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Abstract

Surface plasmon resonance together with optical fiber technology has emerged as an
encouraging application of optical bio-sensing in the present circumstances. It has
made a significant contribution to certain measures in medical diagnosis. This
technique permits the instant and extremely sensitive recognition of biological
samples, with utilizations in medical diagnostics, ecological monitoring, and
agriculture science etc. Surface plasmon resonance is most sought after technique with
wide spread uses in the recognition of molecular biology interactions but certain
modifications are necessary for both refractive index (RI) sensitivity and in-vivo uses
for many scientific applications.

Sensors manufactured using optical fiber offer significant advantages over traditional
platforms, such as simple manufacturing process, small size and possibility for in situ
and remote measurements. In present scenario, surface plasmon resonance technology
has been incorporated into optical fiber for sensing applications. SPR technology is
basically an optical phenomenon and involves the coating of metallic nanostructure
materials of SPR nobel metals e.g. gold, silver, copper etc on optical fiber core. SPR
has turn out as most important optical bio-sensing technique in the field of bio-
chemistry and medicine science. The research presented in this thesis focuses on the
optical fiber sensor based on surface plasmon resonance (SPR) technique for sensing
applications. Metallic nanostructure material, when embedded on the core of fiber may
be designed to support plasmonic resonance phenomenon and is usually perceptive to
the sensing sample refractive index (RI). In the sensing region, various types of
analyte such as glucose etc are used to test the sensing performance of the sensor. In
case of angular interrogation and wavelength interrogation type of sensor, the
identification of distinct refractive index (RI) may be accomplished by measuring
resonant dip angle shift 8,4 and resonant wavelength shift 4,,,,,, Of spectral intensity
from TM-reflectance curve. Factors contributing to the analyte refractive index (RI)

sensitivity are investigated methodically through modeling, simulating process and



theoretical explanation. The refractive index (RI) sensitivity of optical sensing system
may be customized through designing a applicable metallic structure with optimized
parameters. This thesis highlights the basic theory and concepts of SPR technology.
Fiber optic sensor with multilayer structure based on two-dimensional (2D) material
and SPR nobel metal Au is proposed for achieving high sensitivity for glucose (i.e.
sensing analyte) sensing. Multilayer stack consists of stack of four layers i.e. fiber
core-Au metal-2D material graphene-sample layer. We have shown the use of a new
type of 2D material, graphene in the sensing region for glucose sensing. 2D materials
are the material consisting of single layer of atoms. It is worthwhile to mention here
that optoelectronics using 2D material is interested subject of research in the present
scenario. Therefore such types of material show extreme behaviour with properties
which are observable at nanoscale dimensions but not observable at bulkscale (macro-
scale).

Different properties of active metals have also been studied and investigated in order
to search the best suitable combination of noble metal, thickness and 2D material. The
parameters related with plasma wavelength 4,5, and collision wavelength
Aconision are carefully studied and chosen. The well known Drude-Lorentz model has
been considered for dielectric constant of SPR active metals and oxides metals. The
effect of dielectric constant &,,..,; on the resonant shift has been examined as the
plasmonic resonance phenomenon is exhibited by the active metal with negative real
dielectric constant. The aforesaid design is simulated with multiple iterations in order
get better shift of reflectance curve in response with the refractive index of glucose. It
is analysed that the proposed sensor design of SPR sensor utilizing 2D material, Au
film and graphene film exhibit extreme sensitivity, S,, ~198°/RIU.

Several parameters related with metal diffraction grating based SPR sensors are
explored. It is analysed from the study of wave polarization techniques such as TM-
polarization and TE-polarization that metallic gratings are highly sensitive to the

incident electromagnetic (EM) wave polarization and only TM-polarization is



associated with the excitation of surface plasmon politrons (SPPs). Using metal
grating in the structure explore the advantage that the momentum component of the
diffracted wave in parallel to the interface and the propagation constant of surface
plasmons (SPs) are matched. The impact of sensor system parameters such as
operating wavelength, the grating period T, type of nobel metal, and the RI of sensing
sample ng.,.. ON the refractive index (RI) sensitivity are systematically studied. In
accordance with the above observation, bimetallic diffraction grating (Au & Al) based
SPR sensor is reported. By carrying out the simulation analysis, the resonant impact of
bimetallic diffraction grating on the sensing enhancement is observed. The incident
optical wave at metal grating is partly returned back and partly divided into sequences
of diffracted waves or diffraction orders. It is observed that for the proposed geometry
of the sensor, enhanced sensitivity is attained if -1% diffraction order of metallic
grating is used to excite the surface plasmon waves (SPW).

Active metal nanoparticles (NPs) have several benefits in a plethora of sensing
applications. Gold nanorods (AuNRs) are sensitive to both refractive index (RI)
change & nanorods (NRs) shape and their size. Circular AuNPs distinctively exhibit a
unique intense absorption belt which does not exist in spectrum of the bulk scale gold.
This intense absorption belt appears when the frequency of applied light photon is
resonant with the combined oscillation of a free electron of nanoparticles (NPs).
Consequently, the absorbance & peak wavelength of the NPs are perceptive to
refractive index (R1) of the surrounding sample.

Based on the study, the SPR sensor based on nanoparticle employing Au NR array is
reported and its performance is observed with the help FEM simulation technique. It is
analysed from the simulation results that the resonant wavelength A,., rises with rise
in RI of the anlayte. The value of R-square, co-efficient of determination was
calculated as 98.78 % & it is extremely high. Further results conclude that when the

radius of circular AuNR is 60nm then the enhanced sensitivity, Sy,nvr = 2200nm/RIU



is presented by proposed geometry of the sensor for analyte recognition. Enhanced
sensitivity and high R-square, co-efficient of determination (COD) are attained after
geometric optimization.

These sensors offer numerous advantages in bio-medical science, food processing,
chemical species recognition & agriculture science. The study suggests that fiber optic
sensor with SPR technology is beneficial for creating perfect sensing design. The
research outcomes of the thesis have been published in various Science Citation Index

(SCI) international referred journals as per publications list in the next section.
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Chapter 1
Introduction

1.1 Introduction

In the last three decades of optical technology, optical sensing instrumentation has
made considerable advancements. With a view to attain enhanced performance, range
of optical sensing platforms, data processing and detection methods have been
developed [1]. The field of fiber optic sensing has shown a significant expansion of
interest in the last few decades. Now a day the scientist and researchers in electronic
industry have the constant requirements for optical devices which enable them to carry
out accurate and reliable data measurements in distinct sensing environment [2]. A
wide range of instrumentation and circuitry is available in industry and recently all
these things have been replaced by development of FO sensing instrumentation which
do offer unique advantages to make it excellent or indeed the only economical solution
to few sensing requirements. However, in order to compete with well established
sensing instrumentation on a huge scale, FO sensing devices must have the capability
to show better response in terms of accuracy, convenience use, cost etc. In addition to
this, such type of devices must present those additional advantages which make the
retraining of engineer to adopt this innovative technology worthwhile.

The motivation behind carrying out the research in fiber optic sensing is that fiber
optic sensing systems have significantly greater advantages over conventional sensing
systems like faster response, low-cost fabrication, very light weight, highly sensitive
and non-reactive to electromagnetic interference. Therefore, fiber optic sensing entices
more interest of investigators and application engineers for their exclusive and vital
characteristics. Sensors based on optical sensing are commonly used to perceive the
physical and chemical properties like sensing of organic compounds such as glucose,

sucrose, glycerol etc determination of pH, refractive index of liquid solution, micro-



bending, strains, vibrations, accelerations, temperatures, pressures, pipeline condition
monitoring etc. These advantages make the optical sensing better than conventional
sensing. In addition to these, optical sensors exhibit higher sensitivity and greater
dynamic range. They are intrinsically free from RF field interference and present better
isolation properties [2].

Aforesaid two reasons solely account for motivation behind extensive research in these
sensing systems being realized by the some of the fiber sensing technology industries.
They are safe to use in biologically and chemically hazardous areas-there being no
currents flowing and no risk of spark [2]. Moreover there has been a tremendous effort
towards the development of optical biosensors and biochips worldwide and recent
advances have demonstrated that such devices hold tremendous potential for
applications in numerous important areas including sensing of organic compounds,

medical diagnostics, environmental toxins detection and food defense and security [3].

Sensing
Region or
Modulator

1.2 Fiber Optic Sensors

Light Source
(LED, Laser
Diode)

Optical
Detector

Electromics
Processing
Circuitry

Figure 1.1: Optical Sensing System Structure
Figure 1.1 shows the block diagram for optical sensing system structure. LED or laser
light source at the input side, is used to incident the light at a proper wavelength.
Measurand is the quantity which we want to measure and it is applied to the sensing
region or modulator. The response optical signal is detected at the optical detector and
at the final stage the signal is processed using electronics processing circuitry. Fiber

optic sensors may be categorized in three types: sensing position, principle of



operation, and usage in application. On the basis of sensing position, fiber optic sensor
can be classified as extrinsic or intrinsic. The general schematic, representing the
operation of extrinsic sensor is shown in Figure 1.2. In an extrinsic sensor as depicted
by below Figure, the light passes through the fiber and the sensing process takes place
in external optical device. While in intrinsic FOS, some physical properties of the fiber
are changed. The general schematic representing the operation of intrinsic sensor is
shown in Figure 1.3. Perturbations act upon the fiber and in response to it optical fiber

alters certain light characteristic in fiber [4].

Light -
Modulator Detector
A
/ AN
Optical 7 N Optical Fiber
Source External

Perturbation

Figure 1.2: Operation of Extrinsic Sensor

Optical Fiber

\ — A

1

External
Perturbation

Figure 1.3: Operation of Intrinsic Sensor

From the application point of view, FOS may be categorized as below:
+ Physical sensors: These sensors are used for the measurement of physical
properties such as temperature, stress, etc.
+ Chemical sensors: Used for pH measurement, gas analysis, spectroscopic

studies, etc.



+ Bio-medical sensors: Used in bio-medical applications like measurement of
blood flow, glucose content etc.

According to the modulation-demodulation technique, several FO sensor categories are
elucidated below:

* Intensity based Fiber Optic Sensor

+ Frequency Modulated Fiber Optic Sensor

+ Phase Modulated Fiber Optic Sensor

+ Polarization Modulated Fiber Optic Sensor
Owing to outside perturbations, these parameters may be susceptible to change.
Therefore, by identifying the parameter changes, the outside perturbations can be

detected [4].

1.2.1 Intensity Modulated Fiber Optic Sensors (IM-FOS)

These type of fiber optic sensors are related with the intensity of the signal which has
some attenuation. The IM-FOS employs multimode fibers (MMF) having large core
diameter. These types of sensors also require more light [4]. There are several ways to
induce the attenuation in the optical signal and once the signal is attenuated its
intensity is being measured at the detector side. Microbending loss, signal attenuation,
and evanescent fields are certain ways that results change in intensity of optical signal
propagated in optical fiber. One simplest type of IM-FOS is microbend sensor, in
which attenuation of the optical signal is achieved by certain mechanical periodic
microbends. Guided mode energy is being spread in to radiation mode and light signal
intensity gets reduced [6], resulting in intensity modulation. This sensor offers some
useful benefits such as low cost, ease of implementation and multiplexing. But because
of slight fluctuations in the intensity of optical wave may results in wrong reading,
until and unless a reference optical system is used [5].

Evanescent wave sensor is another example of IM-FOS. It utilizes the light signal
which escapes from fiber core and moves to fiber clad. Evanescent wave sensor is

most popularly useful in chemical science for detecting chemicals. Detection is

4



achieved by the incidence of light source wavelength and resonance wavelength is
being detected at the detector side. Due to this light intensity gets reduced and this

change in light intensity results in the chemical concentration measurement [7].

1.2.2 Frequnecy Modulated Fiber Optic Sensors (FM-FOS)

FM-FOS utilizes changes in the light wavelength (i.e. frequency) for detection of
species. Several types of FM-FOS are black body sensor, fluorescence FO sensors, and
the Bragg grating FO sensor. Fluorescent FO sensors are useful in medical and
chemical applications as well as in sensing other species such as temperature humidity
and viscosity [8]. Another type of WM-FOS (wavelength modulated FOS) is the

blackbody sensor. Figure 1.4 shows the general schematic of black body sensor.

Narrowband Filter Lens

/ . Optzcal Fiber [

Blackbody cavity

“\.

Optical Detector
Figure 1.4: Black Body sensor
Blackbody cavity position is towards the end of optical fiber cable. Extremely high
temperature of the cavity makes it to glow and it behaves as a light source. The
arrangement of optical detectors with narrow band filters is used to estimate the profile
of the blackbody curve. The commercial application of this type of sensor is to
compute temperature to within a few degrees centigrade under powerful radio
frequency fields [9]. Bragg grating sensor is another type of WM-FOS in which brag
gratings in the fiber are created by making periodic modulation of RI inside the fiber
core of SMF. A strong pattern of ultraviolet light energy is used to create refraction
index periodic changes. These variations in RI so formed, are responsible for making

of interference patterns which acts as grating. As per the equality condition of brag



wavelength and center wavelength, optical fiber is being fed with signal from laser
source. The light signal propagates through the grating and portion of the signal is
reflected back at bragg wavelength. The response of the sensor shows the bragg

grating to be an useful optical filter [9].

1.2.3 Phase Modulated Fiber Optic Sensors (PM-FQOS)

PM-FOS uses optical interferometers to measure the phase change of the light signal.
There are several types of optical interferometers such as Mach-Zehnder, Michelson,
Fabry-Perot, Sagnac, Polarimetric, and grating interferometers. The basic concept of
using interferometers in sensors is that this device divides the light signal in two parts.
Out of these two divided parts, one part of the optical signal is subjected to sensing
environment where it undergoes a phase shift. The second part of the optical signal is
considered as a reference signal and is isolated from the sensing environment. Once
the light signals are added, they interfere with each other [10]. Michelson
interferometers provide better performance in terms of sensitivity and it requires less
number of optical components. Folded Mach—-Zehnder interferometer is called as
Michelson and vice versa. On the other hand, for the Michelson interferometer,

reflection mirror needs to be of excellent quality [11].

1.2.4 Polarization Modulated Fiber Optic Sensors (POLM-FQOS)

Polarization is defined as the direction of the electric field vector of field intensity.
Many polarization states of light field exist such as linear polarization, elliptical
polarization, and circular polarization. If the direction of the E-field vector follow the
same path while light propagation then this type of polarization falls in linear type. On
the other hand if during light propagation, the E-field vector direction changes then
this polarization fall in elliptical polarization type and E-field vector makes an
elliptical shape. Therefore, in POLM-FOS outside perturbation (i.e. analyte) may be

measured by detecting alteration in output polarization position [11].



1.3 Plasmons and Surface Plasmons

The nobel metals have a negatively charged free electrons in an equally charged
positive ion background arrangement. The collections of negatively charged free
electrons and positive ions may be compared with the plasma of particles because it
has extremely dense collections of charged particles with the conditions of quasi-
neutrality. Because positive ions have infinitely large mass as compared to negative
charged free electrons. So to fulfil the condition for quasi-neutrality, the free electrons
can move from one point to another point in perpetually constant positive background.
The free electrons in the metal are like electron gas having high density of about
10%%cm™. As described in Jellium model [12], a positive constant background charge
can replace these positive ions. Still, the overall charge density in the conductor stays
at zero. Free electrons density is decreased locally, when outside electric field is
applied to the conductor, as a result, electrons may start moving and the negatively
charged free electrons start getting attracted towards the positive ion background.
Hence, free electrons begin approaching the positive area and get accumulated in
greater density than required for the local charge neutrality. So the coulomb repulsion
produces movement in opposite direction as that of moving free electrons. The
combined effect of these two forces i.e. repulsive restoring force & attractive driving
force, results in oscillations among the free electrons. These longitudinal density
fluctuations are called as plasma oscillations and these oscillations propagate through
the entire volume of the metal. The frequency of plasma oscillations, wysmq 1S

expressed as given below [13],

4me?

(1.1)

Wy =
plasma m,

In the above equation, n represents density of free electrons, e represents the charge on
electrons and my represents the mass of electrons. The coherent oscillations of free
electrons or propagation of electron density waves on metal-dielectric interface are

called as Surface Plasmon, also a SP wave or a SP mode. Surface plasmons are
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accompanied by longitudinal (TM-polarized) electric field. The longitudinal electric
field decays exponentially in metal as well as in dielectric media. Due to this
exponentially decays of field intensity, the field has its maximum at metal-dielectric
interface itself. So being TM- polarized and exponential decay of electric field are the

two crucial properties of surface plasmon for TM excitation.

1.3.1 Significance of Maxwell Equations

Surface plasmon polaritons are propagating excitations that exist when optical
energy couples with combined oscillations of electrons at the interface between metal
and dielectric [14]. Plasmon politrons are grouped longitudinal charge oscillations
which are created by an external excitation and can be described by the Bose-Einstein
data [15]. The metal interaction with electromagnetic field can be illustrated by
adopting Maxwell’s Equations. The Maxwell’s equations concerning the material are

[16]:

VXE = _E' (1'2)
VxH 7400 1.3
XxXH = —]+— :

PTL (1.3)
V-D = ~Pext » (1.4)
V-B=0 (1.5)

where p,,; s the external charge density and J is the external current density. The

constitutive relations for linear, isotropic and nonmagnetic media are given as [17]:
B = Sogdﬁ (1 6)
B = pou,H (1.7)
Maxwell’s Equations can be modified for nonmagnetic isotropic media and under the

conditions that (0p,; = O, J= 0). Therefore under the assumptions that there are no

free charges V- E = 0, no currents V- B = 0, and for non-magnetic media, 4 = 1, we

obtained the generalized wave equation as given below [16]:



D _ V2E 1.8

where ¢y and y are the electric permittivity and the magnetic permeability of vacuum,

&4 is the dielectric function of the medium and - is relative permeability. In this case

Maxwell's equations reduce to vector wave equations and the solutions will be
propagating waves as given in above equations. The wave equation can be solved only
if we know the exact relation existing between the displacement vector D and the
electric field E, that is if we know the behavior with frequency of the dielectric

function of the material.

1.3.2 SPR Nobel Metal for Plasmon excitations

Metals with negative real and less positive imaginary dielectric constant have shown
their capability of supporting plasmonic phenomenon. Gold, silver, aluminum, copper
are most widely used SPR nobel metals. The Drude model [18] assumes that the free
electrons can interact. In other words, we can say that Drude model considers that
electrons in a metal are essentially free and can be forced to oscillate when an
electromagnetic wave of frequency w is incident upon them. Electrons-ions
interactions are considered presenting an effective e mass, me. Electrons and external
electric field interactions are depicted by the equation [18]:

me€y +my, €, = —eEg et (1.9)

ollision

where e, is the electrons displacement and 7, is the electrons collision

ollision

frequency. In this equation, Collision frequency, . a ;% where vy is the Fermi

ollision
velocity and [,, mean free length.
Equation (1.9) can modified and rewritten by using e; = egzoe 7“t and obtained

dielectric function is expressed as [18]:

wzlasma
g4(w) = 1— ——plame (1.10)

w?+ JY coliision®



2
ne . -
The parameter Wygsma = —— s the plasma frequency, n is the number of free
0

electrons and y, is the collision frequency. This frequency is inversely

ollision

proportional to the conductivity of the metal as given by the expression,

7 collision

n’;ea For the condition, @ > 1, the dielectric function has the modified form
e }/collision
[18]:
w?,
g(w) = 1 -2 (1.11)

w?

Metal dielectric constant turns to be negative and has complex number RI under the
condition @ < Wyasmq and field travels up to some depth. Metal dielectric constant
turns to be positive number and has a real number Rl under the condition w >

Wplasma and metal has dielectric characteristics. Plasma frequency, wpjgeme and

collision frequency, y for the most common SPR metals used in the sensor

collision

design are adopted from ref [19].

1.3.3 p-polarization and s-polarization

Electromagnetic fields must satisfy the Maxwell’s equations and the boundary
conditions. It is essential to consider two distinct possible states of polarization of the
electromagnetic wave i.e. transverse magnetic wave and transverse electric wave. In
transverse magnetic wave (TM-wave), magnetic-field is perpendicular to the plane of
incidence. On the other hand in transverse electric wave (TE-wave), the electric-field
is perpendicular to the plane of incidence. SPR excitation is possible only with p-

polarization or TM-wave.

1.3.3.1 TM-wave or p-Polarization

Because we are looking for field of traveling electromagnetic waves, a suitable
procedure to represent the two fields in two different medium is as expressed as below
[20]:

10



E; = (E.;0,E,;). e/ ket xthz; z)—jort (1.12)

H; = (0,H,,;0). e/ (kxixtkziz)-jot (1.13)

In the above equation i = 1, 2.The relation of wave vector components results from the
Maxwell’s electromagnetic theory and boundary conditions may be written as below
[20],

k% + kZ; = gk} (1.14)

kx,l = kx,Z =k,=p (1.15)
In the above equation k, represents the wave vector and /£ represents the propagation
constant. Making use of Maxwell’s Equation (1.2) and (1.4), we have the modified

expression as given below,
jkz,iHy,i = wa,i = weoeiEx,l- (1 16)

According to boundary conditions, E and H components be parallel to interface while
D component be transverse to the interface. For continuity condition i.e. E, ; = E, 5,

H

ya =H,, and D,; =D,,. The combination of Equation (1.16) with boundary

conditions, as defined above results in the equation as expressed below [20]
kz,2 kz,l —

0 1.17
5, & (1.17)

By making use of Equation (1.14), dispersion relation of the surface plasmon wave is

attained and is expressed as given below [20],

=2 A2 gy 1.18
B=% [ =B +iB (1.18)

Here B represents the propagation constant. The relation given in Equation 1.18 is

known as dispersion relation and is crucial to explain the propagating length of the SPs
and the confining of EM-field in the two media. SPW is an exponentially decaying
wave both in metal as well as in dielectric medium. The dielectric constant of metal &;
is a complex number, the propagation constant of the SPW, g will also be a complex

number.
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w t ’£ 1/2
g = ( ! 2) (1.19)

c\g; +&

., [ & & 12 g

F = ?(sl' + £2> 2(g1 )2 (1.20)
Here & =&, +ie; represents dielectric constant of metal and & and &
representing the real and imaginary parts. In addition to this, 8" and B~ represents the
real and imaginary parts of the SPW propagation constant. The wave vector normal
component is obtained by substitution Equation (1.18) in Equation (1.14), and is
expressed as given below [20],

® g2

k;, =— - 1.21
Yo e et gy ( )

Now in both medium, the wave vector normal component in Equation (1.21) needs to
be purely imaginary, for examining the EM wave propagation along the interface. This
will result in exponentially decaying solutions of the field [21]. It is clear to see that
aforesaid condition is satisfied only if &g < 0 and &, > 0 or vice versa. It means that
this is possible only if one of the two medium has a dielectric function in negative
value. Both Equation (1.18) and Equation (1.21) relations are essential to explain the
propagating length of the SPs and the confining of the EM fields in the two medium.
The confinement of the electromagnetic field in two different medium is termed as
skin depth. Basically skin depth is defined as the depth normal to the interface at which
the evanescent wave field amplitude falls to the value 1/e [22] [13]. The skin depth
into the dielectric, Lgjjeiectric @and metallic medium, L,,..q; are expressed as given

below [22] [13],

0.5
A (e tal + Ea
Laietectric = ﬂ.( = ‘;2 (1.22)
d
0.5
A Emetal + &€q
L =—|——— 1.23
metal 22_( srznetal ( )
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Moreover Linertace Can be termed as the propagation length along the interface, after
which the intensity falls to the value I/e and is expressed as given below [13],
1

Linterface = ﬁ (1.24)

1.3.3.2 TE-wave or s-Polarization

Magnetic field is parallel to the plane of incidence in case of transverse electric wave
so the Maxwell’s electromagnetic equations and boundary conditions results in

modified expression as given below [20],

k;,1+k,,=0 (1.25)
ki1 =ky2 (1.26)

Combining Equation (1.25) and Equation (1.26) with Equation (1.14), will lead to the

expression as given below [20],

K2 = (92 £ = k2 = (g)z £, (1.27)

From the above Equation (1.27), it is clear to say that this equation has no solution, in

other words we can say that TE-wave does not support surface EM waves [22][23].

1.4 Surface Plasmon Resonance (SPR)

Even though it was more than a hundred years ago, when the anomalous dark bands
observed in the optical spectrum of light reflected from a metal diffraction grating
were first reported by R.W. Woods [24], it was not earlier than many decades later,
when U. Fano related this phenomenon to leaky SPW supported by the metal grating
[25]. In 1957, Ritchie anticipated both the excitation of SPW in metal films & in bulk
plasma oscillations [26]. These predictions were rapidly proved and these waves were
named as surface plasmons (SPs). But deep description of surface plasmon resonance
technology could not be achieved till 1968 when Otto along with Kretschmann and
Raether [27, 28] explained technique of ATR for the excitation of the SPs. The idea
was based on prism coupling configuration. After this, theoretical and experimental

study of plasmons were get accelerated in the following decades [27-29]. The
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practicable usage of SPR technology for sensing purposes was started with the first
application [30, 31] in 1983 for studying the bio-molecular relations by Liedberg et al
[32]. The direct and real time molecular detection was made possible by using SPR
optical sensing technology. From that time, SPR optical phenomenon has been
showing a considerable potential in SPR sensor manufacturing. In the physio-chemical
and biological applicatons, SPR optical sensing technology is providing fast and
accurate results. Surface plasmons (SP) are combined electrons oscillations which are
present at the metal-dielectric interface (MDI). The propagation of surface plasmon
wave (SPW) at MDI is known the phenomenon of surface plasmon resonance (SPR)
[33]. SPR excitation phenomenon is possible only with p-polarized light and
equivalence condition of incident light photons frequency, f;;,, and natural frequency,
f,, of surface electrons. From the solution of Maxwell’s equation, it is to be noted SPW
is a p-polarized in nature and there is exponential decays of field intensity into both

metal and dielectric medium and it is depicted in Figure 1.5.

[N

Dielectric

Figure 1.5: Exponential Decay of SPW Field Intensity in Active Metal and Dielectric Medium.

According to Maxwell’s electromagnetic theory, propagation constant K,,, of SPW

at the boundary of metal and dielectric media, is expressed by below equation [33]:

kg = — (1.28)

Cc

w Emetal€dielectric
Emetal + Edielectric
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In the Equation (1.28) w, C, €nerar & Egiclectric  YEPresents the incident light

frequency, velocity of light (3x10°m/s) in vacuum, permittivity of metal layer &
dielectric respectively. The ratio % represents the free space vector (k,) of TM wave.

It is very much evident that plasmon wave is extremely dependent on metal and
dielectric permittivity. When light wave propagates through dielectric with frequency

w, then light propagation constant, K;, may be expressed as written below [29]:

Klp = %\/ Edielectric (1.29)

Figure 1.6 depicts the relationship between surface plasmon wave propagation constant
and light propagation constant. This relation is known as dispersion relation in
electromagnetic theory and is represented by two curves. As shown in Figure 1.6, this
relation [34] of plasmon wave never meet with light travelling in dielectric media
Eqielectric » Which means that the applied optical signal is not able to directly excite
resonant phenomenon at the interface between dielectric and metal. In order to excite
the plasmon resonant phenomenon, incident optical signal momentum in dielectric

media has to be increased to match with the momentum of surface plasmon wave.

Light Propagation Constant

SPW Propagation Constant

P

K‘b

Figure 1.6: Relationship between Surface Plasmon Wave Propagation Constant and

Propagation Constant of Light Signal in Dielectric

1.4.1 Otto Configuration

Evanescent waves are the electromagnetic waves whose field intensity decays
exponentially into the metal-dielectric-media (MDM). Attenuated total reflection

(ATR) procedure was reported by Otto in 1968, in metal-glass prism configuration.

15



This configuration is known as Otto configuration and it is depicted in Figure 1.7. In
Otto configuration, metallic layer is kept at the bottom of the glass prism & very small
gap ( = 200nm) is set between the two. This configuration is demonstrated in Figure
1.7. Evanescent waves are produced when p-polarized light is incident at an incident
angle > to the critical angle (6,). As a result of total internal reflection (TIR), the
evanescent waves are produced at the glass prism-air interface (GPAI). Finally an
evanescent wave penetrates deeper into the metal layer which is kept closer to the
prism base and excites the Plasmon resonance phenomenon at the metal-air interface

[35].

P-polarized
Light Source
(TM-wave)

Optical
Detector

E
Surface Plasmon Wave w ¢ d
f______________________.-v

Evanescent Wave SPR Active Metal €m

Figure 1.7: Otto Configuration Schematic Representation
Evanescent wave propagation constant at the interface between glass-prism and air

(GPAI) can be expressed as [36]:

w ] =
Kevanescent = ? \ Eprism SN 0 = kprism sin 6 (1.30)

In the above equation &p,ism, Egictectric  denote the prism and dielectric media
dielectric constant and &,rism >€gietectric » 0 denote the light incident angle, k. ism
denote the light propagation constant in glass prism. Now, for surface plasmon
resonance, the phase matched condition required that propagation constant of

evanescent waves and surface plasmon waves should be equal and it is expressed [36]:

K evanescent = Kplasmon (1- 3 1)
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However, the drawback of Otto Configuration is that for proper penetration of
evanescent wave into the metal sometimes it becomes difficult to maintain small gap
spacing between metal and prism. Hence this is the main reason that Otto

configuration is not widely used in surface plasmon resonance sensing applications.

1.4.2 Kretschmann Configuration

In Otto configuration a small gap is required to be maintained which is somewhat
difficult in some situations therefore Kretschmann and Raether reported a new SPR
configuration using prism as shown in Figure 1.8. In this configuration very thin
metallic film is attached to the bottom of the glass prism and when a p-polarized light
is incident then EW is originated at the interface between metal and glass prism. Main
problem in maintaining the gap as in Otto configuration, is removed by coating a very
thin metallic layer of nobel metal at the base of glass prism. This is depicted in Figure
1.8. In this case the thickness of metallic layer is usually taken as 50nm. So upon the
incident of TM-wave, evanescent wave will be generated at the metal-glass prism
interface. This evanescent wave penetrates deeper in the SPR metal and couples with
surface Plasmon wave (SPW). The main advantages of this configuration is that this
configuration permits the analyte to be easily attached with the surface of metal and
analyte remains in contact with the metal surface more conveniently as compared with
Otto configuration. This is the reason that Kretschmann configuration holds positive

points for its use in glass prism-based plasmonic biosensors.

P-polarized Optical
Light Source Detector
(TM-wave)
—  Em
SPR Ac@ietal

Evanescent Wave m ‘
Surface Plasmon Wave Eq

Figure 1.8: Kretschmann Configuration Schematic Representation
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1.4.3 Fundamental Concept of SPR and Sensor Characteristics

1.4.3.1 Fundamental Concept of SPR
The fundamental concept behind SPR sensor is to perceive the small change in analyte

RI occurring in sensing region. When incident p-polarized light couples with the
surface plasmon wave, then free electrons present in the metal gets some part of
incident light energy. This results in free electrons oscillation at the interface between
dielectric and metal and the reflected light intensity decreases. If there is slight change
in the analyte RI or in the dielectric constant at the interface between metal &
dielectric, then certain conditions for SPR excitation gets changed. Even a little bit
change introduced by biomolecular interaction will results in change in excitation
condition of SPR. Also the transferred energy from the incident light photons gets
changed with the change in RI. Therefore, RI variations present in the sensing region
are identified by observing the change in certain optics properties of the reflected
signal [37].
1.4.3.2 Sensor Characteristics
There are certain characteristics of the SPR sensor for evaluating its sensing
performance. These characteristics are generally considered for studying the behavior
of the SPR sensor. These characteristics are discussed below:
% Sensitivity: One of the important key parameters is the sensitivity of the
biosensor. This parameter indicates that to a particular Rl change near the
sensing region how much the sensor is sensitive. Higher the RI sensitivity,

lower limit of detection (LOD) can obtained. Sensitivity for angular

interrogation bio-sensor S,;;, can be expressed as the ratio of change of

reflectance dip angle with respect to change in the RI of analyte. A slight

change in RI by éng,,s. Shifts the resonance curve by 66zp4 angle [38]:

Saib = 5224 (9RIU) (1.32)

Nsense
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where 665zp, indicates a small change in reflectance dip angle and dng.,q.
indicates a slight change in Rl of sensing medium. For wavelength

interrogation biosensor, the sensitivity can be expressed as [38]:

525

Swiv = Fo—— ™™/ r1v) (1.33)

where  §Ap is the change in resonant wavelength, S,,;,is  sensitivity — of
wavelength interrogated biosensor and it is expressed in nm/RIU

Linearity: Linearity is usually a measure of linear relationship between the
plasmonic biosensor’s output response and measurand over some working
limits [39]. In SPR technology based biosensor, linearity defines the linear
response of sensor covering definite range of analyte RI. In the linear fit
analysis, more the value of R® nearer to unity, more linear sensitivity of SPR
sensor is. Plasmonic biosensor with linear sensitivity is of utmost importance
because they need lesser number of calibration points to give exact sensor
calibration response.

Resolution: The smallest change in the RI of the analyte that gives the
detectable change in the sensor response is known as resolution of the sensor.
The ratio of standard deviation of noise of sensor output to the RI sensitivity is
termed as the resolution of plasmonic sensor. The sensor’s resolution is having
the unit of RIU. Thus, if standard deviation (SD) of noise of the sensor output
IS Qyso, and RI sensitivity is S, sense then resolution can be expressed as given

below [40],

Resolution, g, = -0 (1.34)

Snsense

Detection Limit: Minimum value of detectable concentration of analyte is
known as detection limit or limit of detection (LOD). This feature which
depends on the sensitivity and resolution of the sensor, have significant role in

investigating the performance of SPR biosensor. Usually, it is expressed in nM
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or mg/mL units. Also it depends on the bioaffinity of the plasmonic biosensor to
the analyte [40].

Regenerability: Regenerability features of plasmonic biosensor can reduces
the price of the SPR experiment. Receptors are not mobilized on sensor chip.
After the analyte-receptors binding process has occurred, biosensor can be
reproduced by separating the analyte target molecules and receptors. Such
feature allows the sensor chip to be used again as a fresh sensor chip. However,
it is to be taken care of that when the sensor chip is to used multiple times then,
the response or output of the sensor might not be reliable or may fluctuate.
Stability: Stability is that characteristics of the sensor which means that over
some period, for unchanged value of the measured quantity, the sensor gives
the unchanged response, under unchanged operating environment. Moreover

stability depends on the optical sensor’s robustness.
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Chapter 2
Literature Survey

2.1 Introduction

In fiber optic sensing based on SPR, the p-polarized light is used for the excitation of
SPs at MDI and there is exponential decay of SPW field strength. It appears at
interface between metal and dielectric. Optical light characteristics are processed in
electronic circuitry to get the desired detected output. In the recent years SPR based
biosensors have been widely used to study the bio-molecular interactions, biological
sensing and chemical detections. The interactions which can be studied include any
kind of molecules, from organic compounds to proteins. Affinity based SPR
biosensors are most widely used to detect the molecular absorption and desorption on
surface of optical sensor. They include a bio-recognition element and there is
interactions between this element and analyte target biomolecules. Having the
distinctive feature such as real-time, label free and non-invasive detection, SPR
technology has great potential in the field of optical sensors. We have already
discussed in chapter 1, the various fiber optic sensing techniques, type of sensors and
their classification based on operating principle, applications. We have also discussed
different types of configurations and use of p-polarized (TM-wave) light for the SPWs
excitation at the MDI inside sensor structure.

In this chapter, the comprehensive literature survey of multilayer based optical fiber
surface plasmon resonance sensor along with different metallic combinations is
presented in section 2.2. The comprehensive literature survey of metallic diffraction
grating based SPR sensor and nanorod based SPR sensor is presented in section 2.3

and section 2.4 respectively.
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2.2 Multilayer with Gold-Graphene Layer Combination based SPR

Sensor

Yusser Al Qazwini et al. [41] proposed a bimetallic SPR based fiber optic RI sensor
having Ag-film and TiO; thin film on the top. The best possible TiO, film thickness in
the aforesaid sensor design was investigated numerically. They compared its sensing
performance with bimetallic structure consisting of Ag and Au thin film in the aqueous
media using FDTD solution technique. Numerically investigation of Au/Ag based
structure was performed using FDTD technique. It was found that if Au film is
replaced by TiO; film then TiO,-Ag bimetallic structure significantly enhances the
sensing performance in terms of sensitivity and SNR by a factor of 1.7 and 2.6
respectively. The maximum sensitivity exhibited by the Ag-60nm and TiO,-30nm
bimetallic structure is 6400nm.RIU™.

Hyuk Rok Gwon et al. [42] numerically investigated the optical sensing
characteristics, spectral reflectivity and angular reflectivity of a Kretschmann
configuration based sensor. This configuration is extensively employed in biochemical
sample sensing systems. For numerical simulation, the Kretschmann based plasmonic
sensor with distinct Au film thicknesses (30nm-70nm) was taken. It was concluded that
sensor exhibits maximum sensitivity with Au film thickness ~50nm and the optimum
incidence angle ~ 42.6°, for Kretschmann wavelength modulation plasmonic sensor.
Hailin Xu et al. [43] proposed a sandwich like structure for extremely high sensitivity.
They have made the use of multilayer combination of graphene-aluminum-graphene in
the sensing region to achieve better sensing performance. The maximum sensitivity
exhibited by sensor is ~942/RIU at Ai, = 633nm when number of graphene layers are
Ng=10. It was also found that by keeping number of layers fixed, the sensor can be
made more sensitive. The proposed SPR biosensor design is 3.4 times more sensitive
than the Al based sensor without using the graphene layers. These advantages made

this design, suitable for detecting different types of bio-chemical species.
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Anuj K. Sharma et al. [44] proposed a near infrared plasmonic sensor consisting of
multilayer structure of ZBLAN fluoride glass-silver-graphene. The substrate material
was taken as ZBLAN fluoride glass. The effect of number of graphene layers on the
combined sensitivity factor of the plasmonic sensor has been studied. Moreover the
combined effect of graphene chemical potential (L) and number of graphene layers
(Ng), on biosensor’s efficiency has been examined. From the analysis data they found
that for single graphene layer, the constant sensing performance of the plasmonic
biosensor may be achieved for pg< 1eV and pg>0.7eV.

Chunliu Zhao et al. [45] presented a reflective plasmonic sensor based on optical fiber
microring. They have used FEM simulation for observing the reflection characteristics
of the proposed sensor. From the numerical simulation, it was found that the resonance
shift is close to small wavelength region for RI ~ 1.0-1.33 and move toward the long
wavelength region for RI~1.33-1.43. The plasmonic sensor presented maximum
sensitivity of 2.30x103nm-RIU™. These advantages made this sensor useful for
sensing of gaseous substance.

Anuj K.sharma et al. [46] analysed the possibility of various nobel metal combinations
which can be utilized in FO SPR sensor. Numerically, they analyzed the performance
of the different noble metals like, gold, silver copper and aluminum, concerning with
sensitivity, SNR and range of sensing operation. Normalized transmittance
characteristics with wavelength for distinct bimetallic arrangements and analyte
refractive index (RI) have also been presented.

In addition to these, some research work related to multilayer SPR sensor structure is

tabulated as below in Table 2.1
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TABLE 2.1:
RESEARCHERS/INVESTIGATORS

SURFACE PLASMON RESONANCE SENSOR

Researcher Parameters Design Key Findings / Outcomes
[Year][ref.] | Investigated Material
Used
Suzuki et | Sensitivity, Gold (Au) | Wavelength interrogated sensor
al.  [2008] | Full-width half with Au-65nm layer presented the
[47] maximum, enhanced sensitivity of
Reflection 1557nm.RIU™" in RI range of
Characteristics 1.333-1.3469.
Lanetal. | Sensitivity, SPR | Gold(Au), | Demonstrated experimentally
[2015] [48] | angle, FWHM, Silver(Ag) liquid prism based SPR sensor.
figure of merit, Maximum sensitivity was found to
reflection be 372.739RIU and 254.559RIU
characteristics for Au-50nm and Ag-55nm
respectively,  with  diethylene
glycol liquid prism.
Xihong Sensitivity, Gold(Au), | Sensitivity was found to be
Zhao et al. | Transmitted S102 TiO2 | 4 73410RIUS  in intensity
[2015] [49] | Characteristics interrogation and 1.74x10°RIUs
for wavelength interrogation based
sensor, using multi-layer
modulation.
Dachao Li | Sensitivity, Gold (Au), | Experimentally investigated the
et al. Full-width half g:rr)omium SRP sensor for glucose sensing
[2015] [50] | maximum, and found that fiber optic

Sensing length

plasmonic sensor utilizing borate

polymer presented high accuracy.

A BRIEF OF CONCLUDED RESULTS OF VARIOUS
IN RELATION WITH MULTILAYER
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TABLE 2.1:

RESEARCHERS/INVESTIGATORS

A BRIEF OF CONCLUDED RESULTS OF VARIOUS
IN RELATION WITH MULTILAYER

SURFACE PLASMON RESONANCE SENSOR (CONT’D)

Researcher Parameters Design Key Findings / Outcomes

[Year][ref.] Investigated Material Used
Shukla et. al | Resonant Platinum(Pt) | Theoretically analyzed the
[2015] [51] wavelength, sensor and it was found that
Sensitivity sensor with Pt-layer of

125nm thickness possesses

enhanced sensitivity.

Yong Zhao et | Reflection spectra, Silver(Ag) Investigated the sensor for
al. [2014] [52] | Resonant glycerol measurement, with
wavelength, volume concentrations
Sensitivity ranging from 0% - 50%.
Sensor presented the
sensitivity with range from
346.7x 10°m/% - 890.7x
10~°m/%.
D.F. Santos et | Transmission Gold(Au), Investigated the
al. [2013] | coefficient, Tantalum performance of the sensor
[53] Electric field | Pentoxide using COMSOL, by
distribution. (Ta,05) optimizing residual cladding
thickness and thickness of
gold (Au) & tantalum
pentoxide (Ta,0s) layer.
Peiling Mao et | Transmittance, Gold(Au) Sensor presented highest

al. [2015] [54]

fiber

sensitivity,residual

modes,

cladding
thickness, depth of

resonance dip

sensitivity of 4989nmRIU™
for residual fiber thickness
of 75um and Au-layer of
50nm, in RI range of ~1.33-
1.39.
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TABLE 2.1:
RESEARCHERS/INVESTIGATORS

A BRIEF OF CONCLUDED RESULTS OF VARIOUS

IN RELATION WITH MULTILAYER

SURFACE PLASMON RESONANCE SENSOR (CONT’D)

Researcher Parameters Design Key Findings / Outcomes
[Year][ref.] Investigated Material Used
Sarika Normalized Silicon(Si), Fabricated a SPR glucose sensor
Singh et al. | transmitted power, | Silver (Ag) and experimentally analysed the
[2013] [55] | resonance sensor for human blood glucose
wavelength, range. It displayed enhanced
Detection sensitivity & operating range for
accuracy, sensing of glucose concentration.
sensitivity
Shukla et Resonant Silver(Ag), Sensor was studied theoretically
al. [2015] wavelength, copper(Cu) and it was found that proposed
[56] sensitivity, Zinc oxide geometry of plasmonic sensor
(ZnO), Gold | with 40nm gold layer & 15nm-
(Au), zinc oxide layer provided the
highest sensitivity of
3161nm/RIU
Mahua Bera | Reflectance Gold(Au), Proposed geometry of the sensor
et al. spectra, Magnesium was simulated with MATLAB
[2009] [57] | Sensitivity, SPR | Fluoride(MgF,) | and it was found that the sensor

angle, Half width

is beneficial for the perception of

of SPR curve various chemical, biological

samples.
Petr Normalized Gold(Au) Investigated the sensor for
Hlubina et | reflectivity, measuring ethanol liquid having
al. sensitivity, RI~1.333-1.363. It was also

[2014] [58]

Sensing length

demonstrated that when the fiber
SPR sensing length decreases,

the RI sensitivity increases.
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TABLE 2.1:
RESEARCHERS/INVESTIGATORS

A BRIEF OF CONCLUDED RESULTS OF VARIOUS
IN RELATION WITH MULTILAYER

SURFACE PLASMON RESONANCE SENSOR (CONT’D.)

Researcher | Parameters Design Key Findings / Outcomes
[Year][ref.] | Investigated Material
Used
Anuj K. | Magnetic Gold(Au), Au-ChG-MoS;-analyte sensor design
Sharma field MoS; exhibited highest FOM in NIR
et al. distribution, | (Molybdenum | spectral region. The proposed sensor
[2018] [59] | FOM, Disulfide), design based on ChG-Au-2D material
FWHM, MoSe; combination provided highly stable
Reflected (Molybdenum | sensing of organic compound in
optical signal | selenide) infrared spectrum region.
Xiao-Ming | Transmission Gold (Au) Results concluded that proposed
Wang et al. | spectra, sensor exhibit enhanced sensitivity of
[2016] [60] | resonance S,~517.43-6656nm-RIU. It was
wavelength, also shown that the correlation
sensitivity coefficient was very high i.e.
R’=0.9985, in the RI range from
1.3333to0 1.4.
SK Resonance Silver(Ag) Fabricated the SPR glucose sensor in
Srivastava | wavelength, spectral interrogation scheme, with
et al. [2015] | Reflectance enhanced sensitivity and stability.
[61] Sensor presented the sensitivity=0.14
x 10~m/ (mg/dl).
W.W. Lama | Normalized | Gold(Au), Experimentally analysed the sensor.
et al. [2005] | intensity, Silver(Ag) It was found that plasmonic sensor
[62] resonant has a detection limit 8.67x10 °RIU,
wavelength equal to 6.23mg.dL™ of glucose

(Celeoe) |n HZO
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2.3 Resonant Impact of Metal Diffraction Grating

Design on Sensing Performance

SPR technology is accepting continuously flourishing attention from scientific
investigators, due to its inherent advantages of real time label free fast detection &
enhanced sensitivity. In the last few decades, this technology has made grand evolution
in the development of biomedical instrumentation and practicable applications. All of
the SPR sensors employ attenuated total reflection technique to give rise to SPW [63].
Metal diffraction grating based application of SPR optical sensor was proposed by
Cullen and Lowe [64]. From that time, SPR optical sensors utilizing grating [65], were
studied as an alternative to ATR based optical sensing systems [66, 67]. Another
advantage is that grating-based sensing systems provide greater miniaturization &
integration possibilities, which leads to the developing interest in these types of
sensors for lab-on-chip usage [68]. Various investigators have shown the usage of
metallic grating in SPR optical sensing system.

R.H. Ritchie et al. [69] analyzed the p-polarized light from diffraction gratings having
concave shape. The interaction between incident light photon and resonance
phenomena on the grating was analysed. The existence of 2" & higher-order plasmon-
grating interaction was observed. In continuation with this, in early 1976, M.C. Hutley
et al. [70] have shown theoretically and experimentally a phenomenon in which a
grating with very shallow grooves absorbs virtually all of the light of a given incident
wavelength. The phenomenon represented the principal features of the light absorption
at different wavelength, with optimum groove lengths and optimum angle of
incidence.

Ashish bijalwan et al. [71] proposed a SPR based RI sensor using grating of different
metallic combinations for biosensing applications. Numerically simulated the five
different designs of the sensor i.e gold grating on gold-sheet, gold grating on silver-
sheet, gold grating on aluminum-sheet, Au-SiO, grating on aluminum-sheet & Au-

Al,O5 grating on aluminum-sheet. It was found that the sensor utilizing gold grating
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with silver or aluminum-sheet has enhanced sensitivity with small full width half
maximum. But sensor with gold-grating on aluminum-sheet displayed highest
sensitivity, S, =284degree/RIU and quality factor > 236.67 RIU™’. But because of the
oxidation problem of aluminum, Al,O3 film has been introduced in the design and Au-
Al,O5 grating/aluminum-sheet design was proposed. With Al,Oj thin sheet, sensitivity
reduces but at the same time decreases the FWHM of the biosensor and it improves
the quality factor. Sensitivity and quality factor has been found to be 270.33°/RIU and
267.65 RIU™ respectively. Kouki Ichihashi et al. [72] proposed grating based SPR
sensor that operates in a differential mode. The differential measurement for two SPR
dip corresponding to the 1% diffracted light orders have also been shown. It was
found that the angular sensitivity of the grating sensor is 4.8 times higher when
compared with conventional G-SPRS and over twice that of a prism-based SPRS.
Xiaoliang Sun et al. [73] presented a grating based surface plasmon resonance sensor.
It was found that for single dip method RI sensitivity reach 493.7deg/RIU and for
double dip method the sensor possesses maximal sensitivity ~ 535.9deg/RIU. The
aforesaid design of the sensor performed well in RI range ~1.32-1.36. SPR sensor
utilizing aluminum grating also exhibited enhanced FOM and sensitivity
396.3deg/RIU at A=1.55um for double dip method. However the sensing performance
was little bit degraded after the metal oxidation. In continuation with this, Jianjun Cao
et al. [74] investigated a wavelength interrogation based grating sensor. Analytical
calculations were performed for sensitivity and for observing the effect of parameters
such as wavelength of operation A,,, grating period T,, RI of the sensing sample on
sensing. The theoretical analysis concluded that RI sensitivity rises for rise in
wavelength for both Au/Ag-grating, but it is constant for Al-gratings from A;,=500 to
A;,=1000nm. In addition to these, some research work related to grating based SPR

sensor is tabulated as below in Table 2.2.
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TABLE 2.2:

RESEARCHERS/INVESTIGATORS

GRATING SURFACE PLASMON RESONANCE SENSOR

Resonant angle.

Researcher Parameters Design Key Findings / Outcomes
[Year][ref.] Investigated Material
by Researcher Used
W. Su et al. | Sensitivity, Gold(Au), With numerical simulation
[2012] [75] SPR curve | Silver(Ag), Al-30nm grating based SPR
width, Aluminum(Al) | sensor exhibited angular
Resonant Angle sensitivity of 247.21 9RIU.
Shift,
Reflectance
amplitude
Hai-Tao Yan | Rl Sensitivity, | Gold(Au) Proposed metallic grating
et al. [2013] | Guided modes, D-shaped sensor for
[76] Surface measuring the Rl of pure
plasmon water &  isopropanol.
polariton Sensor displayed highest
modes sensitivity ~917nm-RIU™.
Kaiqun Lin | Sensitivity, Palladium(Pd) | Proposed Palladium (Pd)-
[2008] [77] SPR curve based diffraction grating
width, ™ optical sensor for the
Reflective detection of  hydrogen.
intensity, Theoretically, the resolution
FWHM, of hydrogen concentration

obtained was of the order of
0.001%.

A BRIEF OF CONCLUDED RESULTS OF VARIOUS
IN RELATION WITH METALLIC
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TABLE 2.2: A BRIEF OF CONCLUDED RESULTS OF VARIOUS
RESEARCHERS/INVESTIGATORS IN RELATION WITH METALLIC
GRATING SURFACE PLASMON RESONANCE SENSOR (CONT’D)

Researcher Parameters Design Key Findings /
[Year][ref.] Investigated Material Outcomes
by Researcher Used
Tomas Relative Fused Silica, | Proposed a diffraction
Tamulevicius | reflection Photoresist grating based sensor for
[2011] [78] | coefficient, Rl sensing of liquid
Angle of (different concentration of
incidence sugar-water solution).
K. H. Yoon | Sensitivity, Gold(Au) Proposed a nano-grating
[2006] [79] FWHM, design with sensitivity >
400nm-RIU" and sharp
reflection resonance peak
with  FWHM  =0.03eV.
FOM =60 for a grating
period of 500nm.

2.4 Circular Gold Nanorod Design Based SPR Sensor

The study of nanoparticle-based optical sensors is a tremendously active area of
nanoscience research [80]. In the last decade, the use of nanomaterial has a significant
effect on bio-sensing system. The distinct properties of noble metal NPs have allowed
for the development of new bio-sensing platforms with strong capabilities in the
specific recognition of bio-analytes. Furthermore, they also present an improved layer
of application for frequently used procedures, such as fluorescence, IR & Raman
spectroscopy [81]. In the epoch of nanotechnology, SPR sensor employing nobel metal
nanoparticles have a huge potential in the growth of innovative biosensors technology
or in the advancement of existing optical bio-sensing methods to for the benefits of
public health in medical diagnostics. Nanoparticles have attractive properties which
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makes them suitable candidate for the development of a different type of plasmonics
bio-sensors for point of care (POC) disease detection. Nanoprobes made by
nanoparticles have also shown the interests in the mind of bio- researchers for in-
vivo sensing or medical imaging diagnostics.  Nanoparticles have remarkable
properties such as simplicity in design, large surface area and having different shapes
and diameter range between 10°m to 10”’m. Based on their size and architecture, it is
easy to examine distinctive features, like quantum effect in semiconductor nanocrystals
technology, effect of plasmonic resonance phenomenon on MNP and paramagnetism
effect into magnetic elements. Gold nanoparticles (AuNPs) and Silver nanoparticles
(AgNPs) are two most broadly investigated nanomaterials and have huge potential in
the discovery of new diagnostics methods for bio-molecular diagnostics, body imaging
and remedial treatments [81]. Metal nanoparticles may be utilized single or in
conjunction with other types of nanostructures. Metal nano particle sensors give rise to
considerable signal intensification, enhanced sensitivity & improved detection of
biomolecules and various ions [82]. The huge requirement for sensing extensive
collection of biomolecules at extremely small concentrations with high specificity, has
stimulated the development of high-tech appliances that includes nanoscale active
materials, biological component, and advanced materials, which are jointly termed as
nano-biosensors. Noble metals like Au, Ag, Al and Pt nanoparticles have been
especially admired and thoroughly studied. Although these noble metal NPs are
chemically inactive in their macroscale form but they exhibit exclusive optical
properties because of resonance phenomenon at nanoscale [82]. Various researchers
have shown the use of nobel metals nanoparticles in SPR technology based optical
sensor. Wing-Cheung Law et al. [83] demonstrated the use of nobel metal gold
nanorods for ultra-sensitive phase-sensitive SPR biosensor using finite element
analysis (FEA). Sensitivity enhancement of the sensor was achieved by observing the
resonance of Au nanorod. The sensitivity of NR conjugated antibody was found to be

~40pg/ml, which is 25 -100 times more sensitive. In continuation with this, Dalibor
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Ciprian et al. [84] presented theoretical analysis of core-shell NPs film based
plasmonic sensor using computer model. From the analysis, it was concluded that the
overall performance of the optical sensing system increases with the core radius.
Kyeong-Seok Lee et al. [85] theoretically analysed that plasmonic nanoparticle have a
great potential for sensing applications because they have strong scattering or
absorption properties. It was found that increase in size and aspect ratio of metal
nanorods, increases the sensitivity. But if the metal nanoparticle size is increased too
much then it will have negative effect on the sensitivity of the palsmonic biosensor
because of the broadening of plasmonic resonance curve. Researchers are continuously
working to improve the efficiency and accuracy of plasmonic biosensing. In addition
to these, some research work related to metallic NR sensor based on SPR technology is

tabulated in Table 2.3.
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TABLE 23: A BRIEF OF CONCLUDED RESULTS OF VARIOUS
RESEARCHERS/INVESTIGATORS IN RELATION WITH METALLIC NR
SENSOR BASED ON SPR TECHNOLOGY

Researcher Parameters Design Key Findings / Outcomes
[Year][ref.] Investigated by Material
Researcher Used

Jie Cao et | Wavelength  shift, | Gold(Au) | LSPR based biosensor using Au

al, Absorbance, Limit nanorods has been fabricated

[2012][86] | of Detection, '

Sensitivity Experimental results concluded

that AuNR based SPR sensor
possesses enhanced RI sensitivity
of 509nm/refractive index unit.

Shuwen Resonant angle, | Gold(Au), | Gold (Au) nanorod and graphene

Zeng Reflectivity, Electric | Graphene | layer based SPR sensor has been

[2013][87] | field distribution investigated using FEM
simulation. It was found that
sensitivity of 10°7/RIU can be
achieved using graphene
monolayer and AuNRs.

Chaoying Propagation modes, | Gold(Au) | D-shaped SPR sensor with square

Chen et al. | resonant wavelength, AUNR array was simulated using

[2015][88] | Sensing length, FEM. Sensor has ability to work

Transmittance,
Electric field

distribution

in RI~1.33-1.39, with enhanced
sensitivity of 6266nm-RIU™ when
square AUNR thickness is 70nm

and spacing ~ 50nm.
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TABLE 23: A BRIEF OF CONCLUDED RESULTS OF VARIOUS
RESEARCHERS/INVESTIGATORS IN RELATION WITH METALLIC NR
SENSOR BASED ON SPR TECHNOLOGY (CONT’D)

Researcher Parameters Design Key Findings / Outcomes
[Year][ref.] | Investigated Material
by Researcher Used
Ching-An Sensitivity, Gold(Au), Presented longitudinal plasmonic
Peng et al. | Longitudinal Dextran detection of glucose using AuNR.
[2014][89] plasmonic Sulfate TEM analysis showed the red shift
Wavelength and blue shift in wavelength of
peak shift, AUNR coated with dextran sulfate.
TEM analysis The degree of wavelength shift of
AuNR coated with dextran sulfate
has been modulated with glucose,
range from 1- 30mM.
Hung-Yi Sensitivity, Silver(Ag) | Demonstrated the phase-interrogated
Chung et al. | Phase diff. SPR sensor for glucose detection,
[2014][90] between p- and with oblique deposited AgNRs.
S-waves, AgNRs were arranged on Ag nano-
Resonant angle sheet by oblique angle deposition
technique.  Experimental  results
concluded that with 10nm optimal
thick AgNRs sensitivity down to
7.1x10°RIU can be achieved.
Yinquan Resonance Gold(Au), Highly sensitive and wide range
Yuan et al. | angle, SiO2 SPR glucose sensor utilizing AuNP
[2018][91] Sensitivity, nanoparticle | & SiNPs was proposed. For different
Reflection (SiNPs) component ratio of NPs, avg.
Spectra sensitivity ~was computed as

0.028°/(mg.dL™), in glucose conc.
range Omg.dL?-160 mg.dL™.
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TABLE 23: A BRIEF OF CONCLUDED RESULTS OF VARIOUS
RESEARCHERS/INVESTIGATORS IN RELATION WITH METALLIC NR
SENSOR BASED ON SPR TECHNOLOGY (CONT’D)

Researcher Parameters Design Key Findings / Outcomes
[Year][ref.] | Investigated by Material
Researcher Used
Arpad Jakab | Resonance Gold(Au), Sensitivity of sensor with AgNRs
et al. | wavelength, Silver(Ag) | ~400nm-RIU. Thin AuNRs have
[2011][92] | Plasmonic a sensitivity ~ 170nm-RIU™and
Nanorod thick AuNRs have a sensitivity ~
Sensitivity 250nm-RIU™ in the wavelength
range of 600-700nm.
Liping Song, | Plasmonic Gold(Au), Proposed AuNRs based localized
[2017][93] Nanorod Silica(SiO,) | SPR sensor with coating of
Sensitivity, mesoporous silica on AuNRs.
Plasmon This design presented a high
Wavelength shift stability for localized SPR sensor
with sensitivity ~390nm-RIU™,
2.5 Gaps ldentified in Present Study

This section lists the common limitations encountered while dealing with optical fiber
sensor based on SPR. This would make the reader realize the importance of these
drawbacks and elucidate the reasons for making an attempt to get solution to these
problems.
According to literature survey, the two parameters of the SPR sensor i.e. resonance
angle (6gp4) and resonant wavelength (4,.s0.,,) plays a major role in affecting the
sensing performance of the sensor in terms of detection and sensitivity.
% Besides new design and optical platform developments, sometimes noise
which originates from the optoelectronic components associated with the SPR

experiments, becomes a major issue.
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Sensitivity, detection accuracy and light transmission efficiency are the major

issues presented in surface plasmon resonance sensors.

X/
°

When designing fiber-based SPR sensors for sensing applications, sometime
we face a difficult problem of phase matching a plasmon with a core-guided
mode.

% Level of noise in the measurement is another problem in the SPR sensor as it

affects the limit of detection.

% Sometimes there is a very small wavelength or angle shift when the refractive
index is being sensed, as the large wavelength or angle shift is responsible for
the better sensitivity of the sensor. So this also becomes a major issue in SPR

sensing technology.

2.6  Problem Formulation

SPR technology based optical sensing is one of the promising detection techniques.
The earliest sensing application of SPR technology was made widely known almost in
three decades back. The uses of optical sensors on large scale have some drawbacks.
Initially, the SPR technique started with Otto configuration for plasmons excitation at
the metal-dielectric interface (MDI). The problem occurring in this configuration
shows difficulty in maintaining gap between metal and prism because this gap has to
be filled with the analyte (sensing medium). Sometimes it is difficult to maintain the
thickness of analyte layer between metal-prism gap. Therefore Kretschman-Raether
configuration made its use in optical sensing. This configuration eliminates the
problem of maintaining the metal-prism gap.

These prism based plasmonic techniques have some disadvantages such as large,
heavy size of prism and number of electronic processing and mobile parts, making it
difficult to use at sites which are at remote locations. So, remote measurement is not

possible with prism based SPR techniques.
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In recent scenario, optical sensing system would be advantageous for modern
society if it is cost-effective and be capable of providing in-situ and remote
measurements. Kretschman-Raether configuration is implemented in optical fiber to
overcome above shortcomings. FOSs have a variety of benefits such as small size,
quick response, cheap fabrication, light weight, extremely sensitive and non-reactive
to EMI.

Existing SPR based FO sensor are based on the surface plasmons interaction between
thin metal and dielectric layer. Normal SPR sensor is not so much sensitive to analyte
refractive index variations. Multilayer combination i.e. thin layer of 2D material and
gold based SPR sensor provides better sensitivity because graphene material much
sensitive to analyte RI fluctuations. Sensing region is created by coating the bare core
(unclad core) with metallic layer of suitable thickness. Metallic layer combinations
must be carefully chosen.

Now-a-days, numbers of high blood glucose cases are on continuous rise. Therefore
glucose sensing is of great significance in biomedical applications. Gold and two-
dimensional material graphene based SPR sensor provides greater shift in the TM-
reflected light intensity and exhibit better sensitivity in sensing of glucose. This type
of optical sensor would be advantageous for the people health and biotechnology
domain. Structural optimization of the sensing structure would lead to sensing of wide
variety of organic compounds.

Bimetallic diffraction grating design for fiber optic SPR sensor can also be very
useful. In recent years, bimetallic diffraction grating based SPR sensor using angular
interrogation technique have shown deep interest in field of bio-sensing. They have
huge potential to provide excellent sensing platform for analyte refractive index
variations. Resonance condition is achieved by the use negative diffraction order.
Spectral response and sensitivity is further tuned by metal thickness, choice of metal
and angle of incidence. Factors contributing to the analyte RI sensitivity are explored

consistently through modeling, design simulating and theoretical explanation.
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2.8

Research Objectives

To investigate properties of different SPR materials and observe the
dependency of resonance wavelength on the properties of the metallic film,
length of the sensing region and the refractive index of the medium.

To model and design the fiber optic sensor based on SPR and investigates its
performance with multi-layer modulation techniques.

To analyze the various parameters, e.g. resonance wavelength, angle, phase
which are responsible for the improved sensitivity of fiber optic sensor based
on SPR.

To examine the SPR sensor performance for sensing applications.

Research Methodology

The research has started with extensive literature survey to achieve the above said

objectives. The implementation of the said objectives will be done by using simulation

softwares such as COMSOL Multiphysics, OptiFDTD, MATLAB and Origin Pro8

which are available in the Optical Research Laboratory of the department. The

research will be carried out as:-

7
A X4

Different Nobel metals and geometries of fiber optic sensor based on SPR will
be studied and sensor would be investigated in terms of the performance
parameters e.g. SPR spectral resonant curve, angular sensitivity and detection
accuracy.

Designing, characterization and optimization of SPR sensor, made by Step-
Index multi-mode PCS (Plastic clad silica) fiber, will be done by using popular
COMSOL Multyphysics FEM (Finite-Element Method) and OptiFDTD
commercial software package.

Mathematical analysis of TM-wave (p-polarized light) propagation inside the
SPR structures will be studied.

Analysis of parameters is obtained by light source which is used to excite the

optical fiber, sensing platform is an optical SPR sensor and observation is
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made by using optical spectrum analyzer, spectrometer, optical power meter
etc.

% The sensor will be simulated using the commercial software packages and the
parameters will be optimized by performing a large number of iterations to get

better performance.

2.9 Major Contribution of Thesis

The major contribution of the research work presented in this thesis was to find out the
way to overcome the drawbacks of the FOS based on plasmonic technology as
described in the previous sections. The major contribution of this thesis was to design
and optimize the multilayer and metallic diffraction grating based SPR sensing
structure, and also to obtain better sensing results of fiber optic SPR sensor when
correlated with existing and traditional fiber optic surface plasmon resonance sensors.
As discussed earlier, for FO SPR sensor based on angular interrogation, the sensitivity
is usually expressed in (°/g;y) and for FO SPR sensor based on wavelength
interrogation the sensitivity is expressed in (nm/gyy), SO for better sensing
performance the suitable combination of plasmonic metals, in terms of choice and
thickness of metal is required.

Different SPR active metals and their properties have been investigated in order to
find the better possible plasmonic metal for multilayer, diffraction grating and nanorod
based design of the fiber optic SPR sensor. Usually, the metals whose real part of
permittivity functions acquire negative values at operating wavelength, exhibit
plasmonic phenomenon.

Suitable multilayer design with enhanced sensitivity, using a novel 2-D material and
plasmonic metal gold (Au) coated on the core of the fiber and its design performance
for Glucose sensing with the help of commercial software COMSOL has been
presented. Obtained results demonstrated the sensing performance capability of the
sensor design according to the variations in refractive index of the analyte (i.e.
glucose) in the sensing region. A suitable approach and design methodology was
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developed to estimate the effect of the gold-graphene metal combination on the
sensing characteristics of the sensor. Every year as the numbers of glucose cases are
following upward trend and glucose sensing is definitely required. The research work
discussed here contributes to design a simple and economical bio sensing
configuration that may prove beneficial for the general public health. Other than
biological sensing analysis, this multilayer sensor configuration can be useful with
several advantages in sensing of variety of organic compounds and food processing.
SPR sensor based on metallic diffraction grating presents advanced miniaturization
and integration capabilities to greater extent. Grating-based SPR sensors are perfect
candidate for compact or integrated SPR biosensors. In literature various researchers
have shown the use of diffraction grating in SPR based fiber optic sensor. In the year
2015, Xiaoliang Sun et al. [72] presented a diffraction grating surface plasmon
resonance sensor with angular interrogation method for enhancing the sensitivity
(7RIU). We have presented the resonant impact of Au/Al double metal diffraction
grating design on the sensing performance of the sensing device and from the results
we have achieved the highest sensitivity of the aforesaid design.

Finally, in the last part of the major contribution of research work, we have presented
the use of nobel metal NPs in SPR technology based FO sensor. We have analyzed the
circular gold (Au) nanorod wavelength interrogation based sensor with FEM
simulation. Sensitivity was found to be dependent on shape and size of the gold
nanorods. From the linear fitting analysis, the R?- coefficient of determination (COD)
= 0.9878 was found to be very high. Au-nanord based this suitable design has

significant potential in recognizing biological signals.
3.0 Outline of Thesis

Considering the objectives achieved in the present research work, the thesis is
organized in six chapters.
+ Chapter 1: The first chapter devotes to introduce the reader with optical fiber

sensing and surface plasmon resonance technology based sensor. An
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introduction to types of optical fiber sensing, types of sensors, SPR excitation
configurations, SPR sensors and their advantages are given in this chapter.
Chapter 2: This chapter presents the comprehensive literature survey of
optical fiber based SPR sensors for refractive index sensing. The motivation
for writing the thesis is also given in chapter 2. The state of art work done by
various researchers is also acknowledged in this chapter. Thereafter, the
research gaps in the present study are pointed out and research objectives with
their respective methodology used in this study, are defined in this chapter.
Chapter 3: This chapter describes the proposed design with gold-graphene
metallic layer combination for sensing of glucose. Graphene is a 2D material
and its unique combination with SPR active metal gold enhances the sensitivity
of the sensor.

Chapter 4: This chapter presents the bimetallic diffraction grating design
based SPR sensor and its performance investigation using COMSOL
multyphysics software. As gold (Au) and aluminum (Al) are considered to be
main active metals, so we have used the bimetallic diffraction grating in the
proposed design for enhancing the sensitivity.

Chapter 5: This chapter describes the FEM simulation analysis of circular
gold nanorod based fiber optic SPR sensor. Circular design of the AuNR is
selected for optimum response.

Chapter 6: This chapter enlists the main conclusions and recommendations. It

also presents the scope for future research directions.
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Chapter 3
2D material based SPR sensor

3.1 Introduction

This chapter presents the FO SPR sensor employing the unique combination of 2D
material and nobel metal gold. As we know that Glucose (CsH1,06) is a compound
having 6C-12H-60 atoms. Its perception is beneficial in several bio-medical
utilizations for medical diagnostics. In aforesaid design of the sensor, a combination of
2-dimensional material graphene and Au film is utilized in the sensitive region. Unclad
fiber core has been enveloped with Au film & thin graphene film combination. 2D
material based sensor is simulated in angular interrogation method with the help of
COMSOL Multiphysics simulation package. Multiple iterations have been performed
to examine the sensing capabilities of sensor by considering the parameters in terms of
Au film thickness, graphene film thickness, RI of the sensing sample in the sensing
region. Simulation results show that 2D material graphene contributes to enhanced
SPR sensor sensitivity.

As we have already discussed that SPR is optical phenomenon involving the
interactions between light photons and SPW. Different configurations for SPW
excitation have been described previously. In year 1902, this phenomenon was first
observed by R.W. Wood [94]. In the forties of last century, SPW were observed at the
interface between metal and dielectric (MDI) [25]. From that time, SPR technology
based multi-layer and diffraction gratings sensors [69-70, 95] have huge potential in
biochemical science and to some level it covers civil engineering too. Owing to its
numerous advantages, plasmonic technology has emerged as powerful detection
technique since last three decades [96]. Prism based RI sensors now a days are being
replaced by optical fiber SPR sensors because of the problem of integration and bulky

size. FO sensors are ultimate for insensitive surrounding such as intense heat, moist,
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fluctuating temperatures, high oscillations & unbalanced environments [97]. Moreover
FOS are not bulky & having low maintenance cost [98]. In the literature numerous
researchers have shown the use of different multilayer configuration, applied on the
fiber core for enhancing the performance of the SPR sensor. Zhao et al. [49] have
shown the use multilayer based SPR sensor. Shukla et al. [51] theoretically discussed
extremely sensitive plasmonic sensor utilizing fiber core covered with active metal
platinum (Pt). Results concluded that sensor with 125nm-Pt layer exhibited extremely
high sensitivity of 175x10'm-RIU™. Further Suzuki et al. [47] have discussed the
influence of Au layer thickness on the sensitivity of the sensor. They found that 65nm-
Au active metal layer is enough for observing the reflectance dip in the resonance
curve and sensor has enhanced sensitivity of 1557nm.RIU™ with RI ~1.333-1.3469.
Mao et al. [54] also presented a multilayer D-shaped SPR sensor with MMF having
the Au active metal in the sensing region. Proposed sensor has enhanced RI sensitivity
~4989nm.RIU™. Wang et al. [60] reported a miniature and ultra-modern T-shaped FOS
based on SPR. It was analysed from the simulated results that SPR transmittance curve
moves in the vicinity of long wavelength region with larger increase in sample RI.
Results indicated that the proposed geometry of the sensor possesses resolution ~
7.11x10° refractive index unit & 3.52x10°® refractive index unit for sample R1~1.333
to 1.36 & RI~1.37 to 1.4 respectively. In addition to the above, Sharma et al. [46] have
reported the scope of distinct active multilayer arrangements to be utilized in FOS
based on SPR phenomenon. The effect of distinct metallic combinations on sensing
performance of the SPR sensor was observed. None of the above discussed the use of
2-dimensional material along with suitable SPR active metal in sensing region. This
chapter presents the 2D material based SPR sensor for sensing of organic compound
i.e. glucose. A special combination i.e. 2-dimensional material (graphene) and Au
metal with optimized parameters, has been used in the design of the sensor. COMSOL
FEM simulation technique has been employed for deep understanding of the TM

reflectivity curves and field distribution. Graphene has a set of remarkable properties
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like high electrical conductivity, o, and thermal conductivity, k,. This is because 2-
dimensional material graphene has extremely high electrons mobility of the order of
15 x 103cm?. (V.s)~L. Therefore this material has already attracted the lot of interest
of the researchers, to employ this material in optical SPR sensing systems. Moreover
scientists are making use of COMSOL [99], [100] to learn the applications that can
exploit these qualities. The aforesaid design of the 2D material based SPR sensor

provides enhanced sensitivity and show excellent linearity and quality.

3.2 Theory

SPR sensor design is based on Kretschmann’s configuration [27]. The general design
of 2-dimensional material based SPR sensor is shown in Figure 3.1. Sensing region is
made by cutting the cladd from fiber core. Finally core is covered by thin Au film and
graphene film. The topmost layer of the sensing region is thin analyte layer which is
placed upon the Au-graphene coating. Sensing response of surface plasmon resonance
based sensor can be improved by employing more graphene layers. Graphene provides
a good platform at the interface and it eases the process of bio-molecules absorption
because of huge surface area [101]. In aforesaid design of the sensor as shown in
Figure 3.1, use of graphene thin film on Au thin film assists in proper absorption of
organic compound. It provides enhanced RI change at Au-graphene interface. The
coating of thin graphene on the fiber core assists in enhancing the sensor’s sensitivity
[102]. The suitable optical signal from the high performance light source is made to
fall on the input side as shown in Figure 3.1 and output light signal is observed at fiber

output end.
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Figure 3.1: Sensor structure with 2D Material (Graphene) and SPR active metal Au

Sellmeier equation for the dielectric medium such as fiber may be used. The general
expression of Sellmeier equation is given as below [103],

2(Q) —1+§: B ” 3.1
n - Zzllz_cgy (')

where terms B,, C, denotes the Sellmeier coefficients [104] and may be calculated for
various profiles of core-cladding doping. To find the refractive index, ne.q; and
complex dielectric constant, €,,.., for different active metals layers, we have used the
Drude model [105]. The well known expression of Drude model is given by the

equation as below [105],

e (}L) -1 )‘Zlcollision (3 2)
metal )Lzzylasma ()Lcollision + i)‘)
nmetal()L) + ikmetal(l) = emetal(l) ’ (3' 3)

In the above equation, Npea represents the real part of RI and Kmeta represents
imaginary part of Rl of the active metal & &metar denotes the complex dielectric
constant of active metal. Plasma and collision wavelength are denoted by A4, and
Aeontision TeSpectively. The plasma and collision wavelength are adopted from
ref. [106] for different plasmonic metals i.e. silver, gold, copper, aluminum and oxide

metal and are listed in Table 3.1 [106].
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Table 3.1: Plasma wavelength (4p1asma) and collision wavelength (Aconision) Of SPR active
metals and oxide metal

Active Metal and Oxide Aplasma Acollision
metal (units in meter) (units in meter)
Gold 1.6826x10”" 8.9342x10®
Silver 1.4541x10”" 17.6140%x10°
Copper 1.3617x10”" 40.852x10°
Aluminum 1.0657x10”" 2.4511x10°
Indium Tin Oxide 5.6497x10”" 11.21076x10°

3.3 COMSOL 2-dimensional Modeling

COMSOL software is a multiphysics simulation tool [107]. It is also known as finite
element analysis (FEA) simulation software. We have used wave optics module of
COMSOL multyphysics 5.2a commercial software package for simulation of the
design. Different TM reflectance curve and field distribution curves have been
represented by this software. With this software package, we have simulated a SPR
sensor consisting of multilayer arrangement of 2-dimensional material graphene and
Au metal which are overlaid on the fiber core. Sensor is simulated in infrared range of
electromagnetic spectrum. IR spectrum window covers the electromagnetic waves
whose wavelength is from 700nm to 1mm. In general, Infrared electromagnetic waves
fall between visible wave and radio wave region of the spectrum. There are different
modules in COMSOL for carrying out the simulation; wave optics module has been
used for simulating the sensor design. As the name suggests, finite element method, in
COMSOL FEM the whole optical sensor design is divided into finite number of
different domains or elements and then for proper light propagation each element have
to meshed. For this design of the sensor, we have taken the mesh element size as
"lambda/5/n_domain”, here lambda represents the wavelength of operation and
“n_domain” is the RI of the domain [108]. Next important thing is that until and unless
meshing is not proper, light will not propagate through the fiber core. If we use free

triangular mesh for the multilayer sensor to be designed then it is computationally
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expensive and it will put more burden on the computer simulation memory. Therefore
we have made the use of mapped mesh approach for meshing the multilayer optical
arrangement. The design consists of two numeric ports, one act as input port for light
source and other act as output port for detection purpose. For studying the mode
analysis it is essential to apply boundary mode analysis for both numeric type ports.
TM reflectance curve is examined at the output with different angle of incident to

check the amount of resonance shift.

3.4 Results and Discussions

Sensing area or sensing region is a multilayer stack and it is comprised of fiber core,
Au-metal, graphene, and analyte. The topmost layer of the sensing region is the
analyte. Organic compound glucose is used as analyte and sensor performance is
examined for various glucose RI values. If &, and ng.,, being the dielectric
constant and RI of the sensing sample respectively, then we may write, &.nse =
nZ,,.s. - SPR resonant condition for excitation of SPW can be expressed as given below

[34]:

2 .
7"1 sin6;, = Re(ksplasmon) ’ (3.4)

where  Kgpiasmon = gﬁ% = 27"\/7% (3.5)

is the SPW propagation constant and ¢ represents the light speed in vacuum. The light
propagation constant is represented by left side part of Equation (3.4). The slight
variations in Rl dng,,. , shifts the resonant angle, 8. With a small shift in resonant
angle 6y, angular sensitivity is to be computed for the sensor. When the EM-field
propagates in the fiber core, then in the sensing area the EM-field penetrates deeper

into active metal and interaction takes place between the two at metal-dielectric

interface (MDI). When there is no external charge and current, then EM-field in a fiber
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is expressed by Maxwell’s field equations (1.2-1.5), and modified as written below

[109];
—- B ct
VX E(ct) =— ( ), (3.6)
at
VxH( bt =—J(ct) +2 ;lf‘”, (3.7)
V-D(ct) = —pE(c, t), (3.8)
V-B(c,t) =0, (3.9)

In the above equations, E represent the electric field strength, H represent magnetic
field strength, D represent the dielectric field strength and B represent the magnetic

induction field strength in above Equations (3.6-3.9).The symbols J and p represent

the current and charge density respectively. Symbol c represents the spatial reference
coordinate. For SPR sensor structural model for simulation, the wave propagation
takes place in z-direction and we may express it as given below [109]:

H(x,y,z t) = H(x,y)el(@t=£2) (3.10)
In the above equation, w represents the angular frequency and 8 = 8 + jB" represents
the propagation constant of SPW. Now let us start with Maxwell’s equations where the
E-field and H-field are having harmonic oscillations in time with some frequency .

The value of € and p is constant and no current or free charges exists. The fields then

become E(t) = Ee~™* and H(t) = He~. Then we may write as [109]:

V.(¢E)=0 (3.11)
V.(uH) =0 (3.12)

V xE = iouH (3.13)
VxH=—iweE (3.14)
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Taking the curl of Eqg. (3.14) and inserting Eq. (3.13), we get equation as given below:
Vx (VxH)=w?ueH (3.15)

Vx (VxH)— w?ueH =0 (3.16)

Assuming that p is not spatially dependent, then equation (3.16) may be expressed as
[109]:

V(V.H) — V?H = ky°H (3.17)

If k, be the spatially dependant wave number then with k> = w?ue, we may write
the above equation as:

Vx(VxH)—keH=0 (3.18)

An eigen value equation for the magnetic field H, which is solved for the eigen value
A=—jp, is derived from Helmholtz equation and is given as [110]:

Vx (n2VxH)—kiH =0 (3.19)

The Helmholtz relationship is an approximation of the wave equation that develops
from Maxwell’s field equations. In SPR material, the RI is generally a complex
number. Therefore the real part of the RI, slow down the wave and therefore
wavelength decreases. Also Rl is having value greater than 1. On the other hand, RI
imaginary part causes an exponential attenuation of the EM wave. Now, SPR
excitation is possible only by TM-wave or p-polarization. In transverse magnetic
wave, the magnetic wave vector is always perpendicular to the direction of
propagation. Figures (3.2a-3.2d) depicts the magnetic field distribution and the
evanescent waves at the MDI interface for different RI of glucose i.e.1.3337, 1.3447,
1.3508 & 1.3603. All these figures depict the surface magnetic field strength, z-
component (A/m) as wave propagation is considered to be in z-direction. The maximal
and minimal values of surface magnetic field strength are (301.281 & -301.018),
(297.911 & -297.586), (293.404 & -292.906) and (544.938 & -543.935) for different
RI values of 1.3337, 1.3447, 1.3508, and 1.3603 respectively.
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Figure 3.2: Surface Magnetic Field Distribution for Different Rl values of Glucose (a) 1.3337, (b)
1.3447, (c) 1.3508 and (d) 1.3603

Well-known angular interrogated technique has-been employed to investigate the
behavior of SPR in terms of RI sensitivity. For this both SPR curve width and SPR
reflectance shift has to be included. The enhanced sensitivity of the 2D material based
SPR sensor has been linked to both the field enhancement at the sensing interface. In
addition to this magnetic field has a direct effect on the polarization of the transmitted
light signal passing through a dielectric media. The plasmonic sensor is based on the
interaction of magnetic field with the optical properties of SPR active materials which
are included in the SPR sensing design. Finally, the plasmonic phenomenon results in
sensitivity enhancement and is also utilized to modulate the resonance conditions. The
magnetic field intensity of SPs is at peak value at the cross point between the metal
and dielectric, and slowly decreasing as the depth of dielectric increasing. Based on the
field intensity distribution characteristics, it is generally used to evaluate the degree of
excitation of SPs at the interface and the resonance intensity of SPR, and estimating
whether plasmonic biosensor has enhanced sensing performance.

Figure 3.3(a) depicts the TM Reflectance curve relationship with angle of incident for

different RI of glucose i.e. 1.3337 (curve-1), 1.3447 (curve-2), 1.3508 (curve-3),
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1.3603 (curve-4) and 1.3702 (curve-5), for Au thin film of 60nm thickness and
graphene thin film of 10nm thickness. The RI values of glucose have been adopted
from ref. [111]. In addition to this, for better understanding refractive and dispersive
optical properties of some other organic substances have also been studied [112]. From
the TM reflectance curve it clear that resonant angle shift is increasing with change in

RI of glucose.

@

—
[
T

0.8

0.6

04

0.2

TM reflectivity, arb. unit

-
)
o
(]

65 70 75 80 85 90
Angle of incidence, deg

(b)

=
T

0.6

0.4

0.2

TM reflectivity, arb. unit

| 1 1 1 | \‘I 2 ‘? | :;‘ 1 5 1 1 |
60 6P 64 66 68 70 72 74 76 78 80 82 84
Angle of incidence, deg

0+

Figure: 3.3 Relationship between TM Reflectance and Angle of incidence (deg) for Different RI of
Glucose for (a) Au-thin film of 60nm thickness and graphene-thin film of 10nm thickness
(b) Au-thin film of 50nm thickness and graphene-thin film of 10nm thickness.

53



Similarly, Figure 3.3(b) depicts the TM Reflectivity curve relationship with angle of
incidence for different RI of glucose i.e. 1.3337 (curve-1), 1.3447 (curve-2), 1.3508
(curve-3), 1.3603 (curve-4) and 1.3702 (curve-5), for Au thin film of 50nm thickness
and graphene thin film of 10nm thickness. In the above Figure 3.3(a-b), TM
reflectivity is expressed in arbitrary units and angle of incident is expressed in degree.
The SPR curve from 1 to 5 corresponds to various glucose refractive indices 1.3337,
1.3447, 1.3508, 1.3603 and 1.3702 respectively. We observed that a small change in
refractive index produces a appreciable shift in resonant angle and it is measurable.
From the simulation observation, the computed values of FWHM and angle of

resonant, 85 for various RI values of the sample glucose, are listed in Table 3.2.

Table 3.2: Resonant angle, 8 (degree) and FWHM (degree) for various RI of sample glucose

Sample RI FWHM Resonant Angle, 6,
1.3337 1.04 deg 72.48 deg
1.3447 1.21deg 74.21 deg
1.3508 1.39 deg 75.23 deg
1.3603 1.41 deg 76.87 deg
1.3702 1.73 deg 78.96 deg.

The relationship between full-width half maximum and various refractive indices of
glucose for Au thin film of 60nm thickness and 50nm thickness and graphene thin film
of 10nm fixed thickness is depicted in Figure 3.4.The full width half maximum has
been observed to rise with rises in RI of glucose for Au thin film of 60nm thickness
and 50nm thickness. A fixed thin film thickness of 10nm of 2D material graphene has

been chosen for reducing the complexity of aforesaid sensor design.
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Figure 3.4: The relationship between the full-width half maximum (deg.) and various RI values of
glucose. Red line (1): Au-thin film of 60nm thickness and graphene thin film of 10nm thickness. Blue
Line (2): Au-thin film of 50nm thickness and graphene thin film of 10nm thickness.

Results conclude that the aforesaid design of the 2D material based SPR sensor
displayed a larger shift in resonant angle. Figure 3.5 depicts the relationship between
resonant angle (6z) and RI of glucose. As it is clear from the Figure 3.5 that 6 rises
with rise in refractive index of glucose for both Au thin film of 60nm thickness and
50nm thickness and graphene thin film of 10nm thickness. But sensor with 60nm thin
Au film shows abrupt increase in resonant angle as compared with sensor having 50nm
thin Au film. Better shift in resonant angle will ultimately leads to better sensitivity
with enhanced performance and accuracy. Simulation observations concludes that
sensor with Au thin film of 60nm thickness and graphene thin film of 10nm thickness
exhibit enhanced performance with highest sensitivity of 198degree. RIU™! in the RI
range from 1.3337 to 1.3702 as depicted in Figure 3.6(a). On the other hand sensor
with Au thin film of 50nm thickness and graphene thin film of 10nm thickness has the
sensitivity of 192degree. RIU~tin the RI range from 1.3337 to 1.3702 as depicted in
Figure 3.6(b).
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Figure 3.6: Sensitivity (Deg/RIU) variation with Various RI Values of Glucose (a) Au thin film of 60nm
thickness and graphene thin film of 10nm thickness (b) Au thin film of 50nm thickness and graphene
thin film of 20nm thickness.

3.5 Outcomes of the Proposed Sensor Design

In this chapter, the adoption of 2-dimensional material graphene and active metal Au
for fiber optic SPR sensor design has been discussed. FEM simulation technique is
adopted for the aforesaid sensor structure, sensitivity computation and for observing
the field distribution. Aforesaid design of two-dimensional material based SPR sensor
utilizing Au thin film of thickness 60nm and graphene thin film of 10nm thickness
exhibit highest sensitivity =198 degree/RIU in glucose RI sensing with range from
1.3337 to 1.3702. The aforesaid design of the sensor has the great potential in
biomedical field and it can be useful for glucose sensing in medical diagnostics for the
benefit of community health. The 2-dimensioanl material graphene has amazing
properties. Further, it improves the sensor performance. Typical TM reflectivity curves

are shown using COMSOL commercial software package.
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Chapter 4
Bimetallic Diffraction Grating based SPR sensor

4.1 Introduction

This chapter presents the resonant impact of metal diffraction grating on the
performance of SPR sensor. The bimetallic diffraction grating consists of gratings of
metals like gold, silver, aluminum etc. The sensor can be used for sensing variety of
organic compounds like glucose, sucrose etc. High sensitivity is attained if -ve order of
diffraction of metal grating is used to excite the SPs. Therefore, SPWs are excited by
-1 order of diffraction. Using numerical simulation sensing performance is estimated
in terms of sensor sensitivity, reflectance amplitude, width of the SPR curve & shift in
resonant angle. These factors are considered for the bio-sensing performance analysis.
Results shows that bimetallic diffraction grating based surface plasmon resonance
sensor proves to be best for sensing applications and provides maximum sensitivity in
angular interrogation with good linearity.

In the last three decade, SPR technology has got strong positive points because of its
real-time, label free bio-molecular detection. Prism based RI sensors got replacement
with diffraction grating based sensor because of the drawbacks of Prism RI sensors
such as angle control accuracy, heavy weight and integration problems. In some
applications, contrasts grating based optical sensors are used [113]. But diffraction
grating design-based SPR sensors have different concept from the operating point of
view and are different from others [110]. They have advantage of high sensitivity as
compared to others sensors. The conventional SPR sensor have only coating of
different SPR active material leading to surface plasmon waves but in the bimetallic
diffraction grating design-based sensor, light wave is made to fall on metallic grating

and with incidence plane perpendicular to the grating grooves. The incident light wave
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at the grating surface is partly reflected and partly divided into sequence of diffraction
waves with particular diffracted orders. High sensitivity is obtained if negative
diffraction order of metallic grating is used to excite the surface plasmons. Bimetallic
diffraction grating-based SPR sensors exhibit a sharper reflectivity dip and perform
better in sensitivity and resolution. Also aluminum grating based SPR sensors are
more affordable too. In literature, many researchers have shown their interest in
metallic diffraction grating based sensor and investigated the sensors for achieving
enhanced sensitivity. Wei Su et al. [75] designed a metallic based diffraction grating
sensor which exhibits best sensitivity when aluminum noble metal is used. Rigorous
coupled wave analysis technique has been employed for sensitivity evaluation of the
optimized sensor. With angular interrogation method, the sensitivity of Al-diffraction
grating based designed sensor was found to be 245degree-RIU™. Hu et al. [65] have
also shown the performance of bi-metallic (Al-Au) based diffraction grating refractive
index sensor. Accordingly, the full width and half maximum and TM reflectivity dip
were considered as the main influencing factor on the outcome of the sensor. Further
the performance was estimated based on the quality parameter y, which relates the
reflectance characteristics and angular shift with the distinct RIs value of sensing
sample. With optimized parameters, the angular sensitivity and quality factor was
found to be 187% RIU and 201RIU™ respectively. Li et al. [114] have experimentally
shown the diffraction grating based refractive index sensor. They have also made the
use of a polymer photo-resist for holding the thin gold plates with lithography process.
With simple and best output nanofabrication, the RI biosensor exhibited excellent
figure-of-merit (FOM). A brief comparison between PSPR based RI sensor (which are
prism based) and LSPR RI sensor which are nanoparticles based, has also been
illustrated. Yan et al. [76] have fabricated the metallic diffraction grating based SPR D
structure FO sensor for measuring the RI of pure water and isopropanol. Metallic
gratings with suitable thickness and grating constant have been created on the 20nm

Au-layer which is deposited on the side of the fiber. With optimized values of the
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grating constant and residual cladding, the D-shaped SPR sensor exhibited enhanced
sensitivity of 917nm.RIU™. Lin et al. [77] presented Pd-based (Palladium) diffraction
grating optical sensor for the detection of hydrogen. Distinct parameters like grating
period, Pd-layer thickness and values of gold sub-wavelength grating have been taken
into consideration for measuring the performance. An estimate of H,-concentration
value of 0.001% was exhibited by metallic diffraction grating based H, sensor. This
chapter presents the bimetallic diffraction grating design sensor. The different SPR
active metal combination like aluminum & gold, are used to get enhanced sensitivity
in grating based [78-79] surface plasmon sensor. The aforesaid design based grating

sensor exhibits the enhanced sensitivity and linearity response in sample sensing.

4.2  Theoretical Explanation

When a p-polarized light at a suitable wavelength, is launched in to the one end of the
fiber then under the case of phase match, the surface plasmon waves (SPW) [66] are
produced at the interface between metal and dielectric. The excitation of SPs at MDI
leads to transference of energy to SPs & it diminishes the intensity of the reflected
light. When the normalized reflected light intensity, which is generally the observed
output signal, is measured with respect to incident angle (deg.) then the dip is detected
at resonant angle 6zp4 owing to effective transference of signal energy to SPs. This
angle is denoted by 6rps. Orps is the reflectance dip angle. The method is known as
angular interrogation. The measurement of reflected light intensity with respect to
wavelength is known as wavelength interrogation method and resonant wavelength
Areso 1S ObSErvVed. SPR sensor sensitivity depends on how much resonance dip angle or
resonant wavelength 4., shifts with a change in refractive index of the sensing

medium. If the shift is large, the sensitivity is large.
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Figure 4.1: General Design of Multiple Metallic Grating based SPR Sensor.

Figure 4.1 shows the general structure design of the multiple metallic grating based
refractive index SPR sensor. Here, a TM-wave, at a certain angle of incidence is made
to fall on the rectangular gratings [66] and finally at the optical detector side, the
reflected wave is observed. The length of the sensing region is 4mm. Figure 4.2 shows
the metallic grating unit cell and in this figure T represents grating period, w
represents grating width and d represents grating depth and ratio, f =w/T represents

duty cycle.

(©)

A

Figure 4.2: Metallic Grating unit cell (a) Schematic (b) 3D Layout (c) 2D Ref_Index_Re(y).

By using such types of gratings with suitable dimensions, we can design the complete
grating-based sensor as shown in Figure 4.1 and can be used for refractive index

sensing of various compounds.

61



4.3  Grating Results and Discussions

When a TM-wave, at a certain angle of incidence is made to fall on the rectangular
gratings then on the grating surface, the TM wave is split up into a series of diffracted

waves. We can express the matched conditions of the wave vector as [75],

2r ’ gmngense
kon sin|0 +m— = t+k —_— 4.1
07tsense [ RDA] T - 1o Em + n.%ense ( )

In above Equation, ¢, represents the permittivity of the metal and ¢,, = &, + ig,y,
T represents the grating period, 6gps represents the reflectance dip angle, k,
represents the free space wave vector of TM-wave, ng.,.. represents the RI of the
analyte, integer m computes the diffracted waves ordering. No diffraction [66] occurs
for integer of order m = 0; means there is direct transmission of light through the
grating. For first positive diffracted order (m = +1), light colors with increasing
wavelengths (from blue to red) are diffracted at increasing angles which corresponds
to diffracted waves of order m>0. For first negative diffracted order (m = —1), light
colors are diffracted at decreasing angles which corresponds to diffracted waves of
order m< 0 . The design has been numerically simulated for the different refractive
indices of glucose. According to Equation (4.1), if the value of 4 remains unchanged,

then in angular interrogation method, the sensitivity of the sensor is found to be [75],

1.5
60 1 &
RDA 'SeCORDA {i‘ <—m> —SineRDA}

Snsense

SGrating = 4.2)

2
Nsense Em T Niense

In Equation (4.2), Sgrqting 1S @n important sensitivity parameter of the grating-based
sensor, &, is the permittivity of the metal, ng,,,. is the Rl of the analyte. 6zp, is the
reflectance dip angle or in other words, it is the angle at which the sharp dip occurs in
the TM reflectance intensity. This angle is also known as resonant angle. 6gp, IS
responsive to changes in the RI of the analyte, ng,.,.. . 66rp4 indicate a small change
in reflectance dip angle and én,,,,. indicates a slight change in RI of the analyte. The

various values of RI of the sensing medium, n,,,, are 1.3337, 1.3447, 1.3508, 1.3603
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and 1.3702.
Now the condition which has to be satisfied for the effective excitation of plasmon
waves is |e,| =>> n2,,.. . Thus Equation (4.1), gives us the expression for the

resonant angle, as given below [75]:

sin[BRDA] =+1-m (4' 3)

nsense
In Equation (4.3), T is the period of grating, m is the diffraction order, 4 is the
wavelength, 8zp,4 is the reflectance dip angle, ng,,.. is the RI of the sensing medium

(analyte). One more required thing for positive and negative order of diffraction is the

ratio % . This ratio has to satisfy the following condition [75][77],

m

% > (Diffracted waves of order m > 0) (4.4)

Ngsense

|m| T |m|

(Dif fracted waves of order m < 0) (4.5)

2 " Ngepse A Ngense

The dielectric constant of the active metal can be find with Lorentz—Drude model & is
expressed as given below [115],

fnw}
() = €0 + Thog i (4.6)

2—w2+jwly,

In Equation (4.6), €., represents the dielectric constant at infinite frequency,
w, represents the plasmon frequency and wy, f, and I, represents the resonance
frequency, strength and damping frequency [116][117] respectively of the nth
oscillator.

The grating period is greatly dependent on the metallic layer thickness, as a result of
the change in the propagation constant of surface plasmon politrons. More
significantly, the grating period T and the diffraction order, m dominates the value of
sensitivity. Higher sensitivity is achievable for SPR sensors with a larger grating
period and lower diffraction order. SPR sensor is simulated for different refractive

indices of organic compound, using COMSOL Multiphysics software. Here for SPR

63



excitation, TM-wave (p-polarized light) is used. Figures (4.3a-4.3d) shows the
magnetic field distribution and the surface plasmon waves (evanescent waves) at the
interface for various RI of glucose i.e. 1.3337, 1.3447, 1.3508 & 1.3603. All these
figures depicts the surface magnetic field distribution, z-component (A.m™) and wave
propagation is supposed to be in z-direction.
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Figure 4.3: Field Distribution for Glucose Refractive Indices (a) 1.3337 (b) 1.3447 (c) 1.3508 and (d)
1.3603 respectively.

In simulation, we have obtained the TM reflectivity variation for -1* diffraction order
for different bimetallic combinations and it is shown in Figure 4.4 for Au=60nm and
Al=20nm. The grating depth d, grating width w, and duty cycle, f =w/T of the metal
grating has been taken as 80nm, 250nm and 0.6, respectively. The wavelength of the
incident plane wave light is chosen as 1500nm. We have taken the value of grating
period, T as 400nm. TM reflectivity variation for -1 diffraction order by considering
the grating depth d, grating width w, and duty cycle, f =w/T of the metal grating as
60nm, 250nm and 0.7, respectively for Au=50nm and Al=10nm is shown in Figure

4.6. Here the grating period, T has been taken as 350nm.
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Figure 4.4: TM Reflectivity Variation with Angle of Incidence for -1% Diffraction Order with Au=60nm
and Al=20nm.
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The calculated sensitivity value and its variation with glucose RI for various cases of
metallic combinations is depicted in Figure 4.5 and Figure 4.7. The sensitivity has
been found to increase with increase in refractive index of glucose for two best
combinations of active metals. But the combination, Au=60nm and Al=20nm is most
favourable bimetallic combination for the sensor design & it shows the highest

sensitivity of 211°/RIU.

4.4  Outcomes of the Proposed Sensor Design

In this work, we have reported a bimetallic diffraction grating based SPR sensor which
is highly sensitive. The designed sensor is simulated using COMSOL multiphysics
software for different refractive index of glucose. We have shown the performance of
the sensor for different bi-metallic combinations. The aluminum grating based SPR
sensor provides the utmost performance and sensitivity provided by Al based sensor is
best. But this SPR active metal has poor chemical stability so we have utilized bi-
metallic combinations. After performing number of iterations with COMSOL
Multiphysics software and taking different thickness of bimetallic combinations, we
have found that in the given sample RI range (1.330-1.360), two combinations which
provides the enhanced sensitivity are with Au=60nm, Al=20nm and Au=50nm,
Al=10nm. But the bimetallic combination with Au=60nm & Al=20nm, exhibits
maximum sensitivity of the order of 211°/RIU. The sensitivity exhibited by second
bimetallic combination (Au=50nm, Al=10nm) is less i.e. 201°/RIU. The most
favourable bimetallic combination for the sensor design is first one. Having the
property of bimetallic diffraction grating, the proposed design of the SPR sensor can

be realized for sensing variety of organic compounds.
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Chapter 5
Optical Fiber Sensor Based on SPR utilizing
Circular AuNR array

5.1 Introduction

In the epoch of nanotechnology, SPR sensor utilizing nobel metal nanoparticles have a
huge potential in the growth of innovative biosensors technology or in the
advancement of existing optical bio-sensing methods to for the benefits of community
health in medical diagnostics. Nobel metal nanoparticles have attractive properties
which makes them suitable candidate for the development of a different type of
plasmonic bio-sensors. In this chapter, FOS based on SPR technology employing Au
nanorod array having circular shape, is presented. In nanotechnology domain, usually
nanorod dimensional range extends from 1nm to 100 nm. Nanords synthesizing result
from the use of metals or semiconductor substances. Usually the standard aspect ratio
is 3to 5. In plasmonic domain, there exist many active metals such Au, Ag, Al and Cu
etc, which exhibit plasmonic phenomenon. Therefore the active NPs have the
capability to assist the resonant phenomenon at MDI. Apart from the above, NPs do
assist in proper scattering and absorbing of wave and peaks of 4., are highly
perceptive to the NPs dimensions, their architecture, and local medium [118]. These
properties of nanoparticles [119], have strong contribution in the development of
applications based on bio-technology research [120-122] and other scientific
technology [123]. Furthermore the essential application of SPR exists in light sensor,
characterization of distinct molecules at MDI [124], in instruments involving
plasmonic phenomenon [125] and many more. In literature, various investigators have
shown the use of nano-particles (NPs) in FO plasmonic sensor. Zeng et al. [87]
proposed a plasmonic sensor with AuNRs and graphene for enhancing the RI
sensitivity. The sensing response of the sensor was measured by carrying out the
simulation and optimizing the aspect ratio of AUNR and number of graphene layers.
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Sensor structural model was described theoretically by using Fresnel equations.
Results concluded that ultimate enhanced sensitivity of 10°degree.riu™ can be achieved
with the aforesaid sensing design. In continuation with this, Cao et al. [86] developed a
localized plasmonic biosensor employing AuNR that detects anti-human IgG.
Multimode fibers (MMF) were used for developing the sensor. Human
immunoglobulin G antibody was employed for functionalization of gold NR surface
area. The relationship between resonance shift and RI of the sensing sample was
recorded. Results concluded that plasmonic biosensor exhibits RI sensitivity of the
order of 5.06 x 10~’nm-riu™ and detection limit as 0.3 x 1078 for detecting anti-
human Immunoglobulin G antibody. Subramaniam Jayabal et.al [126] explained the
surface modified AuNRs formation for finding poisonous metallic ions. Castellana et.al
[127] presented a suitable methodology for chemical derivatization of AUNRSs for mass
spectrometry technique at A,.= 1064nm. It was concluded that various bi-molecular
entities are accurately chemically analysed by exposing the NRs to radiation at
aforesaid wavelength. Experimental responses were found to be useful for certain
analytical methods which are useful for ionizing the chemical species. Taylor et.al
[128] have presented the multilayered stack optical AuNRs system for SPR
wavelength detuning and readout. With detuning of 60nm from SPR wavelength shift,
16-layer readout with enhanced decline in laser power was achieved. In addition to the
above, Chen et.al [88] presented a D-shaped plasmonic sensor utilizing array of
AuUNRs in square shape . Experimental results from FEM simulation concluded that
enhanced sensitivity, S, =6266x10°RIU™ is possible with thickness of square
AuNR=70nm and the spacing nearly 50nm. The aforesaid sensor design exhibited good
response in RI range extending from 1.33 to 1.39. Li et.al [129] employed FDTD
simulation technique for studying the effect of various modes and configuration on
sensor response in AUNR based plasmonic sensor. The FDTD simulated data indicated
the presence of blue shift and red shift with longitudinal & transverse SPR,

respectively. Ruan et.al [130] theoretically calculated the mode field (MFs) of two
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types of optical fiber i.e. lead silicate (LS) fiber and Si-nanofiber. Results concluded
that Si-nanofiber with 350nm diameter exhibits extinction efficiency 1600 times more
than SMF, at 1100nm wavelength while 400nm diameter lead-silicate fiber exhibit
extinction efficiency of only 640 times more than SMF. Lee et.al [131] presented a
LSP enhanced photo-luminescence of Mo-S; single film with gold NRs that can be
made with huge quantities. Experimental results concluded that the optical signal
emission from Mo-S; single layer rises when the area density of gold NRs is = 40/um?.
But it falls when gold NRs density is greater than 40/um?. Chau et.al [132] explained
the AUNR optics properties by using FME technique in a 3-dimensional view model. It
was observed that appearance of spatially oscillating patterns due to near-field optical
image is efficient for wave propagation of plasmonic mode.

This chapter presents the simulation analysis of sensors with circular AuNRs using
FEM simulation technique. The size and shape of NRs does effects the magnetic field
intensity and RI sensitivity of the aforesaid sensor. Also nobel metal nanorods are
perfect absorbers and scatterers of light signal. The incidence of light signal at suitable
wavelength, on the input side results in excitation of plasmonic oscillations at MDI.
COMSOL FEM 5.2a commercial software package has been used to observe and
study the field distribution at the interface and resonance wavelength. This chapter is
arranged into four sections. After introduction part, Section 5.2 describes circular
AUNRs based SPR Sensor. Section 5.3 explains the results and discussions concerning
the performance of the aforesaid sensor. Finally, the outcomes are made in Section 5.4

of this chapter.

5.2  Circular AuNR based SPR Sensor

Figure 5.1 depicts the fiber optic sensor based on SPR utilizing array of circular
AUNRs in sensing region. The cladding is removed from the core from the center of
the optical fiber leaving behind the bare core. An array of AuNRs is applied on the
fiber core to create sensing region. The sensing length of sensor has been considered

as 6mm. The AuNRs have got absorption peaks which are highly adjustable in the
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whole visible-IR range of the spectrum. At a applicable wavelength, the optical signal
from laser light source is made to fall on the input side of the optical fiber. When the
optical signal propagates through the fiber core, field interacts with the AuNRs (gold
nanorods) due to this interaction plasmonic resonance phenomenon takes place. In the
aforesaid AuNRs sensor design, we have used an array of AuNRs and arranged in a
way as depicted in Figure 5.1. The Au dielectric constant is considered by Drude-
Lorentz model [133] and most favourable values of various parameters of plasmonic

metals are carefully adopted from ref.[134][116].

J ------ Circular AuNanorod
Sensing Region /

Figure 5.1: Schematic Representation of Circular AUNRS based SPR Sensor

SPW can be resonantly excited by totally internally reflected p-polarized wave or TM-
wave for coupling of TM-wave into surface plasmon mode. There is exponential
decay in the field strength at the interface. Maxwell’s equations have a significant
performance in determining the electric and magnetic field in sensing structure. For
the aforesaid design simulation, we have used the wave optics module of FEM
simulation. From frequency domain study of wave optics module, the Maxwell’s
equation solutions are attained. The generalized wave equation attained from solutions

of Maxwell’s equation is expressed as [135]:

VX ur'(V X Egeare) — Aom (s,.e:):)—w) Egcare =0 (5.1)
0
Egcarne(x,y,2) = E(x; )’)e_ikzz (5.2)

In the above equation, A,, represents the wave number, E..,: represents the
scattering E-field amplitude, &, & u, represents the medium relative permittivity and

permeability. AuNRs in circular shape has been used in the design of the sensor.
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AuUNRs are suitable candidate for the enhanced performance of the SPR sensor in
terms of RI sensitivity. For the proper propagation of light wave in the fiber core, the
meshing of each domain should be perfect. Therefore for carrying out the FEM
simulation, we have adopted the user-controlled mesh technique for the aforesaid
AUNR based SRP sensor. The maximal element size has been chosen as lambd0/8
and minimal element size has been chosen as 3.68 x 10~2m. The maximal element
growth rate is chosen to be 1.3. Perfectly matched layer scaling parameter is selected

as unity in geometry option.
5.3 Results and Discussions

FEM commercial package is adopted for simulating the structural model of AuNR
sensor. Nanorod array consisting of 10-circular shaped AuNR is placed around bare
core of the optical fiber. The absorption maxima (peak) of AuNRs are adjustable over
the visible and IR region of the optical spectrum window. In the aforesaid design of
the NRs sensor, we have performed the FEM simulation at 1200nm & 1300nm. The
sensor shows good response in this region. During simulation, the impact of AuNR
size on the sensing parameters has been observed. The normalized plot of E-field at
1200nm for AuNRs array has been examined, with spacing 200nm and various radius
values. For distinct NRs size, maximal and minimal values of the surface magnetic
field (z-component) have been examined at two distinct wavelengths. Considering the
fact that electromagnetic wave is being propagating in z-direction therefore maximal
and minimal magnetic field has been examined in z-direction. Figure 5.2(a) illustrates
normalized plot of surface E-field for 20nm radius AuNRs and Figure 5.2(b) illustrates
the surface magnetic field distribution (A.m™) in case of Au NRs of 20nm radius,
200nm spacing and wavelength value 1200nm. The normalized plot of surface E-field
(v.m™) for two AuNRs having 20nm radius and 200nm spacing is depicted in Figure

5.2(c).
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Figure 5.2: (a)Normalized plot of Surface Electric Field for AUNR (radius=20nm) (b) Surface Magnetic
Field for AuNRs (radius=20nm and spacing = 200nm) (c) Normalized plot for Surface Electric Field
for 2-AuNRs (radius=20nm and spacing = 200nm)

73



FEM technique of simulation assists in providing vital insights into distinct parameters
concerning the sensing performance. With the help of this package, we have examined
the maximal and minimal strength of magnetic field. Figure 5.3(a) depicts the
relationship between surface magnetic field (A.m™) and AuNRs radius and Figure
5.3(b) depicts the relationship between minimal surface magnetic field (A.m™) and
AuUNR radii at distinct wavelength 1200nm and 1300nm. Results from Figure 5.3(a)
indicates that at a wavelength of 1200nm and 1300nm, rise in the AuNRs radius value

causes the maximal value of surface magnetic field (A/m) to rise.
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Figure 5.3: (a) Relationship between Maximal Surface Magnetic Field and AuNR radius at 1200nm,
1300nm (b) Relationship between Minimal Surface Magnetic Field and AuNR radius at 1200nm,
1300nm
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The magnetic field rises abruptly at 1200nm as compared with wavelength at 1300nm.
On the other hand from Figure 5.3(b), we have found that the minimal value of the
surface magnetic field decreases with increase in radius of AuNR and this occurs
almost to same value for 1200nm & 1300nm. Figure 5.4(a-c) depicts the plot of electric
field norm (V/m) with arc length for 20nm, 30nm and 50nm AuNRs radius
respectively, at 1300nm. We have also attained the polar plot for analyzing the far-field
pattern. Figure 5.4(d) depicts the polar plot of far field for 20nm AuNR. Figure 5.5(a)
depicts the resistive losses (W.m™) relationship with AUNR radius values, for E-field
amplitude of Eo=1.V.m™ & Eo= 2V.m™. It has been observed from the results that there
is sharp increase in resistive losses with respect to nanorod radius, at a strength of Ey=

2Vv.m™. The sensor is highly perceptive to sensing sample RI.
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Consequently, at a particular wavelength a dip in the reflected light is noticed. This
specific wavelength is the resonant wavelength, A4,.,. The ratio of change in
wavelength to the change in RI is the sensitivity of the sensor. The sensor presents the
enhanced sensitivity of 2200nm.RIU™!. Figure 5.5(b) depicts the resonant
wavelength, A,., shift with RI of the sensing sample. The resonant wavelength
Areso N@s been found to rise with rise in RI of the sensing sample. The linear fitting
analysis of the data has been achieved & is depicted in Figure 5.5(b) and the extremely
high R-square, coefficient of determination ~98.78 %, has been attained. The aforesaid
nanorod SPR sensor design may be beneficial for glucose perception. The human body
has a special type of protein i.e. hemoglobin Alc and its optimum range covers from

68mg/dl to 112mg/dl.
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RI.

The glucose level in the human blood and HbAlc level are directly related to each
other. More the glucose level in human body, more the HbAlc level is to be detected.
Consequently, the sensor can be useful for glucose sensing in diabetes related health
problems. To attained good fabrication tolerance, the proposed biosensor structural

design required to be optimized and sensor will be simple to fabricate.
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5.4  Outcomes of the Proposed Sensor Design

In this chapter we have observed the FEM simulated response of the SPR sensor based
on AuNRs array with circular shape. Results conclude that with increase in the radius
of AuNR, the surface magnetic field rises for 1200nm and 1300nm. The maximal
value of surface magnetic field for AUNR with radius 70nm has been calculated as
3.4x 1073ampere per meter and 3.35747 x 10 3ampere per meter at the
wavelength of 1200nm and 1300nm respectively. Results indicate that surface
magnetic field is accountable for resonant phenomenon and plasmonic oscillations
which propagates close to the MDI. It was also found that the resonant wavelength
shift increases with increase in RI of the sensing sample. Better the shift in resonant
wavelength, more will be the sensitivity. The value of R-square, co-efficient of
determination was found to be 98.78 % and it is extremely high. Further results
conclude that when the radius of circular AUNR is 60nm then the enhanced sensitivity,
Siunvr = 2200nm/RIU is presented by aforesaid AuNR based sensor, in RI range
~1.30-1.40. AuNR SPR sensors are beneficial for the perception of many biochemical
and organic species and thus expanding their usage for identification of gaseous
substances and metallic ions. Moreover, there are certain challenges to model the

unique AuNR sensor configuration that may prove beneficial for future research.
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Chapter 6
Conclusions, Recommendations and Scope for
Future Research

This chapter presents the conclusions, recommendations and scope for future research
of the work completed in this thesis. Section 6.1 describes the overall conclusions of
the research work carried out in this thesis. Section 6.2 describes the recommendations
and section 6.3 presents the possible approach concerning the future research

directions.

6.1 Conclusions

This thesis presents the FOS based on surface plasmon resonance technique for
refractive index sensing. The association between fiber optic and surface plasmon
resonance technology has brought a lot of advancement in refractive index sensing of
different biological & physio-chemical species. The main objective and motivation of
the research work done in this thesis is to investigate the different properties of SPR
active metals in order to select the best suitable metallic combination for fiber optic
SPR sensor. A comparative study of different SPR metals has been done in order to
achieve better shift of TM reflectivity curve. The selection of suitable material with
remarkable properties which are further optimized for SPR sensor has been
accomplished. The TM-wave reflectivity curve for different nobel metal thickness has
also been investigated. The concept of angular interrogation and wavelength
interrogation for different characteristics of FO SPR sensor has been presented.

Accordingly to obtain enhanced performance multilayer structure of 2D material
graphene and SPR active metal gold has been simulated using commercial software
package COMSOL. The said designed sensor is simulated in angular interrogation
mode and resonant angle for analyte refractive index has been observed. The surface
magnetic field distribution variation with refractive index has also been presented. It

was found that the proposed geometry with gold layer thickness of 60nm in
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combination with graphene layer of thickness 10nm provides improved sensing
performance and exhibit enhanced sensitivity of 198degree. RIU ™! in the sensing of
glucose.

Furthermore, a highly sensitive bimetallic diffraction grating based SPR sensor is
presented in chapter 4. A combination of two nobel metal gold (Au) and aluminum
(Al has been used to achieve enhanced sensitivity in angular interrogation method.
Different properties of SPR active metals and grating period, grating width and the
grating depth, has also been investigated. The study showed that diffraction grating
based sensor may be beneficial for biosensing domain and it presented enhanced
sensitivity if +ve diffraction order of metallic grating is replaced by -ve diffraction
order in order to excite the surface plasmons wave. The important feature of the
aforesaid design sensor is that it showed enhanced performance against high analyte
refractive index. Results showed that the suitable bimetallic grating combination of
gold layer of thickness 60nm and aluminum layer of thickness 20nm presents
enhanced sensitivity performance of 211degree. RIU L.

Apart from this, circular metallic nanorod array based fiber optic SPR sensor is
presented in chapter 5. The effect of size of metallic nanoparticles on the sensor
performance has been analysed with COMSOL FEM simulation technique. The
variation of resonant wavelength and analyte RI has also been presented. Linear fitting
analysis of the simulated data has been done and R?(COD) found to be 0.98781.
Further it was found that this circular gold nanorod based SPR sensor possesses
highest sensitivity of 2200nm. RIU™! in wavelength interrogation mode. Further with
structural optimization this sensor may be advantageous in achieving label-free optical

platform for biosensing applications.

6.2 Recommendations

% It is highly recommended to implement fiber optic sensor based on SPR
technology for sensing of organic and inorganic compounds because they

provide accurate and fast sensing and reduces detection time. Apart from this,
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L X4

SPR sensor utilizing 2D material metallic combination can be useful in sensing
of various heavy metals ions and in gas sensing for environment monitoring
technology.

Fiber optic sensors based on SPR technology have strong immunity to
electromagnetic interference, corrosion resistance, compactness and no
electrical leakage. This feature makes the SPR sensor beneficial for many bio-
sensing applications and in chemical plants for observing the temperature data.
In addition to this, research on miniaturization and integration of bio-sensing
platform is also under progress. It is greatly recommended to implement the
concept of SPR metal nanorod array in fiber optic SPR sensor. This will further
ease the technique of analyte detection as well as boost the sensitivity, sensor
response and detection accuracy. As the size and shape of the nanoparticle
(nanorod) is entirely responsible for sensor’s response in terms of sensitivity
and accuracy, it will further reduce the cost involved in manufacturing of fiber
optic SPR sensor.

Further it is strongly recommended to implement the multilayer structure
approach consisting of novel 2D material and gold in SPR biosensor for
glucose sensing in certain biomedical applications. Though highest sensitivity
has been achieved by utilizing the aforesaid concept but still further
enhancement in the sensitivity and accuracy is still possible with structural
optimization and making use of other 2D materials for creating the sensing
region.

SPR sensors based on metallic diffraction grating are also highly recommended
for compact and integrated SPR biosensors because of their advanced
miniaturization and integration capabilities. This feature will further ease the
sensing analysis and provide fast real time information related to a particular

disease process.
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6.3

Scope for Future Research

Research procedure is a continuous cycle. The research work fulfilled in the thesis can

be expanded in several ways. There are some ways where the current thesis research

work can expanded, these are described as:

R/
L X4

X/

X/

K/
L X4

FO sensors based on SPR technique are bound to find new peaks in near future.
The association between fiber optic and surface plasmon resonance technology
has contributed to lot of advancements in RI sensing of different physical and
biochemical entities. These technological domains have wide research areas in
context with FOS based on plasmonic technology.

The future of plasmonic technology based FO biosensors will be motivated by
the requirements of the client, and thus it is essential that the biosensor should
be invented and shaped consumers friendly as well as eco-friendly. Recently
there have been significant progress in both, the design of fiber optic sensor
sensors and strategies for the improvement of the sensing performance of the
plasmonic sensors specially RI sensitivity.

In future, advancement in SPR biosensor’s sensing performance can be attained
by employing more graphene layers, a suitable plasmonic metal and with
optimized parameters, ultimately this will lead to enhanced sensitivity with
more accuracy in sensing of glucose. Research work on biosensors can be
extended with structural optimization and new simulation technique, for
glucose biomarker detection at early stage in diabetes patients. This will further
aid the benefits to the community health and medical diagnostics industry.

Even though the highest refractive index sensitivity has been achieved in this
work for the 2D material based fiber optic SPR sensors, further enhancement in
RI sensitivity is still possible. In future, this enhancement will make the SPR
sensor more useful for sensing wide range of organic and inorganic
compounds.

In future, the use of 2D material graphene and SPR metal, in combination with
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other 2D material like transition metal dichalogenide (TMDC) will bring more
advancement in palsmonic bio-sensing technology. The work on transition
metal dichalogenide monolayer is an emerging research in future.

Future research in fiber optic SPR sensor will fetch mobile SPR sensing system
with which bio-sensing related to certain disease or environment gases will
carried out outside the laboratory environment. This mobile sensing platform
should permit rapid detection of under observation biological entity. Hereafter,
the SPR technology based optical sensing system will requires considerable
advancement in miniaturization as well as integration of bio-sensing platform.
This will provide the extended benefits to the community health with more
ease, fast and accurate medical symptomatic.

In the era of nanotechnology, metallic nanorod based fiber optic SPR sensors
are also getting attention. Future scope of nanorord based fiber optic SPR
sensor has to be extended for the identification of other entities i.e temperature,
humidity, etc. The technology of localized surface plasmon resonance with
metallic nano-particle has shown great potential in SPR bio-sensing
applications. But furthermore optimization of the crucial factors and parameters

to enhance the bio-sensing capabilities is necessary.
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Abstract—Glucose, sucrose and fructose are typical organic compounds having carbon-hydrogen-oxygen
atoms. Their sensing is important in many bio-medical applications. In this paper we present a 2D material-
based fiber optic surface plasmon resonance sensor for refractive index sensing of some typical organic com-
pounds. 2D material graphene in combination with active metal gold is used in the sensing region. Fiber core
is covered with gold and graphene layer. The sensor is simulated using COMSOL Multiphysics simulation
software. To measure the sensing performance of sensor we see the effect of two physical parameters of the
sensor, thickness of the Au-metal and graphene layer on the sensing performance. The use of graphene layer
enhances the sensitivity of SPR sensor. The angular interrogation method of SPR excitation is used for sensor

simulation in COMSOL Multiphysics.

Keywords: glucose, plasmon, near infrared, full width half maximum, organic
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INTRODUCTION

Surface plasmon resonance (SPR) is a physics phe-
nomenon in which light photons interacts with a sur-
face plasma wave (SPW). When this physics phenom-
enon isused in optical fiber along with associated elec-
tronics circuitry then the device which is formed,
known as optical bio-sensor, exhibits its potential use
for the detection of chemical compounds and bio-
molecular interactions. SPR was first observed in 1902
by R.W. Wood as variances or anomalies in the diffrac-
tion efficiency of narrow diffraction gratings of active
noble metals [1]. In the forties of last century, these
variances or anomalies were found to be related to the
excitation of waves guided along the surface of metallic
diffraction gratings [2] which later known as surface
plasmon wave. Since then, deep research in surface
plasmon resonance-based diffraction gratings sensors
[3—6] find wide variety of applications in bio-medical
field, chemical field and to the little bit extent, in civil
field too. Due to its numerous advantages like real-
time, label-free molecular detection, this bio-sensing
SPR technology has gained the utmost importance
across the globe since last three decades. Initially the
prism-based refractive index sensors were used but due
their bulky size and the problems of integration, now

! The article is published in the original.

days they are replaced by optical sensor based on
metallic diffraction gratings (MDG). Optical fiber
sensors are supreme for insensitive conditions like
extreme heat, wet, high vibrations, temperatures and
unstable environments. Also, they are light in weight
and their maintenance cost is low [7]. In the literature
various types of SPR materials combinations, coated
on the core of fiber, have been investigated for
observing the resonance effect on the sensing charac-
teristics of SPR sensor. Zhao et al. [8] investigated
the use of multi-layer modulation technique in SPR
optical fiber sensor. They have shown that using mul-
tiple metal layer modulation procedure, sensitivity
can be drastically enhanced. The sensitivity was
found to be 1.73 x 10~* RIUs in intensity interroga-
tion and 1.74 x 10~° RIUs in wavelength interrogation
method of SPR sensing. Shukla et al. [9] theoretically
analyzed highly sensitive SPR-based fiber optic sensor
with platinum (Pt) layer which is coated on the core of
the optical fiber. Sensitivity of the sensor was found to
increases enhances linearly with the increase in the
refractive index of the medium, for all thicknesses of
platinum layers. It was found that using 125 nm thick
platinum layer, sensor provides maximum sensitivity
of 17.500 nm/RIU. Suzuki et al. [10] investigated the
effects of gold layer thickness and spectrum profile on
sensor performance. They investigated that sensor

1269



Journal of

Nanoelectronics and Optoelectronics
Vol. 14, pp. 1-6, 2019
www.aspbs.com/jno

AMERICAN Copyright © 2019 by American Scientific Publishers
SCIENTIFIC All rights reserved.
PUBLISHERS Printed in the United States of America

Resonance Effect of Bimetallic Diffraction Grating
on the Sensing Characteristics of Surface Plasmon
Resonance Sensor with COMSOL Multiphysics

Sarbjit Singh’*, R. S. Kaler!, and Siddharth Sharma?

In this article, we present the resonance effect of bimetallic diffraction grating on the performance of surface
plasmon resonance sensor. The bimetallic diffraction grating consists of gratings of metals like gold, silver,
aluminum etc. The sensor can be used for sensing variety of organic compounds like glucose, sucrose
etc. High sensitivity is obtained if negative diffraction order of metallic grating is used to excite the surface
plasmon. Therefore, surface plasmon waves are excited by —1st diffraction order. Using numerical simulation
sensing performance is evaluated in terms of sensitivity, full-width half maximum, reflectance amplitude, width
of the surface plasmon resonance curve and shift in resonant angle. These factors are considered for the
bio-sensing performance analysis. Our results shows that bimetallic diffraction grating based surface plasmon
resonance sensor proves to be best for sensing applications and provides maximum sensitivity in angular

interrogation with good linearity.

Keywords: Surface Plasmon Resonance, Sensor, Grating, Refractive Index.

1. INTRODUCTION

Surface plasmon resonance is a physics phenomenon in
which light photons interacts with a surface plasma wave
(SPW). When this physics phenomenon is used in opti-
cal fiber along with required electronics circuitry then
the device formed is known as optical bio-sensor. This
device exhibits its potential use for the detection of organic
compounds, chemical compounds and bio-molecular inter-
actions. Surface plasmon resonance was first observed
in 1902 by R. W. Wood as variances or anomalies in
the diffraction efficiency of narrow diffraction gratings of
active noble metals [1]. In the forties of last century, these
variances or anomalies were found to be related to the
excitation of waves guided along the surface of metallic
diffraction gratings [2] which later known as surface plas-
mon wave. Since then, deep research in surface plasmon
resonance-based diffraction gratings sensors [3-6] find
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wide variety of applications in bio-medical field, chem-
ical field and to the little bit extent, in civil field too.
Due to its numerous advantages like real-time, label-free
molecular detection, this bio-sensing SPR technology has
gained the utmost importance across the globe since last
three decades. Initially the prism-based refractive index
sensors were used but they need precise angle control
and due their bulky size and problems of integration, now
a day, they are replaced by metallic diffraction gratings
(MDG) design based sensors. Diffraction grating design-
based SPR sensor is different from others. It has advantage
of high sensitivity as compared to others sensors. The con-
ventional SPR sensor have only coating of different SPR
active material leading to surface plasmon waves but in
the bimetallic diffraction grating design-based sensor, an
optical wave is incident on a periodically modulated sur-
face of a metallic grating and in the plane of incidence
perpendicular to the grating grooves. The incident opti-
cal wave at the surface of the metal grating is partially
reflected and partially split into series of diffracted waves
(diffraction orders). High sensitivity is obtained if nega-
tive diffraction order of metallic grating is used to excite
the surface plasmons. Bimetallic diffraction grating-based
SPR sensors exhibits a sharper reflectivity dip and perform
better in sensitivity and resolution and if Aluminum (Al) is
used as a SPR active metal then grating based SPR sensors

J. Nanoelectron. Optoelectron. 2019, Vol. 14, No. xx

1555-130X/2019/14/001/006

doi:10.1166/jn0.2019.2523 1



Optik - International Journal for Light and Electron Optics 183 (2019) 508-512

Contents lists available at ScienceDirect

Optik

journal homepage: www.elsevier.com/locate/ijleo

Original research article

FEM simulation analysis of fiber optic surface plasmon resonance @ W)
sensor based on array of circular gold nanorod st

updates

Sarbjit Singh™*, R.S. Kaler”, Siddharth Sharma”

2 Department of Electronics and Communication Engineering, Thapar Institute of Engineering and Technology, Patiala, 147001, India
" Department of Bio-Technology, Thapar Institute of Engineering and Technology, Patiala, 147001, India

ARTICLE INFO ABSTRACT

Keywords: In this paper, we analyze the SPR fiber optic sensor based on array of 10-gold nanorods which are
Nanorod circular in shape. The proposed structure of the sensor is simulated using COMSOL multyphysics
Refractive index FEM method simulation software. Circular shape of the gold nanorod has been chosen for the
Plasmon optimal performance of the sensor in sensing of the particular refractive index. We simulate the
izt;:‘;‘tlg sensor with optimized size of the gold nanorods and fiber parameters for best performance. We

have shown that how the size of circular gold nanorod effects the sensitivity of the sensor. The
maximum sensitivity exhibited by the sensor is 2200 nm. RIU~!. From the simulated data, we
have found that co-efficient of determination (COD) is very high. Improved sensitivity and high
co-efficient of determination are achieved after sensor structural optimization. The proposed
sensor structure can be useful in label-free optical platform for bio-sensing applications.

1. Introduction

In the field of nanotechnology, nanorods are one of architecture of nanoscale objects. Usually, the range of their dimension is from
1 to 100 nm. They may be synthesized from metals or semiconducting materials. Standard aspect ratios (length divided by width) are
3-5. In SPR technology, we have number of nobel metals such as gold, silver, aluminum, Cu etc. Therefore the noble metal nano-
particles are known for their ability to support surface plasmon resonance (SPR) along the metal dielectric interface. This makes them
strong scatterers and absorbers of visible light, with resonant wavelength peaks that are extremely sensitive to the nanoparticle size,
shape, and local environment [1]. These properties, together with advances in nanoparticle technologies, have led to applications in
both scientific and technological research [2-4]. Besides fundamental significance, application of SPR has occurred in sensor tech-
nology, in the characterization of molecules at a dielectric-metal interface [5], in plasmonic devices [6] etc. In literature, various
nano-particle based SPR sensors have been investigated and their light enhancement in the sensor has been analyzed in terms of
various performance parameters.

Zeng et al. 2013 [7] proposed a sensing configuration for enhancing light transmission in graphene and gold nanorods based SPR
sensor. For sensing performance, Finite element method has been used to optimize the number of grapheme layers and gold nanorod
aspect ratio (ratio of the width to the height). Fresnel equations are also described

analytically for the proposed models. They found that improved sensitivity up to 10° degree-RIU™! can be obtained by the
combinations of graphene monolayer and Au layer, with coupling of localized SPR of gold nanorod (AR = 2). Cao et al. 2012 [8]
developed a localized plasmonic sensor based on gold nanorod. The sensor was developed by using multimode fiber and the Au
nanorod surface was functionalized with human IgG. This sensor detects the anti-human IgG. The resonant wavelength shift of gold
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