Fb) ellipsoid

3.3.1 Lysozyme

Lysozyme (1, 4-B-N-acetylmuramidase) is an enzyme that plays an important role in the

prevention of bacterial infections. It does this by attacking a specific component of certain

bacterial cell walls, peptidoglycan. Peptidoglycan is composed of the repeating amino sugars, N-

acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), cross linked by peptide bridges.

Lysozyme acts by hydrolyzing the bond between NAG and NAM, increasing the bacteria's

permeability and causing the bacteria to burst.

Lysozyme is widely distributed in plants and animals. Human lysozyme is expressed in the

mucous membranes of the nasal cavity and tear ducts. It is also found in saliva, tears, milk,

cervical mucus, leukocytes, and kidney tissue. The majority of the lysozyme used in research is

purified from hen egg whites.

The primary structure of lysozyme is a single polypeptide containing 129 amino acids. In

physiological conditions, lysozyme is folded into a compact, globular structure with a long cleft
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in the protein surface. This cleft is the active site involved in binding to the bacterial

carbohydrate chain and subsequently cleaving it.

Lysozyme was discovered by Alexander Fleming in 1921 when he demonstrated that his own
nasal mucus had the ability to inhibit the growth of a certain strain of bacteria in culture. He
realized that this was largely due to the action of a protein within the mucus that caused the
bacterial cells to lyse or break apart. Hence, he named the protein lysozyme. In a 1922
publication, he reported its activity in hens' egg white, tears, saliva, sputum, and nasal secretions.
In a subsequent study, Fleming in collaboration with V. D. Allison detected lysozyme in human

blood serum, saliva, milk, and a wide variety of other fluids.

Fig 3.7 Lysozyme structure

Despite lysozyme's antimicrobial activity toward harmless, airborne bacteria, it proved to be
ineffective against disease causing bacteria. Fleming, realizing that there were no broad medical

applications to his discovery, moved on to other studies in chemical antiseptics. However, his
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work on lysozyme further stimulated Fleming's interest in antimicrobial agents and consequently

led to the discovery of penicillin in 1928, for which he later received a Nobel Prize in 1945.

In 1966, David Chilton Phillips, using x-ray crystallography, determined lysozyme's structure,
the first ever solved for an enzyme. From this work, Phillips was able to explain the mechanism
of the enzyme's catalytic activity. Lysozyme is now one of the most abundant protein structures

in the Protein Data Bank. [0

3.3.2 Human Serum Albumin (HSA)

Fig 3.8 HSA structure

Human serum albumin is the serum albumin found in human blood. It is the most
abundant protein in human blood plasma; it constitutes about half of serum protein. It is

produced in the liver. It is soluble and monomeric.

Albumin transports hormones, fatty acids, and other compounds, buffers pH, and

maintains oncotic pressure, among other functions.
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Albumin is synthesized in the liver as preproalbumin, which has an N-terminal peptide that is
removed before the nascent protein is released from the rough endoplasmic reticulum. The

product, ovalbumin, is in turn cleaved in the Golgi vesicles to produce the secreted albumin.

The reference range for albumin concentrations in serum is approximately 35 - 50 g/L (3.5 -5.0

g/dL).l'' It has a serum half-life of approximately 20 days. It has a molecular mass of 66.5 kDa.

The gene for albumin is located on chromosome 4 and mutations in this gene can result in
anomalous proteins. The human albumin gene is 16,961 nucleotides long from the putative 'cap'
site to the first poly (A) addition site. It is split into 15 exons that are symmetrically placed

within the 3 domains thought to have arisen by triplication of a single primordial domain. [6*!

Its functions include:

e Maintains oncotic pressure

e Transports thyroid hormones

e Transports other hormones, in particular, ones that are fat-soluble

o Transports fatty acids ("free" fatty acids) to the liver and to myocytes for utilization of
energy

e Transports unconjugated bilirubin

e Transports many drugs; serum albumin levels can affect the half-life of drugs

o Competitively binds calcium ions (Ca*")

o Serum albumin, as a negative acute-phase protein, is down-regulated in inflammatory states.
As such, it is not a valid marker of nutritional status; rather, it is a marker of an inflammatory

state

e Prevents photo degradation of folic acid

3.3.3 Fibrinogen

Fibrinogen (factor I) is a glycoprotein in vertebrates that helps in the formation of blood clots. It
consists of a linear array of three nodules held together by a very thin thread which is estimated

to have a diameter between 8 and 15 Angstrom (A). The two end nodules are alike but the center
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one is slightly smaller. Measurements of shadow lengths indicate that nodule diameters are in the
range 50 to 70 A. The length of the dried molecule is 475 = 25 A. The fibrinogen molecule is a
soluble, large, and complex 340 kDa plasma glycoprotein, which is converted by thrombin into
fibrin during blood clot formation. It has a rod-like shape with dimensions of 9 x 47.5 x 6 nm
and it shows a negative net charge at physiological pH (IP at pH 5.2). Fibrinogen is synthesized
in the liver by the hepatocytes. The concentration of fibrinogen in the blood plasma is 200—400
mg/dL (normally measured using the Claus method). During normal blood coagulation, a
coagulation cascade activates the zymogen prothrombin by converting it into the serine protease
thrombin. Thrombin then converts the soluble fibrinogen into insoluble fibrin strands. These
strands are then cross-linked by factor XIII to form a blood clot. FXIIIa stabilizes fibrin further
by incorporation of the fibrinolysis inhibitors alpha-2antiplasmin and TAFI (thrombin activatable
fibrinolysis inhibitor, procarboxypeptidase B), and binding to several adhesive proteins of
various cells. Both the activation of factor XIII by thrombin and plasminogen activator (t-PA)
are catalyzed by fibrin. Fibrin specifically binds the activated coagulation factors factor Xa and
thrombin and entraps them in the network of fibers, thus functioning as a temporary inhibitor of
these enzymes, which stay active and can be released during fibrinolysis. Research from 2011
has shown that fibrin plays a key role in the inflammatory response and development of

rheumatoid arthritis. (64!

The usefulness of fibrinogen as a marker of inflammation, trauma and various types of

infections have been reported in a number of scientific papers

e General inflammatory response due to an infection: Fibrinogen normally increases
within 24 to 48 hours from a normal level of 2-4 g/L. and may exceed 10 g/l on day 4 - 7
post infection. It is not uncommon in horses to have increased plasma fibrinogen levels
as the sole indicator of inflammation.

e Surgical trauma: Levels of serum amyloid A, fibrinogen and iron reflect the intensity of
the surgical trauma, whereas WBC do not do this. Fibrinogen is therefore a good

diagnostic marker to monitor the healing process after a surgical procedure.
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e Bacterial infection: The fibrinogen level can be used to predict the time course of a
bacterial infection as has been shown with Escherichia coli endotoxin. It has also been
shown to be an effective screening tool to diagnose RhodococcusEqui infections in foals.
Fibrinogen concentrations has also been shown to enable a more precise diagnosis of the

severity of an inflammation.

Fig 3.9 Fibrinogen structure

Fig 3.9 shows the fibrinogen molecule. Of which, (a) is a schematic representation of the

fibrinogen molecule and (b )is Van der Waal’s representation of the structure.

e Viral infection: Horses with equine influenza and herpes virus 2 has been proven to show
elevated fibrinogen levels 3 days post infection.

e Parasite infection: Parasitized (Strongelus Vulgaris) ponies showed in a study to have
significantly elevated fibrinogen levels compared to a control group 9, 14, 21 and 45 days
after infection. Heidmann

e Aseptic arthritis: Experimentally induced aseptically inflammation showed a significant

increase in fibrinogen with a maximum level 3 - 6 days post-injections
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3.4 Summary

Main elements of biomolecules are carbon and hydrogen with nitrogen, oxygen, sulphur and
phosphorus. These biomolecules has a universal name which is biological material. In the sector
of biology and biochemistry, biomolecules and their reactions are considered for research and

analysis. These molecules are consists of hydrogen, carbon, nitrogen, oxygen and sulfur.

.Lysozyme is a special type of enzyme which can be found in salvia, sweat, breast milk, tears
and other type of body fluids. It is also found in egg white. It mainly works as antibacterial
enzyme. Lysozyme is capable of destroying the growth of bacteria. Carbohydrate and
Peptidoglycan layer are the elements which are present in the cell walls of bacteria and lysozyme
breaks down the elements, in this way it can stop the growth of bacteria. It catalyzes the

hydrolysis of 1, 4-p linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine.

Serum albumin present in human blood is said to be the human serum albumin. This serum is
soluble, monomeric and produced in liver. It is a globular protein of 585 amino acids. The
amount of HSA in blood is the almost 60% of the total protein present in blood serum. Albumin
is synthesized in the liver as preproalbumin which has an N-terminal peptide that is removed

before the nascent protein is released from the rough endoplasmic reticulum.

Fibrinogen (factor I) is a glycoprotein in vertebrates that helps in the formation of blood clots. It
consists of a linear array of three nodules held together by a very thin thread which is estimated
to have a diameter between 8 and 15 Angstrom (A). The two end nodules are alike but the center
one is slightly smaller. Measurements of shadow lengths indicate that nodule diameters are in the

range 50 to 70 A. The length of the dried molecule is 475 + 25 A.
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4. Bowtie Nanoantenna

4.1 Introduction

One of the great challenges in the field of nanotechnology is optical imaging—specifically, how
to design a microscope that produces high-resolution images of the nano-sized objects that
researchers are trying to study. For example, a typical DNA molecule is only about three
nanometers wide—so tiny that the contours of its surface are obscured by light waves, which are

hundreds of nanometers long.

Now, researchers from Stanford University have greatly improved the optical mismatch between
nanoscale objects and light by creating the "bowtie nanoantenna," a device 400 times smaller
than the width of a human hair that can compress ordinary light waves into an intense optical
spot only 20 nanometers wide. These miniature spotlights may one day allow researchers to
produce the first detailed images of proteins, DNA molecules and synthetic nano-objects, such

carbon nanotube bundles.

Fig 4.1 Bow tie aperture top view
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Golden bowties: The bowtie nanoantenna consists of two triangular pieces of gold, each about
75 nanometers long, whose tips face each other in the shape of a miniature bowtie. The device
operates like an antenna for a radio receiver, but instead of amplifying radio waves, the bowtie
takes energy from an 830-nanometer beam of near-infrared light and squeezes it into a 20-
nanometer gap that separates the two gold triangles. The result is a concentrated speck of light

that is a thousand times more intense than the incoming near-infrared beam.

The influence of the geometrical parameters (antenna length, gap dimension and bow angle) on
the antenna field enhancement and spectral response is important. Bowtie antennas confine the
field in a volume well below the diffraction limit, defined by the gap dimensions. The
enhancement can reach three orders of magnitude for the smallest examined gap. The bowtie
antenna exhibits multiple resonances. Furthermore, the sensitivity of the antennas to index
changes of the environment and of the substrate has been investigated in detail for biosensing

applications.

~

.'!//.’(‘Sap: <6nm

0C: 6nm

ROC: 12nm

Fig4.2 SEM image of various gap sized Au bowtie
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Bowties also may have applications in Raman spectroscopy, a technique that allows scientists to
identify individual molecules by measuring the vibrational energy the molecule emits when
exposed to light. "It's analogous to fingerprinting," Schuck explains. "Each molecule has a
unique vibrational energy, and bowties have a potential use as biological or chemical sensors that

can differentiate molecules."

4.2 Analyzed Structure

The localized plasmonic near-field of the bowtie nanoantennas, can be changed by modifying the
nanostructure shape as well as the refractive index of the surrounding medium. Geometrical
parameters such as gap size, height, bowtie angle and radius of curvature have a direct influence
in the LSPR, as they change the spectral position and narrowness of the plasmonic peak in the

extinction cross-section.

For the structure we analyzed, we fixed the height of the nanoparticles to 50 nm, the length of
their sides to 70 nm, varying the curvature of the vertices, starting from 0 nm. The basic structure
has a gap of 5 nm, which too, was varied. The nanoparticles which were modeled as equilateral
triangles, is deposited on ITO / glass with a thickness of 4000 nm and a titanium adhesion layer
of 3 nm of thickness was added under the gold nanoparticles, as can be observed in Fig. (), which
is needed in actual applications for the gold to adhere to the SiO2 substrate. The entire structure
was immersed in different solutions of varying refractive index, starting with water (n=1.33).
The TFSF source with a wavelength range from 450 nm to 1000 nm was placed both parallel
(TM) and perpendicular (TE) to the major axis of the structure.
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Fig 4.3 Experimental Setup

Fig 4.3 shows the experimental setup of Isolated Bowtie Structure. The presence of a metal
adhesion layer induces the broadening of the LSPR and diminishes the scattering amplitude [*!/
and therefore the adhesion layer should be maintained as thin as possible. The choice of the
substrate is very important due to the screening effect [**l and so it is convenient to choose a
substrate with a refractive index as close as possible to that of the medium that surrounds the

bowties.

We also analyzed a bowtie array structure, shown in fig (4.4).If the wavelength of the scattered
light is close to both the pitch distances of the array and the LSPR wavelength then a dramatic
modification of the extinction cross-section will arise due to a collective coupling of every
localized Plasmon. We therefore performed simulations for different values of the refractive

index of the medium occupying the half space above the bowtie array for EM field polarization.
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Fig 4.4 Bowtie array
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5. Finite-Difference Time-Domain (FDTD) method

5.1 Introduction

The finite-difference time-domain (FDTD) method is arguably the simplest, in terms of
implementation, of the full-wave techniques used to solve problems in electromagnetics. It is
well suited to modeling inhomogeneous materials and simulation of wideband antennas. Since it
is a time domain method, Fourier techniques are applied to convert the time domain results into
the frequency domain and thus a single FDTD simulation can be used to characterize a wideband

frequency response

The FDTD method uses grid-based differential numerical modeling methods which are called the
finite difference methods. The time-dependent Maxwell’s equations which are in partial
differential form are changed into discrete forms and the resulting finite-difference equations are
solved in either software or hardware. This uses the “leapfrog” method where the electric field
vector components in a volume of space are solved at a given instant in time; then the magnetic
field vector components in the same spatial volume are solved at the next instant in time, and the
process is repeated over and over again until the desired transient or steady-state electromagnetic

field behavior is fully evolved. 4

When Maxwell's differential equations are examined, it can be seen that the change in the E-field
in time (the time derivative) is dependent on the change in the H-field across space (the curl).
This results in the basic FDTD time-stepping relation that, at any point in space, the updated
value of the E-field in time is dependent on the stored value of the E-field and the numerical curl
of the local distribution of the H-field in space. The same is observed in case of H-field.
However, when multiple dimensions are considered, calculating the numerical curl can become
complicated. Hence, Kane Yee's 1966 paper proposed a scheme, now known as a Yee lattice,
which remains at the core of many current FDTD software constructs. This scheme requires that

E-field updates are conducted midway during each time-step between successive

H-field updates, and vice versa. 1%
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Fig 5.1 Yee cell

Fig 5.1 shows the FDTD Yee cell %!

5.2 Lumerical Solutions: About the software

Lumerical is photonic simulation software that enables us to understand light, and predict how
it behaves within complex structures, circuits, and systems. Using Lumerical’s design tools, one
can fabricate, improve and process as well as run tests without having to physically create the
structures. These features allow designers check the accuracy of designs prior to manufacturing,
create new product concepts, and explore long-term innovative photonics research such as
quantum computing. Examples include: biomedical researchers exploring how light scatters from
cancerous cells as the basis for new diagnostics; innovators modeling optical materials that store
vast amounts of information more efficiently; and engineers designing high-speed
communication systems that transmit information optically within datacenters and even between
and within computer chips. Not only are these designers able to create better performing
components, they can do so in far less time, at lower costs, and with greater accuracy.

Furthermore, Lumerical’s products allow optical, electrical, and thermal and circuit simulations.
[26]
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Fig 5.2 Lumerical Component Designs

For our purpose, we have used Lumerical’s FDTD solution. Lumerical's FDTD Solutions is a 3D
Maxwell solver, capable of analyzing the interaction of UV, visible, and IR radiation with
complicated structures employing wavelength scale features. FDTD Solutions can be used across
a wide array of nanophotonic research areas, including plasmonics, particle and surface

scattering and microscopy and lithography.

5.2.1 Structure and Material Modeling

For our design of a nanoantenna of the bow-tie shape, we used two triangles from structures,
which is located at the top right of the software above the object tree window. As a complete
setup may contain a large number of objects, the object tree was designed to allow for
organization and easy selection. It must be mentioned that one of the selected triangles was
rotated in order to give the structure its desired shape. The rotation can be done with the help of
the four windows in the layout, each showing a different view of the structure: xy, xz, yz and a

3D view of the design.

Next, we defined the dimensions of the model by editing its properties, where we fix the x
vertices at 240 nm. It should be noted that we changed our length units to nanometer as our work
involves nanostructures. The material of the polygonal structures faced tip to tip is gold (Au) of
height 50nm. Between the triangles, the basic gap size was Snm which was later varied up to

100nm. The optical properties of Au were taken from Palik’s handbook.
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As a substrate on which the polygonal structure would be placed, we selected the substrate

material to be Glass (Si02) of thickness 4000nm. SiO2, which is basic sand glass, exhibits
several properties for which it is a suitable substrate for our simulation. It has high thermal
conductivity and low moisture absorption. Furthermore, SiO2 has flexible thickness control

while the costs are low as well.
An Indium Tin Oxide (ITO) layer of thickness 50nm was assumed to cover the glass substrate.

Between the Au bowtie structure and glass, a titanium (T1) adhesion layer was placed with a

thickness of 3nm. The optical properties of Ti were taken from Palik’s handbook.

Fig 5.3 Schematic of the structures

Fig 5.3 (a) shows geometry of the structure and (b) Schematic of the structure (right)

5.3 FDTD Solver

The 2D/3D FDTD solver region defines many important simulation parameters including

simulation volume, boundary conditions, simulation time, and mesh size.

5.3.1 General and Geometry

The dimension of the simulation region was selected to be 3D as our designed structure is three
dimensional while the background index was set at 1.33, that of water, which is later, varied. The

background index of a solution in the FDTD solver signifies that the entire structure is immersed
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in that solution. Next the simulation time was set to 500s. This is the maximum duration of the
simulation to be performed. The actual simulation may be shorter if the auto shutoff criteria are

satisfied before this maximum simulation time is exceeded.

The dimensions of the simulation region is set to 1000nm on the x,y and z spans so that it covers

the entire structure to be simulated.

5.3.2 Boundary Conditions

5.3.2.1 Perfectly Matched Layer

By construction, PML absorbing boundary conditions are impedance matched to the simulation
region and its materials This allows them to absorb light waves (both propagating and
evanescent) with minimal reflections. An ideal PML boundary produces zero reflections,
however, in practice, there will always be small reflections due to the discretization of the
underlying PML equations. Furthermore, as a consequence of using finite difference
approximations to discretize the PML equations, there is some chance of producing numerical
instabilities The goal of this section is to outline best practices for minimizing reflection errors

and getting rid of numerical instabilities without increasing simulation times unnecessarily.

We have used “stretch coordinate PML” and the same settings on all boundaries. This is because,
unlike conventional boundary conditions, PML boundaries have a finite thickness. In other
words, they occupy a finite volume that surrounds the simulation region. It is within this volume

that the absorption of light happens
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5.3.2.2 Extending structure through PML

Fia 5.4 Schematic of PML

The figure above shows schematic of PML in single (left) and periodic structure (right).

PML boundary conditions are designed to absorb all incident light. For best performance,
physical structures should extend completely through the PML boundary condition region. The
default settings in FDTD will automatically extend any structures which lie on the PML
boundary through the PML. In some cases, such as for photonic crystals, it is better to disable

this feature and draw the structures in the PML manually.

During a simulation, the electromagnetic fields are calculated both within the simulation area (A)
and within the boundary condition area (B). Since the fields are still being propagated in (B), it is
important that the material properties are also defined here. An interface in this area will act like
any other interface and cause reflections. All structures should extend completely through the
boundary condition area to minimize these reflections. This is especially important when using
many layers of PML. As more layers of PML are added, the boundary condition area will

become larger. 3]
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Figure (left) shows the setup we used as we used substrates and other layers with PML. The
layers extended through the PML in both the X and Y directions. Figure (right) shows the layers
terminated at the inside boundary of the PML. This interface may create an undesired reflection.
As we have selected the extend structures through PML option, FDTD Solutions will
automatically extend the structure in the right figure so that it gives the same results as the left
figure. Figure (5.4) shows the correct setup when using periodic structures with PML. The
structures should extend through the PML boundary. Figure (right) shows the periodic structure
only defined within the simulation volume. This effectively creates an impedance mismatch
between the PC region and the boundary condition region. The mismatch reduces the

performance of the PML.

5.3.2.3 Periodic

When studying periodic systems, Periodic BC's allow you to calculate the response of the entire
system by only simulating one unit cell. Periodic BC's are relatively straightforward to use in the
simulation: simply set the simulation span to be one unit cell wide and select Periodic BC's for
that boundary. When the simulation runs, the Periodic BC's simply copy the EM fields that occur

at one side of the simulation

Fig 5.5 Periodic Boundary Condition

68| Page



Localized Surface Plasmon Resonance based Bowtie Nanoantenna for Optical Biodetection

and inject them at the other side. The most important detail to remember is that when using
periodic BCs, everything in the system must be periodic: both the physical structure and the EM
fields. A common source of error is to use periodic conditions in systems where the structure is

periodic but EM fields are not. *7!

The following section will deal with the Symmetric Boundary Condition. In our simulation for
periodic array, we used Symmetric Boundary Conditions. Fig 5.5 shows a schematic of Periodic

Boundary Condition

Rules of symmetry in Symmetric Boundary Conditions:

Symmetric boundary condition can be used whenever the EM fields have a plane of symmetry
through the middle of the simulation region. By taking advantage of this symmetry, the
simulation volume and tie can be reduced by factors of 2, 4 or 8. This topic describes the
difference between symmetric and anti-symmetric boundary conditions, and how to select the

appropriate boundary of our simulation. (%!

Fig 5.6 Rules of Symmetry

69| Page



Localized Surface Plasmon Resonance based Bowtie Nanoantenna for Optical Biodetection

The electric and magnetic fields will obey certain symmetry rules with respect to reflections

through the plane of symmetry. The reflection symmetry rules are shown in the figure.

5.4 Mesh Analysis

Fig 5.6 Schematics of Mesh
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Fig 5.6 shows Schematic of conventional mesh (left) and gridded mesh (right).

For our designed structure, we have used a mesh for the bowtie gap between the two polygons
and another rectangular mesh that covers both the polygons completely. For the bigger mesh of
the antenna, the override x. y and z meshes were fixed at 2nm in size, while the mesh size of the
gap was fixed at Inm. The mesh sizes were chosen with the simulation time and memory
requirements in mind. As a result, we use a combination of combination of graded meshing and
conformal meshing. The conformal meshing allows us to obtain more accurate results for a given
mesh size. Even if the mesh size is only twice as large, for example 2nm compared to 1nm, the

computation time in 3D simulations can be reduced by a factor of 16. (28]

The following table shows the relationship between mesh size and simulation time and memory

requirements

5.5 Source — TFSF

For the purpose of illuminating our experimental setup, we have used total-field scattered-field
(TFSF) source with a wavelength range from 450 nm to 1000 nm. It must be noted that, we have
placed the source both parallel (TM) and perpendicular (TE) to the major axis of the structure, in

order to investigate the different simulation results.

5.5.1 Transverse Electric and Transverse Magnetic Modes

Transverse electric (TE) modes is when no electric field is in the direction of propagation. These
are sometimes called H modes because there is only a magnetic field along the direction of

propagation (H is the conventional symbol for magnetic field).
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Transverse magnetic (TM) modes are when there is no magnetic field in the direction of
propagation. These are sometimes called E modes because there is only an electric field along the

direction of propagation.

Fig 5.7(a) Structural Model Fig 5.7(b) TE and TM modes

Fig 5.7 9(a) shows the schematic of structural model with source and 5.7 (b) shows TM and TE

modes.

The TFSF source allows you to separate the computation region into two distinct regions: Total
Field region, which includes the sum of the incident field wave plus the scattered field, and the
Scattered Field region which includes only the scattered field, which we separated using

monitors discussed in the next section.
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5.6 Monitors and Analysis Group

5.6.1 Monitors

In order to obtain results, we have used frequency-domain field monitors and index monitors as
first. Frequency domain field monitors require large amounts of memory when recording data
over a large spatial domain. Thus we use 2D rather than 3D monitors. Similarly, we try to

minimize the number of frequency points recorded.

We then use the index monitor to record the n and k value as a function of frequency or
wavelength in the simulation. Index monitors are only available in two or three dimensions; there
is no option for linear or point index monitors, thus we use modest memory requirements. To
minimize the amount of memory required, we use 2D rather than 3D monitors. Similarly, we
minimize the number of frequency points recorded. By default, only one frequency point is

recorded.

5.6.2 Analysis Group

The absorption cross section (the rate at which energy is removed from the incident plane wave
by absorption) is calculated by an analysis group located inside the TFSF source. The analysis
group calculates the net power flow into the particle and hence the absorption cross section using
the optical theorem. Similarly, the scattering cross section is calculated by an analysis group
located outside the TFSF source. This group measures the net power scattered from the particle.
To obtain these plots, we increase the number of frequency points from global monitor

settings to 50 from the Edit tab of x-normal-profile.

The extinction cross-section is the sum of the absorption and scattering cross-sections' 2!}

73| Page



Localized Surface Plasmon Resonance based Bowtie Nanoantenna for Optical Biodetection

Fig 5.8(a) Cross Section Analysis  Fig 5.8(b) Absorption Cross Fig 5.8(c) Scattering Cross
Section Section

Fig 5.8 (a) shows the schematic of Cross Section Analysis (b) Absorptions (c) Scattering cross

section.

5.7 Summary

Lumerical develops photonic simulation software — tools which enables product users to

understand light, and predict how it behaves within complex circuits, structures and systems.

We have used FDTD Solutions in our thesis paper in order to simulate and analyze the results
obtained from isolated bowtie structure and bowtie array. We have accurately designed the

surrounding, substrate material, direction of incident light and electric field for our research.

The General settings allow us to choose the material(s) the nanoparticle is to be made of and the
dimensions of it. The FDTD option provides us with General, Geometry, Boundary Conditions
and a lot more. However, we focus on these three only. In every part, Geometry allows us to vary

the values of the boundary. General settings are used to vary the surroundings as well as the
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angles (or direction). Finally, Boundary Conditions allow us to simulate certain parts of the
experimental setup. For instance, if we go for the Symmetric option, the software automatically
simulates half of the setup, and arithmetically doubles the value and displays the total result.

Mesh Analysis is used for smooth curves.

The smaller the value of Mesh, the smoother the curve will be in expense of simulation time and

memory requirements.

Substrate is the bottom layer for any kind of stricture. For our research, we have used Silicon

Dioxide (Si02) as our substrate.
For the source, we have used TFSF (Total Field Scattered Field) light in both parallel and

perpendicular to the major axis. Finally for results, we used the results obtained from Cross

Section Analysis group, obtaining Extinction curves.
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6.0 Simulation and Results

6.1 Introduction

After completing the design of our isolated gold bowtie nanoantenna structure and gold bowtie

nanoantenna array, we run the simulation several times, changing various factors each time and

observing the results. Our analysis was based on results we obtained from the cross section

analysis monitors and the reflectance power monitors.

We have investigated and analyzed the results based on the following variant factors.

We ran simulations for two polarizations of the incident light: parallel to the major
axis(TM) wave and perpendicular to the major axis, keeping the geometry and medium
constant.

We varied the gap size between the two polygons from 5 nm to 100nm, for polarizations
parallel and perpendicular to major axis, keeping the geometry of our structure constant.
We varied the corner radius, r, of our nanostructure from 0 to 90 nm, for incident light
parallel to major axis(TM).

For the bowtie nanoantenna array structure, we varied the pitch distances (center to center
distance) in both x and y directions, hence varying Dx and Dy distances to change the
pitch distance between the bowtie antennas.

For a certain pitch distance of the nanoantenna array structure, we varied the refractive
index of the surrounding medium for parallel polarization, keeping all other factors

constant.

6.2 Results Analysis
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6.2.1 Varying Gap Size

Keeping all other geometric parameters at our baseline values, we carried out simulations for
various gaps of the isolated bowtie structure, varying from 5nm to 100 nm. We initially changed
the gap size for polarization parallel (TM) to the bowtie structure and calculated the extinction
spectra, analyzing the plasmon peak shift and the width.

We then carried out simulations for the same gap sizes, but with incident light perpendicular to

major axis (TE), further analyzing the different plasmon peaks.

Fig 6.1 Extinction spectra for different gaps for TM
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We carried out simulations varying the bowtie gap from 5nm to 100 nm for both polarizations.
As the electric field profiles show, when the source is incident such that the electric field is
parallel to the major axis of the bowtie structure, it results in a high confinement of electric field
within the gap region of the nanoantenna. However, if the polarization is perpendicular, the
confinement of the electric field, also said to enhancement areas occurs around the other tips of

the bowtie which is far from the gap region. (4!}

Fig 6.1 Extinction spectra for varying gaps for TM
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Fig 6.2 shows Extinction spectra for different gap sizes for TM (continuous lines) and TE

(dashed lines)

From the figure (6.2) it can be observed that the increasing redshift occurs with smaller gap size
for TM wave, polarization parallel to the major axis. While the redshift for TE wave, polarization
perpendicular to the major axis is almost negligible. The latter is short wavelength Plasmon
resonance and the former is longer wavelength Plasmon resonance. The extinction efficiencies

we obtained are thus consistent with other results obtained for different nanostructures: [*4

As observed from the graphs we obtained the extinction curves tend to converge as the gap
increases. Furthermore, the redshift of TE mode is insignificant. Both of the phenomenon can be
explained by the direct dipolar coupling being weak between two particles. And so when the

bowtie gap distance is sufficiently small, the electric field enhancement increases. [°]

6.2.2 Different corner radii for the polygons
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Fig 6.3 Resonance peak vs. corner radius

For a fixed gap size, 30 nm for our case, we vary the radius of our bowtie nanostructure from 0
nm (sharp edges) too 100nm. For this we have used the image extraction option in FDTD solver
of Lumerical. For each corner radius we obtain a maximum resonance wavelength, show in Fig
(6.3). It is observed that there is a slight blue shift with increasing corner radius. This is
explained by the Coulombic restoring force. Unlike the bowtie with 0 corner radius (sharp edge),
the ones having a rounded edge, have greater charge separation in them, resulting in a higher
oscillation frequency and hence the resonance peak is shifted to shorter wavelength. The charges

on metal structures tend to concentrate at sharp corners. %]

6.2.3 Different pitch distance

Fig 6.4 Extinction spectra for array
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For a certain gap size (30nm) and geometry of the bowtie, we created our array of bowtie
nanostructure with varying center to center distance. The pitch distances were varied in
horizontal direction (Dx), keeping the vertical distance (Dy) constant at 500nm. Figure (6.4)

shows our simulation results.

Fig 6.4 shows the extinction spectra for varying pitch distances of bowtie array structure. Here,
we varied the pitch distances such that we get the narrowest plasmon peak around 790nm for
polarization parallel to major axis and hence obtain the best sensitivity at this wavelength. As we
can see from our simulation result, when Dy is fixed and Dx is decreased, a noticeble red shift
and broadening occurs. This agrees with our previous finding of the single bowtie with varying

gap size.

If the wavelength of the scattered light is close to both the pitch distances of the array and the
LSPR wavelength, then, a dramatic modification of the extinction cross section will arise due to
a collective coupling of every localized plasmon. When excited by an EM wave at frequency o,
a dipole radiates a scattered wave proportionally to its dipole moment and so the net field at
every dipole is therefore the sum of the incident field plus the radiation of all the others dipoles.

Hence, creating narrowing resonance. [+

8l|Page



Localized Surface Plasmon Resonance based Bowtie Nanoantenna for Optical Biodetection

6.2.4 Varying Refractive Index of the surrounding medium

We varied the refractive index of the surrounding medium from 1.33 to 1.55. The following

solutions were used in our simulations.

e Water (n=1.33)

e Ethanol (n=1.36)

e Glucose solution in water (n=1.40)
e PMMA solution (n=1.47)

e Benzene (n=1.55)
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2.4.1 Bulk refractive index sensing

Fig 6.5 Extinction for different refractive index.

We study the variation in the obtained extinction peaks with respect to different refractive index

of the surrounding medium. Fig 6.5 shows the extinction spectra for different refractive index.

The results for bowtie array were obtained and then compared to that of the isolated structure.

Below a table of results, followed by a graph including the different refractive indexes and the

wavelength the primary peak was found at for those refractive indexes are included. As well as

the SPR shifts found for the refractive indices are mentioned.

Table of Results:
Refractive Peak Peak SPR Shift SPR Shift
index, n Wavelength Wavelength (nm) (nm)
(nm) of bowtie | (nm) of single (dA1) of A1 (dA2) of A2
array, bowtie,
Al A2
1.33 786.01nm 730.04nm 00.00nm 00.00nm
1.36 796.23nm 740.07nm 10.22nm 10.03nm
1.40 806.10nm 750.11nm 20.09nm 20.07nm
1.47 819.35nm 763.23nm 33.34nm 33.19nm
1.55 830.04nm 778.00nm 44.03nm 48.01nm
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Graphical Representation:

Fig 6.6 LSPR peak vs. RI for both structures

Fig 6.6 shows the Lspr primary peak against refractive index.

The sensitivity of the system is defined by the change in Lspr peak wavelength with respect to

refractive index.
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Calculation:

1. Sensitivity for bowtie array = (830.04-786.01) +(1.55-1.33)
=200.14

2. Sensitivity for single bowtie= (778.00-730.04) +(1.55-1.33)
=218.22

From the figure above, where Lspr wavelength is plotted against refractive index of the
surrounding medium for both bowtie array and single bowtie, we observe that the slope for
single bowtie is slightly greater than that of the array. As the calculations show, the sensitivity of

single bowtie is thus, higher than that of array, considering the Lspr red shift.

6.2.5 Bimolecular Surface Sensing

In order to analyze the surface sensitivity of bio detectors, we carried out a series of simulations
by adding additional bound layer of bio receptors and analytes having different refractive index.
As most bioassays tend to capture analyte within the first15 to 20 nm from the surface of the
nanoantenna, we used a bio receptor and analyte layer of thickness 5nm. 33! The bio receptor is
the first layer; hence we used an acceptable constant RI of 1.39. However, the second analyte
layer was varied in order to obtain our results. The simulation for surface sensing was done for

both parallel and perpendicular polarizations and the results, later compared.
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For parallel polarization (TM):

Table of Results

Medium Refractive Index, n Peak Wavelength SPR Shift
» ()

H20 1.33 793.22nm 0.000

Fb 1.39 795.08nm 1.860

HAS 1.44 797.55nm 4.330

LyS 1.50 799.03nm 5.810

Graphical Representation:

Fig 6.7 LSPR peak vs. Rl for TM
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Fig 6.7 shows the Peak Wavelength against Refractive index for parallel polarization.

For perpendicular polarization (TE):

Table of Results

Medium Refractive index, n Wavelength SPR Shift
@) (d2)

H20 1.33 760.42nm 0.000

Fb 1.39 761.01nm 0.590

HAS 1.44 762.43nm 2.010

Lys 1.50 764.03nm 3.610

Graphical Representation

Fig 6.8 LSPR peak vs. RI for TE
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Fig 6.8 show the Peak Wavelength against Refractive Index for perpendicular polarization.

For both cases, we observed that the biomolecular coating leads to the redshift of the resonance
wavelength, as reflected in Fig. 6.8 and 6.9. This can be explained by the increase of the

effective optical path caused by the larger refractive indices of the coating. 6]
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7. CONCLUSION

In our paper, we study the unique characteristics of Local Surface Plasmon Resonance (LSPR).
Among the various applications of LSPR in the fields of photo catalysis, medicine and
photovoltaics, we have focused on biosensing. From our work, we have observed that LSPR
spectroscopy of metallic nanoparticles is a powerful technique for chemical and biological

sensing experiments.

Our paper was based on a gold bowtie structure. The nanoparticles which were modeled as
equilateral triangles, deposited on ITO / glass with a thickness of 4000 nm and a titanium
adhesion layer of 3 nm of thickness was added under the gold nanoparticles. The entire structure
was immersed in different solutions of varying refractive index, starting with water (n=1.33).
The TFSF source with a wavelength range from 450 nm to 1000 nm was placed both parallel
(TM) and perpendicular (TE) to the major axis of the structure.

For results, we ran the simulation several times, changing various factors each time and
observing the results. Our analysis was based on results we obtained from the cross section

analysis monitors.

In conclusion, optical antennas are the prevailing tool for the manipulation of light on a
nanometer scale and they are also capable of delivering optimum control over transduction in the
far-field region. Present optical antenna research is being motivated in particular by
developments in nanofabrication technology and RF antenna analogies. Though various antenna
conformations are currently being appreciated in the optical regime, it is going to be fascinating
to observe how different antenna parameters, such as the impedance matching, are going to be
redefined for different types of optical sources, like atoms and molecules. Optical antennas unite
the quantum methods and photon sources by including fascinating new physics, for instance the
breach of selection procedures and unconventional ways for robust pairing. The ideas of focused
radiation and focused reception can be pragmatic to the photon emitters. Once the techniques of

nanofabrication have been become mastered, a variety of applications will appear, including
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controlled single-photon sources for quantum information, light harvesting, energy conversion,
efficient biosensors, data storage, nanoscale optical circuitry and optical imaging beyond 10 nm
resolution. Once we have designed an optical antenna for biomedical applications, we must take
time for enough study about the possible side effects. Therefore, a proper understanding about

the effects of the specific antenna before practical implementation is a prerequisite

This review has emphasized the principle and applications of optical biosensors. An appreciation
of optical antenna basics offers chances of tuning and controlling the optical performance.
Optical antennas have a robust reliance on the shape, size and composition of the nanoparticles
which deliver an enhancement of biosensors’ sensitivity. A wide range of investigations on
optical antenna are now dedicated to making substrates, which afford solid improvements of the
EM field and deliver information about attaining control of optical properties by controlling the
physical factors of nanoparticles. In spite of the different challenges for practical implementation
of optical biosensors, the technical works show that importance in optical biosensor

improvement continues to increase at a tremendous pace.
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