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ABSTRACT

A dual core SPR based sensor with plasmonic material being silver with an external layer of
analyte has been designed. In the structure, there are airholes present to accommodate the
plasmonic material with a sufficient amount of the incident light. The presence of airholes has
been known for the improvement of sensor performance where the air holes act as
microchannels. The diameters of the air holes directly influences the major properties of the
sensor, like sensitivity, i.e., larger the diameter of the air holes, the larger the sensitivity. The
explicit feature of the SPR method is that it detects even tiny changes in the refractive indices
of incident light, with a range of 0.05, we have shown a wide variation in the loss curves of the
sensor. There is a phase-matching condition which when satisfied, provides an appropriate
resonance condition. So, we have provided a set of parameters and when the suitable factors
have been provided, the resonance condition is met. The resonance condition has been
represented through a confinement loss versus wavelength curve in which the refractive index
is varied with respect to the wavelength. Following this, the loss curves are further plotted at
the resonance condition for a dynamic range of refractive indices. The range of refractive
indices taken from around 1.25 to 1.34. The sensitivity has also been calculated depending on
the change of confinement losses with respect to the wavelength. In addition to this, we have
taken a layer of silica at the most outer surface of the sensor with a comparatively thin layer of
analyte present inside it. Then, there is a fabricated nanofilm of plasmonic material, with the
substrate silica poured in the internal structure with multiple micro sized air holes present inside
to selectively vary the refractive index of the analyte. The thickness of the nanofilm taken is
40nm. Through the Finite Element Meshing method, the structure has been fabricated and the
parameters like wavelength, refractive index, thickness and diameters of the various air holes
have been varied and the confinement losses are thus, calculated. Then, we have plotted the
confinement loss curves and thus, the amplitude sensitivity curves are plotted with the main
aim of differentiating between Gold, Silver and aluminium based sensors by varying the
material and thus, plotting the parameters to get the sensitivities of the different plasmonic
materials based sensors and to get an idea which material is the most suitable for the fabrication
of biosensors in medical sensing applications. A D-shaped SPR based PCF sensor has been
designed with a dual-core structure. As a part of the core, a thin layer of gold has been taken
above which, a layer of ZnO has been taken which is acting as the photocatalyst. For the
cladding, an analyte of refractive index 1.39 has been taken. There are 14 air holes with varying
diameters present with fused silica in order to ensure better coupling between the core and the
Surface Plasmon Polaritons mode. The structure has been designed and studied in COMSOL
Multiphysics and the operating wavelength has been varied for different refractive indices. The
confinement loss curves have been plotted with a variation with wavelength. The wavelength
sensitivity of the sensor is 1325nmRIU™! and the maximum amplitude sensitivity of the sensor
is 240.2RIU™
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INTRODUCTION
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1.1 Surface Plasmon Resonance

The Surface Plasmon Resonance has been gaining great practical importance in the fields
of biochemical and optical applications. The SPR is the phenomenon in which a p-
polarized or transverse magnetic light is incident upon a surface which causes the
oscillations of electrons present on the surface generating the Surface Plasmon
Waves(SPW) at the surface of contact of the metal-dielectric mediums [1]. The momentum
and energy of the EM light wave inclined upon the surface and SPW are compared, and
the condition at which the energy along with the respective momentum of the incident
wave and SPW are the same is termed as SPR . The SPR is developed by the coupling of
the EM waves incident on the surface along with the SPW accompanied by the Total
Internal Reflection under certain conditions [2].
Factors on which SPR depends

e Wavelength of the incident light

e Angle of incidence

e Dielectric constant values of both metal and the dielectric

The methods for finding the condition at which SPR can be observed are the wavelength
and the angle of incidence variation. In the first method, the incident light wavelength is
varied and the angle of incidence is kept at a constant value. Then, at a particular value of
the wavelength of incident light , a sharp peak is observed which represents the attainment
of SPR [4]. In the second method, the wavelength of the incident light is kept fixed and the
angle of incidence is varied which gives the peak and the SPR condition is achieved. The
values of the angle of incidence and the wavelength of the incident light depend on the
dielectric constant values of the mediums that we take [2]. This process of determination
of the wavelength at which SPR is shown by a material is known as Spectral interrogation
[3]. The general method for achieving the Surface Plasmon Resonance includes the prisms
based, D-shaped, central core, V-groove, and microfluidic spotted plasmonic fibers. For
the metal-dielectric interface to achieve the SPR, the metals chosen should have Plasmonic
properties. The Plasmonic properties include the oscillation of bounded electrons when the
light of a particular wavelength at a particular angle of incidence is falling on the contact
surface of the metal-dielectric. Such materials known as Plasmonic materials are fabricated
at the surface . The most common Plasmonic materials are Gold, Silver, and Aluminium.
Along with these materials, Niobium nanofilm, Gold-tin alloy, and copper are also
classified as Plasmonic materials [4,5].

Principle of SPR

The SPR phenomenon follows the working principle of Surface Plasma oscillations.
Along with the metal-dielectric interface, the electron oscillations are attained along the
surface and the quantum of the electrons that are oscillating at the surface are known as
Plasmons[5]. Along with the Surface Plasmons, there is a field with the electric and the
Transverse magnetic field component which exponentially decays with time. This
exponential decay is observed in the metal as well as the dielectric. This polarisation of the
component named as the Transverse magnetic field and the exponential decay in the
electric field can be calculated by solving equations from the theory of Maxwell for
elctromagnetics  with metal-dielectric interface conditions covering the boundary
surfaces and the metal and the dielectric portions taken individually [6].

23




The first observation of the Surface Plasmons had been made by Wood in the year 1902[7].
Wood had reported abnormal observations in the spectral lines obtained from a metallic
diffraction grating. For this anomaly, the explanation was given by Fano leading to the
conclusion that the excitations of electrons were caused by the electromagnetic waves
incident on the diffraction grating surface [8]. The consequence of the surface electrons
excitation by the electromagnetic waves was given by Otto in 1968 which affected the
attenuated total reflectivity for the surface [9]. Another reflectivity abnormality in
Attenuated Total Reflection(ATR) was observed by Raether and Kretschmann in the same
year [10].

The SPR has been represented in figure 1 with the incident radiations from a source on a
nanofilm of plasmonic material causing the oscillation of electrons on the surface.

Plasmonic material

nanuﬁln\l/

source
inciident

radiations

Fig. 1.1. SPR phenomenon representation for a plasmonic material dielectric medium
interface

The SPR-based sensors are highly efficient and are being proving to be revolutionary in
the field of biosensing and optical sensing [11]. The SPR-based sensors basically use the
concept of excitation of the surface electrons of the contact surface of the metal-dielectric.
When the phase matching is achieved at a particular wavelength and angle of incidence, a
corresponding variation of the values of the refractive index of the Surface Plasmon Waves
is observed. It has been deduced that the Refractive index exponentially increases
corresponding to the change of the wavelength of the excited electrons which further leads
to the detection of the particular light waves which are incident. SPR- based sensors have
a wide range of attractive properties. The exclusive properties of the SPR — based sensors
include fast response, electiveness, efficient light controlling properties, free from any
labels, and detection for the time being a real quantity [12]. Moreover, the SPR — based
sensors are highly sensitive with respect to even a tiny change in the permittivity of the
surrounding environment. The SPR- based sensors are microstructured on the optical and
Plasmonic crystal fibers. This miniaturization of the optical fibers to the attainment of SPR
overcomes the drawbacks faced by the sensors based on the prisms and gratings-based
sensors. Also, the SPR-based sensors are greatly recognised by their accuracy and precision
in the determination of any slight variation of the refractive index in the dielectric medium
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along with the metal interface which is usually known as the analyte for the SPR based
sensor [13].

1.2 Photonic Crystal Fiber

The photonic crystal fibers(PCF) are defined as the class of optical fibers which basically
use the plasmonic crystals in and around their core in order to attain the SPR condition.
The PCFs are constructed with an array of multiple air holes to achieve a low loss
dielectric-based fiber and the air holes run along the fiber length. The function of PCF is
to avoid the propagation of light with a certain wavelength in a certain direction due to the
Photonic crystals present in it. The PCFs use the hollow core Total Internal Reflection to
carry out the forward movement of the light waves through the core. The optical fibers
have a constant lower refractive index of the cladding part and the inner core part whereas
there is a variation of the refractive index in PCFs. The geometry of photonic crystal fibers
consists of the single-core, D-shaped, and multiple core structures as represented in the
figure 2.

Fig 1.2. The geometrical representation of the different types of PCFs. (a) D - shaped
PCF sensor with multiple holes filled with and a layer of plasmonic material nanofilm
around the D- curve. (b) PCF containing two cores along with a multiple air hole
structure with holes of varying diameters. (c) Single-core PCF structure with a core at the
middle and the cladding with holes of the same diameter
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Advantages of PCF over optical Fibers and Prisms

The conventional optical fibers have a core as well as cladding-based structure following
the total internal reflection while in PCF, the multicore structure follows the Photonic
bandgap-based and improvised total internal reflection [14]. The light propagation is
controlled by varying the total number of holes filled with air and the structure of the
PCF . The PCFs have a structure that is compact unlike the traditional optical fibers and
has the unique capabilities of incorporation in microscales. The evanescent field is
optimum in PCFs along with the flexible as well as symmetrical structure. The
propagation of light can be obtained as a single mode and the single-mode is further
utilized for obtaining the narrow resonance peaks which further enhances the sensitivity
of the PCF [15,16]. By further optimizing the structural parameters of PCF, the sensing
range can be set and the desired sensitivity can be achieved.

PCF based SPR sensors

The principle mechanism behind the working of the sensors with implanted PCF depends
on the transient field. The electromagnetic wave is incident on the plasmonic material film-
based core and it is transmitted to the cladding region by further propagation. When the
field penetrates to the cladding region, it interacts with the metal surface electrons and
further produces oscillations at the surface [17]. When the wavelengths of the incident EM
wave match with the wavelength of the SPW wavelength for the oscillation of the free
electrons, the SPR condition is achieved. This phenomenon of resonance of the
wavelengths of the incident wave and the transmitted or the created wave helps in
achieving the narrowband resonance peaks and low losses for the propagation of the
incident light. The net effective mode index is further compared for the core mode and
Surface Plasmon Polaritons (SPP) modes. When the net effective refractive index for
these modes overlaps, resonance is achieved and the confinement losses are further
calculated [18]. The concentration of the unknown analyte can be determined by
considering the difference in the confinement loss of the sensor due to the commutation in
the refractive index of the analyte. The interrogation for this type of sensor is classified
as the wavelength and amplitude interrogation which basically consists of the
determination of the wavelength and the amplitude susceptibility . In order to enhance the
susceptibility of PCF-based SPR sensors, the cladding surface is covered with layer of
metal which further improved the interaction between the incident transient field and the
unbounded electrons of the surface. For this, the metal films that are used are usually
made of Plasmonic materials [19-21]. The plasmonic materials highly recognised for
these kind of applications are Gold, Silver, Aluminium, Copper, and niobium. The metals
that are used for coating the cladding surface for the improvement of the sensor sometimes
get oxidized during the process and have a negative impact on the sensor’s performance.
In order to overcome this, stable metals are used. For this, Gold is the most used Plasmonic
material which is stable and does not undergo oxidation during the sensing process. Gold
also provides a more shift in terms of the constancy of the resonance peak. But the broad
resonance peak affects the sensor performance and might give less accurate results in the
mechanism of the sensing. On the other hand, Silver gives a narrow resonance peak and
gives accurate results but its oxidation gives a negative impact on the sensor’s
performance. In order to overcome the shortcoming, silver is usually coated with a thin
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bimetallic layer. For this, graphene is usually used due to its strong, stable properties and
hexagonal structure which prevents oxidation [22]. Also, graphene coating enhances the
sensor performance by utilizing its -x stack-based structure. In recent research, graphene-
coated copper-based PCF sensors have shown a great impact due to its sensitivity and
stability. Copper alone shows the same damping results as Gold and Aluminium is usually
not used as a plasmonic material for PCF sensors.

1.3 Significance of this work

The objective of this work is to fabricate the design of the SPR PCF sensors with COMSOL
Multiphysics and analyze the results of the simulation including the impact of the
wavelength of the incident light, core radius, and material on the net effective mode index
for the core and SPP modes and compare the sensitivities of the sensor with different
parameters. This thesis is organized in the following manner: Chapter 2 demonstrates the
methodology for the sensor design and the classification of different parameters, Chapter
3 illustrates the structural designing for the different models of the SPR sensors, Chapter
4 shows the result and discussion for the respective sensors, Chapter 5 demonstrates other
designed sensors including the Capacitive and the Triboelectric nanogenerator based
sensors. Chapter 6 shows the conclusion and the future scope for this work.

Fig. 1.3. Advantages of PCF SPR sensors
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Methodology

First of all the PCF SPR sensor is designed and the properties are chosen. Then depending
on the Lorentz — Drude model, the equations are applied to the sensor parameters and further
calculations are done.

2.1 Numerical model

To start with the sensor, the basic schematic was prepared which has been shown in figure 2.
The schematic design represents the choice of materials for our sensor. The different plasmonic
materials have been taken for the conduction of the electrons present in the presence of the
incident light following the resonance condition. The second material taken is fused
silica(SiO2) which acts as a substrate poured in between the air holes and is provided in the
outer region. The analyte has been taken in order to bind its mobile molecules to the immobile
molecule present on the thin layer which further changes the refractive index of the thin
plasmonic material film. The outer layer also consists of SiOz to act as a medium between the
incident light and the analyte. So, basically, the idea is to incident light of a particular
wavelength on the surface of the sensor that through the analyte passes to the SiO2 whose
molecules get mobilized and gets bound to the immobile molecules of our plasmonic material
silver and change the refractive index of the thin plasmonic material film.

The Finite Element Method (FEM) has been employed here through COMSOL Multiphysics
software version 5.6. In the software the shapes have been built which has been shown in figure
2. In the model, the air holes of different diameters have been taken to shape the cladding.

The parameters that have been taken are the diameters of the air holes, namely d1,d2,d3z with
the values 400nm, 0.8um, and 1.6pum respectively. The thickness of the plasmonic material
layer, tg is taken 40nm, the thickness of the analyte, ta is 2um and na is the refractive index of
the analyte which is equal to 1.38 and I is the incident wavelength, 0.6um.

For the calculation of the dielectric constant of Silver, the Drude- Lorentz model has been
referred [11,12,13]. The refractive index of SiO can be calculated using the Sellmeir equation,
B1A? ByA? B3A? (1)

2
neo. =1
Si02 T A-Cy ol A2-C,  A2—C3

where n?sioz represents the square of the refractive index of silica, 4 is the wavelength(l) in zm
and B1,B2,B3,C1,C2,C3 are the Sellmeir coefficients [15-17]

Now, the confinement loss of the sensor can be calculated using the following equation [18],
Qpss = 8.856 X 27” X Im(ngsp) X 10*dB/cm  (2)

where, 4 is the wavelength(l) in um and Im(nes) is the imaginary part of the net effective
refractive index.

The sensitivity of a sensor can be determined in two different forms, amplitude sensitivity and
wavelength sensitivity,

For calculating the wavelength sensitivity, the following equation is used, [19,20]
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Sw) =2k (3)

Ang

Where, A Apeak is the change in resonant peaks corresponding to the change in the refractive
indices , i.e. , 4na.

For calculating the amplitude sensitivity, the following equation is used, [25]
(4)

Sensor resolution is defined as the tiniest change that is detected in the measurement of the
desired quantity. Thus, sensor resolution is really important to be calculated. For calculating
the sensor resolution, the following equation is used,[26]

1 Sa(Ang)

Sa(A) -7 a(Ang) dSng

AngAdnm,i
R = alimin 5
A/’Lpeak ( )

Here, An, represents the change in the refractive index, A Amin represents the minimum
wavelength resolution and A Jpeak IS the change in the resonant wavelengths’ peak shift.
The x- and y- polarised core modes of the sensor can be shown in fig.3. (a) and (b). In the core

mode, the magnetic fields can be observed to be from left to right in the first highlighted region
and from right to left in the second highlighted region.

2.2 Simulation Model

In order to proceed with the functioning of the model, the Wave optics module is selected in
COMSOL Multiphysics, and under the study section, the time-dependent equation package is
selected. For defining the geometry of the model, the following parameters are introduced for
solving the Lorentz Drude model equations,

Table 2.1. The Parameters of the model along with their expressions, values and description
for the function

Name Expression Value Description

I 0.6[um] 6E—7m Operating wavelength

Bl 0.69613 0.69613 Sellmeir’s coefficient for analyte

B2 0.4079426 0.40794 Sellmeir’s coefficient for analyte

B3 0.8974794 0.89748 Sellmeir’s coefficient for analyte

Cl |0.00467914826[um”2] 4.6791E—15 m? Sellmeir’s coefficient for analyte

C2 |0.0135120631[um”2] [1.3512E—14 m? Sellmeir’s coefficient for analyte

C3 | 97.9340025[um”2] 9.7934E—11 m? Sellmeir’s coefficient for analyte
a 5.9673 5.9673 Sellmeir’s coefficient for metal
b 4227.2*pi[THZz] 1.328E16 Hz Sellmeir’s coefficient for metal
c 31.84*pi[THz] 1.0003E14 Hz Sellmeir’s coefficient for metal
d 1.09 1.09 Sellmeir’s coefficient for metal
e 209.72*pi[THZz] 6.5885E14 Hz Sellmeir’s coefficient for metal
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f 1300.14*pi[THz] | 4.0845E15 Hz Sellmeir’s coefficient for metal

p 2[um] 2E-6m Sellmeir’s coefficient for metal

di 400[nm] 4E-7Tm Diameter of the core air holes

d2 0.8[um] 8E—7m Diameter of the cladding air holes

43 1.6[um] 1 6E—6m Diameter of the ou;z:essurface cladding air
tg 40[nm] 4E-8 m Thickness

na 1.38 1.38 Refractive index of the dielectric

The necessary parameters for the model are set and remain constant during whole analysis of
the sensor while the operating wavelength is a variable which is initially set at 0.6pum and is
varied upto 2um to observe the net effective mode index. Along with this, the scaling of the
model is done for the electromagnetic waves interface with the study model of frequency
domain that analyses the model along with its frequency at different domains. The coordinate

stretching type is the polynomial one along with the typical wavelength picked up from the
physics interface.

Table. 2.2. Scaling of the model along with the description and the respective values

Scaling
Description Value
Coordinate stretching type Polynomial
Typical wavelength from Physics interface
Physics Electromagnetic Waves, Frequency Domain

Further, the geometry of the model is set up by defining the units, both length, and the angular
ones and also the domains, boundaries and the vertices are defined under the section of
geometric statistics.

Table. 2.3. Geometric statistics along with (a) Units for the model (b) Description and values

Units
Length unit m

Angular unit deg (a)
Geometry statistics
Description Value

Space dimension 2

Number of domains |19
Number of boundaries |76
Number of vertices 76 (b)

To draw the geometry of the model, the circles, geometry and position are designed. After
setting up the main circles, they are basically mirrored up and the array for the set of circles is
drawn to achieve the array of multiple air holes microstructured PCF.
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Table. 2.4. Position, size and shape characteristics for the c1.

Position
Description [Value
Position 10, 0}

Size and shape
Description |Value
Radius d1/2

Table. 2.5. Position, size and shape characteristics for the c1.

Position
Description Value
Position {0, p}

Size and shape
Description Value
Radius d3n2

The mirror for the two drawn circles is then set up by defining the point for the line of the
reflection of the two circles in order to achieve a geometrical structure for the building of the
array of the circles. Moreover, the input projects are kept as it is to align the elements of the
array as it is.

Table. 2.6. The settings with the descriptions and the values for the mirror along with the
vector line of reflection

Settings
Description Value
Keep input objects |On

Point on line of reflection
Description Value
Point in plane {0, 0}

Normal vector to line of reflection
Description Value
Plane normal 10, 1}

The third circle is then drawn to make forward the geometrical array with the position set up
for symmetry. In the steps ahead, the rotation for the circle 3 is done and it is moved to the
position given in the following table.

Table. 2.7. Position, size and shape for the 3™ circle along with the description and values

Position
Description | Value
Position {2%p, 0}

Size and shape
Description | Value
Radius d2/2
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Table. 2.8. Angle and point on axis of rotation for c3.

Settings
Description Value
Angle {30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330}

Point on axis of rotation {0, 0}

The first move is set up keeping the input objects on and the further circles are designed to
achieve the required geometry for the sensor array.

Table. 2.9. Settings for the m1.

Settings
Description Value
Keep input objects On
X {4.0E-6, -4.0E-6}
y 0

The corresponding rest of the circles are drawn in the similar manner with the set up parameters
as shown in the following tables.

Table. 2.10. Description and values for the position, size and shape of c4.

Position
Description Value
Position {0, 0}
Size and shape
Description| Value
Radius 2%p + 1.5%d1

Table. 2.11. Description and values for the position, size and shape of c5.

Position
Description Value
Position 10, 0}

Size and shape
Description Value
Radius 2%p + 1.5*%d1l +tg

Table. 2.12. Description and values for the position, size and shape of c6.

Position
Description Value
Position {0, 0}
Size and shape
Description Value
Radius 2%p + 1.5*d1 +tg +d2
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Table. 2.13. Description and values for the position, size and shape of c7.

Position
Description Value
Position 10, 0}
Size and shape
Description Value
Radius 2*p+ 1.5*%d1 +tg+d2 +d3

The surrounding material medium chosen is air with the real part of refractive index equal
to 1 and the imaginary part equal to zero. The constant values defining the characteristics of
the medium. The different symmetry parameters are chosen including thermal expansion
coefficient, dynamics, relative permittivities, electrical conductivities, density and so on. The
following table demonstrates the selection area for choosing the medium air and the material
parameters selected for this medium.

Table. 2.14. Selection of the boundary and the material parameter values selected along with
the units for the medium selected as air.

Selection
Geometric entity level Domain
Selection Geometry geom!: Dimension 2: Domains 5-19

Material parameters

Name Value Unit
Refractive index, real part 1 1
Refractive index, imaginary part 0 1
Basic
Description Value

{{alpha.p(pA. T), 0, 0}, {0, alpha.p(pA. T), 0}, {0, 0,
alpha. p(pA. T)i

Mean molar mass 0.02897kg/mol]
Bulk viscosity muB(T)

Thermal expansion coefficient
_symmetry

Coefficient of thermal expansion

W

Molar mass symmetry 0

Bulk viscosity symmetry 0

Relative permeability {11,0,0}, 40, 1,0}, 10,0, 1}}
Relative permeability symmetry |3

Relative permittivity {{1,0,0}, {0, 1,0}, {0, 0, 1}}
Relative permittivity symmetry |3

Dynamic viscosity eta(T)

Dynamic viscosity symmetry 0

Ratio of specific heats 1.4

Ratio of specific heat symmetry |0
Electrical conductivity {{0[S/ml], 0, 0}, {0, 0[S/m], 0}, {0, 0, O[S/m]}}
Electric conductivity symmetry |3

Heat capacity at constant pressure |Cp(T)

Heat capacity symmetry 0

Density rho(pA. T)

Density symmetry 0

Thermal conductivity {{k(T), 0, 0}, {0, k(T), 0}, {0, 0, k(T)}}
Thermal conductivity symmetry |3

Speed of sound cs(T)

Sound speed symmetry 0
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The functions, namely analytic and piecewise types are classified for the functions being the
eta, rho, alpha, etc. The functions are firtly setup and then out of those functions, the 3-D plot
for the analytic function rho and the piecewise constant K is plotted as shown in figure 2.1.

rho(pA,T) (kg/m~™3)
1 K

kg/m3

0.5

0 Pa

Fig. 2.1. Rho(Kgm™) versus K and Pa

The refractive index and the non-linear model characteristics are further summed up in the
following tables.

Table. 2.15. Refractive index description and values for the real part, imaginary part and the n
and ki symmetry parts of the model.

Refractive index

Description Value
Refractive index, real part 141,0,0}, {0, 1,0}, 10,0, 1}}
Refractive index, imaginary part {{0, 0, 0}, {0, 0, 0}, {0,0,0}}
N symmetry 3
Ki symmetry 3
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Next, the material chosen is Silicon dioxide, i.e., silica and quartz. A description is given for
the selection of geometric entity level and the material parameters are set up for the general
values of silica as shown.

The analyte is chosen for outer boundary dimensions and geometry is set up in dimension 2
Finally, the layer of plasmonic material is set up with the following region of the geometry
selection and the material parameters for values and unit along with the refractive index.

Following Refractive index equations are implemented on the wave equation and the elctric
field domain.

V x iV x E)—ké(er—j—G)E=0
(WEg
a=jf+d.=-1

E(x.y,2) = E(xy)e ™
VX(VXE) -keE =0

a=jp+d,=-1

E(x.y:2) = E(x,y)e ™

Table. 2.16. The selection for the boundary conditions of the perfect electric field

Selection
Geometric entity level Boundary
Selection Geometry geom1: Dimension 1: All boundaries

Table 2.17. Equations for the constraints and the constraint force

"""""" o Constraint force | Shape function Selection Details

bunstramt
ewfd. EOx- test(ewfd.EOx- ! . .
ewfd tEsdimx ewid {Ex) Curl (Quadratic) No boundaries Elemental
ewfd.EOy- test(ewfd.EOy- ! . .
ewfd tEsdimy ewfd tEy) Curl (Quadratic) No boundaries Elemental
ewfd.EOz- test(ewfd.EOz- Lagrange .
ewfd.tEsdimz ewfd.tEz) (Quadratic) No boundaries Elemental
ewfd. EOx- test(ewfd. EOx- g . . Boundaries 1-2,
ewfd.tEsdimx ewfd tEx) Curl (Quadratic) 39, 56 Elemental
ewfd.EOy- test(ewfd.EOy- ! . . Boundaries 1-2,
ewfd.tEsdimy ewfd.tEy) Curl (Quadratic) 39, 56 Elemental
ewfd.EOz- test(ewfd.EOz- Lagrange Boundaries 1-2, Elemental
ewfd.tFsdimz ewfd.tEz) (Quadratic) 39, 56

2.3 Solver Configurations

Solution 1
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The input equations are set up and compiled and the mode analysis is done along with the
study and the procedure is provided along with the code as shown.

Compile Equations: Mode Analysis (st1)

Study and step
Description Value
Use study Study 1
Use study step Mode Analysis

LOG

{____
Compile Egquations: Mode Bnalysis in Study 1/Sclution 1 (soll) —-—-
Started at May 8, 2022 8:39%:07 PM.
Geometry shape function: Quadratic Lagrange
Parameter I = T7.1E-T7 (m).
Time: 1 s.
Physical memory: 1.73 GB
Virtual memory: 1.97 GB
Ended at May 8, 2022 B8:39:08 PM.

Compile Equations: Mode Analysis in Study 1/Solution 1 (soll) ---

Dependent Variables 1 (v1)

LOG

<____

Dependent Variables 1 in Study 1/Sclution 1 (soll) ----
Started at May 8
Solution time: 0 s.
Physical memory: 1.73 GB
Virtual memory: 1.97 GB
Ended at May 8, 2022 8:35:08 EM.

Dependent Variables 1 in Study 1/Sclution 1 (soll) ----

Parametric Solutions 1

1=6.5E-7 (sul)
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CHAPTER-3
Structural Designing and Modeling
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3.1 Silver thin-film based PCF sensor

To start with the sensor, the basic schematic was prepared which has been shown in figure 1.
The schematic design represents the choice of materials for our sensor. Silver is the plasmonic
material that has been taken for the conduction of the electrons present in the presence of the
incident light following the resonance condition. The second material taken is fused
silica(SiO2) which acts as a substrate poured in between the air holes and is provided in the
outer region. The analyte has been taken in order to bind its mobile molecules to the immobile
molecule present on the thin layer which further changes the refractive index of thin silver film.
The outer layer also consists of SiO2 to act as a medium between the incident light and the
analyte. So, basically, the idea is to incident a light of a particular wavelength on the surface
of the sensor that through the analyte passes to the SiO> whose molecules get mobilized and
gets bound to the immobile molecules of our plasmonic material silver and change the
refractive index of the thin silver film.

- Si0, (Silica)

Silver

Fig. 3.1. Schematic representation of the desired sensor model

The Finite Element Method(FEM) can be employed here through COMSOL Multiphysics
software version 5.6. In the software the shapes have been built which has been shown in the
figure 3.2. In the model, the air holes of different diameters has been taken to shape the
cladding.

e

YU e b A W Nk o RN oW oA oo
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Fig. 3.2. Model structure in COMSOL
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The parameters that have been taken are the diameters of the air holes, namely d1,d2,d3 with
the values 400nm, 0.8um, and 1.6um respectively. The thickness of the silver layer, tg is taken
40nm , the thickness of the analyte, ta is 2um and na is the refractive index of the analyte which
is equal to 1.38 and I is the incident wavelength, 0.6um.

3.2 Structural design for the comparison of different plasmonic materials
based dual core sensor

For the comparison of different plasmonic materials based sensors, the basic schematic was
prepared which has been shown in figure 3.3. The schematic design represents the choice of
materials for our sensor. The silver is the plasmonic material that has been taken for the
conduction of the electrons present in the presence of the incident light following the resonance
condition. The second material taken is fused silica(SiO2) which acts as a substrate poured in
between the air holes and is provided in the outer region. The analyte has been taken in order
to bind its mobile molecules to the immobile molecule present on the thin layer which further
changes the refractive index of thin plasmonic material film. The outer layer also consists of
SiO2 to act as a medium between the incident light and the analyte. So, basically the idea is to
incident a light of a particular wavelength on the surface of the sensor that through the analyte
passes to the SiO2 whose molecules get mobilized and gets bound to the immobile molecules
of our plasmonic material silver and change the refractive index of the thin plasmonic material
film.

Si0. (Silica)

Plasmonic
material

Analyte

Air

Fig.3.4. Schematic representation of the desired sensor model

The Finite Element Method(FEM) has been employed here through COMSOL Multiphysics
software version 5.6. In the software the shapes have been built which has been shown in the
and the plasmonic material is kept as a variable parameter. In the model, the air holes of
different diameters have been taken to shape the cladding. The parameters that have been taken
are the diameters of the air holes, namely di,d2,d3 with the values 400nm, 0.8pum and 1.6um
respectively. The thickness of plasmonic material layer, tq is taken 40nm, the thickness of the
analyte, ta is 2um and na is the refractive index of the analyte which is equal to 1.38 and | is
the incident wavelength, 0.6um.
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3.3 Gold/ ZnO based D-shaped PCF sensor

The D-shaped PCF sensor is different from the dual core PCF sensor with a different orientation
of the plasmonic material. There is a dee at the top of the core and the two layers of thin
nanofilms of the materials Gold and ZnO are implanted there. The design for the model has
been represented in figure 3.5.

thickness(Zn0)=10nm

thickness(Au)=65nm - Fused silica

diameter=0.8um.

Analyte

diameter=1.65um

Air
Au(Gold)

Fig.3.5. The schematic diagram for the d-shaped SPR sensor

In the figure, the different materials have been represented which have been taken for each part
of the sensor. For designing the sensor, the COMSOL Multiphysics simulation has been used.
The diameter of the air holes is 1.65um. The array has been built for air holes so as to construct
12 air holes of equal diameter and two air holes with a smaller diameter of 0.8um. The principle
behind the presence of the air holes in this structure is that the air holes lead to a significant
improvement in the coupling between the Surface Plasmon Polaritons and core modes. The
thickness of the gold layer is 65nm and the thickness of the ZnO layer is 10nm.
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CHAPTER-4
Results and Discussion
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4.1 Analysis of the net effective mode refractive index variation for a silver
thin film based dual core PCF sensor

The core and the Surface Plasmon Polaritons(SPP) modes of the sensor can be shown in fig.3.
(a) and (b). In the core mode, the magnetic fields can be observed to be from left to right in the
first highlighted region and from right to left in the second highlighted region.

In the SPP mode, the magnetic field lines are from down to the upward direction. For the
wavelength value of, 1=6.857E-7m both these modes have been shown representing the
respective effective refractive indices.
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Fig.4.1. (a) Core mode of the sensor Fig.4.1. (b) SPP mode of the s
Nert =1.4514 Neff = 1.448-0.0022424i

The different configurations of the built model design can be seen by changing the refractive
index values, for different types of modes that are achieved, we have calculated the different
net effective refractive index values. Each model (figures 4.2 to 4.8) represent the different
directions of the magnetic field which can be observed from the arrows in the cross-section
view of the model. For A=6.857E-7m, the net effective refractive index ranges from the values
1.4514 to 1.448-0.0022424i and gives a wide range of TE modes for the sensor.
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Fig. 4.2. Core mode of the sensor nest = 1.4472-1.8597E-4i
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Fig.4.5. Core mode of the sensor nes= 1.4516

The confinement loss has been calculated for the optimized parameters and the refractive
indices according to equation (2) and the loss has been varied with respect to the wavelength.
Then, we plotted a graph between confinement loss and wavelength and the refractive index
and wavelength for the SPP and the core modes respectively. The cross section of the model
for the resonance condition is shown in figure 4.6. The phase matching curve for the resonant
condition is achieved with the appropriate set of parameters and is represented in figure 4.7.

The wavelength taken for phase matching varies from 0.64 to 0.72um.
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Fig. 4.6. Cross section view of sensor during the phase matching condition
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Fig. 4.7. Phase matching curve for core and SPP modes of the sensor

The refractive indices are varied for lower ranges as well as the higher ranges and the
confinement losses are varied taking the wavelengths ranging from 0.5-0.65pum. The following
curves(figures 4.7 to 4.10) show the confinement loss curves for the calculation of wavelength
sensitivity given by equation (3),

For the refractive indices ranging from na =1.25-1.30, the following curve is observed(figure

4.7)
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Fig. 4.8. Confinement loss curve for na =1.25-1.30

Next, for the higher refractive indices ranging from n,=1.30-1.35, and the wavelength varying
from 0.7-1.05 um, the following curve is observed(figure 4.9),
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Fig. 4.9. Confinement loss versus wavelength curve for n, = 1.30-1.35

Next, for the higher refractive indices ranging from na = 1.36-1.4 and the wavelength varying
from 0.5-0.75um, the following curve is observed (figure 4.10),
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Fig. 4.10. Confinement loss curve for n.=1.36-1.4

Now, using the equation 3 to calculate the wavelength sensitivity,

Adyea
SW(A) = ﬁak

Taking the curve for the lower refractive indices, the following table gives the values of A Apeak
and A n, for different sets of refractive indices,

Table. 4.1. Calculation of wavelength sensitivity of the sensor

Refractive An, (R2-R1) A2 e Sw(4)
indices(R1,R»)

1.25,1.30 0.05 89.95 1799
1.26,1.29 0.03 54.874 1829.13
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1.28,1.30 0.02 51.433 2571.65
1.25,1.29 0.04 61.143 1528.58

So, on an average, a wavelength sensitivity of 1932.09 is observed for lower refractive indices.

Now, on calculating the amplitude sensitivity using equation 4, the following curves(figures
4.11 to 4.13) are observed for different refractive indices values.
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Fig. 4.11. Amplitude sensitivity for n,=1.25-1.30

Amplitude sensitivity curve

500

2

&3 ]

= o7 0. 0.85 19 0.95 1
= -500

2

@ -1000

L]

a

T -1500

s wavelength(uwm)
(=

E

=4

—na=1.3]1 =——ng=1.35

Fig. 4.12. Amplitude sensitivity curve for n,=1.30-1.35

48




Amplitude sensitivity curve
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Fig. 4.13. Amplitude sensitivity curve for n,=1.36-1.4

Using equation 5,

R — AnaA)lmin

A/'Lpeak

From the above, curves, the resolution of the sensor is calculated as 3E-5.

4.2 Comparison of the different plasmonic materials based PCF SPR sensor

The refractive indices are varied for lower ranges 1.25-1.30 with the materials being changed
and the confinement losses are varied taking the wavelengths ranging from 0.5-0.65um. The
following curves(figures 4.14 to 4.16) show the confinement loss curves for the calculation of
wavelength sensitivity given by equation (3),

For the gold nanofilm with thickness 40nm, the following confinement loss curve is
observed(figure 4.14)
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Fig. 4.14. Confinement loss curve for gold nanofilm (n,=1.25-1.30)

For the silver nanofilm with thickness 40nm, the following confinement loss curve is
observed(figure 4.15)
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Fig. 4.15. Confinement loss curve for silver nanofilm (n.=1.25-1.30)

For the aluminium nanofilm, copper nanofilm and Au-tin alloy nanofilm with thickness 40nm,
the following confinement loss curve are observed in figures 4.16, 4.17, 4.18 respectively.

Fig. 4.16. Confinement loss curve for aluminium nanofilm (na=1.25-1.30)
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Fig. 4.17. Confinement loss curve for copper nanofilm (n.=1.25-1.30)
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Fig. 4.18. Confinement loss curve for gold-tin nanofilm (na=1.25-1.30)

1. Calculation of wavelength sensitivities

The wavelength sensitivities for gold, silver and aluminium nanofilm when the refractive
indices are varied from n,=1.25 to n,=1.30 can be calculated from the confinement loss
curves using the equation 3,

The table for the observed values of An, (R2-R1) and AApeak

Table 4.2. Wavelength sensitivities for different materials

Plasmonic material | Ana (R2-R1) Alpeak S,, (1) nmRIU?
Gold 0.05 91.538 1830.76

Silver 0.05 89.95 1799.00
Aluminium 0.05 86.61 1732.20
Copper 0.05 82.60 1652.00
Gold-tin 0.05 76.61 1532.2

Thus, the wavelength sensitivities of all the three materials are of the same order , i.e., 103
nmRIU™,

111 Calculation of Amplitude sensitivities

Calculating the amplitude sensitivities for each material for the refractive index varying
from 1.25 to 1.30 and using equation 4 , we have plotted the amplitude sensitivities
against wavelength for the three materials,
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Amplitude sensitivity curve
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Fig.4.20. Amplitude sensitivity for silver nanofilm n,=1.25-1.30

Amplitude sensitvity curve

100
T
=2
=
£
=
=
c
8
7}
=
3
=
=
£
<
-200
Wavelength(um)
—8——ng=1.26 =—®=—na=1.27 ——na=128 na=1.29 =—8=—na=1.30
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Fig. 4.23 Amplitude sensitivity for gold-tin alloy nanofilm n,=1.25-1.30
4.3. D-shaped PCF sensor with Gold/ ZnO layer

The concentration of the electric field in the various modes can be represented by figure 4.24.
Figures 4.24(a) and 4.24(b) represent the core and the SPP modes of the sensor. Figures 4.24(b)
and 4.24(c) represent the x-polarized and y-polarized electric field modes and figures 4.24(d)
represents the y-polarized coupling mode.
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Fig. 4.24.(a) Thermal view of the core mode of sensor for effective mode index=1.4254 and
operating wavelength=1.9um.
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Fig 4.24(b) unpolarized SPP mode for effective mode index=1.4339-0.01501i
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Fig. 4.24 .(c) y- polarized core mode for effective mode index=1.4304
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Fig. 4.24(d) y- polarized core mode for effective mode index=1.4242-2.24E-5

4.3.1 Phase matching
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When the light is incident on the surface of ZnO, most of the free electrons get excited and this
excitation makes the evanescent field to be guided from the x- polarized to the y-polarized
modes. The resonance is then achieved at maximum power. The peak for the curves is achieved
and this condtion is termed as phase matching. The SPP modes can be represented by plotting
the confinement loss equation (3), the net effective mode index for core and SPP modes. The
following graph (figure 4.25) is showing the dispersion relation curve for the core and SPP
modes,
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Fig. 4.25. Fundamental dispersion relation curves for core and SPP modes of the sensor

4.3.2 Calculation of Wavelength and amplitude sensitivities

The confinement losses as calculated from equation (3) for different refractive indices of
analyte are varied with respect to the wavelength. The confinement loss curves thus plotted are
shown in figure 4.26 which can further be used for the measurement of the wavelength
sensitivity.
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Fig. 4.26. Confinement loss curves for na=1.31 to na=1.36
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In the curve it can be observed that the maximum resonance wavelength is obtained at na=1.36.
In fact, in order to follow the trend of the resonance wavelengths versus the refractive indices
of the analyte, the following plot(figure 4.27) can be seen.
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Fig. 4.27. Resonance wavelength versus refractive index

It is observed that on increasing the refractive index of the analyte, the sensor has to be targeted
with a greater wavelength.

For calculating the wavelength sensitivity, the variation in the resonance wavelength
corresponding to the change in the refractive index is noted down as given in equation 4.

Now, for the graph given in figure 5, slope=1.325umRIU™*
Hence, the wavelength sensitivity for the sensor is 1325nmRIU™.

Now, calculating the amplitude sensitivity from equation 5, for different refractive indices of
the analyte and varying it for different wavelengths, the following curve (figure 4.28) is
obtained.
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Fig. 4.28. Amplitude sensitivities for na=1.31 to na=1.36 at different wavelengths.
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From the above curve, it can be deduced that the maximum amplitude sensitivity is 231.57
RIU for na=1.31 and the minimum peak amplitude sensitivity has been observed for na=1.31,
which is equal to 75.21RIU™. Another parameter that leads to the change in the amplitude
sensitivity is the thickness of the Gold layer and the thickness of the ZnO layer. In the following
figures(Fig.4.29(a) and fig. 4.29(b)), the confinement loss — wavelength curves for different
values of thickness of Gold layer and that for different values of thickness for ZnO layer have
been represented.
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Fig. 4.29.(a) Confinement loss curves for thickness(Au)=55,60 and 65nm.
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Fig. 4.29. (b) Confinement loss curves for thickness(Zn0)=5,10 and 15nm.

From the above curves, the amplitude sensitivities for the different thickness values of the Gold
and ZnO layer provide a way of increasing the amplitude sensitivity to the maximum extent.

For the thickness of Gold=65nm,

Maximum Amplitude sensitivity= -240.2 RIU!
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For the thickness of Gold=60nm,

Maximum Amplitude sensitivity=-160.84 RIU
For the thickness of Gold=55nm,

Maximum Amplitude sensitivity= -118.5 RIU™!
For the thickness of ZnO=5nm,

Maximum Amplitude sensitivity= -350.52 RIU™!
For the thickness of ZnO=10nm,

Maximum Amplitude sensitivity=-240.76 RIU*
For the thickness of ZnO=15nm,

Maximum Amplitude sensitivity=-138.4 RIU™!

Therefore, the more the thickness of the Gold layer, the more is the maximum amplitude
sensitivity for refractive index na=1.35, and the more the thickness of the ZnO layer, the more
is the value of the maximum amplitude sensitivity.
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CHAPTER-6
Conclusion and Future Scope
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Conclusion

The PCF based SPR sensor has been designed using COMSOL Multiphysics 5.6 with the
plasmonic material silver and SiO: as the analyte. The wavelength sensitivity of the sensor has
been calculated to be as high as 1932.09umRIU! for lower refractive indices of analyte ranging
from 1.25-1.30 and the amplitude sensitivity has been plotted for different ranges against the
wavelength in pm and gives a negative curve. The resolution of the designed sensor is
calculated as 3E-5. The sensor can be used as an alternative for many bulky and costly sensors.
The SPR sensors are highly efficient and have a growing demand in the field of sensing
applications. This sensor has various applications in the field of biosensing, pharmaceuticals
and cancer treatment also. In this paper, we have designed a SPR based PCF sensor with
constant parameters like thickness, area , distance and variable parameters like wavelength,
refractive index and the plasmonic material. For different plasmonic materials, gold silver and
aluminium, we have calculated the wavelength sensitivities, plotted the amplitude sensitivities
and obtained the resolution which all are of same order. However, a maximum sensitivity is
seen in the case of gold, i.e., 1830.76nm/RIU, followed by silver, i.e., 1799nm/RIU and then,
there is the sensitivity of aluminium, i.e., 1732nm/RIU. For copper, the wavelength sensitivity
is 1652nm/RIU and for the alloy of Gold and Tin, it is equal to 1532.2nm/RI1U. The amplitude
sensitivities of the materials are plotted with a variation in wavelength and the finest curve can
be seen in the case of silver nanofilm. The average resolution of the sensor is calculated to be
of the order 10°°. Thus, different materials can be used based on the parameters chosen and the
applications to be used for. The D-shaped SPR sensors are quite well known for their high
sensitivities, flexibility, low cost and low-resolution properties. A D-shaped SPR sensor has
been desgned with Gold as a plasmonic material and ZnO as a photocatalyst. The analyte is
unknown and the different refractive indices of the analytes are used to observe the
confinement loss and sensitivities of the sensor. The wavelength sensitivity of the sensor is
1325nmRIU? and the maximum amplitude sensitivity is -240.2RIU™. The designed SPR
sensor has various applications in the biochemical and medical field. Moreover, The different
sensors have been in increasing demand for years. Various different methods for sensing
motion, gases, and different materials are being developed. The capacitive sensors work on the
change in the separation of the plates and also if the separation is fixed, deflect the change in
the total electric energy for a particular dielectric medium.
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Future scope

The SPR-based PCF sensors are at an early stage in the field of sensing technologies. Recent
studies have reported the designing and analysis of the sensors along with the theoretical proof
but the practical applications are yet to be discovered. The future potential of the SPR PCF
sensors is the fabrication of a practical sensor and the analysis for a wide range of refractive
index and its implantation in the devices for sensing devices in practical applications and the
detection of the analytes for a wider range of chemical and biological applications. The
objective in the future directions is to replace the current specific device. The advantages of
the SPR based PCF sensors like label free detection, low cost and efficient applications are to
be used. The prism based SPR sensors are to be replaced due to their complicated structures
and have to be implanted in the practical devices. The structures that involve the inner and the
outer coating on the materials have been reported till now. Due to the factor of sensitivity, the
D- shaped sensors are highly developed for the practical applications. The presence of the air
holes in the microstructured PCF is no longer used for the sensors due to the use of microfluidic
channels. The implantation of the nanolayers on the core and cladding surfaces can be done by
CVD and the light propagation is to be controlled through the sample. In order to achieve this,
the fluids acting as the analyte will have to be propagated in the same directions as the light
propagation.
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Gold/ZnO Interface Based D- Shaped PCF Surface
Plasmon Resonance Sensor with Micro-openings,
analytic Designing, and Some Applications
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Abstract. This paper proposed the D-shaped Photonic crystal fiber-based
Surface Plasmon Resonance Sensor with high sensitivity used for sensing in
medical and biochemical fields. The plasmonic material taken for this work
is Gold which is known for its stable configuration and the photocataly st
taken s ZnO. The confinement losses have been calculated for different
refractive indices and different Gold and ZnO layers. The refractive index
for the analyte was varied from 1.31 to 1.36 and the wavelengh was varied
from 1.5 to 1.7um. The thickness of the Gold layer is taken ncar about
60nm and the thickness of ZnO s taken around 15nm. The wavelength
sensitivity of the sensor is 1325nmRIU™ and the maximum amp litude
sensitivity of the sensor is 240.2RIU™. With the thorough study of
literature, it is deduced that both the sensitivities are the highest for this
range of refractive indices among the exssting PCF-SPR based sensors. The
designed sensors can further be used for sensing app lications in the medical
field for the detection of disesses, as immunosensors, and for the detection
of harmful compounds.

Keywords: Biosensors, Thin films, Material surfaces, Surface Plasmon Resonance,
Photonic crystal fibers.

1 Introduction

In recent years, many advancements have been made in sensing technologies.
The sensing industries have switched towards the more flexible, highly sensitive,
and cost-cfficient types of sensors. The Surface Plasmon resonance-based sensors
arc evolving as the best types of photonics sensors nowadays with a wide range of
applications such as food safety[l], medical diagnostics[2], liquid detection|3-4],
and biochemical sensing(5). Surface plasmon resonance can be defined as the phe-
nomenon of collection of clectrons at the surface of the dickctnic medium whenev-
er a p polansed light falls on it[6]. To achicve the resonance condition, it is im+
portant that the momentum of the mcident light 1s high. This can be achicved by
passing the light through an optical fibre, a plasmonic crystal fibre, or a prism{6).
Owing to the traditional methods, prisms were used to achieve SPR. and these
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methods were used to achieve high absorption loss curves. However, there arc
some limitations to these types ufsmsnm which include low flexbility, complex
design structures, bulky designs. and limited spectral response.

The photonic crystal fibres are used to deal with the above limitations . This is
becanse the PCF s morne mbust, cost-effective, and compact which makes it a more
suitahle option to be used as the base matenial. The PCF when decorated with the
plasmonic material layer helps the sensor to achieve the Surface Plasmon Reso-
nance and hence the sensmg properties are observed more efficientty. There are
various types of photonie crystal fibres, such as D-shaped, mtemal metal coatmg,
extemnal metal coating, microfluid channel[7). In the SPR based PCF sensors, it is
extremely difficult to coat the air holes intemally which is resolved by the use ofan
extemnal type of coating-based sensors. However, in practical applications, hath
types of sensoms are difficult to achieve. These disadvantages are overcome by the
use of the Dshaped SPR based PCF sensors which have a thin layer deposited at
the top of a silica-filled mukiple air holes structure with analyte present at the ex
temal layer. The D- shaped sensors are knowm for ther high senstivities[8]. The
thin layer is basically made up of gold or silver. Gold & chemcally stable and is
known for high resonance peaks as compared to the other plasmonic materiaks_ Sil-
ver on the other hand shows a sharp resonance peak but can be oxded easiby[9).
Silver. on #ts use with a layer of graphene or aluminium. does not get oxdized and
gives good results. The size of the thin layer of these plasmonic matenals, d should
b taken m onder less than the wavelength of the hight to be used. Usually, the rela-
tion d<<A 15 followed during the designing of the geometry of the D-shaped SPR
sensors[10]. In order to catalya: the SPR phenomenon, some metal oxdes such as
#n0y, TiO, Cd%, and Sr0): are used as photocatalysts. Zn0), with a wide energy
gap, Le. of 3.37eV and s chemical stability on interaction with the liquid anabyte,
high optical gain, and large binding kinetic energy. Zn0 is the best metal oxade to
act as the photocatalyst for SPR based sensing[7]. Zn0 has a wide energy gap of
electrons, Le., 3.37eV and it shows high stability when mteracting with the anabyte.
Thus, analyzing the refractive index of Zn0) and the behavior of the sensorat dif-
ferent refractive indices values becomes even more inportant. In biosensing, there
is a requirement for the detection of many harmful gases and also for the detection
of vanous diseases. [t senses the phenol-based compounds and ako detects the an-
tibodies orantigen thus acting as immunosensors|11].

In this paper, a Dshaped SPR based PCF sensorhas been designed with a dual-
core structure. As a part of the core, a thin layer of gold has been taken above
which, a layer of Zn( has been taken which is acting as the photocatalyst. For the
claddmg, an analyte of refractive index 1.39 has been taken. There are 14 air holes
with varying dameters present with fused silica in order to ensure better coupling
between the core and the Surface Plasmon Polantons mode. The structure has been
designed and studied in COMSOL Multiphysics and the operating wavelength has
been vaned for different refractve mdices. The confinement boss curves have been
plotted with a vanation with wavelength. The wavelength sensitivity of the sensor
'15 1325nmRIU" and the maximum amplitude sensitivity of the sensor i 240 2RIU
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2 Designing and Modelling

2.1 Theoretical modeling

The design for the model has beenrepresented in figure 1.

B o
-

Fig l. The schematic diagram for the d-shapod SPR sensor

In the figure, the different matenals have been represented which have been taken
for cach part of the sensor.

For designmg the sensor, the COMSOL Multiphysics simulation has been used.
The diameter of the air hokes 5 1.65um. The amay has been built for air holes so
as to construct 12 air holkes of equal diameter and two air hoks with a smaller
diameter of 0.8um The pnnciple behind the presence of the air holes m this
structure is that the ar holes lead to a significant improvement i the coupling
between the Surface Plasmon Polaritons and core modes. The thickness of the
gold layer 1s 65nm and the thickness of the ZnO layer s 10nm.

22  Numerical modelling

The fused sikca has been fillked all around the air holes and is acting as the
background materal. In order to calculate the refractive index of silica, the
Sellmeier equation is used[5), which is given by
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where 4 is the operating wavelength and by, by, b3, cy,65, €5 are the Selmeier’s
constants. The values of the Sellmeler's constants for silica can be tabulated as -

l'able.l. The values of Sclimeer’s constants for Silica

b, b, b €, (pm) (i)

cq(uni)
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A layer of £n0 has been taken as photocatalyst and for determining the refractive
mdex of Zn(), the follbwing form of the Sellmeier equation has been used,
542 0¥

+
B2 32

all) = |4+ i2)
Yy

where A is the operating wavelength and A, 8,C D E are the Sellmeier's
constants. The values of the Sellmeier's constants for Znl) can be tabulated as -

lahle. 2 The values of Sellmeer’s constants for Zn()

A ) £ (nm) 0 E {nmij)

20065 1.5748=10° 1 1.5868 260163

The mmimum operating wavelength for the model has been taken as 4 = 1.5um

maxinum operating wavelength for the model has been taken as 4 = 1.72um.

This range of operating wavelength has been opted to keep it comparable to the
dmensions of the ar holes and to observe the maxmum sensitrty.

The confinement loss for the sensor can be caleulated from the equation|13],
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The wavelength and the ampltude sensitvities can be calkeulated from the

confinement loss curve.

For calculating the wavelength sensitivity, the following equation s used[14],

e
s"" _.ﬂ.Ru [4:|

where .I:'ulp & the change n the peak resonant wavelength comesponding to change

in refractive index of analyte.
For calculating the amplitude sensitivity, the following equation is used[15-17],

1 daldg )

SJ' . aliy o) 8n,

RILTY (5)

where crl:.lﬂln} 5 the confinement loss and ﬂa[l,,lﬂ} 5 difference of two

consecutive loss spectra and dn, is the comesponding change in refractive index

3 Simulation and Results

3.1 Model resulis

The concentration of the elkectric field in the various modes can be
represented by figure 2. Figures 2{a) and 2{b) represent the core and the
SPP modes of the sensor. Figures 2{b) and 2{c) represent the x-polarized
and y-polarized electric field modes and figures 2(d) represents the y-

polarzed coupling mode.
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Fig2.(a) Thermal view of the core mode of sensor for effective mode index=1.4254 and

operating wavelength=19um.

N

Fig 2(b) unpolarized SPP mode for effective mode index=1.4339-0.01501i

Fig 2.(c)y-polanzed core mode for effective mode index=1.4304
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Fig 2(d) y- polarized core mode for effective mode index=1.4242-2.24E-5

3.2  Phase matching

When the light is incident on the surface of ZnO, most of the free electrons
get excited and ths excitation makes the evanescent field to be guided
from the x- polarized to the y-polarzed modes. The resonance i then
achieved at maximum power. The peak for the curves 1s achieved and this
condtion s termed as phase matching. The SPP modes can be represented
by plotting the confinement loss equation (3), the net effective mode index
for core and SPP modes. The following graph (figure 3) s showing the
dispersion relation curve for the core and SPP modes,
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Fig3. Fundamental dispersion relation curves for core and SPP modes of the sensor

73




33  Calculation of Wavelength and amplitude sensitivities

The confinement losses as calculated from equation (3) for different refractive
indices of analyte are vaned with respect to the wavelength. The confinement loss
curves thus plotted arc shown in figure 4 which can further be used for the
measurement of the wavelength sensitivaty.

§
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Fig4. Confinement Joss curves for na=1.31 to na=1.36

In the curve t can be observed that the maxmum resonance wavelength is
obtamed at na=136. In fact, in order to follow the trend of the resonance
wavelengths versus the refractive indices of the analyte, the followmg plot(figure
5) can be seen.
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Fig 5. Resonance wavelengh versus refractive index

It is observed that on mereasng the refractive mdex of the analyte, the sensor has
to be targeted with a greater wavelength.

For cakulating the wavelength sensitivity, the vamation in the resonance
wavelength comesponding to the change in the refractive index is noted down as
given in equation 4.

Mow, for the graph given in figure 5, slope=1.325umRIU"'
Hence. the wavelength sensitivity for the sensor s 1325nmRIU-"

Mow, calculatng the amplitude sensitivity from the equation 5, for different
refractive indices of the analyte and varying it for different wavelengths, the
following curve (figure &) is obtamed.
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Fig6. Amplitude sensitivities for na=1.31 to na=1.36 at different wavelengths.

From the above curve, it can be deduced that the maximum amplitude sensitivity
is 23157 RIU"' for na=1.31 and the minimum peak amplitude sensitivity has been
observed forna=131, which is cqual to 7521RIU™.

Another parameter that leads to the change in the amplitude sensitivity is the
thickness of the Gold layer and the thickness of the ZnO layer. In the following
figures(Fig.7(a) and fig. 7(b)), thc confinement loss — wavelength curves for
different values of thickness of Gold layer and that for different values of
thickness for ZnO layer have been represented.
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Fig. 7.{a) Confinement loss curves for thickness{ Auj=33 60 and £5nm_
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Fig7. (k) Confinement loss curves for thickness{Zn0)p=5,10 and 150m.
From the above curves, the amphiude sensitivities for the different thickness

values of the Gold and ZnO layer provide a way of mereasing the anpliude
sensitivity to the maxmum exent.

For the thickness of Gold=65nm,
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Maximum Amplitude sensitivity=-2402 RIU™
For the thickness of Gold=6lnm,

Maximum Amplitude sensitivity=-160.84 RILU™
For the thickness of Gold=55nm,

Maximum Amplitude sensitivity=-118.5 RIU™
For the thickness of Zn0=5nm,

Maximum Amplitude sensitivity= -350.52 RIU™
For the thickness of Zn0=1{nm,

Maximum Amplitude sensitivity= -240.76 RIU™
For the thickness of Zn0=15nm,

Maxmum Amplitude sensitivity=-1384 RIU™

Therefore, the more the thickness of the Gold layer, the more is the maxmom

amplitude sensitivity for refractive index na=1.35, and the more the thickness of
the £n0 layer, the more is the value of the maxdmum ampliude sensitivity.

4 Applications of D-shaped Plasmonic sensor in me dical field

The [- shaped SPR based sensors have high recognition in the medical field.
From biosensors to the detection of discases as well as mmunosensors, our D-
shaped SPR based sensors have a wide range of applications. The D- shaped bio-
sensors can be used to detect the discases like leukemia, hand -foot-mouth dsease,
and pneumonia[15]. In addition to this, these D-shaped 5PR sensors also act as
IMMUNOSENs0rs. As IMmunosensors, the sensoris used to detect the antigen and the
antibody. The antibodies getabsorbed at the layer of Zn0) and thus interact with the
Gold layer. The binding of the antibody and Gold particles leads to a deflection in
the refractive index and that particular antigen or antibody is tested[11]. Another
application of SPR sensors & the detection of the harmful compound 1.4 Dioxane.
1.4 Dioxane has a wide range of applications m our daily products. The bath foam
and many cosmetic products contain this as it acts as a stabilizng agent. However,
1.4 Diosane, if mhaled makes the heart mate drop or nse sharply and also causes
ladney and liver problems. On the other hand. if it s taken along with food. this
may cause the RBC counts to declne to such as kevel as to cause deaths[12]. So, it
becomes essential to detect this compound and many other such gases or com
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flounds In the d-shaped SPR based sensor, when 1,4 Dioxane is taken as the ana-
te and the sensitivity ofthe sensorcan be recorded so as to detect the kevel of this

gas present[18-20].

5 Conclusions

The D-shaped SPR sensors are quite well known for their high sensitivities,
flexability, Jow cost and low-resolution propertics. A D-shaped SPR sensor has
been desgned with Gold as a plasmonic material and Zn0 as a photocatalyst. The
analyte is unknown and the different refractive indices of the analytes arc used to
ohserve the confinement loss and sensitivities of the sensor. The wavelength
sensitivity of the sensor is 1325nmRIU" and the maxinmm amplitude sensitivity
is -2402RIU7. The designed SPR sensor has various applications m the
biochemical and medical field.
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