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Abstract

Plasmonics is a relatively new but emerging field. Extensive research is going on for the
development of plasmonic devices because they have the capability to overcome some
limitations of electronic devices. Our thesis focuses on the MIM waveguide configuration for
a refractive index nano-sensor along with the incorporation of variously shaped resonators. By
modifying the design specifications, the refractive index sensing property is explored
thoroughly. The Finite Element Method (FEM) is employed to numerically analyze the
transmission properties and sensitivity of the refractive index sensor in various configurations.
The scattering boundary condition is implemented on the non-port boundary of the sensors.
The detection of refractive index change has been numerically simulated and analyzed using
COMSOL Multiphysics. The simulation environment has been validated by re-simulating an
existing sensor from the literature. The sensitivity achieved using our proposed designs has
been found to be 2586 nm/RIU, with a figure of merit (FOM) of 21.9 for the design with the
ring-type dual octagonal resonator. It is shown that the sensor can detect refractive index
changes for dielectrics whose refractive indices are between 1.30 and 1.40. The study
demonstrates the maximum available sensitivity and figure of merit that will be suitable for

using the device as a biosensor.
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Chapter 1

Introduction and Background

Scientists are persistently striving to construct nano-scale devices that possess supplementary
advantages, such as a sleek design, exceptional efficiency, and sophisticated aesthetics, in order
to fulfill the demands of current technology. The utilization of metals holds significant
importance in the advancement of these applications. Periodically, there is a constant
emergence of novel findings concerning the performance of metals. These newly acquired
knowledge plays a vital role in modifying the different structural parameters of metals to finely
tune the interaction between light and metal to develop markedly improved photonic devices
at subwavelength scales [1]. This synergistic interaction between light and metal is accurately
explained by the theory of Surface Plasmon Polariton (SPP). In recent years, a substantial
amount of research has been conducted on MIM waveguide-based surface plasmon polariton
(SPP) sensors. Among these sensors, refractive index-based MIM sensors have emerged as
particularly significant as they are highly sensitive to changes in the surrounding medium

making them invaluable for biomaterial detection.

1.1 Surface Plasmon Polariton

4 ASpp Dielectric  ?

1 ARAAAA

memmm- mmmmme  THEEEE -

Metal

Figure 1.1: SPP propagation at the metal-dielectric interface [2]



Surface Plasmon Polariton (SPP) is a remarkable breakthrough in the field of metallic nano-
plasmonics. It involves the interaction between incident photons and the oscillating surface
electrons of a metal, leading to the propagation of an electromagnetic (EM) surface wave along
the interface of the metal and dielectric at a resonant frequency. This intriguing interaction,
occurring between the metal (with a relative permittivity, er < 0) and the dielectric (with a
relative permittivity, er > 0), is commonly known as SPP [3]. As the distance from the interface
increases within each medium, the magnitude of the surface wave experiences an exponential
decay. In the dielectric medium, the wave's penetration depth, also known as the skin depth, is
greater compared to the metal. According to specific literature, the skin depth for the metal is
approximated to be around 10 nm, whereas for the dielectric, it typically exceeds 100 nm [4].
They possess remarkable capabilities in confining optical modes within sub-wavelength scales,
making them highly valuable in various applications. This confinement results in an amplified
electromagnetic field at the interface, endowing SPPs with a remarkable sensitivity to surface
conditions. Consequently, these sensors possess unparalleled potential for detecting and
analyzing surface properties and variations. SPPs possess a unique and distinctive capability to
surpass the diffraction limit and confine light within subwavelength dimensions. This
exceptional characteristic paves the way for the development of nanoscale plasmonic devices
that have the potential to revolutionize various fields of research and applications [5]. SPPs
serve as the fundamental building blocks of plasmonics, an emerging technology that finds
applications in fully integrated optical instruments [6], sensors [7], filters [8], demultiplexers

[9], and couplers [10].

1.2 Metal-Insulator-Metal Waveguide Topology

As previously stated in section 1.1, the production of surface plasmon polaritons (SPPs) at the
interface requires the use of two materials characterized by positive and negative dielectric
constants. Given that the dielectric constant of metals is negative, extensive research has been
conducted to investigate different metallic nanostructures, aiming to harness the unique
properties offered by SPPs [11]. Upon investigation of the SPP modes occurring at the
interfaces of metal-dielectric layers, it is observed that these modes can be enhanced through
two specific configurations: the insulator-metal-insulator (IMI) system, where a thin metal film
is positioned between dielectrics, or the metal-insulator-metal (MIM) system, where a thin
dielectric layer is encircled by metals [12]. The nanostructure utilizing the IMI configuration

demonstrates a noteworthy capability for long-distance propagation. However, it exhibits



limited field localization along the interface [13]. Contrarily, the MIM waveguide, despite
having significant propagation loss, has the ability to confine light within the subwavelength
scale. This development creates an opportunity for integrating fully interconnected electronic
circuits with optical circuits on a single chip, allowing for the utilization of both electrons and
photons as information carriers. Thanks to its outstanding field confinement and exceptional
sensitivity to the surrounding medium, the plasmonic refractive index (RI) sensor finds
extensive usage in the detection of liquid temperature [ 14], concentration [15], and bio-material

sensing applications [16].

1.3 Plasmonic Refractive Index Sensor

The refractive index sensor is considered a highly valuable component among plasmonic
devices due to its ability to detect the refractive indices of diverse dielectric materials present
within the sensor configuration. The MIM waveguide-based plasmonic refractive index sensors
offer exceptional sensitivity to the structural parameters and surrounding media, thanks to the
intense light-matter interaction near the metal-dielectric interface. These exceptional
characteristic positions these sensors as highly promising candidates for nanoscale sensing
applications, particularly when used to detect and track unknown substances, thus opening up

new avenues in the field of nanoscale sensing.
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Figure 1.2: (a) and (b) Sensing mechanism illustration. (c) Shift of A due to RI change [4].



Figure 1.2aillustrates the generation of SPPs at the interface when the sensing media is excited
with a light source. A corresponding reduction in the transmittance curve is demonstrated in
Figure 1.2¢c. Figure 1.2b depicts the variation in the effective refractive index (nesr) of the MIM
waveguide when a sample to be sensed is introduced. This alteration in e induces a shift in
the resonance wavelength (Ars), as exhibited in Figure 1.2c. By measuring the displacement of
hres, the plasmonic refractive index sensor can determine the refractive index of the unknown
material being observed. The unidentified material within the MIM structure encompasses
gaseous molecules, chemicals, bio-materials, and analogous substances. The implementation
of SPPs within a MIM configuration provides advantageous opportunities for the development
of compact integrated optical circuits. Furthermore, their effective utilization in on-chip

applications has proven to be highly effective.

14 Literature Review

Significant research and development efforts have been dedicated to plasmonic sensors since
the 1980s, reflecting the substantial efforts invested in advancing this field. Throughout the
years, numerous plasmonic sensors have been developed, taking advantage of the remarkable
properties of SPPs. Among these sensors, MIM based refractive index sensor has emerged as
a prominent player in lab-on-chip bio-sensing applications. This sensor offers several
advantageous features, including the capability to achieve deep subwavelength electromagnetic
wave localization, ease of fabrication, label-free detection capabilities, and rapid response time
[17]. Despite their advantages, nanoscale integrated MIM sensors often demonstrate lower
sensitivity when compared to conventional bulky fiber optic sensors. To address this challenge,
researchers have devoted their attention to enhancing the sensitivity of MIM sensors while
maintaining other performance metrics. To achieve this, various approaches have been
explored over the years, including coupling the MIM waveguide with ring cavities, nano-disc
cavities, rectangular cavities, and other structural configurations [18-19]. These endeavors aim
to enhance the sensitivity of MIM sensors without compromising their overall performance.

In 2018, Zhao et al. proposed a compact plasmonic structure composed of MIM waveguide
coupled with groove and stub resonators (fig 1.3a) that provides a maximum sensitivity of 2000
nm/RIU [20]. In 2021, Al Mahmud et al. proposed a pentagonal structure (1.3b) having
maximum sensitivity as high as 2325 nm/RIU [21]. A maximum sensitivity of 840 nm/RIU
was recorded by Xiao et al. in 2021, when he proposed a tunable plasmonic sensor with Fano

resonators in an inverted U-shaped resonator(1.3c)[22]. Also in 2021, Hayati & Khani



proposed an elliptical shaped resonator (1.3d) having the sensitivity value as high as 550
nm/RIU [23]. In 2023, Xie et al. demonstrated a structure consisting of a hexagonal resonator
with a rotatable core and stub and tooth cavities coupled with a MIM waveguide, respectively
[24]. Lately, Butt et al. proposed an RI sensor with a bow-tie configuration having a
maximum sensitivity of 2300 nm/RIU [25].

A comparison is provided for performance metrics, including sensitivity and FOM, among
recently reported plasmonic sensors in table 1.1. The table presents details regarding the year

of publication, structural design, and material model used in these sensors.



() (b)

zé—‘. . | Dar

|

TS AT 5 da
l”'- *‘ i ‘a‘ output [ e | Ay -.\ -sn.
(©) (d)

(e) (®

Figure 1.3: plasmonic MIM waveguide-based RI sensors that have recently been developed by (a) Zhao et al.
[20] (b) Al Mahmud et al. [21] (c¢) Xiao et al.[22] (d) Hayati & Khani [23] (e) Xie et al.[24] (f) Butt et al.[25].



Table 1.1: Comparison of performance metrics (sensitivity and FOM) of some different sensors.

Metal Sensitivity FOM
Ref. Sensor Configuration Year
Model (nm/RIU)  (RIUY)
Stub and groove
[26] Drude 1260 - 2015
resonator
[27] Fillet cavity Drude 1496 1246 2016
) Lorentz-Drude
[28]  Nanorods in racetrack resonator 2610 52 2017

Multi-channel split
[29] _ Drude 1217 2434 2018
ring resonator

Octagonal ring
[30] _ Lorentz-Drude 1540 - 2018
cavity

Two stub and one Debey-Drude
[31] _ 12622 280 2019
ring resonator

[33] Square ring resonator Lorentz-Drude 1200 19.7 2019

Square ring resonators
[32] _ Lorentz-Drude 907 40.8 2020
with nanodots

[25] Bow-Tie Cavity Lorentz-Drude 2300 3 1] 2020
Three rectangular
[34] N Drude 1516 14.83 2020
cavities
[23] elliptical resonator Drude 550 2825 2021
[21] Ring-Type Pentagonal Resonator  Lorentz-Drude 2325 46 2021
[22]  Inverted U-Shaped Resonator Drude 840 39x10° 2021

The main objective of including design variations, as outlined in table 1.1, is to enhance the

device's ability to detect even the slightest disparity in the surrounding refractive index.
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1.5 Thesis Objective

The objectives of this thesis are stated below:

. To design a highly sensitive RI sensor with MIM configuration

. To optimize the sensor structurally to increase the performance metrics of the sensor
. To investigate numerically the performance metrics of the newly optimized sensor

. To implement the design of the RI sensor in the form of a filter

1.6 Thesis Outline

Chapter 1 offers a brief introduction to surface plasmon polaritons and their significance in
nanoscale communication. The chapter also explores recent advancements in refractive index
sensors based on plasmonic MIM waveguides. Additionally, the chapter presents and discusses

the outline of the thesis.

Chapter 2 primarily focuses on the fundamental wave equations, specifically Maxwell's
equations, and discusses the modeling of metals. The chapter introduces three models: the
Drude model, the Lorentz model, and the Lorentz-Drude model, which are employed to
determine the permittivity of materials with respect to frequency. The discussion also
encompasses the details of FEM and provides theoretical calculations for S-parameters and

transmittance.

Chapter 3 is dedicated to the theoretical investigation of a ring resonator that employs a MIM
configuration. The chapter extensively discusses the fundamental performance metrics
employed for evaluating refractive index (RI) sensors. Additionally, the chapter includes the
re-simulation of a previously published work using COMSOL Multiphysics software, which is

then compared with the original study.

Chapter 4 is dedicated to the design of the proposed refractive index sensors. The chapter
offers a detailed analysis of the initial structural design, the fabrication process, considerations
for tolerance, and the performance evaluation of the sensors. The chapter extensively explores
the performance parameters to gain a comprehensive understanding of the design parameters.

Additionally, it showcases the applications of the proposed sensor designs as filters.



Chapter 5 serves as the culmination of the research, offering a thorough conclusion that
evaluates and determines the best design in terms of sensitivity and FOM for the RI sensors
examined in the literature. The chapter also explores potential plans and strategies for future

improvements and enhancements.



Chapter 2
Wave Theory and Material Modelling

2.1 Electromagnetic Wave Theory

Due to the propagation of electromagnetic waves in the dielectric and electrons in the metal,
SPPs are formed. The electromagnetic quality of waves is described by Maxwell's equations.
These equations can be used to comprehend the propagation, interactions, and mutual influence
of the electric and magnetic fields. EM waves propagate through a medium according to the
wave equation, which can be derived from Maxwell's equations. The properties of the medium
can be inferred from the medium's constituent parts. Silver and gold are the two most
commonly used metals in plasmonic device design. Computational purposes necessitate
material modelling and boundary conditions. One of the numerical techniques that can be used
to calculate the electromagnetic field of a plasmonic device is the Finite Element Method
(FEM). The transmittance of a device is the relationship between its input and output. With

transmittance, the efficacy of plasmonic devices can be investigated.

2.1.1 Maxwell’s Equation

Fundamental Laws

Maxwell's law, which is a compilation of four fundamental electromagnetic phenomena
(Faraday's law, Maxwell-Amperes' law, and Gauss' law of the electric and magnetic forms),
describes the relationship between electric and magnetic fields. Integral and differential forms
of the equations are well-established and applied to the analysis of electromagnetic problems.
Since the Finite Element Method (FEM) employs the differential form for numerical analysis,
the differential form of Maxwell's equations is presented in this section. Maxwell's equation for

time-varying electric and magnetic fields can be expressed as follows:

aD .
Ampere — Maxwell Law :VXxXH =]+ o (&L
, dB (2.2)
Faraday's Law : VxE:—a
Gauss'Law :V-D=p i2.3)
Gauss' Law for magnetism : V-B = 0. (2.4)
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Here, E, H, D, B, J and p represent, respectively, electric field intensity, magnetic field
intensity, electric flux densities, magnetic flux densities, electric current density, and volume
charge density. The continuity equation, also known as the Law of Conservation of Charge,
relates the electric current density to the volume charge density as follows:

aP (2.5)

212 Constitutive Relations

Without specifying the generation of charge and current, the Maxwell equation explains the
fields produced by charge and current. Constitutive equations describe the nature of the
matter in contact with fields and permit the application of Maxwell's equation to a different

substance. Constitutive equations are explained as follows:

D= gE+p, (2.6)
B = uy(H+ M), S8
] = oE. (2.8)

Where,

€. = Electric permittivity of vacuum, (Fm'’),
Uo = Magnetic permeability of vacuum, (Hm™),

0 = Electric Conductivity, (Sm™).

The constitutive equation for linear materials with constant material properties regardless of

the applied field is:
B = po(1+ xm)H = popurH = puH, (2:2)
D= g1+ x.)E = g¢&.E = €¢E. (2.10)
Here,
& =1+ xe)

11



W = 1+ }fm)-

213 Wave Equation

Wave equation governs the propagation of electromagnetic waves. This can be deduced from

equation 2.2 with V, which yields:

VX (VXE)=V ( 68) d (V x B) (2.11)
X X = Xl———]| = —— X :
dt ot
From equation 2.1,2.9 and 2.10 we get,
0°E (2.12)
VX (VXE)= _“86?'

. a . : : . .
By taking, 5 = JW €= &g, and gy = p-l, Into consideration, the equation can be
transformed as follows,

VX (4 lVXE)—k26E=0. (2.13)

Where k, is the wave number and it can be expressed as,

w (2.14)
ko = w\pogo = —.
Co

Equation 2.13 can be reformulated utilizing the relationship between refractive index n and
&, & = n*. Assuming y, = 1, the following equation holds:

VX (VXE)—k*n’E =0 (2.15)

22 Plasmonic Material Modeling

At low frequencies or for extended wavelengths, metals are perfect conductors. As they
have a negative field, they lack dispersive properties. However, at optical frequencies, metals
exhibit a dispersive nature. At frequencies above the optical range, metals exhibit dielectric
properties.

Three vectors can determine the behavior of a material in the presence of an externally
oscillating electromagnetic field. They are E (intensity of the electric field), P (density of

polarization), and D (electrical flux density).

12



They are presented as:

D(w) = £(w)E(w) (2.16)
P() = gx(@)E(w), (2.17)
D(w) = &E (@) + P(w), (2.18)

Combining equations 2.17 and 2.18 we get,
D(w) = &E(w)(1 + x(w)). (2.19)

The electrical susceptibility here is y. The susceptibility is a dimensionless quantity that
expresses how quickly a material becomes polarized in response to an applied electric field.
Now that equations 2.16 and 2.19 have been compared, the relationship between permittivity

and susceptibility is as follows:

£(w) = &(1 + x(w), (2.20)

Therefore, the relative permittivity is given by,

&r(w) =1+ y(w). (2.21)

In order to acquire the ideal response of a material to a specific electromagnetic excitation,
the frequency-dependent permittivity and susceptibility of a dispersive material must be
precisely modelled. Mathematically, the Drude model, Lorentz model, and Lorentz-Drude

model are extensively employed to account for this dependence.

2.2.1 The Drude model

Paul Drude, the originator of the Drude model of an electric conductor, compares metal to a
volume containing stationary positive ions surrounded by a gas of free-moving, non-interacting
electrons. There are two forces operating on the electrons of metal, namely,

e Driving Force Fa

e Damping Force Fg

Driving and damping force are represented as,

F; = qE = —eE, (2.22)

13



P;g = —-Tv.

With opposite directions, the resultant of the two forces are,

F=F;—F,

According to first law of motion by newton,

mr' = —eE +I'r'.

Here,

m= the mass of electron,

['= damping constant,

r= the displacement in meter,

v= electron’s velocity, and

g= charge of electrons. Here, the prime represents differentiation order with respect to

time.

The following equation describes the time harmonic electric field and time harmonic

displacement:

E(t) = Eje /*t & E(w),
r(t) = Rye 't & R(w).

The representation in frequency domain of equation 2.25 is,

mR"(w) —T'mR'(w) + eE(w) =0,

The frequency domain derivatives will yield,

—-mw?R" (w) + joTmR' (w) + eE(w) = 0.

Simplifying the expression 2.25,

R@) = T —a?)

E(w),

The polarization for n number of electrons is calculated as follows:

14
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P(w) = —neR(w), (2.31)

Or,
ein (2.32)

The susceptibility derived from the preceding equation is denoted as,

P(w) _ e’n i) (2.33)
&E()  gm(Tw — w?) 2t

Substituting this value into equation 2.10,
e’n (2.34)

=1+ ,
& (@) gom(Tw — w?)

If we assume w, to be the plasma frequency, we will obtain:

e*n (2.35)

o
(Up—

Taking into account the frequency-dependent flux density to be,
2

~ w? (2.36)
D((U) =& (1 +jFCU——(1)2) E((U),

At low frequency, 1, which diminishes the dispersive relationship with,

D(w) = & (1 - %) E(w). S

2.42 The Lorentz Model

Figure 2.1 demonstrates that the Lorentz model depicts the atom in a much simpler manner.
This model is very useful for visualizing the interaction between atoms and fields. This model
explains the relationship between the smaller mass electron and the larger mass nucleus, where
electrons are bound to atoms and cannot move freely. Thus, a restoring force, F,, which is

expressed as Fj, acts between them.
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Here, spring constant is represented by k and the unit is Newtons per meter.

v
eT

\lll'-;, =-gE

Do Tew

Figure 2.1: Lorentz Model

By the Law of Motion,
mr" + I'mr'(w) + mkr + eE =0

The frequency domain representation of Equation 2.39 is shown as,

R(w)(mw? + joT'm — mw? — eE(w)) =0

m

By taking natural frequency, w, = \[E

R(w) =

) E(w).

m(w? + jol' — w

Therefore, the susceptibility can be expressed as:
P(w) _ e’n
gE(w)  gom(w? + jwl — w?)

= x(w).

Therefore, from equation 2.19, the frequency domain expression for D is,

2

Yy
D(w) = ¢ (1+ )E(w)

Wy + jwl — w?
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2.2.3 The Lorentz-Drude Model

The Lorentz-Drude model is the most general description of the electromagnetic field
incident on metal. This model specifies two distinct categories of electrons oscillating within
the metal, which contribute to the permittivity of the metal as a whole. The Drude model is
best suited for electrons that are free, while the Lorentz model is best suited for electrons that
are bound. Therefore, the permittivity of the Lorentz-Drude model is,

€ = Efree T Epounds (2.44)

Where,
w
P
Efee = 1+——,
free Tw— w2
w
_ P
Ebound =

wo + jowl — w?’
Combining the model and frequency domain representation of the electric field's

characteristic D is,

D) =y (14— 9 (2.45)
(@) = Xo jTw — w? * wy+jowl —w?)

The Lorentz-Drude model is denoted by the expression 2.45.

2.0 | Simulation Modeling

2.3.1 FEM for Electromagnetic Field Calculation

The finite element method (FEM) solves problems of complex geometry and inhomogeneous
media more effectively than other mathematical methods that are conceptually simpler and
easier to code, such as the finite difference method, method of moments (MOM), etc.
Using Maxwell's equation, electromagnetic fields are computed. The expressions for the
electrical voltage V, and the magnetic potential vector A are:
B=VxA, (2.46)
E=-VxV. (2.47)

Considering equation 2.46, it is possible to transfer equation 2.2 into,

_ 94 (2.48)
VXE=-VX ()
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As the electric field potential for the non-static fields is increased with an induced volt-age,

E=—V/— (%) (2.49)

Conductors replace the term charge density with a boundary equation of the Dirichlet type.
The potential equation can be rewritten as a Laplace equation,

V.(eVV) = 0 (2.50)

Here, represents a diagonal tensor, while the off-diagonal coupling terms are ignored:

e 0 0 (2.51)
7 e 0 &y 0
0 0 g

The energy of the electric field is expressed as:

DE E|? 2.52
Wy = —dv=fg|2| av (202)
4

Scattering parameters can be evaluated using the equation,
e (BB @)
iy *
J-'porti (Ef ' Ef )dAl

T represents the time average reflection and transmittance coefficient. T can be obtained by,

2
T =1sy| 2.5

23.2 Scattering Boundary Condition (SBC)

By employing scattering boundary condition (SBC) at the simulation window, a transparent
boundary condition for incoming and outgoing (scattered) incident waves is achieved.
Outgoing (scattered) wave is defined as:

E = Egce™ /1) 4 g EikKT), (2.55)
Where E| is the incident plane wave propagating in the direction of k. The boundary

condition is completely transparent for perpendicular scattered plane waves and partially

transparent for oblique incident scattered plane waves.
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Chapter 3

Performance Matrices of RI sensor and Re-simulation

3.1 Ring Resonator

The primary structure of a ring resonator is depicted in Fig.3.1. It has a straight wave guide
along with a ring shaped resonator of radius R. The relation between the input excitation and

output can be expressed as [35]

Etl] _ [t k] [Eil] (3.1)
E:, -k ¢l E;

Here, Ei; is the amplitude of complex mode of the source at the input port and E,; is the
amplitude of complex mode of transmission at the output port. E: is referred as the amplitude
of complex mode of coupled component to the resonator cavity and Ej, is the amplitude of
complex mode of transmitted component from the resonator cavity. k and t are the parameters
that depends on coupling mechanism. A “*  as superscript on these terms represents the
complex conjugate of the respective terms.
The reciprocal nature of the networks makes the matrix symmetric. Hence,

[k2] + 2] =1 (3.2)
Considering E;j; equals unity for simplification,

E; = ael®E, (3.3)

Figure 3.1: Plasmonic waveguide coupled with ring resonator.
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Where, a is the coefficient loss of the ring and 0 1s presented as,

g_wL_choL
T A

=knepl= B.L (3.4)

Cg

Neff

The phase velocity of the ring resonator is represented by c, which is given by, ¢ =

Where, 1. indicates the effective refractive index and L represents effective propagation

length of the coupled wave.

From Equation (3.1) and (3.3) we get,

EEZ = _kx + tx(aejaEtz)J
—k* (3.5)
B =17 t*ael®
—a+te 8 (3.6)
E. — —ak”* (3.7)
27 _at* e 8

While on resonance 8 + ¢, = 2mm and the coupling loss is given by ¢t = |t|e/#t. Here @,
denotes the coupling phase and m is an integer. The transmission power of the waveguide is

given by P;; while the circulating power inside the ring cavity is Pp.

Po=|E|? = a’ + |t|* — 2alt|cos(6 + @)  (a—|t])* (3.8)
- t 1+ a?|t]? — 2alt|cos(6 + ¢,) (1 — alt|)?
a?(a — [t])? (3.9)
Py = |Epl|* = T iz
(1 —alth

At resonance condition, the expression for resonant wavelength 4,, can be derived as,

2n ®; (3.10)
Z Merr-L = 2n(m — E)
Ners-L (3.11)
Am = @:
m— (57

For initiating input excitation, light is injected into the waveguide. Halogen lamp technology
is useful in this purpose. It has a wide light spectrum containing the entire wavelength range
where 4, is expected to exist. For establishing fundamental 7My mode propagation of
electromagnetic wave, W < Ajucidgene- Lhe dispersion equation of this mode can be expressed

as [36].
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1’

kmys * W) _ &mus * Ksiwer

tanh ( >

Esitver * kmus

— 2 2
kmus,sitver = JﬁsPP — Emus,sitver * Kq

_Bspr_ 2m (3.12)
Nspp = Ky =7

Where, the width of wave guide is represented as w. The dielectric constant of MUS and Silver
are given by &ypys and Egjpper respectively. The effective refractive index ngpp is expressed as

the ratio between propagation constant, Sspp and free space wave number, k.

3.2 Parameters of Sensor Quality

The performance of the sensor needs to be evaluated to understand the effectiveness of the
sensor. To do so, there are some parameters which are measured. For a Plasmonic refractive
index sensor, its sensitivity depends on the structural parameters such size of waveguide, size
of resonator cavity, etc. By evaluating the sensors performance, its parameters are tuned to
obtain an optimized sensor of higher efficiency. Some determinants of performance of

Plasmonic RI sensors are Sensitivity (), figure of merit (FOM), quality factor (Q- factor), etc.

3.2.1 Sensitivity (S)

Different types of structures, such as double cavities and ring resonators, are intended to
produce spectral responses with Lorentzian peaks and Fano resonances. In order for the sensor
to detect the refractive index, the material whose index is to be measured must be inserted in
the cavity. The wavelength of the resonance exhibits red shift or blue shift if there is a change
in the refractive index. The definition of sensitivity is the alteration of resonance wavelength
(AA) in response to a unit change of the refractive index (n). The mathematical expression is
given as [37],

M (3.13)
2 S

Where, An is the change in refractive index whereas A4 is the change in wavelength as depicted

in figure 3.2. The measurement of the transmittance dip shift can be achieved through the
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utilization of a contemporary spectrometer. As a result, the sensitivity of a refractive index

sensor can be readily computed.

Transmittance

ey
ax

Wavelength, A

Figure 3.2: Transmittance profile for the calculation of sensitivity

322 Figure of Merit (FOM)

FOM stands for Figure of Merit. It is commonly employed in sensing applications to assess

sensing efficacy. It is mathematically represented as,

(3.14)

FOM =
FWHM

Where, S represents Sensitivity and FWHM represents Full Width Half Maximum. FWHM

FWHM = A, — A, (3.15)

is obtained by,

...............................

T.

.............................

ook — FWHM

Transmittance

e

A A

Wavelength, A

Figure 3.3: Transmittance profile for calculating FOM
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Here, A, and A, are wavelength values at T)ar We can obtain Tjafrom figure 3.3,

Tmax - Tmin

Thaiy = >

3.2.3 Quality Factor (Q-factor)

Sensors possessing a high Q-factor exhibit suitability for a broad spectrum of applications, such
as narrow-bandwidth filters, high-efficiency nonlinear optical devices, high-performance
lasers, and high-sensitivity sensors. The mathematical expression for the Q-factor can be stated

as follows:

Ares (3.16)

Q — factor = FWHM

Here, A, is the resonance wavelength

3.3 Re-simulation for Quality validation

The simulation setup must be validated before designing our own models. So the re-simulation
of some already published papers are verified in this section. “Plasmonic Refractive Index
Sensor Based on Ring-Type Pentagonal Resonator with High Sensitivity” proposed by Al
Mahmud et al., [38] is re-simulated in this section. Figure 3.4 exhibits the structure of the

proposed sensor and table-3.1 contains the geometric parameters of the structure.

] A

- e o . e —— ——— ] —

Figure 3.4: Re-simulation of Al Mahmud et al. sensor [38]
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pentagonal ring

Design Parameters Value (nm) Denoted
For max Sensitivity For max FOM Symbol
Gap between waveguide and
) 32 32 g
ring resonator
Width of ring resonator 70 70 W2
Radius of inscribed
33 259 R

Table 3.1: Structural Parameters for Al Mahmud et al. [38]

The parameters of the structure of the sensor is kept same and its transmission profile is re-

evaluated using COMSOL Multiphysics Software. Initially a two dimensional Finite Element

Method (FEM) scheme is selected. The physics is selected as EMFD (Electromagnetic wave

frequency domain). Then the structural parameters, defining the geometry of the sensors are

Selecting 2D space
dimension

v

Calculation of
Sensitivity, FOM

Introducing EWFD
as Physics

}

v

Data exportation to
Matlab

§

Parameter
declaration

v

Evaluation of
transmission
spectrum

Building Geometery

4

v

Parametric sweep

Specifying the
materials

t

v

Boundary mode
analysis

Placing the ports and
Boundary condition

§

Triangular meshing

]

Figure 3.5: Representation of the simulation steps




declared. The desired geometric shape is then constructed. Different parts of the sensor
constitutes different materials. Different materials are allocated in their respective places.
Subsequently ports and boundary conditions are assigned. For discretizing the structure and
obtaining better accuracy, extra fine meshing is applied. Figure 3.6 shows the geometry
construction and the meshed structure respectively using COMSOL Multiphysics software.

Parametric sweep is utilized to observe the effect of variation of different parameters on the
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Figure 3.6: Geometric structure and mesh view of Al Mahmud et al. [38]

simulation. The obtained transmission spectra is then analyzed to evaluate the sensors
performance and tune the parameters accordingly. Finally the sensitivity is calculated after
exporting the simulated data. The transmission spectrum pf the original work and re-simulated
work is depicted in figure 3.6 (a, b) respectively. The spectrum was analyzed for a refractive
index variation of n = 1, 1.01 and 1.02. After using sensitivity equation, the calculated result
was found to be 2343 nm/RIU. The published result is 2325 nm/RIU. There is a very slight
difference between the published result and simulated result and it is within the allowable
range. So we can say that our simulation setup is appropriate for carrying out the performance

analysis of the sensor

25



055 i i " A A — - - -
800 1000 1200 1400 1600 1800 2000 2200 - - = - - -
Wavelength (nm)

A

(@) (b)

Figure 3.7: (a) Al Mahmud et al.'s [38] Transmission profile. (b) Re-simulated profile.
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Chapter 4

Design, Optimization and Performance Analysis of the
Proposed Device

4.1 Sensor Design with dual octagonal structure

4.1.1 Basic Structure

Alr
B Dielectric
[] sitver

Figure 4.1: 2D Model of the proposed structure

The 2D configuration of the proposed sensor is given in figure 4.1. It consists of MIM
waveguide along with dual octagonal ring resonators. The initial structural parameters for
modeling the sensor in 2D is listed in table 4.1. The dark grey color in figure 4.1 represents the
dielectric material or the material under sensing (MUS) which are filled into the cavities of the
ring resonator. The white color in the figure denotes silver which is used as a metallic base.
FEM mode is used to solve the differential equations for numerically analyzing the

transmittance spectrum of the sensor. COMSOL Multiphysics software is utilized for this

purpose.
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Specifications Value (nm)

Core radius of the octagonal resonator (R) 230
Gap between the waveguide and octagonal resonator (g1) 12
Gap between the octagonal resonators (g2) 25
Width of the waveguide (w1) 45
Width of the octagonal Resonator (w2) 30

Table 4.1: Initial Structural parameters of the proposed sensor

While performing the simulation, two ports are selected. The transmission of SSP through the

output port is measured with respect to the input port. This measures the transmittance.

Mathematically it is calculated as T = Poutpur
input
4.1.2 Initial Transmission spectrum and results

COMSOL Multiphysics software is utilized to simulate the structure with MUS having
refractive index range of 1.32 to 1.40 with a step difference of 0.02. Figure 4.2 depicts the

transmission spectrum with the initial geometric configuration.

111

Figure 4.2: Initial Transmission Spectrum

The transmission spectrum has two modes. The maximum sensitivity for mode 1 is 1020.6

nm/RIU and for mode 2, it is 2218.3 nm/RIU.
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4.2 Optimization for gaining maximum sensitivity

For obtaining optimal performance, the parameters mentioned in table 4.1 needs to be
optimized.

After performing simulations multiple times, it has been observed that five parameters out of
all, greatly influences the performance of the structure. These are radius of the inscribed
octagonal resonator (R), gap between resonators (g2), width of waveguide (w1), width of

resonator (w2) and gap between waveguide and resonator (gl).

Tnnurih:n:t Spectra ) N Resonant Wm

Tran sminancn
Resonance Wavelongih

= ot A
X 1400 2000 2500 WK W 00 230

Wavsiangth (rvm Hoaluis

Figure of Marit

FOM

Aadus Raxdins

Figure 4.3: Optimization of radius (R) of resonators.

First of all, the radius (R) of the inscribed octagonal resonator is optimized. In figure 4.3, the
transmittance spectra along with the resonant wavelength, sensitivity and FOM are visualized.
Here we can observe that a maximum sensitivity of 2332.3 nm/RIU and a FOM of 22.86 can
be achieved when the value of R is 235 nm. Hence, to optimize the sensor for optimal

performance, the value of R is chosen as 235 nm.
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Secondly, the gap between resonators (g2) is optimized. For this purpose, simulation is
performed by varying the value of g2 from 20 nm to 30 nm with a step of 5 nm. From figure
4.4, we can observe that a maximum sensitivity of 2458.2 and a FOM of 19.2 can be achieved

when g2 is 20 nm.
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Figure 4.4: Optimization of gap between resonators (g2).

Thirdly, the width of the waveguide is optimized. In the proposed sensor design, there is MIM
(Metal Insulator Metal) wave guide in which a dielectric material is sandwiched between two
metal claddings. The width of the waveguide is varied to observe the transmission spectra. For
this purpose, a parametric sweep is performed. The results of the simulation, along with the
values of sensitivity and FOM, are depicted in figure 4.4. It can be observed that for an
optimized value of 40 nm width, a maximum sensitivity of 2586.2 nm/RIU and 21.51 FOM is
achieved.

Fourthly, the width of the ring resonator is tuned for optimal sensor performance. Simulations
are performed for different values of w2, and transmission spectra are shown in figure 4.5. The
sensitivity and FOM of the sensor for different widths of the resonator cavity are also depicted

in the figure. From this, it can be observed that when w2 is 40 nm, the maximum sensitivity of
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2586.2 is attained. The FOM at this condition is 20.04, which is smaller than when the width

is 50nm. However, as a very low sensitivity is obtained for that value of w2, a compromise in
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Figure 4.5: Optimization of the width of the waveguide (w1).

FOM has to be made to maximize sensitivity.
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Figure 4.6: Optimization of the width of the resonator (w2)
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Finally, the gap between waveguide and resonator (g2) is taken as a structural parameter that
needs to be analyzed to enhance the performance of the device. To do so, simulations are
performed to obtain the values of sensitivity and FOM for different values of g2. The results
of the simulations are represented in Figure 4.6. It can be observed that when g2 is 10nm, the
highest sensitivity of 2586.2 is obtained with a FOM of 19.74. As this value of g2 gives
maximum sensitivity, it is considered the length of gap between waveguide and resonator in

the optimized final structure.
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Figure 4.7: Optimization of the gap between waveguide and resonator.

After analyzing the simulation results, the final optimized parameters are depicted in Table 4.2.

Specifications Value (nm)
Core radius of the octagonal resonator (R) 235

Gap between the waveguide and octagonal resonator (g1) 10

Gap between the octagonal resonators (g2) 20

Width of the waveguide (w) 40

Width of the octagonal Resonator (w2) 40

Table 4.2: Optimized structural parameters.
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43 Result Analysis

The geometry was constructed utilizing the optimized parameters and the transmission

spectrum was simulated as Figure 4.6.

BN MNYE

Trmn sl e

Ade eI =

Figure 4.8: Transmission spectra of the optimized structure

This transmission spectra has two modes. For mode 1, we can obtain a maximum sensitivity of
1140 nm/RIU with 21.9 FOM. For mode 2, a maximum sensitivity of 2586 nm/RIU can be
achieved with a FOM value of 11.4.

4.4 Application

The proposed sensor can be used as a biosensor to detect biological components for which the
refractive indices are known. Cancerous cells such as Jurkat, HeLa, PC12, MBA-MD-231,
MCE-7, and Basal have refractive indices ranging from 1.36-1.4. For example, normal basal
cells have a refractive index of 1.36, whereas cancerous cells have a refractive index of 1.38
[39]. These fall within the range of the sensor’s sensitivity, as the proposed sensor can detect
refractive indices from 1.30 to 1.40 and shows a maximum sensitivity of 2586 nm/RIU. So the

sensor can work as a biosensor that can detect these cancerous cells.
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Chapter 5

Conclusion and Future work

5.1 Conclusion

This thesis presents a refractive index (RI) sensor utilizing a MIM configuration, incorporating
two octagonal ring resonators. To investigate the performance of the proposed devices, the
FEM scheme in the COMSOL Multiphysics Software is utilized to analyze their transmission
and propagation spectra. Sensitivity refers to the change in resonant wavelength corresponding
to a unit change in refractive index. FOM is a metric used to assess the performance of a sensor
based on its sensitivity and narrow linewidth_ It provides an indication of the sensor’s efficiency
and effectiveness.

In order to enhance the sensing capability and FOM, a step-by-step optimization process is
followed for the structural parameters of the sensor. At optimized parameter values of R=235
nm, gl=10 nm, g2=20 nm, wil=40 nm and w2=40 nm, the proposed structure exhibits an
overall maximum sensitivity and FOM of 2586 nm/RIU and 21.9 respectively. Table 7.1
presents a comparison of the performance metrics between the proposed sensor and several
similar works. The sensor’s higher sensitivity, compact size, and label-free detection

capabilities make it well-suited for a variety of applications in the field of bio-sensing.

Table 5.1: Overall performance metrics comparison of the proposed sensor with some recent MIM-based
devices.

Ref. Year Sensitivity FOM
(nmRIU")
Chen et al [26] 2015 1260 -
Chen et al. [27] 2016 1496 124.6
Tang et al. [34] 2017 1125 75
Ghorbani et al. [30] 2018 1540 -
Butt et al. [33] 2019 1200 19.7
Zhang et al. [34] 2020 1516 14.83
Xiao et al [22] 2021 840 39x10°
Proposed Structure 2023 2586 219
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2, Future Work

This thesis focuses on optimizing a two octagonal ring resonator-based RI sensor with a MIM
configuration, where silver is used as the metal. In the future, the following measures can be
taken into consideration to further enhance the performance of the MIM-based plasmonic
sensor.

* To mitigate the propagation loss and enhance the overall performance of the sensor,
alternative materials with varying doping concentrations can be employed.

+ The structure can be optimized to attain both maximum sensitivity and a higher FOM.

« By investigating different material options, alternatives that can potentially improve the
sensors' overall performance can be found in the future.

* Incorporating machine learning techniques can significantly enhance the optimization

process in the future.
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