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This inspiring words are seared in the DNA code of the first man made synthetic

life Mycoplasma laboratorium by Craig Venter, 2010), and is the foundation of our

research philosophy.

‘What I cannot create, I do not understand.’ - on Richard Feynman’s blackboard

at the time of his death in February 1988.



Abstract

A bimetallic nanorod dimer biosensor based on localized surface plasmon resonance

(LSPR) has been proposed in this thesis. Larger absorption and stronger electric field

coupling have been achieved when a gold (Au) core nanorod is coated with silver (Ag)

shell layer (Au@Ag). The optical response, e.g., dielectric function of this bimetallic

monomer has been modeled analytically with the help of Clausius-Mossotti equation.

Using the developed model, the polarizability, dipole moment, and absorption cross-

section of the Au@Ag nanorod dimer have been calculated. In order to investigate

the molecular sensitivity, this bimetallic dimer has been simulated without and with

the presence of label-free proteins using the finite difference time domain (FDTD)

technique. Lysozyme (Lys), human serum albumin (HSA), human γ-immunoglobulin

(IgG), adenomatous polyposis coli (APC) and human fibrinogen (Fb) proteins have

been used to calculate the resonance shifts from the FDTD simulations. In addition,

effects of physical parameters, orientations and environment of Au@Ag nanorods in

the dimer system have also been studied through peak shifts for an APC protein

sample. The shift values from the proposed structure have been found to be 6%–

30% larger compared to the conventionally used Au dimer sensors. Therefore, better

sensitivity performance of the Au@Ag nanorod dimers would pave the way for its

extensive research in biochemical and pharmaceutical industries.
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Chapter 1

Introduction

1.1 Nanoplasmonics

When matter is reduced into nanoscale structures, new unique physical properties

emerge that are not seen in bulk material. This has fascinated mankind for centuries

and forms the basis of nanotechnology, a scientific and technological field that has

grown tremendously during the last decades. Nanotechnology deals with materials,

systems, and devices on the nanometer length scale (1–100 nanometer) and the con-

cept was first described in 1959 by Richard Feynman in his famous lecture entitled

“there’s plenty of room at the bottom” [1]. In his talk he accurately predicted the

direction of modern nanotechnology and nanoscience, playing with the idea of minia-

turization and atomic engineering. Today, many of the things he anticipated have

become reality and we now possess the ability to create and manipulate material at

nanoscale dimensions. This has made a significant impact on modern society and the

number of applications and products that include nanomaterials increases steadily.

Nowadays, nanotechnology is well-established within the manufacturing industry and

a respectable scientific field that involves numerous researchers from a wide range of

areas including physics, chemistry, biology, medicine, electronics, and engineering.

Nanoplasmonics is a field within nanotechnology that utilizes the unique physical

and optical properties of metals [2,3]. These properties are strongly associated with a

phenomena known as localized surface plasmon resonance (LSPR) [4–6], which arises

when free electrons in metal nanostructures are excited, creating collective electron

oscillations confined in the nanostructures. Excitation of localized surface plasmons

can be induced by electromagnetic radiation (light) which results in strong scattering

and absorption at specific wavelengths which gives metallic nanomaterial distinctive

1



CHAPTER 1. INTRODUCTION 2

Figure 1.1: The Lycurgus cup illuminated with ambient lighting (left) and illuminated
from inside (right) [7].

colours. The vibrant colours of nanoplasmonic materials have captivated humans for

a long time and have been used to decorate glass, ceramics, and mosaics for centuries.

One of the most famous artifacts utilizing the optical properties of noble metal nanos-

tructures is the Lycurgus cup (Fig. 1.1), which is a Roman glass cup dated from the

fourth century, currently exhibited at the British Museum in London. The cup is of

dichroic nature, exhibiting a green jade colour in ambient light and a deep ruby red

colour when illuminated from inside. Several analyses have been conducted on the cup

in order to understand its optical features [8–10]. These studies have revealed that the

cup contains gold-silver (30:70) alloy nanoparticles, 50-100 nm in diameter, embed-

ded in the glass and which absorbs and scatters light at around 515 nm. Although,

there are several other examples of glass stained with metal nanoparticles from this

era, the Roman glassmakers most certainly produced these objects without knowing

that it was actually metal nanoparticles that gave rise to these wonderful colours.

Today, nanoplasmonic materials are not primarily used to stain glass anymore but

they have, however, found several other applications in many different areas such as

optical waveguides [6,11–13], photovoltaics [14–16], catalysis [17,18] and finally within

chemical and biological sensing [5, 19–27].
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1.2 Nanoplasmonic Sensing

The excitation of localized surface plasmons in metallic nanostructures using visible

light makes nanoplasmonic materials especially attractive for optical sensing applica-

tions. When incident light interacts with metal nanostructures, the photons are either

absorbed or scattered which is greatly enhanced at the resonance frequency which

can be monitored using optical spectroscopy based either on extinction or scattering

measurements. When this interaction occurs and light is confined and the energy is

converted into a localized surface plasmon, a strong electromagnetic field is created

in the direct vicinity of the nanostructures. This highly localized field induced by

the LSPR excitation makes metal nanostructures sensitive probes for detecting small,

local variations in the surrounding environment. A local change in the refractive in-

dex (RI), e.g. due to adsorption of proteins or other biomolecules, can be detected

since spectral changes occurs in the light used for LSPR excitation. This forms the

basis of nanoplasmonic sensing a simple yet sensitive strategy for detecting biological

or chemical interactions. Nanoplasmonic sensing offers real-time, label-free molecu-

lar detection and shows a great potential for miniaturization and multiplexing due to

the small dimensions of the metal nanoparticles. Refractometric sensing using plas-

monic nanostructures have for example been used to detect biomarkers for Alzheimer’s

disease [28, 29] as well as for cancer [30]. However, most clinically relevant biomark-

ers are present at very low concentrations, which mean that the sensitivity is a very

important aspect to consider when developing bioanalytical sensing devices, in par-

ticular for diagnostics. Nanoplasmonic sensors are also employed for a wide number

of non-medical applications, such as environmental pollution control, food testing and

detection of chemical warfare agents and explosives. In all of these sensing applica-

tions, the sensitivity is of critical importance for the overall performance of the sensor

system. Methods to improve the sensitivity in LSPR-based sensors have therefore been

an area of intense research.

In nanoplasmonic refractometric sensing, the sensitivity for detecting label-free

biomolecules close to the metal nanostructures is commonly defined and measured as

changes in either the plasmon peak position or intensity due to the local changes in the

RI. These measurements are normally performed by monitoring the spectral changes

that occurs when plasmonic materials are exposed to solutions with a known RI. The

RI sensitivity is highly dependent on the nature of the plasmonic nanoparticles i.e.

their size, shape, and metal composition but also on the interaction with other metal
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nanoparticles [31,32]. Thus, there are several parameters that influence the sensitivity

and by varying the structure, morphology, and surroundings of the plasmonic nano-

material it is possible to tune the sensitivity and hence, improve the performance of a

nanoplasmonic sensing system based on RI detection.

1.3 Biomolecule Detection: Present State of the

Problem

Recently, biomolecule detection using surface plasmon resonance (SPR) sensors are

being extensively studied due to the greater sensing resolution of SPR sensors than

that of conventional biosensors, such as piezoelectric and light-addressable potentio-

metric sensors [33]. Plasmonic sensors based on localized surface plasmon resonance

(LSPR) provide a sensitivity of ∼700 times greater than that in sensors based on other

plasmonic resonances for single molecule detection [34]. A number of bio-sensing tech-

niques based on LSPR require fluorophore labels for the samples [35–37]. The labeling

procedure increases the cost and complicacy of the experimental setup. By contrast,

the cost and complicacy of the bio-sensing techniques can be reduced significantly by

using label-free detection, where bio-molecules are attached to the surface of a noble

metal structure, such as gold, silver, and copper [38–40]. When a laser light is exposed

to the system, the resonance of absorption changes depending on the presence of the

sample biomolecule [19, 41]. Although biosensors based on silver (Ag) nanoparticles

are approximately twice sensitive than that based on gold (Au) nanoparticles with

same geometric properties, they are not preferred due to their easy oxidation and

potential toxicity [42]. On the contrary, Au nanoparticles have good biocompatibil-

ity and chemical stability. For increased sensitivity, gold core coated by silver shell

(Au@Ag) nanospheres have been used for labeled and label-free molecule detection.

However, Au@Ag nanorods can provide greater sensitivity than Au@Ag nanospheres

due to local field enhancement at the tip. Additionally, significant field enhancement

is possible for much sensitive detection if a biomolecule is placed between two metal

monomers, i.e., a dimer. Although, proof-of-concept fluorescence enhancement has

been demonstrated in a dimer, a detail theoretical analysis including understanding of

complex physics is still lacking.
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1.4 Overview of the Thesis

The objective of our thesis is to investigate the plasmonic properties of Au@Ag nanorod

dimers with a view to exploring its sensitivity performance for biomolecule detection.

For this purpose, both analytical and numerical analysis have been carried out on the

proposed bimetallic system. The dielectric properties of Au@Ag monomer has been

explained through a rigorous mathematical model, which in turn explores the absorp-

tion spectra of the bimetallic dimers. Optical simulation of these dimers without and

with the presence of protein molecules have been carried out by solving the Maxwell’s

equations in a finite domain time difference (FDTD) method. Many FDTD and finite

element simulations are commercially available. For our thesis we have used Lumerical

FDTD solution for the optical simulation [43].

In chapter 2, a brief overview of LSPR has been given. The Drude-Sommerfield

theory for noble metals has been explained with the derivation of plasma frequency.

A rigorous mathematical analysis of LSPR in spherical and spheroidal nanoparticles

has been shown through Mie [44] and Gans [45] theory respectively.

In chapter 3, an Au@Ag bimetallic dimer structure has been proposed for the label-

free biomolecule detection. A number of protein molecules with significant interest in

biochemical and pharmaceutical industries have been chosen as biosamples.

In chapter 4, details of FDTD simulation have been thoroughly discussed. Simu-

lation modeling of noble metals as well as biosamples have been explained with mesh

size and boundary conditions.

In chapter 5, an analytical model for the optical properties, e.g. dielectric con-

stant of the Au@Ag nanorod monomer has been developed using the Clasius-Mossotti

equation. Using the developed model, the polarizability, electron susceptibility and

absorption cross-section of the bimetallic dimers have been calculated.

In chapter 6, the simulated results of the proposed structure have been analyzed

without and with the presence of protein molecules. The resonance shifts of the ab-

sorption spectra have been calculated, which in turn provides a valid estimation of

the molecular sensitivity of the Au@Ag dimer system. Being more sensitive than

the traditional Au dimers, the bimetallic structure has been studied with variation

of geometric properties as well as physical environment to observe the effects in the

absorption spectra due to the presence of a model biosample.



Chapter 2

Physics of LSPR

Surface plasmons have attracted the attention of physicists, chemists, biologists and

material scientists for widespread use in areas such as electronics, optical sensing,

biomedicine, data storage and light generation. Recent developments in nanotechnol-

ogy have generated new insights about control of various properties of nanomaterials

that can support surface plasmons for specific applications. Localized surface plasmon

resonance (LSPR) is an optical phenomenon generated by a light wave trapped within

conductive nanoparticles (NPs) smaller than wavelength of light. This phenomenon

is a result of the interactions between the incident light and surface electrons in a

conduction band. This interaction produces coherent localized plasmon oscillation

with a resonant frequency that strongly depends on the composition, size, geometry,

dielectric environment and particle-particle separation distance of NPs. This chapter

gives a rigorous overview of LSPR starting from comparison with SPR and ending

with dipolar models of different shapes of NPs.

2.1 Bulk Surface and Localized Surface Plasmons

A plasmon is a collective oscillation of the free electrons in a noble metal. It can be

described as mechanical oscillations of the electron gas of a metal, the presence of an

external electric field causing displacement of the electron gas with respect to the fixed

ionic cores. For bulk plasmons, these oscillations occur at the plasma frequency and

have energy:

6
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Ep =
h

2π

√
ne2

mε0
, (2.1)

where ε0 is the permittivity of free space, n is the electron density, e is the electron

charge, m is the electron mass and h is the plank constant.

Figure 2.1: Illustration of surface plasmons [46].

Figure 2.2: Illustration of localized surface plasmons [47].

At the surface of a metal, plasmons take the form of surface plasmon polaritons

(SPPs), which has been shown in Fig. 6.19. Surface plasmons are optically excited,

and light can be coupled into standing or propagating surface plasmon modes through

a grating or a defect in the metal surface. Because it is the oscillating electric field

of the incoming plane wave that excites surface plasmons, light with a high angle of
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incidence (that is, with wave vector k nearly parallel to the surface) couples most

efficiently.

When a surface plasmon is confined to a particle of a size comparable to the

wavelength of light, that is a nanoparticle, the particle’s free electrons participate

in the collective oscillation, and it is termed a localized surface plasmon (LSP). The

concept of LSP has been illustrated in Fig. 2.2. The LSP has two important effects:

• First, electric fields near the particle’s surface are greatly enhanced, this en-

hancement being greatest at the surface and rapidly falling off with distance.

• Second, the particle’s optical extinction (absorption and scattering) has a maxi-

mum at the plasmon resonant frequency, which occurs at visible wavelengths for

noble metal nanoparticles. This extinction peak depends on the refractive index

of the surrounding medium and is the basis for the sensing applications.

To understand in depth how this localized surface plasmon resonance (LSPR) arises,

we must turn to Drude-Sommerfield theory.

2.2 Overview of Drude-Sommerfield Theory

To find out the dielectric properties of the nanoparticles, we can start from the Drude-

Sommerfield theory. This model depicts the electrons as a gas of independent quasi-

free point-shaped particles that are accelerated by an external electric field and slowed

down after a mean free time (τ) through collisions with metal ions (for gold τAu=9.3

fs and silver τAg=30 fs) [48]. Scattering processes are the reason that the electrons are

called quasi-free and not free. The Drude-Sommerfield model determines the response

function or dielectric function ε(ω) of a macroscopic metal by calculating the behavior

of a single conduction electron and multiplying this behavior by the number of electrons

present. This is only valid when assuming the independence of the single electrons, as

stated above. The equation of motion for an electron of mass m and charge e, in an

external electric field E = E0e
−iωt is given by

m
∂2r

∂t2
+ mΓ

∂r

∂t
= eE0e

−iωt, (2.2)

where E0 is the amplitude of electric field, r is the displacement of electrons, Γ is
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the damping constant and ω is the optical frequency. This differential equation only

takes into account the effect of the conduction band electrons. In order to incorporate

the bound electrons in d-subshells, a linear restoring force, mω2
0r, determining the

eigen frequency (ω0) of the oscillating electrons, would have to be added to Eq. (2.2).

Solving this equation leads to the dipole moment of a single electron, p = er0 and the

polarization, P = np with the number of electrons per unit volume n. The dielectric

function, ε(ω) = ε1(ω)+ iε2(ω), is related to the polarization P and complex refraction

index η via the definition

ε = 1 +
P

ε0E
, (2.3)

η + ik =
√
ε. (2.4)

This leads to the dielectric function of a system of n electrons per unit volume

ε(ω) = 1− ωp
2

ωp2 + iωΓ
= 1− ωp

2

ω2 + Γ2
+ i

ωp
2Γ

ω(ω2 + Γ2)
, (2.5)

where ωp is the plasma frequency and Γ is the damping constant. Γ can be determined

from the electron mean free path l by Γ = νF/l, where νF is the Fermi velocity. If the

damping is much smaller than the frequency, the real (ε1) and imaginary (ε2) parts of

the dielectric function can be written as

ε1(ω) ≈ 1− ωp
2

ω2
, (2.6)

ε2(ω) ≈ 1− ωp
2

ω3
Γ. (2.7)

This equation shows that for ε1=0, the frequency ω equals the plasma frequency ωp,

which can be defined from Eq. (2.1) as

ωp =

√
ne2

m∗ε0
. (2.8)
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The dielectric function ε(ω) is commonly expressed in terms of the electric suscepti-

bility χ. Then Eq. (2.5) becomes

ε(ω) = 1 + χ(ω), (2.9)

where χ is the free-electron Drude-Sommerfield susceptibility. Electrons in a real

metallic lattice are only quasi-free due to the lattice periodicity. The coupling of the

free electrons to the ion core is taken into consideration by replacing the electron mass

m with an effective electron mass m∗, effectively altering ωp.

2.3 Mie Theory

In the early 20th century, Gustav Mie developed an analytical solution to Maxwell’s

equations that describes the scattering and absorption of light by spherical parti-

cles [44]. For very small particles, Mie scattering agrees with the more familiar Rayleigh

scattering. Finding the scattered fields produced by a plane wave incident on a ho-

mogeneous conducting sphere results in the following total scattering, extinction, and

absorption cross-sections [49]

σsca =
2π

|k|2
∞∑
L=1

(2L+ 1)(|aL|2 + |bL|2), (2.10)

σext =
2π

|k|2
∞∑
L=1

(2L+ 1) [Re(aL + bL)], (2.11)

σabs = σext − σsca, (2.12)

where k is the incoming wavevector and L are integers representing the dipole, quadrupole,

and higher multipoles of the scattering. In the above expression, aL and bL are the

following parameters composed of the Riccati-Bessel functions ψL and χL by

aL =
mψL(mx)dψL(x)

dx
− dψL(mx)

d(mx)
ψL(x)

mψL(mx)dχL(x)
dx
− dψL(mx)

d(mx)
χL(x)

, (2.13)

bL =
ψL(mx)dψL(x)

dx
−mdψL(mx)

d(mx)
ψL(x)

ψL(mx)dχL(x)
dx
−mdψL(mx)

d(mx)
χL(x)

. (2.14)
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Here m = n/nm, where n = nR + inI is the complex refractive index of the metal, and

nm is the real refractive index of the surrounding medium. Also x = kmr, where r is

the radius of the particle. It is noted that km = 2π/λ is defined as the wavenumber in

the medium rather than the vacuum wavenumber.

To gain insight into LSPR phenomenon, simpler expressions than Eqs. (2.10)–

(2.14) are required. If the nanoparticle is assumed to be very small as compared to

the wavelength, the Riccati-Bessel functions can be approximated by power series.

Following Bohren and Huffman [49] and keeping only terms to order x3, Eqs. (2.13)

and (2.14) simplify to

a1 ≈ −
i2x3

3

m2 − 1

m2 + 2
, (2.15)

b1 ≈ 0, (2.16)

and the higher order aL and bL are zero (again, only when keeping terms up to x3).

To find the real part of a1 as required in Eq. (2.11), m = nR + inI/nm needs to be

substituted into Eq. (2.15) as

a1 = −i2x
3

3

nR
2 − nI

2 + i2nRnI − nm
2

nR
2 − nI

2 + i2nRnI + 2nm
2
. (2.17)

Next, switching to the complex metal dielectric function, ε = ε1+iε2 with the following

relations

ε1 = nR
2 − nI

2, (2.18)

ε2 = 2nRnI, (2.19)

and switching to medium’s dielectric function, εm = n2
m. These substitutions lead to

a1 =
2x3

3

−iε12 − iε1εm + 3ε2εm − iε22 + i2εm
2

(ε1 + 2εm)2 + (ε2)
2 . (2.20)

Substituting of Eq. (2.20) into Eq. (2.11) and taking the dipole term yields the widely

quoted expression for nanoparticle plasmon resonance as

σext =
18πεm

3
2V

λ

ε2

(ε1 + 2εm)2 + (ε2)
2 , (2.21)

where V is the particle volume. A similar process yields the scattering cross-section
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as

σsca =
32π4εm

2V 2

λ4
(ε1 − εm)2 + (ε2)

2

(ε1 + 2εm)2 + (ε2)
2 . (2.22)

Therefore the absorption cross-section can be found from Eq. (2.12). While these small

particle approximations only strictly apply to very small particles, their predictions of

dielectric sensitivity are still accurate for larger particles [50].

2.4 Gans Theory

Mie theory as formulated above is strictly applicable only to spherical particles. In

1912, Richard Gans generalized Mie’s result to spheroidal particles of any aspect ratio

in the small particle approximation [45]. He found that the absorption cross-section

for a prolate spheroid, analogous to that in Eq. (2.21) above for a sphere, is

σext =
ωεm

3
2V

3c

∑
j

(1/Pj
2)ε2[

ε1 +
(

1−Pj

Pj

)
εm

]2
+ [ε2]

2
. (2.23)

Here, the sum over j considers the three dimensions of the particle, Pj includes PA, PB

and PC , termed depolarization factors, for each axis of the particle, where A > B = C

for a prolate spheroid. The depolarization factors anisotropically alter the values of ε1

and ε2 and the resulting LSPR peak frequencies. Explicitly they are

PA =
1− e2

e2

[
1

2e
ln

(
1 + e

1− e

)
− 1

]
, (2.24)

PB = PC =
1− PA

2
, (2.25)

where e is the ecentricity, which includes the particle aspect ratio x [51, 52] as

e =

√
1−

(
B

A

)2

=

√
1−

(
1

x

)2

. (2.26)

The absorption spectrum resulting from Eq. (2.23) has two peaks, one corresponding to

the transverse plasmon mode and the other corresponding to the longitudinal plasmon

mode. Equation (2.23) also provides an intuitive understanding of the effect of aspect

ratio on the LSPR peak wavelength. The factor weighting εm which is 2 for spherical

particles, is [(1 − Pj)/Pj] that increases with aspect ratio and can be much greater



CHAPTER 2. PHYSICS OF LSPR 13

than 2. This leads to a red-shift of the plasmon peak with increasing aspect ratio, as

well as increased sensitivity to the dielectric constant of the surrounding medium.

2.5 Summary

This chapter explains the background theoretical ideas needed to understand LSPR.

Drude-Sommerfield theory provides a detailed study about the dielectric properties

of noble metal nanoparticles, including the significance of plasma frequency as well

as electron susceptibility. Mie theory demonstrates an analytical modeling of the

scattering and absorption of light by spherical particles, whereas Gans theory modifies

this modeling in terms of spheroidal particles as well. For nanoparticles beyond the

spheres and spheroids, particle shape plays a significant role in determining the LSPR

spectrum [53, 54], but one that cannot be found analytically as above, and must be

studied numerically. So, the theories discussed in this chapter are the fundamental

basis for LSPR generation in any nanoparticles.



Chapter 3

Bimetallic Nanorod Dimer

Biosensor

3.1 Introduction

The last decades have witnessed the ongoing research interests in noble metal nanopar-

ticles (NPs), especially for Au [55–59] and Ag [60–64], mainly due to their interesting

optical properties. Specifically, the localized surface plasmonic resonance (LSPR) is

derived from the inherent interaction between free electrons of these metal NPs and

incident electromagnetic wave [65], which in turn leads to large optical absorption [66],

strong Rayleigh scattering [67], and enhanced electronic field coupling [68, 69]. As a

consequence, applications of Ag and Au nanostructures have surged, including chemi-

cal and biochemical sensing [70–73], medical diagnostics [74], therapeutics [75], wave-

guides [76], optical devices [77] and surface-enhanced spectroscopies [78–80]. By using

different compositions of these two metals, large plasmonic tunability from the visible

to near-infrared spectral range can be realized. Specially, bimetallic nanostructures

that have prominent plasmonic properties are considered promising candidates for

various bio-sensing applications, including labeled and label-free molecule detection.

These NPs perform not only a simple combination or enhancement of the properties

associated with Au and Ag, but also many interesting and surprising new properties,

such as extraordinary plasmonic modes at the interface between the two metals. By

changing their components and morphologies, like core-shell architecture, their rele-

vant bio-sensing performances can be successfully modified. The increase of control-

lable variables leads to inevitable complexity to interpret the interaction mechanism

of the bimetallic NPs. Here in, discovering the microstructure nature of their physio-

14
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Figure 3.1: Proposed Au@Ag nanorod dimer for biomolecule detection

chemical properties in bimetallic NP system has been attracting great interest of the

research scientists.

Recently, a number of studies have been extensively done on Au core coated by Ag

shell (Au@Ag) nanospheres to explore its plasmonic properties for bio-sensing applica-

tion. In addition, dielectric coating, i.e., SiO2 has been added on the bimetallic spheres

to improve the sensitivity for biomolecule detection. However, Au@Ag nanorods can

provide greater sensitivity than Au@Ag nanospheres due to local field enhancement

at the tip region. In addition, significant field enhancement is possible for much sen-

sitive detection if a biomolecule is placed between two nanorod monomers, i.e., a

dimer. Although proof of concept fluorescence enhancement has been demonstrated

in an Au@Ag dimer, a detailed systematic analysis of the sensitivity performance for

different biomolecule detection is still lacking.

3.2 Proposed Structure

In Fig. 3.1, we have shown the schematic illustrations of the proposed Au@Ag nanorod

dimer. An Au core nanorod has been coated with an Ag shell layer to form the

bimetallic nanorod structure with dimensions of 33 nm×11 nm×11 nm. Due to higher

sensitivity of Ag, this structure ensures greater absorption and stronger electric field

coupling compared to the Au nanorods. The field coupling of the system has been fur-

ther enhanced through a longitudinal alignment of two rods with a small gap between

the tips, i.e., a bimetallic dimer structure. By varying the core-shell volume of the

Au@Ag system, better plasmonic properties can be realized. The whole structure has

been placed on a SiO2 substrate within a buffer solution to support the bio-sensing
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procedure. As we know, the sensing procedure requires the adsorption of biomolecules

which involves transport of molecules from the solution to the interface, their binding

to the surface usually via hydrophilic, hydrophobic and electrostatic interactions, and

their relaxation on the surface via conformal changes. In this work, we have used a

number of proteins as biomolecules ranging from 14.3 kDa to 390 kDa to be adsorbed

in the gap between the nanorods. From experimental analysis, it has been found that

65% of the protein samples are bound within the gap of a dimer and 35% on the

side [81]. Moreover, the enhanced near field intensity st the tip of a particle causes

a protein-induced plasma shift 3 to 5 times larger than for a protein binding on the

side, halfway the long axis. So, the gap width of the proposed dimer can serve as an

optical detector for single protein analysis. Therefore, a 0.5 nm thiolated biotin layer

has been coated at the tip of Au@Ag nanorods in the gap region. Such tip function-

alized biotinylation is needed to reduce the chemical interface damping of the surface

plasmon resonance (SPR) as well. A laser source is placed at normal of the bio-sensor

to excite the surface plasmons and hence calculate the absorption cross-section. With

a broadband spectrum, significant red-shift would be found at the resonant peaks in

presence of protein samples which in turn would execute the sensitivity performance

of the proposed bio-sensor.

3.3 Protein as a Biomolecule

Single protein detection is a well-researched topic in biochemical and pharmaceutical

industries. Proteins detected as biomarkers can benefit a number of scientific and

clinical applications such as drug research and environmental monitoring, early disease

diagnosis and treatment. A biomarker is a characteristic indicator of a biological

phenomenon or state, such as prostate specific antigen (PSA) protein for prostate

cancer detection [82]. There are different types of biomarkers ranging from small

molecules (i.e., PSA and lysozyme) to large molecules (i.e., fibrinogen and tenasein).

In this thesis, we have investigated the molecular detection of five different bioproteins

which can be used as potential biomarkers. The samples are:

3.3.1 Lysozyme (Lys)

Lysozyme (Lys), also known as N-acetylmuramide glycanhydrolase, are glycoside hy-

drolase. These are enzymes that damage bacteria cell walls by catalyzing hydrolysis of
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1,4-beta-linkages between N-acetylmuramic acid and N-acetyl-D-glycosamine residues

in a polytidoglycan. Large amount of Lys can be found in egg white. Serum lysozyme

can be used as a potential biomarker of monocyte/macrophage activity in rheumatoid

arthritis.

Figure 3.2: Ribbon model structure of lysozyme (Lys) protein

3.3.2 Human serum albumin (HSA)

Human serum albumin (HSA) is the version of serum albumin found in human blood.

It is the most abundant protein in human blood plasma. It transports hormone, fatty

acids and other compounds, buffer pH and maintains oncotic pressure, among other

functions. HSA is currently used for investigating human exposure to xenobiotic com-

pounds, including therapeutics and environmental pollutants. A recent study executes

that mycotoxin, i.e., satratoxin G (SG) adducts on HSA may serve as biomarkers of

exposure to Stachybotrys chartarum.

Figure 3.3: Ribbon model structure of human serum albumin (HSA) protein
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3.3.3 Human γ -immunoglobulin (IgG)

Immunoglobulin (IgG), also known as γ -immunoglobulin, is a substance made from

human blood plasma. The plasma, processed from donated human blood contains anti-

bodies that protect the body from diseases, such as hepatitis, chickenpox, or measles.

Treatments for some cases, i.e., leukomia can cause the body to stop producing its

own antibodies, making IgG injection necessary. IgG has been found to be a potential

biomarker for acute coronary syndrome (ACS) in adults.

Figure 3.4: Ribbon model structure of human γ -immunoglobulin (IgG) protein

3.3.4 Adenomatous polyposis coli (APC)

Adenomatous polyposis coli (APC), also known as deleted in polyposis 2.5 (DP2.5), is

a protein in humans encoded by the APC (tumor suppressor) gene. The APC protein

is a negative regulator that controls beta-catenin concentrations and interacts with

E-cadherin, which are involved in cell adhesion. Mutations in the APC gene may

result in colorectal cancer. So, APC has an interesting demand as a biomarker in

colon cancer for risk assessment, early detection, prognosis, and surrogate end points.

Figure 3.5: Ribbon model structure of adenomatous polyposis coli (APC) protein
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3.3.5 Human fibrinogen (Fb)

Fibrinogen (Fb) is a soluble, large glycoprotein in vertebrates that helps in the forma-

tion of blood dots. It is one of the 13 coagulation factors responsible for normal blood

clotting. Low level of Fb can cause thrombosis leading to serious medical condition,

such as heart attack and stroke. Current research reveals its potential functionality as

a biomarker for inflammation due to coronary artery disease.

Figure 3.6: Ribbon model structure of human fibrinogen (Fb)) protein

3.4 Summary

In this chapter, an Au@Ag bimetallic nanorod dimer has been proposed for better sen-

sitivity performance to label-free molecule detection. Highly sensitive Ag and chem-

ically stable Au are combined in a core-shell structure to enhance the electric field

coupling at the tip region. It is expected to produce higher plasmonic shifts in the

absorption spectra when a biomolecule is adsorbed in the gap of the dimer. A number

of proteins with significant biomarker applications have been selected as biosamples.

Proper detection of these molecules through refractive index sensing would lead to an

advancement in the research field of nanobiotechnology.



Chapter 4

Analytical Modeling of Bimetallic

Dimer

4.1 Introduction

In many practical cases, the optical properties of the plasmonic-resonant nanostruc-

tures can be described by the usual dipolar Rayleigh approximation [49], in which all

peculiarities of the light absorption and scattering are determined by the electrostatic

polarizability α. In the case of a homogeneous particle, the polarizability is determined

by the particle shape,its dielectric function, ε and dielectric permittivity of the sur-

rounding environment, εm. Iterative algorithms and analytical models for calculating

the polarizability of an arbitrary shaped particle have been developed by researchers

for a long time [83, 84]. One of the brilliant outcomes of these researches is the elec-

trostatic modeling of the polarizability of spherically symmetric nanoshell structures,

which are of great interest for applications to biosensing and immunodiagnostics. As

they exhibit extraordinary spectral tunability with size and core-shell aspect ratio, they

are currently used in the field of nanobiotechnology. However, the bimetallic core-shell

nanorod structures may be considered as a new nanotechnological platform [85], with

promising potentialities related to the strong polarized light absorption and tunable

longitudinal resonance. It has been found that the bimetallic nanorod systems provide

much higher sensitivity for biomolecule detection compared to the spherical nanoshell

structures, which is due to their strong electric field coupling at the tip region. The

polarizability of these core-shell nanorods exhibit outstanding optical properties of

combined noble metal structures, which needs to be elucidated through some theoret-

ical analysis. In this thesis, a simple analytical modeling of electrostatic polarizability

20
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Figure 4.1: The dipole equivalence principle scheme. (a) The initial Au nanorod
(semimajor axis- a1, semiminor axis- b1 and dielectric funcion, εAu) covered by an
outer Ag layer with thickness, d and dielectric function, εAg, in a surrounding medium
of dielectric function, εm. (b) The initial Au nanorod in the dielectric medium of
εAg, surrounded by an imaginary coating of thickness, d. (c) An equivalent nanorod
with dielectric function of εav in the dielectric medium of εAg. (d) The equivalent
nanorod with semimajor axis- a2, semiminor axis- b2 and dielectric function, εav in the
surrounding medium of εm.

has been calculated to explore the optical properties of Au@Ag (Au core with Ag shell)

nanorods using the classical Rayleigh [86] and Gans [45] approximation. The principle

of dipole equivalency has been used to calculate the equivalent dielectric function (εav)

of silver and gold nanoparticles. The εav has been studied with that of Ag and Au to

find out the plasmonic properties of the equivalent system. Finally, the new modeled

dielectric function has been used to derive the analytical expressions for polarizability

and absorption cross-section of bimetallic nanorod dimers.

4.2 Dielectric Function of an Au@Ag Nanorod

The nanorod monomer is treated as a prolate spheroid with a semimajor axis of a and

semiminor axis of b. The polarizability corresponding to the plasmon mode can be

expressed by the Clausius-Mosstti equation as

α =
4πab2

3

ε− εm
εm + PL(ε− εm)

, (4.1)
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where ε is the dielectric function of the nanorod metal, εm is the dielectric function of

the surrounding medium, and PL is the longitudinal depolarization factor. PL can be

expressed from Eq. 2.24 as

PL =
1− e2

e2

[
1

2e
ln

(
1 + e

1− e

)
− 1

]
, (4.2)

where e is the eccentricity of the nanorod defined by e =
√

1− (b/a)2.

Let us consider a spheroid nanorod of semimajor axis a1 and semiminor axis b1

embedded in a homogeneous medium with the dielectric function εm. We are assum-

ing that the nanorod is made of gold with the dielectric function εAu. According to

Eqs. (4.1) and (4.2), we can express the polarizability α1 and longitudinal depolariza-

tion factor PL1 of the Au nanorod as

α1 =
4πa1b1

2

3

εAu − εm
εm + PL1(εAu − εm)

, (4.3)

PL1 =
1− e12

e12

[
1

2e1
ln

(
1 + e1
1− e1

)
− 1

]
, (4.4)

where eccentricity of the Au nanorod e1 can be defined by e1 =
√

1− (b1/a1)
2.

Let us assume the Au nanorod is surrounded by a dielectric layer of silver with

thickness of d and dielectric function of εAg, just like Fig. 4.1(a). The polarizability

of the covered particle can be found from the dipole equivalency principle. To this

end, the Au nanorod can be placed in a homogeneous dielectric medium of silver with

the permittivity εAg and then surrounded by an imaginary nanorod with semimajor

axis a2 and semiminor axis b2, where a2 = a1 + d and b2 = b1 + d. This case has

been shown in Fig. 4.1(b). Now the imaginary particle in Fig. 4.1(b) can be replaced

by a homogeneous nanorod with same size parameters a2 and b2, and an average

dielectric function εav, which can be seen in Fig. 4.1(c). The new particle will provide

an equivalent dipole moment and polarizability of the bimetallic Au@Ag nanorod

monomer. Thus the following equation holds

4πa1b1
2

3

εAu − εAg

εAg + PL1(εAu − εAg)
=

4πa2b2
2

3

εav − εAg

εAg + PL2(εav − εAg)
, (4.5)

which simplifies to

a1b1
2

a2b2
2

εAu − εAg

εAg + PL1(εAu − εAg)
=

εav − εAg

εAg + PL2(εav − εAg)
. (4.6)
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Here PL2 is the longitudinal depolarization factor of the bimetallic Au@Ag nanorod

which can be defined as

PL2 =
1− e22

e22

[
1

2e2
ln

(
1 + e2
1− e2

)
− 1

]
, (4.7)

where eccentricity of the Au@Ag nanorod e2 takes the form as e2 =
√

1− (b2/a2)
2.

Equation (4.6) can be considered as the basis for defining the average equivalent

polarizability αav. Now let us assume

f =
a1b1

2

a2b2
2 , (4.8)

αs =
εAu − εAg

εAg + PL1(εAu − εAg)
, (4.9)

where f is the volume fraction of Au core to the equivalent Au@Ag nanorod and αs is

the polarizability of Au core nanorod in surrounding medium of Ag. So from Eq. 4.6

we can write

fαs =
εav − εAg

εAg + PL2(εav − εAg)
, (4.10)

which reduces to

εav = εAg

[
1 +

fαs

1− fαsPL2

]
. (4.11)

Equation (4.11) gives the expression for average equivalent dielectric function of the

bimetallic nanorod. If the new equivalent nanorod with parameters a2 and b2 is placed

into the initial dielectric medium εm, as shown in Fig. 4.1(d), the physical situations in

Fig. 4.1(a) and Fig. 4.1(d) will be equivalent. Therefore, the polarizability and dipole

moment will also be equivalent and from Fig. 4.1(d) we get

αav =
4πa2b2

2

3

εav − εm
εm + PL2(εav − εm)

, (4.12)

pav = ε0εmαavE, (4.13)

where αav is the equivalent polarizability of Au@Ag nanorod, pav is the equivalent

dipole moment of the Au@Ag nanorod, ε0 is the dielectric permittivity of vaccum and

E is the incident electric field on the nanorod.
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The absorption cross-section of the bimetallic system will be

Cabs =

(
2π

λ

)
Im(αav), (4.14)

where λ is the incident wavelength.

In Fig. 4.2, the equivalent dielectric function εav of the Au@Ag system has been

analyzed optically for different Ag shell thickness. The real part ε1 has been shown in

Figs. 4.2(a) and 4.2(b), whereas the imaginary part ε2 has been varied in Figs. 4.2(c)

and 4.2(d). Here the bimetallic equivalent nanorod has been fixed at a2 = 16.5 nm

and b2 = 5.5 nm. The values of b1 has been varied from 5.5 nm to 0 nm for providing

different shell thickness d. When b1 is assumed at 5.5 nm, d turns out to be 0 nm

and the equivalent system becomes a bare Au nanorod. On the contrary, when b1 is

reduced to 0 nm, d is increased to 5.5 nm and the whole Au core nanorod vanishes

providing a bare Ag nanostructure. It can be verified from Eq. (4.11) as f vanishes

to 0. For other values of b1, such as 4.5 nm, 3.5 nm, and 2.5 nm, the values of d vary

accordingly maintaining the bimetallic structure. The bare Au and Ag system can

be analyzed through the real and imaginary parts of εAu and εAg respectively, which

have been referred in the experimental works of Johnson and Christy [87]. Having a

look at Fig. 4.2(a), it can be observed that the values of ε1 encounter a gradual blue-

shift towards the corresponding values of εAg with ascending values of d. The scenario

becomes more clear looking at Fig. 4.2(b), in which zero crossing level has been blue-

shifted towards a higher energy of 3.87 eV for larger shell thickness of 3 nm. On the

other hand, the interband contribution seen in ε2 gradually reduces at Fig. 4.2(c),

providing more contribution of conduction electrons to the plasma excitation. In

Fig. 4.2(d), the reduction in ε2 becomes more distinct with increasing values of d from

1 nm to 3 nm. With a view to understanding the plasmonic properties of Au@Ag

system, we can investigate the plasma condition of εav by considering the standard

plasma dispersion relation in the free electron case which states

ε1(ωp) ≈ 0, (4.15)

ε2(ωp) << 1, (4.16)

where ωp is the plasmon frequency.

In Fig. 4.2(b), the plasmon energies are found at around 3.82 eV–3.9 eV for ascend-
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Figure 4.2: Real and imaginary parts of the dielectric function of Au@Ag nanorod
system for different Ag shells d. (a) Extended and (b) zoomed versions of the real
parts ε1 with variation of d. (c) Extended and (d) zoomed versions of the imaginary
parts ε2 with variation of d.
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Figure 4.3: (a) Extended and (b) zoomed versions of energy loss function of the
bimetallic nanorod system for different Ag shells d.

ing d values of 1 nm–3 nm. But the values of ε2 shown in Fig. 4.2(d), are not less than

1 at these energy levels due to some interband contribution. However, in general, it is

not necessary that ε1 or ε2 completely vanish near the resonant frequency. In practice,

a plasma resonance can be identified by the characteristic maximum in the energy loss

function, which is defined as Im(ε−1). In Fig. 4.3, the characteristic peak values of the

energy loss functions have been varied for different Ag shell widths. Plasmon resonance

of the bimetallic system has been found to be greater near the plasmon resonance of

Ag, which is accompanied by a gradual blue-shift of plasmon energies in Fig. 4.3(a).

The shifts have been clearly identified from 3.81 eV to 3.89 eV in Fig. 4.3(b), when d

has been varied from 1 nm to 3 nm. However, this behavior has already been observed

in Fig. 4.2(b). So, it can be concluded that the proposed model in Eq. (4.11) provides

a consistent analysis of the dielectric properties of Au@Ag system.

4.3 Plasmon Resonance Condition in Bimetallic

Nanorod System

From Eq. (4.12), the plasmon resonance is found for the equivalent system when the

denominator of average polarizability αav is equal to zero (Frohlich condition), that is

εav = −εm
1− PL2

PL2

. (4.17)
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From Eqs. (4.11) and (4.17), we can write

εAg

[
1 +

fαs

1− fαsPL2

]
= −εm

1− PL2

PL2

, (4.18)

in which applying the value of αs we get

εAu − εAg

εAg + PL1(εAu − εAg)
=
αp

f
. (4.19)

Here parameter αp is assumed as

αp =
εm + PL2(εAg − εm)

PL2(εAg − εm)(PL2 − 1)
, (4.20)

which corresponds to the polarizability of an Ag nanorod with εAg embedded in the

external medium of εm.

Now applying componendo-dividendo rule in Eq. (4.19), we get

εAu − εAg + εAg + PL1(εAu − εAg)

PL1(εAu − εAg)− εAg − PL1(εAu − εAg)
=

αp + f

PL1αp − f
, (4.21)

after simplification which reduces to

εAu = −εAg

[
αp

PL1αp − f
− 1

]
. (4.22)

This is the quasi-static relation between core and shell permittivity of the bimetallic

nanorod in case of plasmon resonance. When the volume fraction of core is very small

(f <<1), Eq. (4.22) reduces to

εAu = −εAg

[
1− PL1

PL1

+
f

αpPL1
2

]
. (4.23)

In case of thick shell (f ≈ 0), Eq. (4.23) reduces to the plasmon condition identical

to Eq. (4.17) that applies for the Au core of the bimetallic nanorod surrounded by Ag
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medium. This provides the validation of Eq. (4.22).

Let us rewrite the resonance condition in Eq. (4.17) in an equivalent form as

εAu = −(εm + χ)
1− PL2

PL2

, (4.24)

where χ is the free electron Drude-Sommerfield susceptibility.

From Eq. (4.22), we can write

(εm + χ)
1− PL2

PL2

= εAg

[
αp

PL1αp − f
− 1

]
, (4.25)

after simplification which takes the form as

χ =

(
PL2

1− PL2

)
εAg

[
αp

PL1αp − f
− 1

]
− εm. (4.26)

In case of thick shell (f ≈ 0), Eq. (4.26) becomes

χ =

(
PL2

1− PL2

)
εAg

(
1− PL1

PL1

)
− εm. (4.27)

In case of thin shell (f ≈ 1), Eq. (4.26) converts to

χ = −
(

PL2

1− PL2

)
εAg

[
1 +

αp

1− PL1αp

]
− εm. (4.28)

Figure 4.4 presents the optical analysis of χ for different Ag shells d. The Ag

shells have been varied from 1 nm to 3 nm just the same way done in Figs. 4.2 and 4.3.

Here χ has been defined as a complex form, χ(ω) = χ1(ω) + jχ2(ω), in which χ1 and

χ2 present the refractive and absorptive parts of the optical energy respectively. We

know that χ is practically real for small frequencies when dχ/dω is positive. It can be

realized by positive χ1 in Fig. 4.4(a) and almost zero χ2 in Fig. 4.4(b) when photon

energies are small. This is the realm of classical optics in which the material is mostly

refractive. When χ1 approaches zero in Fig. 4.4(a), resonance condition occurs due

to bound electrons which can be realized by large amount of absorption shown by χ2

in Fig. 4.4(b). The resonant energies found in Fig. 4.4(a) are 3.75 eV, 3.79 eV, and
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Figure 4.4: Real (a) and imaginary (b) parts of the electron susceptibility of bimetallic
nanorod system for different Ag shells d.

3.82 eV for Ag shells of 1 nm, 2 nm, and 3 nm respectively. All these energies execute

maximum absorption in Fig. 4.4(b), providing higher absorption peaks for larger Ag

shells. In addition, the resonant energies encounter a gradual blue-shift towards the

resonant conditions of bare Ag nanorod system. However, the shift is quite similar to

those observed in Figs. 4.2(b) and 4.3(b), where plasmonic properties of Ag becomes

prominent with larger shell volume. So, the proposed model of electron susceptibility

has been found quite convincing to explain the resonance conditions of Au@Ag nanorod

system.

4.4 Bimetallic Nanorod Dimer

The polarizability of the equivalent bimetallic nanorod monomer with average per-

mittivity εav and surrounded by an external dielectric medium εm can be found from

Eq. (4.12) as

αn =
4πa2b2

2

3

εav − εm
εm + Pn2(εav − εm)

, n = L or T, (4.29)
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Figure 4.5: Schematic representation of the coordinate system employed in the deriva-
tion of the dipolar bimetallic model.

where PL2 and PT2 are the longitudinal and transverse depolarization factors of the

Au@Ag nanorod structure. These parameters can be expressed by

PL2 =
1− e22

e22

[
1

2e2
ln

(
1 + e2
1− e2

)
− 1

]
, (4.30)

PT2 =
1− PL2

2
, (4.31)

e2 =

√
1−

(
b2
a2

)2

, (4.32)

where e2 is the eccentricity of the bimetallic system with parameters a2 and b2.

The coordinate system used for the nanorod dimer is shown in Fig. 4.5, where y-axis is

along the longitudinal axis of the dipole system and z-axis is perpendicular to it. The

angle between the two nanorods is 180◦. In this coordinate system, the polarizability

of the nanorod monomer can be expresed as the combination of longitudinal (αL) and

transverse (αT) polarizability along the two axes.

α1 = αLĵ + αTk̂, (4.33)

α2 = αLĵ + αTk̂, (4.34)

where α1 is the polarizability of nanorod on the left in figure and α2 is the polarizability

of nanorod on the right. As two nanorods are identical, the polarizability should be

identical as well. For each nanorod, we have

pi = ε0εmαiEi, i = 1 or 2, (4.35)
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where ε0 is the vaccum permittivity, pi is the electric dipole moment of the nanorod

i, and Ei is the total electric field acting on the nanorod i. Ei includes the external

field E0 and the field caused by the electric dipole of the other nanorod. It can be

expressed by

Ei = E0 + γ
3(pj.eji)eji − pj

4πε0εmr3
, j 6= i, (4.36)

where r is the center-to-center distance between the two nanorods, eji is the unit vector

pointing from the center of the nanorod j to the center of the nanorod i, and γ is a

coefficient introduced to modify the dipole-dipole interaction. From Fig. 4.5, r can be

defined as

r = 2a2 + s, (4.37)

where s is the gap between two nanorods.

If the external field is considered to be polarized along the y and z axis respectively,

each of p1, p2, E1 and E2 gives two equations for the components along the two

axes according to Eqs. (4.35) and (4.36). So, there are totally eight equations for

each polarization. We can obtain the relation between the electric dipole moment

components and the external field by solving these equations. Summing up the dipole

moment components of the two nanorods along each axis yields the dipole moment

of the entire dimer system. When the external field is polarized along the y axis, the

bonding plasmon mode is obtained as

pB = p1y + p2y, (4.38)

pB =
2ε0εmαL

[
1− αLγB

4πr3

]
1 + αL

2γB2

8π2r6

E0y. (4.39)

When the external field is polarized along the z-axis, the antibonding plasmon mode

is found as

pA = p1z + p2z, (4.40)

pA =
2ε0εmαT

[
1 + αTγA

4πr3

]
1 + αT

2γA2

8π2r6

E0z. (4.41)

In Eqs. (4.39) and (4.41), pB and pA stand for the electric dipole moments of the

bonding and antibonding plasmon modes of the dimer system, γB and γA are the
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Figure 4.6: Bonding (a) and antibonding (b) plasmon modes of absorption cross-
section of the Au@Ag nanorod dimer for different Ag shells d.

modifying coefficients for bonding and antibonding modes respectively. The values of

γB and γA have been taken as 3.3 and 0.3 respectively [88]. With the help of Eq. (4.14),

the absorption cross-section of the bimetallic nanorod dimer can be calculated for

bonding and antibonding plasmon modes.

σB =
2π

λ
Im

[
2αL

[
1− αLγB

4πr3

]
1 + αL

2γB2

8π2r6

]
, (4.42)

σA =
2π

λ
Im

[
2αT

[
1 + αTγA

4πr3

]
1 + αT

2γA2

8π2r6

]
, (4.43)

where σB and σA are absorption cross-sections of bonding and antibonding plasmon

modes respectively.

Figure 4.6 provides an optical analysis of the derived expression of σB and σA.

Here the absorption of the bimetallic dimer has been varied for different values of d.

The gradual decrease in b1 from 5.5 nm to 2.5 nm provides a variation of d from 0

nm to 3 nm, while the value of b2 is fixed at 5.5nm. So, d = 0 nm means the system

would represent a conventional Au dimer, as already seen in Sec. 4.2. The other values

of d would represent the Au@Ag nanorod dimer at different core-shell ratios. From

Fig. 4.6, it is clearly visible that the absorption in bonding mode σB is quite large

(around 22–25 times) compared to that in antibonding mode σA. When d is varied

from 1 nm to 3 nm, absorption of the bimetallic dimer encounters a gradual increase

with a larger blueshift in resonant energies. In Fig. 4.6(a), the bonding absorption
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of the bimetalic system rises from 4.9 a.u. upto 11.4 a.u. with a resonant energy

shift of 1.74 eV to 2.05 eV. This indicates around 2.58–6 times greater absorption

than the conventional Au dimer. On the contrary, antibonding modes show very poor

absorption for the bimetallic system with resonance at shorter wavelengths, around

310 nm–430 nm shown in Fig. 4.6(b). The σA values of the Au dimers are quite

comaparable to those of Au@Ag system, though the later shows 1.54–3.85 times larger

absorption than the former. From this analysis, it is quite evident that the bonding

mode would execute superior refractive index sensitivity compared to the antibonding

mode. So, the bonding mode would be more effective for applications in biomolecule

detection, which proves the consistency of the proposed model of Au@Ag nanorod

dimers.

4.5 Summary

This chapter provides a theoretical analysis of the optical properties, i.e. dielectric

function of the Au@Ag nanorod structure. An analytical expression for the average

equivalent dielectric function has been derived to compare the plasmonic behaviors of

the bimetallic system with the traditional Au and Ag nanorods. With this proposed

expression the plasmon resonance conditions in the bimetallic nanorod system has been

explained, which in turn provides a better understanding of the Drude-Sommerfield

electron susceptibility. Finally, the polarizability and absorption cross-section of the

equivalent Au@Ag nanorod dimers has been analytically modeled for both bonding and

antibonding plasmon modes. Absorption profile derived from this analytical model has

shown the plasmonic characteristics of the bimetallic dimers with a view to understand-

ing its effectiveness in biomedical applications.



Chapter 5

FDTD Simulation

5.1 Introduction

The finite difference time domain (FDTD) is an implementation of Maxwell’s time-

dependent curl equations for solving the temporal variation of electromagnetic waves

within a finite space that contains a target of arbitrary shape and has recently become

the state-of-the-art method for solving Maxwells equations for complex geometries.

Since FDTD is a direct time and space solution, it offers the user a unique insight into

all types of problems in electromagnetics and photonics. Furthermore, FDTD can also

be used to obtain the frequency solution by exploiting Fourier transforms; thus, a full

range of useful quantities in addition to fields around particles can be calculated, such

as the complex Poynting vector and the transmission/reflection of light.

In the FDTD technique, Maxwell’s curl equations are discretized by using finite

difference approximations in both time and space that are easy to program and are

accurate. To achieve high accuracy for realizing the spatial derivatives involved, the

algorithm positions the components of the electric and magnetic field about a unit cell

of the lattice that constitutes the FDTD computational domain. Each individual cube

in the grid is called the Yee cell.

The previous chapter described the plasmonic properties and hence the absorption

spectra of the Au@Ag nanorod dimers through a theoretical analysis. This chapter

sheds light to the LSPR mechanism in bimetallic dimers by analyzing the proposed

structure in Fig. 3.1 using FDTD method. As FDTD is capable of providing the value

of fields in any instant and in any position inside the structure, we have been able to

study the electric field coupling in Au@Ag dimers with much greater detail. Modeling

of the system are presented before the description of results from FDTD and other

34
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simulations.

5.2 Material Modeling

Material modeling is one of the most important parts of FDTD simulation work flow.

The geometry of a structure is comprised of different materials. Each of the component

materials must be properly modeled to account for their dispersive nature. In our

thesis, the material modeling is done via experimental values of complex refractive

index measured at sampled wavelength values. For intermediate arbitrary wavelength,

interpolated values have been used. Silver (Ag) and Gold (Au) exhibit the metal layers

in our proposed bimetallic dimer structure. Modeling of the metals is very critical in

FDTD analysis as their parameters vary substantially in different data sets. In this

work, datas obtained by Johnson and Christy [87] have been used to model Ag and Au.

HEPES (10mM N’ (2-hydroxyethyl) piperazine-N-ethanesulphonic acid, pH=7.4) has

been considered as the buffer medium, which is currently used in extensive biosensor

research. For our simulation, the refractive index (RI) of HEPES buffer has been

chosen as 1.332 [89]. To model the glass substrate we have taken frequency dependent

RI values of SiO2, which has been varied from hydrophilic TiO2 to hydrophobic Teflon-

AF to show the substrate effects.

5.3 Biomolecule Modeling

Modeling of biomolecules is yet another important factor of FDTD simulation. The

biosensing performance of the proposed structure largely depends on how the protein

samples are modeled. It is required to model the bioproteins according to their original

sizes and shapes, otherwise practical results can not be predicted from the FDTD

simulation. In this study, we have taken protein samples with significant differences in

their tertiary sizes ranging from 14.3 kDa to 390 kDa. The adsorption of chicken egg

white lysozyme (Lys), human serum albumin (HSA), human γ-immunoglobulin (IgG),

adenomatous polyposis coli (APC)and human fibrinogen (Fb) have been modeled on

glass substrate in between the gap of Au@Ag dimer. Characteristic differences of these

proteins have been highlighted through shapes and refractive index (RI), which have

been referred from the experimental analysis [89,90]. The sizes, shapes and RI values

of these modeled biosamples are shown in the following table:
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Table 5.1: Characteristic differences of the simulated protein models

Protein Dimension (nm) Mass (kDa) Refractive Index
Lys 1.9 × 1.9 × 1.9 14.3 1.495
HSA 8 × 7 × 4 66.4 1.45
IgG 4 × 3.6 × 3 148 1.42
APC 4.8 × 4.5 × 4.3 275 1.46
Fb 46 × 3 × 6 390 1.39

A 0.5 nm biotin layer has been added around the tips of the nanorods in the

gap region of dimer. The RI value of this biotin has been considered as 1.45, being

referred in [34]. With the proposed structure incident at transverse magnetic (TM)

and transverse electric (TE) polarized light, the SPR shifts for these bioproteins have

been calculated to find out the molecular sensitivity of the proposed bimetallic dimers.

5.4 Mesh Independence Test

The validation test of the FDTD simulation are done by looking for consistency of

the simulation results with the experimental and theoretically predicted values. The

matched results validate the simulation procedure. To maintain the accuracy and

stability of the FDTD calculations, mesh independence test has been performed by

first finding the threshold mesh size. The threshold mesh size is the largest grid size

to accurately model the prescribed system without being computationally prohibitive.

Traditionally, it is obtained in an iterative fashion (convergence testing). By starting

from a very small mesh size, it has been increased until the simulation gives diverging

results. The lowest mesh size which gives diverging results are the threshold mesh

size. We have chosen a spatial mesh size of 0.5 nm, as because it is smaller than the

threshold mesh size (0.75 nm) and the halving of this mesh size, although increases

the simulation time considerably, yields same results. FDTD algorithm requires the

time increment have a specific bound relative to the spatial discretization (grid/mesh

size) to ensure the stability of the time-stepping algorithm. In our implementation of

FDTD, the time step and hence the total time of simulation has been determined by

the values of the spatial grid to ensure numerical stability. With considering our sensor

size and mesh grid, we have chosen 300 fs for total simulation time with a minimum

time step of 0.00095 fs.
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5.5 Boundary Conditions

Depending on the purpose of the optical simulation some kind of boundary condi-

tions must be imposed. Boundary conditions are nothing more than mathematical

description that defines how field quantities should behave as they reach the edge of

the simulation region. For simulation purpose, mainly two sets of boundary condition

were used. One is perfectly matched layer (PML) and the other is periodic boundary

condition.

5.5.1 Perfectly Matched Layers

Perfectly matched layer (PML) defines the boundary condition that ensures that out-

going radiations that reach the edge of the simulation boundary will die out at the

boundary without reflecting back into the simulation region to interfere with the field

inside. An ideal PML boundary will absorb all of the electromagnetic field incident on

it. However, this does not happen in real PML condition. Depending on the number

of layers, a real PML can only approximate an ideal PML boundary with different

accuracy. While the absorption is maximum in case of normal incidence, oblique in-

cidence can result in significant reflection back into simulation region. So number of

layers must be chosen carefully in a the direction of interest to simulate the practical

scenario as accurately as possible. In our simulation we have taken 12 layers to provide

consistency with the experimental results. Also this boundary condition works best if

the structure is extended through the simulation boundary. PML boundary is used to

simulate and study the behavior of an isolated structure. If a structure is surrounded

by a simulation region with PML boundary condition imposed on every side, it can be

assumed to be isolated. The only excitation source will be the source placed within

the boundary. The electromagnetic field profile observed after simulation will be only

due to the perturbation of that structure alone.

5.5.2 Periodic

Periodic boundary condition is mainly used with broadband wave source. Unlike

PML, field does not exactly die out at the edge of the simulation region. Rather it

assumes that similar structure continues in that direction. FDTD simulator then takes

into account of presence of similar structure in the direction and calculates the field

profile accordingly. It is possible to impose different boundary conditions on different
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directions.

For the simulation of Au@Ag nanorod dimer biosensor a mix of both of these two

conditions is used. A PML is imposed on the direction of incident wave (x-axis for this

case) and on the longitudinal axis (y-axis). Besides, periodic condition is used on the

transverse axis (z-axis) along which the structure is symmetric. With this boundary

conditions it is easier to calculate the absorption and electric field coupling in the

dimer sensor at a much smaller simulation time.

5.6 Optical Sources

Optical source modeling is very important for proper optical simulation of a given

structure. In this work, we have used Total Field Scattered Field source (TFSF

source) which is particularly used for understanding the behavior of scattering and

absorption from small particle. It is also convenient to properly evaluate the electric

field enhancement at the edges of nanorod structure. A TFSF source is modeled in

such a way that it splits the simulation region in two different regions.

• Total field region: It contains the total field of (the summation of absorbed and

scattered field).

• Scattered field region: It only contains the scattered field.

Within the boundary of the source it is a plane wave that propagates with a wavevector

normal to its surface of incidence. At the edge of the boundary the absorbed field is

subtracted from the total field leaving only the scattering field to propagate outside.

When it acts as a plane wave it can be defined to have a fixed polarization. Depending

on the angle of polarization it will give TE (for angle 90◦) or TM (for angle 0◦) wave

propagation in 3D simulation.

5.7 Power Absorption

Spatial power absorption in the structure was calculated using the formula

Pabs =
1

2
× ω × Imag(ε)× |E|2. (5.1)

Here, ε is the permittivity of the material at the point at which the absorption is

being calculated, ω is the frequency of the incident light, and E is the electric field
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intensity. The power absorption is then integrated along spatial co-ordinates in order

to find the total absorption with respect to frequency/wavelength in the structure. The

calculation of total absorption spectrum is very significant as it provides the resonance

shifts and hence the sensitivity performance for different protein samples.

5.8 Summary

FDTD simulation is a general computational electromagnetic tool, that can simulate

very general structures. Interest in FDTD Maxwell’s equations solvers has increased

nearly exponentially over the past 20 years. Increasingly, engineers and scientists in

non-traditional electromagnetics-related areas such as photonics and nanotechnology

have become aware of the power of FDTD techniques. Yet to the best of our knowledge,

we have simulated the Au@Ag nanorod dimer structure for exploring its bio-sensitivity

by complete 3D FDTD method for the first time. FDTD has lead us to results that are

theoretically and experimentally expected. Simulation of much complicated photonics

structures for biomolecule detection will be possible with FDTD method.



Chapter 6

Simulation and Result Analysis

6.1 Introduction

Theoretical investigations of LSPR are critical to understand the light dynamics in

sub-wavelength sample and metal layers, and to predict the experimental observations.

Till date, in theoretical investigations, power absorption and scattering spectrum have

been extensively studied to find out the characteristics of LSPR biosensors. Moreover,

shifts in resonant wavelengths for different biomolecules have also been calculated to

find out the sensitivity of metal nanoparticles. In this thesis, we have considered ab-

sorption cross-section rather than scattering as because the efficiency of absorption

dominates over the scattering when particle size is very small (much less than wave-

length). Different parameters (i.e., core-shell ratio, aspect ratio, gap width) of the

Au@Ag nanorods have been varied to observe the effects on the absorption spectrum

as well as electric field coupling at the tip region. The optical source has been placed

at different incident angles (i.e., 30◦, 45◦, 60◦) rather than at normal to find out the

differences at the absorption characteristics. The nanorods have also been positioned

at various inter-rod angles (i.e., 150◦, 120◦, 90◦, 60◦) to study the effects on the SPR

properties. With a view to investigating the molecular sensitivity, a number of pro-

teins has been used as biosamples. Peak shifts at resonant wavelengths have been

calculated for these biomolecules considering of various parameters, such as core-shell

ratio of nanorods, substrate, physical environment etc. A general scenario of this SPR

shift has been shown in Fig. 6.1 in terms of absorption cross-section (σ) of the Au@Ag

nanorod dimers. As the simulation structure as well as surrounding environment ex-

ecutes a proper scenerio of the experimental setup, it is expected that the SPR shifts

calculated here would provide a clear picture about sensitivity of the bimetallic system.

40



CHAPTER 6. SIMULATION AND RESULT ANALYSIS 41

680 685 690 695
9

10

11

12

13

14

15

16

Wavelength(nm)

σ
 (

a.
u
.)

 

 

No molecule
Molecule

Figure 6.1: Redshift in the resonant wavelength of a bimetallic nanorod dimer due to
binding of a protein molecule

6.2 Physical Parameters of Nanorod Monomers

6.2.1 Core-Shell Ratio

The core-shell fractional volume is the most important and unique parameter that

can be varied to improve the sensitivity of any bimetallic biosensor. Colloidal metal

nanoparticles, specially Au@Ag nanospheres have already been studied with different

core-shell ratios to explore its plasmonic functionality and application in biochemical

and pharmaceutical industries. In this section, we have investigated the plasmonic

properties of Au@Ag nanorod dimers with respect to different core-shell volumes. We

have varied the volume fraction of Au core in terms of b1. Just like Sec. 4.2, the

equivalent nanorod size has been fixed with a2 = 16.5 nm and b2 = 5.5 nm. Gradual

decrease in b1 from 4.5 nm to 2.5 nm has resulted in an increase in d from 1 nm to 3

nm.
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Figure 6.2: Absorption cross-section of the proposed dimer structure to the incident
(a) TM and (b) TE polarized light for different Ag shells, d

Figure 6.2 presents the absorption spectrum of Au@Ag dimers to the incident

transverse magnetic (TM) and transverse electric (TE) polarized light for different

core-shell volumes. Here TM polarization produces the bonding plasmon mode and

hence increases the optical absorption with larger Ag shell thickness. This phenomenon

can be realized by gradual increase in absorption peaks from 8.3 a.u. to 19.2 a.u. with

ascending values of d, as shown in Fig. 6.2(a). Compared to TM, TE polarized light

causes very negligible absorption in the dimer system due to the antibonding plasmon

mode. Progressive increase in d results in a reduction in the absorption peaks from

0.032 a.u. to 0.018 a.u., which can be observed in Fig. 6.2(b). In both polarizations,

the absorption spectrum executes a gradual blue-shift with larger values of Ag shells.

This behavior has already been seen at the theoretical modeling of the bimetallic dimer

in Fig. 4.6. However, the above analysis provides a clear justification of the analytical

model proposed in Chap. 4.
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Figure 6.3: (a) Electric field intensity (|E|) to the TM polarized light of 710 nm with
d = 1 nm. (b) Electric field intensity (|E|) to the TM polarized light of 670 nm with
d = 3 nm.
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Figure 6.4: (a) Electric field intensity (|E|) to the TE polarized light of 663 nm with
d = 1 nm. (b) Electric field intensity (|E|) to the TE polarized light of 600 nm with
d = 3 nm.

From this discussion it is quite obvious that the TE polarization in bimetallic sys-

tem is not suitable at all for biomolecule detection. To have a more clearer view, we

have studied the electric field intensity (|E|) of the Au@Ag dimers for TM and TE in-

cidence at different resonant wavelengths, shown in Fig. 6.3 and Fig. 6.4 respectively.

Here we have used two bimetallic dimer systems with different core-shell fractions.

In Figs. 6.3(a) and 6.3(b), we present the |E| profile at resonant wavelengths of 710

nm and 670 nm, which correspond to the dimer shell of 1 nm and 3 nm respectively.

Similarly in Figs. 6.4(a) and 6.4(b), we exhibit the field coupling at resonant wave-

lengths of 663 nm and 600 nm respectively, which correspond to same order of shells
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Figure 6.5: SPR shifts for an APC protein with different shell thickness

as Fig. 6.3. The TM field profile in Fig. 6.3 shows greater enhancement at 670 nm

compared to 710 nm, whereas TE field in Fig. 6.4 exhibits weaker coupling at 600 nm

compared to 663 nm. Both these figures clearly suggest for stronger TM but weaker

TE field intensity for larger shell thickness. This phenomenon is quite consistent with

the absorption spectrum observed in Fig. 6.2. So, we can clearly understand that the

proposed Au@Ag dimer structure is more suited to TM polarization rather than TE

for single molecule detection.

With a view to exploring the bio-sensitivity we have investigated the SPR shifts

for an APC protein model with different core-shell ratios of the proposed structure.

Fig. 6.5 displays the shift dependence in the absorption spectra for TM polarized light.

We have varied the core-shell ratio with different values of d ranging from 0 nm to 4

nm. From previous discussion we already know that 0 nm of shell would result in a

conventional Au dimer structure. So SPR shift for this case will simply exhibit the

sensitivity of bare Au dimers. When d is varied in the ascending order, resonance shifts

due to APC biosample rises from 1.3356 nm to 1.73 nm, executing a 6%–30% higher

sensitivity compared to the popular Au structure. The betterment in sensitivity can

be verified with other protein samples as well. So, from the above analysis we can

conclude that higher shell fraction of Ag provides stronger field coupling and hence

larger resonance shifts in the proposed dimer which makes it a more efficient and

reliable biosensor for label-free molecule detection.
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6.2.2 Aspect Ratio

With a view to investigating the plasmonic sensitivity of metal nanorods, the most

common factor that has been extensively studied is the aspect ratio. Variation of

lengths and widths provide more feasibility to investigate plasmon coupling than any

other parameter. In this section, we have discussed the plasmonic dependence of the

proposed dimer system on the aspect ratio R of bimetallic nanorods. For this analysis,

we have maintained a fixed core volume fraction of 0.909 and varied the physical

parameters of nanorod accordingly. As we know R is simply defined by the fraction

of length L and width W , we have studied the effects of different R through varying

L and W systematically.

500 600 700 800 900 1000
0

5

10

15

20

25

Wavelength (nm)

σ
 (

a.
u

.)

 

 

L = 11 nm

L   = 22 nm

L    = 33 nm

L = 44 nm

L = 55 nm

Figure 6.6: Absorption cross-section of the proposed dimer structure to the TM po-
larized light at different lengths, L.
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Figure 6.7: (a) Electric field intensity (|E|) to the TM polarized light of 685 nm with
L = 33 nm. (b) Electric field intensity (|E|) to the TM polarized light of 818 nm with
L = 44 nm.
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Variation of length

Figures 6.6 and 6.7 show the response of the proposed structure to the incident TM

polarized light at different lengths of nanorods. TE incidence has been found to be

insignificant in longitudinal modes of dimers, so it has been discarded. In Fig. 6.6 we

have analyzed the absorption cross-section for five different lengths L: 11 nm, 22 nm,

33 nm, 44 nm and 55 nm. The width has been fixed at 11 nm, which results in a fixed

b2 of 5.5 nm. The values of a2 have been varied to vary the length. We have started

our analysis from simple nanosphere (R = 1) to the elongated rod structure (R = 5).

Having a look at Fig. 6.6, we can see that the absorption in the nanosphere (L = 11

nm) is very much small comapared to other structures. Moreover the absorption

profile becomes larger with ascending values of L, that means higher values of R. The

concept gets verified with a detailed study of |E| profile for different values of length.

We present the field intensity in Figs. 6.7(a) and 6.7(b) at two resonant wavelengths,

685 nm and 818 nm, which corresponds to lengths of 33 nm and 44 nm respectively.

The field profiles clearly indicate stronger coupling at 818 nm compared to 685 nm,

which corresponds to greater sensitivity for larger length and hence larger aspect ratio.

Variation of width

To show the variation of width we have taken a bimetallic nanorod of 33 nm long. So

a2 has been fixed at 16.5 nm while b2 has been varied to vary the width. In Fig. 6.8

we have shown the absorption profile for five different width values W : 7 nm, 9 nm,

11 nm, 13 nm, and 15 nm. Highest absorption peak is found for 7 nm, corresponding

to the aspect ratio R of 4.7 . The peak gradually decreases from 15.7 a.u. to 10.1

a.u. for ascending values of W , referring to weaker coupling for wider nanorods. This

idea can be established with a detailed study of |E| profile for different width values.

Figures 6.9(a) and 6.9(b) exhibit field coupling at two resonant wavelengths, 868 nm

and 610 nm, which correspond to nanorod widths of 7 nm and 15 nm respectively. In

response to these figures it can be clearly seen that the intensity has been drastically

decreased at 610 nm compared to 868 nm. The decrease in E profile corresponds to a

decrease in R. So, after a detailed study it is quite obvious that the plasmon coupling

is stronger for higher values of R, i.e., lower values of W , which provides a verification

of the previous discussion.
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Figure 6.8: Absorption cross-section of the proposed dimer structure to the TM po-
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Figure 6.9: (a) Electric field intensity (|E|) to the TM polarized light of 868 nm with
W = 7 nm. (b)Electric field intensity (|E|) to the TM polarized light of 610 nm with
W = 15 nm.

With a view to investigating the effects of R on bio-sensitivity of the bimetallic

system, we have analyzed the modeled dependence of SPR shifts for an APC protein on

different lengths and widths, as shown in Fig. 6.10. The gradual increase in peak shifts

from 0.1 nm to 1.94 nm has clearly verified the increasing effect of R in Fig. 6.10(a).

By contrast, progressive increase in widths has led to a decrease in shift values from

2.28 nm to 1 nm, which in turn proves the decreasing effect of R in Fig. 6.10(b).

However, both figures have provided clear evidence for variation of R which can be

further implemented for performance improvement of Au@Ag biosensors.
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Figure 6.10: SPR shifts for an APC protein in response to TM incident light with
different nanorod lengths (a) and widths (b).

6.3 Physical Orientation of Monomers in the Dimer

6.3.1 Nanorod Positions

Noble metal nanorods exhibit transverse and longitudinal plasmon modes correspond-

ing to electron oscillation perpendicular and parallel to the length axis. The two modes

individually define the plasmon coupling when the rods are positioned as side-by-side

or lineraly end-to-end orientation. However plasmon excitation simultaneously de-

pends on these two modes when the rods are aligned at some angular orientation. Till

date, a number of experiments and electrodynamic calculations have been performed

on the plasmonic coupling of nanorod orientations [91]. Most of these studies have

mainly focused on the dependence of the coupling strength on the spacing between

metal nanorods [92–97]. But the dependence of the plasmon coupling on the inter-rod

angle has rarely been explored. In this section, we have studied the angle-resolved

plasmon coupling in Au@Ag dimers to find out its performance as biosensors. For

this purpose, we have chosen a particular core-shell dimer structure with a1 = 14.5

nm, b1 = 3.5 nm, and d = 2 nm. We have oriented the Au@Ag nanorod monomers

at five different inclined angles θ: 60◦, 90◦, 120◦, 150◦, and 180◦. We have analyzed

the absorption spectrum of the proposed structure to the incident TM as well as TE

polarized lights, which have been shown in Figs. 6.11(a) and 6.11(b) respectively. We

note the absorption peak is found maximum at 180◦ of θ for TM polarization, which

executes a gradual decrease with descending values of θ. On the contrary, TE inci-

dence exhibits a progressive increase in absorption peaks for identical variation of θ
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Figure 6.11: Absorption cross-section of the proposed dimer structure to the incident
(a) TM and (b) TE polarized light at different angles between nanorods.

with almost zero absorption at 180◦ of θ. These two opposite behaviors provide a

reasonable explanation about the angle-resolved plasma coupling of the proposed sys-

tem. The TM incident light produces longitudinal plasmon modes in longer resonant

wavelengths (683 nm–686 nm) with the strongest coupling at 180◦ of θ. The coupling

weakens when the nanorods are brought closer with descending θ values, resulting in

lower absorption shown in Fig. 6.11(a). On the other hand, smaller values of θ grad-

ually increase the coupling along the transverse axis of the dimer when TE polarized

light is incident, causing larger absorption in shorter wavelengths (643 nm–647 nm)

shown in Fig. 6.11(b).

To have a more clearer view, we have calculated the electric field intensity (|E|) for

both TM and TE incidence at two different values of θ. In Figs. 6.12(a) and 6.12(c)

we provide the |E| profile at θ = 120◦, whereas in Figs. 6.12(b) and 6.12(d) we show

the |E| values at θ = 60◦. If we look at Figs. 6.12(a) and 6.12(b), we can understand

that the plasmon coupling due to TM incident light of 685 nm is stronger for higher

values of θ (closer to 180◦). However, opposite scenario is observed in Figs. 6.12(c)

and 6.12(d), where TE polarized light of 647 nm produces stronger coupling for lower

values of θ (closer to 0◦). From these figures it is quite evident that TM incidence

produces stronger coupling at the gap region than TE. So, nanorods aligned at 180◦

or near this angle is more preferred for biosensing than any other position.

With a view to verifying this conclusion, we have investigated the modeled de-

pendence of resonant shifts due to APC protein on different nanorod positions. In

Figs. 6.13(a) and 6.13(b) we present the shift dependence of proposed structure for
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Figure 6.12: Response of the proposed dimer structure to the incident TM and TE
polarized light at different angles between nanorods θ: (a) Electric field intensity (|E|)
to the TM polarized light of 685nm at θ = 120◦. (b) Electric field intensity (|E|) to
the TM polarized light of 685nm at θ = 60◦. (c) Electric field intensity (|E|) to the
TE polarized light of 647nm at θ = 120◦. (d) Electric field intensity (|E|) to the TE
polarized light of 647nm at θ = 60◦.

TM and TE polarization respectively. In response to Fig. 6.13(a), we can find an ap-

proxiamtely linear increase of SPR shifts ranging from 1.23 nm to 1.513 nm for nanorod

orientations from 60◦ to 180◦. This phenomenon completely agrees to the outcome we

have found in Figs. 6.11 and 6.12. On the contrary, an almost linear decrease from

0.405 nm to 0.01 nm has been found for TE polarization with same nanorod positions

in Fig. 6.13(b). Comparatively smaller shift values have been found in this case. The

gradual decrease also verifies the idea found in Figs. 6.11 and 6.12. Therefore, the

plasmonic sensitivity of the Au@Ag dimers can be estimated from Fig. 6.13 with dif-

ferent nanorod positions, which clearly verifies the preference of tip-to-tip orientation.
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Figure 6.13: SPR shifts for an APC protein in response to TM (a) and TE (b) polarized
light with different nanorod positions.

6.3.2 Gap Width between Nanorods
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Figure 6.14: SPR shifts for an APC protein with different nanorod gap widths

In the presence of metal nanoparticles there is no fundamental limit preventing con-

finement of visible light even down to atomic scales. Achieving such confinement and

corresponding intensity enhancement inevitably requires control over atomic-scale de-

tails of metal structures. In nanorod dimers, such control is mostly required across the

gap between rod alignments where electric field confinement produces localized plas-

mon resonance. Variation of the gap width can strongly affect the plasmonic properties

and hence bio-sensing performance of the dimer structure. With a view to investigating

the modeled dependence of plasmonic sensitivity of the proposed bimetallic system, a

detailed study has been undertaken with the model APC biosample. The SPR shifts
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Figure 6.15: Absorption cross-section of the proposed dimer structure to the TM
polarized light at different angles of incidence, α

have been calculated to the incident TM polarized light with variation of gap widths,

which has been shown in Fig. 6.14. It is quite understandable that with the increase

in gap width, the plasmon coupling would encounter a gradual weakening resulting

in an exponential decrease in resonant shifts. Fig. 6.14 manifests this characteristic

decay ranging from 1.513nm to 0.65nm for a gap increase from 9nm to 15nm. This

behavior clearly explains the modeled dependence of SPR shifts in Au@Ag dimers on

the gap width.

6.4 Parameters in Physical Environment

6.4.1 Incident Angle of Light

In practical experiments, it is quite impossible to always ensure the normal incidence

of light onto the biosensing materials. The light can be incident at some different

angles rather than at normal. In this section, we have investigated the SPR properties

of the bimetallic system at different incident angles of light. For this study, we have

chosen the proposed Au@Ag structure with a1 = 14.5 nm, b1 = 3.5 nm, and d = 2 nm.

We have analyzed the response of the proposed system to the TM polarized light at

five incident angles α: 0◦, 15◦, 30◦, 45◦, and 60◦. The angles have been measured with

respect to x-axis, normal to the y-z substrate of the dimer. TE incidence has not been

considered here due to the insignificant absorption and electric field coupling which

would not change with α. Having a look at the Fig. 6.15, we would find the resonant

wavelength at 685 nm for all values of α. The absorption peak (σmax) is maximum
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Figure 6.16: Electric field intensity (|E|) to the TM polarized light of 685 nm at (a)
α = 0◦ and (b) α = 60◦.

at α = 0◦ and gradually reduces with the increase in α. From this point of view, it

is clear that the normal incident light would be the best option for biosensing. To

have a more detailed study, we have calculated the electric field intensity (|E|) of the

bimetallic dimer at different angles of incidence.

Fig. 6.16(a) and Fig. 6.16(b) present the electric field profile at incident angles of

0◦ and 60◦ respectively. The incident TM polarized light strongly couples to plasmon

excitation at resonant wavelength of 685 nm and produces higher values of |E| at

incident angle of 0◦ rather than 60◦. To highlight on this concept, we have calculated

the resonant shifts for APC sample with respect to α angles, which has been shown

in Fig. 6.17. Maximum peak shift of 1.513 nm is found at 0◦ of α which encounters a

gradual decrease upto 1.139 nm when α reaches at 60◦. This observation clearly verifies

the concept found in Fig. 6.16. So, at the end it can be concluded that the proposed

structure would provide best bio-sensing performance at normal incident light.
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Figure 6.17: SPR shifts for an APC protein with different incident angles of light (α).

6.4.2 Chaotropic Agents in Buffer Solution
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Figure 6.18: SPR shifts for denatured APC proteins with different chaotropic environ-
ment

Chaotropic agents are cosolutes that can disrupt the hydrogen bonding network be-

tween water molecules and reduce the stability of the native state of proteins by

weakening the hydrophobic effect. Molecular denaturization of bioproteins due to

chaotropic agents can lead to significant disruption in the SPR shifts and hence in

plasmonic biosensing. In order to highlight on this phenomenon, the physical envi-

ronment of the Au@Ag structure has been altered with chaotropic agents of different

concentrations. Fig. 6.18 demonstrates the modeled dependence of the SPR shifts for

denatured APC proteins with different chaotropic environments. TM polarization has
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been used for plasmon excitation due to its better performance in bimetallic system.

The Au@Ag nanorods have been chosen just as same as described in Sec. 6.4.1. The

denaturization has been considered through gradual unfolding of the globular protein

which has been modeled through continuous decrease in molecular radius along the

longitudinal y axis. The chaotropic agent for our bimetallic structure has been chosen

as urea, whose addition has led to an increase in the refractive index (RI) of the HEPES

buffer. Greater molar concentrations of urea have been modeled through larger RI val-

ues of buffer solution. Moreover, conformational deformations of the protein sample

has resulted in its gradual reduction in RI values which has been considered in a decay

from 1.45 to 1.4. It can be noted from Fig. 6.18 that the conformational changes in the

protein sample has led to an approximately linear decay in the SPR shifts. With lower

concentration of urea (ηbuf = 1.3448), the decay is around 8.6%, whereas it increases

upto 44.7% for higher molar concentration (ηbuf = 1.3848). So it can be concluded that

denaturization of protein molecules due to chaotropic agents can result in significant

degradation in SPR shifts and hence plasmonic sensitivity of the bimetallic system.

6.5 Sensitivity Analysis for Different Proteins

Proteins with significant biomarker applications have been chosen in this study. Chicken

egg white lysozyme (Lys), human serum albumin (HSA), human γ-immunoglobulin

(IgG), adenomatous polyposis coli (APC), and human fibrinogen (Fb) have been sim-

ulated on SiO2 between the gap of Au@Ag nanorods. The nanorod structure has been

chosen at a particular core-shell ratio with a1 = 14.5 nm, b1 = 3.5 nm, and d = 2

nm. With the proposed structure incident at TM polarized light, the SPR shifts for

different protein molecules have been calculated to find out the molecular sensitivity

of the bimetallic system.

6.5.1 Effects of Size and Material

With a view to presenting a complete scenario of the sensitivity of Au@Ag dimer sensor,

the SPR shifts have been modeled for various sizes of proteins ranging from 14.3 kDa

to 390 kDa. Fig. 6.19(a) provides a modeled dependence of resonance shifts on five

different protein molecules placed in a fixed gap width of 9 nm between nanorods. On

the other hand, the gap width has been varied in Fig. 6.19(b) to find out the maximum

SPR shifts for the protein samples. From the two figures it is quite evident that the
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Figure 6.19: (a) SPR shifts for five bioproteins placed in a fixed gap width of 9 nm.
(b) Maximum SPR shifts for the protein samples with optimized gap widths between
nanorods.

resonance shifts are not only affected by molecuar size but also by refractive index

of proteins. These two parameters can dominate over each other depending on the

physical situation of bimetallic nanorods. For example, in spite of having the highest

refractive index (RI) of 1.5 among all the molecules, Lys executes the lowest SPR shift

of 0.3416 nm in Fig. 6.19(a) due to its smaller globular size (14.3 kDa) placed in a fixed

gap width of 9nm. If the gap width could have been optimized in accordance with

the size and shape of Lys, larger peak shifts of 1.0266 nm would have been observed

just like Fig. 6.19(b). Furthermore, being the largest protein (390 kda) among the

samples, Fb exhibits comparatively smaller shift value of 0.4684 nm in Fig. 6.19(a).

An elongated cylindrical shape and lowest RI value of 1.39 are the main factors behind

this phenomenon. Larger resonant shift of 0.71 nm could have been found with Fb

for optimized gap width, just as Fig. 6.19(b). HSA and IgG manifest almost identical

peak shifts in both fixed and optimized gap widths, though the size and material

of these samples are not same. Spherical IgG (140kDa) is around two times larger

than ellipsoidal HSA (66.5kDa), but contains comparatively lower RI (1.41) material

than HSA (1.45) which compensates for the size. The best performance is found for

APC, which executes resonance shift of 1.513 nm in both Figs. 6.19(a) and 6.19(b).

The protein provides the largest SPR shift among all the samples. A large globular

size (275kDa) and high RI material (1.46) has made it a perfect biosample for LSPR

sensing.
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6.5.2 Substrate Effect
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Figure 6.20: SPR shifts for different bioproteins with SiO2 and TiO2 substrates

The adsorpition of proteins onto a plasmonic nanoparticle is usually a rapid process

that within seconds generates a biologically active bond with the particle surface. The

physical and chemical properties of the substrate may affect the protein adsorption

and hence the plasmonic sensitivity of nanobiosensors. In Fig. 6.20, we have investi-

gated the substrate effects on the sensitivity of the Au@Ag dimer for different protein

molecules. We have studied two hydrophilic substrates, SiO2 and TiO2 which are ex-

tensively used in bio-sensing application. At both surfaces, the refractive index of all

proteins are found to lie within 1.45–1.49. Having a look at Fig. 6.20, we can observe

that the resonance shifts have been significantly decreased in case of TiO2, though it

is more hydrophilic than SiO2. In practical case, TiO2 executes around 82% higher re-

fractive index than SiO2 for different wavelengths of incident light. As a consequence,

comparatively lower polarizability and hence electric field coupling is observed in a

bimetallic nanorod sensor which in turn results in smaller SPR shifts for biosamples.

In Fig. 6.20, around 24.7% decrement in resonance shift is observed for smaller pro-

tein like Lys, whereas 6.14% decrement is observed for larger protein like APC. From

this analysis, it is quite obvious that substrate plays an important role in plasmonic

sensitivity of Au@Ag sensors.
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6.6 Summary

The main objective of the simulation was to investigate the molecular sensitivity of the

proposed Au@Ag nanorod dimers in terms of SPR shifts. For this purpose, five differ-

ent bioprotein samples were taken which have significant importance in biochemical

and pharmaceutical applications. The plasmonic coupling of the proposed system was

thoroughly investigated, which in turn provided a platform for bioprotein detection.

After a systematic study, the bimetallic dimer was found to be more sensitive than

the traditional Au structure. For better understanding, different parameter variation

were investigated to observe the effects on the peak shifts for a model protein (APC)

sample. This detailed analysis would give a valid estimation of the sensitivity efficiency

of the proposed Au@Ag nanorod dimers for future experimental works.



Chapter 7

Conclusion and Future Works

This thesis work mainly focuses on the incorporation of LSPR in an Au@Ag nanorod

dimer biosensor to explore its sensitivity in label-free molecule detection. Since Au

and Ag have already been considered two of the most preferable options for LSPR,

proper combination of these two metals is expected to introduce better and improved

plasmonic properties for molecular sensitivity. In this thesis, we set some objectives

to explore these properties in Au@Ag dimers through LSPR which were achieved and

are discussed below:

• A detailed theoretical analysis of the Au@Ag nanorods has been performed at the

beginning. Using the Clausius-Mossotti equation, an analytical model has been

developed to discuss the optical properties, e.g., dielectric function of Au@Ag

nanorod structure. The model has also been used to explain the plasmon reso-

nance condition as well as the electron susceptibility of the bimetallic nanorod

monomer.

• With the derived expressions for nanorod monomer, the optical polarizability and

absorption cross-section of Au@Ag dimers have been calculated. Both bonding

and antibonding plasmon modes of the absorption profile have been discussed

for bimetallic as well as bare Au dimers. The discussion shows larger absorption

spectra for the Au@Ag dimer than the conventional Au structure, which intrigues

its possibility for biosensing applications.

• In order to further study the molecular sensitivity, the proposed bimetallic struc-

ture has been simulated without and with the presence of label-free proteins using

the FDTD technique. Lysozyme (Lys), human serum albumin (HSA), human γ-

immunoglobulin (IgG), adenomatous polyposis coli (APC) and human fibrinogen

59
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(Fb) proteins have been used to calculate the resonance shifts from the FDTD

simulations. The effects of size and material of these bioproteins placed in dif-

ferent substrates of the dimer sensor have been discussed in terms of SPR shifts

of the absorption spectra.

• The effects of physical parameters, orientations and environment of the Au@Ag

nanorods in the dimer structure have been studied through peak shifts for an

APC protein sample. The absorption spectra and electric field coupling of the

proposed bimetallic structure have been simulated to estimate the bio-sensitivity

for different core-shell ratio, aspect ratio, nanorod positions, and incident angles

of light. The gap width between nanorods have been varied to observe the effects

on the SPR shifts. Moreover, denaturization of APC protein has been discussed

in presence of chaotropic agents in the buffer solution.

It is quite obvious from our findings that the Au@Ag dimer provides much larger

resonance shifts in presence of protein samples compared to the conventional Au dimer

sensors. Therefore, the proposed bimetallic structure can be more suitable for LSPR

biosensing applications in biomedical and pharmaceutical industries.

The next step of this work will be modification of the nanorod design in the Au@Ag

dimer in order to explore the Fano Resonance for single molecule detection. Fano Reso-

nance is considered a great possibility for bio-sensing applications and its incorporation

in Au@Ag system will add massive contribution to our work.

In the future, we plan to experimentally verify the analytical and simulation re-

sults. The experimental verification of stronger electric field coupling and larger SPR

shifts in label-free detection will provide validity to our works and broaden the re-

search opportunities of Au@Ag nanorod dimers in biosensing as well as agricultural

applications.
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Annalen der Physik, vol. 330, is. 3, pp. 377–445, 1908.
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