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Abstract

The work presented in this thesis concerns the study and the simulation of a biosensor
based on a two-dimensional photonic crystal to detect the chikungunya virus.

The simulation results have designed and analyzed by using the finite difference time
domain (FDTD) method under the OptiFDTD software, the band gap calculation is performed
using the plane wave expansion method (PWE) under PWE solver, and MATLAB for plotting
curves. The obtained results thanks to the design that we used, are very satisfactory because
they show a very high sensitivity reaching 973.24um/RIU and transmission up to 69.2%,
which makes it a very good support for the realization of our biosensor.

Keywords: Photonic crystals, biosensor, GaAs, chikungunya virus, OptiFDTD.

Résume

Le travail présenté dans cette thése concerne 1’étude et la simulation d’un biocapteur
basé sur un cristal photonique bidimensionnel pour détecter le virus chikungunya.

Les résultats de la simulation ont été concgus et analysés en utilisant la méthode de la
différence finie dans domaine temporel (FDTD) sous le logiciel OptiFDTD, le calcul de
I’écart de bande est effectué en utilisant la méthode d’expansion d’onde plane (PWE) sous le
solveur PWE, et MATLAB pour tracer les courbes. Les résultats obtenus grace au design que
nous avons utilisé, sont tres satisfaisants car ils montrent une sensibilité tres élevée atteignant
973.24um/RIU et une transmission jusqu’a 69.2%, ce qui en fait un trés bon support pour la
réalisation de notre biocapteur.

Mot clé : cristaux photoniques, biocapteur, GaAs, virus chikungunya, OptiFDTD.
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General Introduction

General Introduction

For many years, research has focused on the behavior of photons rather than electrons,
intending to control the propagation of light, thus offering the possibility of blocking or
letting through certain frequency ranges and in one or more several directions. John [1] (1987)
and other scientists have created and characterized a new generation of materials: photonic
crystals.

Photonic crystals (PCs) are nanostructured materials in which the refractive index
varies periodically [2]. Due to the band structure and light confinement of photonic crystals,
photonic crystals can be used as detection elements. These sensors allow rapid analysis of the
biological interactions being sought. Due to their small size. Eventually, they may replace
analytical laboratories for rapid point-of-care diagnostics.

Chikungunya virus is spread to humans through mosquito bites and is characterized by
symptoms like high fever, intense joint pain, headache, muscle pain, rash, and fatigue [3].

The wide spread of the Chikungunya virus where the number of patients reached more
than 210,000 in the first months of 2023 has highlighted the urgent need for the early
detection of the disease to protect and treat patients and prevent future outbreaks. that is why
we have simulated a 2D Photonic crystal connected structure composed of holes in a GaAs
substrate Software have been used for Plane-wave expansion (PWE) and finite difference
time domain (FDTD) are PWE Solver and Optifdtd respectively, and MATLAB software for
plotting. In this context, this dissertation is divided into three chapters:

In the first chapter, we have reviewed the notions of photonic crystals and the basic
definitions relating to these structures, to provide a photonic band gap (BIP) which represents
the essential support for the realization of different types of sensors using this type of
structure.

The second chapter contained general information about the program uses OptiFDTD,
and the main numerical methods used to model the PHc structures.

In Chapter 3, The proposed structure has been presented and the steps that should be
followed to design a 2D photonic crystal-based biosensor for the detection of chikungunya
virus have been described where the OptiFDTD software and the PWE Solver.Finally, we

discussed the obtained simulation results.
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Chapter 01 : Photonic Crystal Sensor

Introduction

The interest of researchers in the topic of photonic crystals is important, especially since
the late 90s, because these artificial periodic materials have been promised to revolutionize
the field of telecommunications and detections [1]. Indeed, for years, scientific research has
believed that it can control the propagation of light thanks to these materials to replace
conventional electric current communication. This would result in a huge gain in terms of

speed of communication [2].

This chapter aims to present the basic concepts concerning photonic crystals, and their
optical properties. A special place is given to two-dimensional crystals, state of the art, and

the objective of our work.

State of the art

The birth of photonic structures comes from optics. During the last decades that
photonic crystals have attracted great attention, the first hypotheses on the possibility of
controlling the propagation of light using periodic structures relate to 1887 with the work of
Lord Rayleigh. In 1922, the English physicist sir William Lawrence Bragg developed the
Bragg mirror. This mirror is a succession of transparent flat surfaces with different refractive
indices. Thanks to constructive interference phenomena, it allows the reflection of 99.5% of
the incident energy, which is impossible with a classic mirror. It was not until 1987 that Eli
yablonovitch [3] proposed to extend the concept of Bragg mirrors to microwave frequencies
for some kind of impact.

In 1991, Eli Yablonovitch made the first artificial photonic crystal operating at
centimeter wavelengths. This artificial crystal is called Yablonovite [4].

In 1995, the Vasily Astratov group made a significant discovery regarding natural and
synthetic opals. They found that these opals possess a characteristic known as PHc (complete
photonic band gap) with an incomplete forbidden band [5].

The following year, in 1996, Thomas Kramse demonstrated the existence of PHc in 2D
at a specific wavelength. This breakthrough opened up new possibilities for PHc
manufacturing in semiconductor materials, particularly within the industry [6].

During the same period, Pavel Cheban introduced a waveguide called nv type (grating

waveguide under A (SWQ)) that effectively reduced the effects of wave interference. This
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Chapter 01 : Photonic Crystal Sensor

waveguide was strategically designed to operate outside the forbidden band, thus minimizing
wave interference [7].

Moving ahead to 1998, Philip Russell achieved a significant milestone by improving
normal fiber optics and introducing photonic crystal fibers. This advancement revolutionized
the field of fiber optics [8].

In 2006, researchers discovered a natural photonic crystal structure in the scales of a
Brazilian beetle, marking a ground-breaking finding in the natural world [9].

Subsequently, in 2012, a diamond crystal structure was detected in a weevil [10], [11]
and a gyroid-like architecture was identified in a butterfly [12]. These discoveries further
expanded our understanding of photonic crystal structures and their prevalence in nature.

More recently, researchers have uncovered gyroid photonic crystals in the feather barbs
of blue-winged birds. These intricate structures play a crucial role in producing the bird's
captivating shimmering blue coloration.

Photonic crystals are periodic structures that can manipulate the propagation of light
by creating a photonic bandgap, where certain frequencies of light are forbidden from
propagating through the structure. This unique property has made them useful in a variety of
applications, including bio-sensing [13].

The addition of photonic crystals to biosensors has enabled highly sensitive and
specific detection of biological molecules [14]. By functionalizing the photonic crystal
surface with biomolecules that selectively bind to target molecules, changes in the photonic
crystal's refractive index can be detected, indicating the presence of the target molecule [15].
This allows for rapid and highly sensitive detection of disease biomarkers, viruses, and
bacteria.

In addition, photonic crystals have facilitated the development of highly miniaturized
biosensors that can be integrated into portable devices [16]. By manipulating the photonic
crystal's properties, such as its bandgap and surface chemistry, biosensors can be designed to
target a wide range of biological molecules [17]. Photonic crystal biosensors are finding
immense applications in medical applications

Abdullah Al-Mamun Bulbul and al have modeled and quantitatively analyzed a hollow-
core PCF to evaluate its performance as a biosensor specifically designed to sense four types
of cancerous cells [18]. A.V. Orlov and developed a biosensor for the diagnostics of

autoimmune diseases by highly sensitive measuring in human serum [19].
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Chapter 01 : Photonic Crystal Sensor

Maria Fernanda Pineda designated a biosensor based on PHc structures for the detection
of viable Rotaviruses [20].

Photonic crystal biosensors have evolved with more capabilities, however, they are
limited to only specific analytes and face challenges related to sensitivity. The authors' recent
individual papers [21], [22], [23], [24], and [25] present innovative designs and simulations
capable of efficiently detecting a variety of viruses and diseases. These simulations
demonstrate remarkable evolutions in wavelength capabilities, which include sensitivities
ranging from 400 nm/RIU, 546.72 nm/RIU, 650 nm/RIU, 881.25 nm/RIU to 1330 nm/RIU,

respectively.

1. Definition

A photonic crystal is defined as a periodical dielectric structure with a frequency of
refractive index of the order of the wavelength of the localized light. Since its inception, the
number of publications related to PHc has been explosive. Schematic images in one, two, and
three dimensions (1d, 2d and 3d) [26].

The dielectric mirror, or Bragg reflector, is a stack of alternating layers of material with
periodic high and low refractive indices. The one-dimensional periodic variation of the
refractive index n in figure i.2 represents one of the simplest periodic structures within a
general class of optical materials called photonic crystals. A photonic crystal (PHc) is a
material that has been structured to have a periodic modulation of the refractive index n so

that the structure influences the propagation and confinement of light within it.

T

o

i N

i ]

[N |
~—

T ERSTRERCS

y I y
— X L X X

10PC 20PC 3DPC

Figure 1 : Photonic crystals in (a) 1D, (b) 2D, and (c) 3D, D being the dimension [27].
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Grey and white regions have different refractive indices and are not necessarily of the
same size. A is the periodicity. The photonic crystal 1d in (a) is the well-known Bragg

reflector, a dielectric stacking.

Periodicity can be one-dimensional (1d), two-dimensional (2d), or three-dimensional
(3d); figures 1 (a) to (c) illustrate single photonic crystals 1d, 2d, and 3d as examples. Indeed,

we can build rather complicated structures that have very interesting optical properties.

2. Basic properties of photonic crystals
2.1.1D Photonic Crystals (one-dimensional)

These structures are commonly known as the Bragg network. They are generally made
by stacking layers of refractive index nl and n2 respectively, the layers have an optical
thickness equal to /4, A being the guided wavelength around which the material must prohibit
the propagation of electromagnetic waves under normal incidence [28]. Figure 2 represents

the one-dimensional periodic structure.

(Indice ny) )‘/ Ky
(Indice n,) k\" Kk,
€,.a,

Figure 2: One-dimensional periodic structure [29].

2.2.3D Photonic Crystals (three-dimensional)

Three-dimensional photonic crystals are structures whose dielectric permittivity is
periodically structured in all three directions. They were the second to be carried out by
Yablonovich after the Bragg networks. Its objective was to obtain a complete forbidden band

for all directions of space to inhibit the spontaneous emission of light [30].
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Chapter 01 : Photonic Crystal Sensor

Figure 3 : The first BIP3D structure: yablonovite[1].

2.3.2D Photonic Crystals (two-dimensional)

A two-dimensional photonic crystal is a structure that has a periodic modulation of
dielectric permittivity € in two directions in space, and is homogeneous in the third.
These periodic structures are composed of dielectric cylinders. They present a relative

geometric simplicity that facilitates theoretical and experimental studies [32].

Figure 4 : Two-dimensional periodic structure [33].

There are two types of dielectric periodic structures:

e So-called “connected” structures (Fig 5): the elementary patterns are the nl index
lower than the n2 index of the dielectric matrix[2].

e So-called “disconnected” structures (Fig 5): the elementary motifs have an index of nl
higher than the index of n2 of the inter-motif space. They consist of dielectric or

metallic rods periodically aligned in air or foam[2].
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Cylinder (index nl)
Pattern invariant
: : - at infinity along
Dielectric matrix il cin
(index n2)

(indexnl) ____ o —_
D D I% D/ (index n2)
(b)

Figure 5 : (a) Connected 2D structure (b) Disconnected 2D structure [34].

To open wide forbidden bands, a contrast of An (the difference between the indices of the
medium and the stems) must be sufficiently large. In two dimensions, it is necessary to
consider two different polarizations: TE (with the field E perpendicular to the axis of the
holes) and TM (where E is parallel to the axis of the holes). Many theorists have sought to
optimize the dimensions of structures to obtain complete forbidden bands even if they have
applications. There are three main families of 2D PBG materials according to the shape of the
network:

e Square mesh:

The primitive mesh is a square on the side. Its Brillouin area is a rectangle isosceles
triangle.
e Triangular network:
This network allows the opening of the widest forbidden bands in the plane. The

network is described by direct vectors'a;and a,.
e Hexagonal Array:

By removing some patterns from the previous array, a hexagonal array can be obtained.

J 1] /\ DAVAS
11 V/\/x@ﬁ Voo H)
L VAV '

Figure 6 : Representation (a) of a square network (b) of a triangular network (c) of a hexagonal network [35].
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Chapter 01 : Photonic Crystal Sensor

NoteO1:

When compared to 1DPHc and 3DPHc, the 2DPHc sensor-based attracts increased
attention from the scientific community due to its comparatively simple pattern, small size,
good light confinement, accuracy in band gap calculation, and ease of integration. That’s
why we focus our study on 2DPHc [36].

® Band Diagram:

Any photonic crystal is characterized by its band diagram. The band diagram represents
the variations in frequencies allowed in the network as a function of the projection of the
wave vector along the directions of high symmetry of the latter. It is represented in reduced
units. If we consider the case of a triangular network of permittivity (¢=12), the band diagram

is represented as follows:

=] PWE Band Solver
Dbl Cick On Objects to open properties. Move Objects with Mouse Drag

0.4 06 0.8

Frequency (wiZpic) [1/um]

0.2

0 10
K Vector Index

Figure 7 : Band diagram of a hexagonal two-dimensional photonic crystal. (Our works)

2.4.Defects in 2D photonic crystals

Several types of defects are possible and allow certain applications, such as high
selectivity filters since only the electromagnetic wave whose frequency corresponds to that of
the allowed mode will be transmitted or even tunable filters. Imperfection in the periodic
arrangement of the dielectric structure is a simple way to create one or more modes allowed in
the gap to introduce a defect in the crystal. In the case of two-dimensional photonic crystals of

particular interest to us in this work, several types of defects can be considered.

11
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2.4.1. Linear defect

A guide is a linear defect introduced into a photonic crystal if it is repeated in two
directions in space. The 2D photonic crystal consists of either dielectric columns surrounded
by air or air holes engraved through a dielectric matrix. A waveguide can then be created by
discarding two half-planes as shown in (Fig 8). The difference between the two semi-planes,

the crystal direction, and the symmetry of the edges define a single guide.

dielectric dielectric

Figure 8 : Diagram of a faulty guide in a network (a) of columns of a dielectric (b) of air holes [37].

2.4.2. Point defects

Point defects are created by changing the characteristics of a cell in the network. To use
the terminology of crystal physics, then flaws or substitution can be achieved. This

corresponds to a microcavity inside the photonic crystal. Fig (9) represents the different types

of defects .
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Figure 9 : Different types of defects (a) HO-cavity. (b) L3-cavity. (c) Ring resonator. (d) Hetro-structure cavity.
(e) Linear waveguide. (f) Coupled-cavity waveguide [38].

3. Applications of photonic crystals
The applications of photonic crystals are multiple and affect many fields. Most of these
applications are in:

e Optic[39].

e Telecommunication[40].

e Sensors[41].

e Imaging[42].

e Solar energy fields[43].

Photonic Crystal Sensors
3.1.Definition of a sensor

A sensor is a device transforming the state of an observed physical quantity into a
usable quantity, such as an electric voltage, a frequency, a measurement height, an intensity,
or the deviation of a needle (Fig.10). We can say that a sensor is a device which, under the
effect of a physical guantity that we wish to know and characterize, delivers an exploitable
physical quantity, we thus speak of a transducer. Influence quantities are external quantities
that, depending on their nature and importance, can cause disturbances on the sensor. Among
the main quantities of influence: temperature,

pressure, humidity, and chemical

concentration[44].
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‘ Target analytes

Physical quantity at
measure

Qutput quantity

Figure 10 : Definition of a sensor[44].

The development of high-performance phc sensors is made possible by focusing on the

different mechanisms of external physical interactions that we wish to characterize.

Biosensor

3

Detection of biological
maolecules

Displacement position \ I / Acceleration speed

Pressure y Photonic Crystals sensors ————— Temperature
Humidity / l Rotation

Detection of fluids or gases

Figure 11 : Some examples of physical quantities detectable by phc means [45].

Note 02:

Photonic crystal sensors based on refractive index detection as described below have the
advantage of converting a sensor into a biosensor with the change of the analyte type .in our
study we chose the RBC components and uric acid as biological analyte.
4. Mechanism of detections

Photonic crystals can be used for sensing applications by exploiting changes in their

optical properties. Here are some of the mechanisms of detection in photonic crystals:

4.1.Absorption sensing
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Photonic crystals can be designed to have high absorption at specific wavelengths, which can
be used to detect the presence of a target molecule that absorbs light at that wavelength. This can be
achieved by functionalizing the surface of the photonic crystal with a molecule that specifically binds
to the target molecule [46].

4.2.Fluorescence sensing

Photonic crystals can be designed to enhance fluorescence signals from fluorophores attached to
their surface, which can be used to detect the presence of a target molecule that binds to the
Ofluorophore [47].

4.3.Surface Plasmon resonance sensing

Photonic crystals can be combined with metallic nanoparticles to create surface Plasmon
resonance (SP sensors, which can detect changes in the refractive index of a surrounding medium by
monitoring changes in the SPR wavelength Overall, the mechanisms of detection in photonic crystals
depend on the specific design of the photonic crystal structure and the sensing application being
targeted[48].

4.4.Refractive index sensing

4.4.1. Band gab variation:

Photonic crystals can be used for refractive index sensing, which involves detecting
changes in the refractive index of a surrounding medium. This can be achieved by monitoring
changes in the photonic bandgap, which is the range of wavelengths that cannot propagate
through the photonic crystal structure[49].

4.4.2. Wavelength shift sensing:

Changes in the refractive index of a surrounding medium can cause a shift in the
photonic bandgap of a photonic crystal, which can be detected by measuring the shift in the
wavelength of light reflected by the photonic crystal[50].

5. Characteristic parameétres

5.1.Sensitivity(s)
Two types of definitions are mostly used for photonic crystal sensors in the literature. For

some structures the intensity of trans-mission changes when an analyte is introduced.
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Another sensitivity definition is used for sensors that experience a resonance wavelength shift

for different refractive indexes.

Y
= An

Where AZ is the resonant wavelength shifting by considering the cavity without the

(I. 1)

liquid infiltrated and An is the alteration in the RI due to the liquid analyte that infiltrated the
cavity[51].

5.2.The detection limit

The detection limit is the minimal physical change that can be detected. It can be

calculated by:

_ FWHM
== (1.2)

LD

(FWHM full-width half maximum, S the sensitivity)[52].
5.3.Quality factor

The quality factor which is defined as the ratio of the resonance wavelength to the
bandwidth measured at full-width half maximum (FWHM) is a parameter that models the
field confinement in a cavity [52]. To have a higher sensitivity, the quality factor needs to be

as high as possible. Defines the quality factor:

_ A(resonance)
~ A(FWHM) *

(1. 3)

5.4.Figure of merit

To compare the performance of biosensors, having a well-defined figure of merit (FoM) is the
key parameter[53]. It is usually defined by dividing the sensitivity of the biosensor by its
FWHM bandwidth:
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FoM [RIU1]. (I.4)

~ A(FWHM)
6. Objective

This work aims to improve the sensitivity of a two-dimensional photonic crystal
biosensor used for chikungunya virus detection. Where the optiFDTD of the OPTIWAVE

package and the PWE was used as software simulators.

Conclusion:

PHc have a wide range of applications in many optical systems, Refractive index
measurement is one of the many methods used for the diagnosis of chikungunya virus, The
sensitivity of many PHc cavities is usually high enough to sense small changes in refractive
indices which can be induced due to concentration changes of the analyte in order of 0.01 of
refractive index unit (RIU).In this work, we have tried to provide higher sensitivity to
refractive index variations. The OptiFDTD of OPTIWAVE and the PWE were used.
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Introduction

OptiFDTD is a powerful, highly integrated, and easy-to-use software that enables
computer-aided design and simulation of advanced passive photonic components. The
OptiFDTD software package is based on the Finite Difference Time Domain (FDTD) method.
The FDTD method has become a powerful engineering tool for simulating integrated and
diffractive optics. This is due to a unique combination of features such as the ability to
simulate light propagation, scattering, and diffraction, as well as reflection and polarization
effects. It also simulates material anisotropy and dispersion without pre-assuming field
behavior, such as slowly varying amplitude approximations. This method enables efficient
and powerful simulation and analysis of submicron devices with very fine structural details.
The submicron scale implies a high degree of light confinement, and as a result, the refractive
indices of materials (mainly semiconductors) used in typical device designs vary widely[1].

This chapter aims to highlight the potential of photonic crystals and the simulation
methods used for the photonic crystals on which the simulation software (FDTD and PWE) is
based.

1. Modulation Methods and software

The most commonly cited methods in the literature to study photonic crystals, and the
ones we use in our OptiFDTD software simulations, are the plane wave method (PWE) and
the finite difference in time method (FDTD).

1.1.The FDTD method

The FDTD method is one of the most widely used methods in electromagnetics. The
first algorithm was proposed by Yee in 1966. This approach is particularly useful for
understanding the spectral response of systems that are not necessarily periodic and for
computing field distributions of infinite-dimensional structures. FDTD can not only calculate
the energy band diagram but also simulate the time evolution of the electromagnetic field in
photonic crystals, which makes it possible to obtain information on many other quantities
such as the Poynting vector or electromagnetic energy. Storage. It includes the space and time
point derivatives that appear in Maxwell's equations by central finite difference

approximations.
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1.2.The PWE method

The plane wave decomposition method is a method for solving Maxwell's equations in
the frequency domain. It is based on decomposing electromagnetic problems into plane
waves. This method is mainly used to analyze the dispersion properties of materials with
photonic bandgap and can determine the frequency, polarization, symmetry, and field

distribution of photonic structural modes[2].

2. OptiFDTD

OptiFDTD is a powerful, highly integrated, and easy-to-use software application that
enables computer-aided design and simulation of advanced passive and nonlinear photonic

components.

Using OptiFDTD, you can design, analyze and test advanced passive and nonlinear
photonic components for wave propagation, scattering, reflection, diffraction, polarization,
and nonlinear phenomena. The core of OptiFDTD is based on the second-order numerical
precision finite-difference time-domain (FDTD) algorithm and the most advanced constraints
- uniaxial perfectly matched layer (UPML) constraints. The algorithm solves for the electric
and magnetic fields in the time and space domains using the full vector differential form of
Maxwell's coupled Curl equations. This means that any model geometry is possible and there

are no restrictions on the material properties of the device.

Automating these processes greatly increases designer productivity and reduces time to
market. This integration with other Optiwave software for photonic design automation

contributes to faster return on investment and shorter payback periods.

2.1.Specific Benefits

= Presents a global overview of photonics problems.
= Provides broad material choice.

= Offers extensive excitation selection.

= Delivers powerful Post-Data Processing.
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2.2.Applications

OptiFDTD enables the simulation of:
= Photonic band gap materials and devices.
= Optical micro-ring filters and resonators.
= Grating-based waveguide structures.
= Diffractive micro-optic elements.
= Complex integrated optics structures.
= Nonlinear materials, dispersive materials, surface plasma, and anisotropic materials.
= Photonic surface plasmon and surface plasma wave.
= Nano-particles, cells, tissue, and lens.

= Electromagnetic phenomena[3].

2.3.0ptiFDTD coordinates system

OptiFDTD uses a different coordinate system than most 3D layout and editing
programs. The coordinate system is defined to be compatible with other Optiwave software
such as OptiBPM. The representation of the coordinate system used is shown below.

Figure 12 : The coordinate system used in OptiFDTD.
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The regions named are used to separate volumes below and Substrate Cladding above
the XZ (Y=0) plane. They are used to represent traditional waveguides fabricated using
lithography for example. Substrate and Cladding regions can have different background
materials attached to them. While working with OptiFDTD, you must take note of the
following conventions:

e Xisreferred to as the width or vertical component

e Y isreferred to as the depth

e Zis referred to as the length or horizontal component

e The 2D and 3D simulation domains are referred to as 2D and 3D wafers.

It is possible to run either 2D or 3D simulations using OptiFDTD. In the case of 2D
simulations, the simulation region is defined by the XZ plane[4].

3. Work on the program (optiFDTD)

Use the OptiFDTD Designer program to create simulation objects and define their
properties. We define some basic geometry and run simulations and verify results based on
how we identify sources and detectors. OptiFDTD Designer is one of the four components of
OptiFDTD.

Creating and running FDTD simulations with OptiFDTD can be done using four main
programs, as described below:
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Figure 13 : The workflow of a typical simulation using OptiFDTD.
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3.1.0ptiFDTD Designer

The main OptiFDTD program. From here, you can create new designs, set simulation
parameters, write scripts and start simulations. Data are saved in a project file with the

extension. fdt.
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Figure 14 : OptiFDTD Designer window.
Layout Designer — This is where you define your structure and draw the design, set
simulation parameters, write scripts and start simulations. Data are saved in a project file with

the extension. fdt. Crystal lattice properties appear in the following window:

Oign | ~Atom Waveguides in Uni Cell
 Horizontal ~Add New

Expression Offset Position ~]  New

[# S — —

~Edt

 Vertical Linear Wavequide(0.000,0.000)

Expression Offset Position Linear Waveguide[0.120,0.000)

Iﬁ] + IO‘ - |0

Evaluate I
Edit | Delete
Depth: Azmuh(deg)  [£]00
~Latiice Properties EdtOgons—
Type: [2D Rectangular ~] Scale{iA+B +kC) i ik..integers Cunert Layout l—u
View Index ()
Fit  [Block ~]
Basis Vectors Lattice Dimensions — Edit Cell (i,i.k) | oc ]
NGE |00 |00 Scale: | fi|length [0 [0 [
A |1
B: |7 00 |50 |00 - I~ ResetAll To Urit Cel Cancel
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E_.lf;,UU Iﬁ,U.U |f;‘10 v [®
Label |PBGCrystalStructl Help I

Figure 15 : Crystal lattice properties (setting of structure).

30

——
| —



Chapter 02: Software and the simulation method

3.2.Profile Designer

This program is used to define all the materials and profiles used in the simulation
region.

# Profile Desgner -Mam- Development

File Vew Tools Hebp

@-n 0 B F

=) Master

S — S ——— -

Figure 16: Profile designer (materials and profile used).

Profiles are a special type of object used to define cross-sections of waveguides. As
following:

[ Profile Designer OptiFDTD 32-bit - [u] X
File View Tools Help

wm -, xe .Y
= @ hhhhh ~

For Help, press F1 ' 0.000000 0.000000 T T 4

Figure 17 : profile definition window.
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Input Field Properties >
" Continuous Wave * Gaussian Modulated Continuous Wave
Wavelength (um) |2_3] 499

General | 2D Transverse | 3D Transverse | G aussian Modulated CwW I

Input Field Transverse

¢ Modal * Gaussian " Rectangular " User Defined

Plane Geometry and Wave configuration

Z Position (um) | 0.00500000000000002

* Positive direction " Megative direction

Initial Phase [deg] IU

Label InputPlanel ¥ Enable Input Field

[ oK I Cancel | Help |

Figure 18 : Input field properties.

3.3.0ptiFDTD Simulator

Processes project files designed in OptiFDTD_Designer (.fdt).

OptiFDTD_Simulator opens automatically when you start a simulation. The simulation
results are stored in a file with the extension. fda.

Contains extensive viewing options and analysis features, and has the facility to export
data to other file formats. A typical FDTD simulation design sequence can be defined as this:

first, define the simulation domain sizes, then define materials and profiles to be used
in the simulation, then create the objects, light sources, and detectors that compose the
simulation, run the simulation, and finally analyze the results. The workflow of a typical

simulation using OptiFDTD is shown below.
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Simulation Parameters

" TE " T

— Mesh Parameters

Mesh Delta> (um) [D.0ES1041:  MNumber of Mesh Cells 3¢ [144 I~ Auto
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Actual Mesh Used = 0D.0E34444 um [delta <] >< 0.06344443 .
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T Run Until User Stops Execution. then Finalize Results

Script Option: I Simulate Using Script
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Key Input Information: IlnputF'lane1 and wawvelength: 2.31499 - I
Time Sampling Interval I‘l I &uato
Rurn... I Summay. .. I [ oK I Cancel l Help I

Figure 19 : Setting of simulation.

You can choose to open OptiFDTD_Analyzer at the end of the simulation.Loads and
analyzes the result files produced by OptiFDTD Simulator (.fda).
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Figure 20 : OptiFDTD analyze and observation Area Analysis.

At the same time, we can even see the superposition of more than one or two peaks with

more properties (color....... )
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Observation Area Analysis >

Observation Point I Observation Line ]

B Press Left Mouse Button to place Marker

Info-VWindows

Pos: (x: 2.61508 y: 0.766591)

Markers:
Ac (2.58902, 1.08195)
B: (2.59603, 0.997961)

A-B: (0.00700637, -0.0839873)

2.55 257 2.59 2861 263
urm
Ex Hy Ex

€ Frequency FFT = Frequency DFT  Time (fs) Update Graph
Min. _2s/7 | [255 [um) ¥ MNommalize With: Save DataAs...
Max. 5/ 7 I |2.65 (um]) [ rputPlanet ~1 Export Data .. [
Sample Points: [1000 I~ dB |[Amplitude ~1 Help |
| | Label | Ex|] Ey | Ez | Hx | Hy | Hz | Center Pos (um) Color

1_| [~ | ObservationPoint1 | | | | | x| | (0.00, 0.00, 9.31 )

Figure 21 : Observation results and superposition curves (in colors).

Here, you can see the final result of your simulation like the final taps (stage).

Conclusion
In this chapter, the optiFDTD software and the modulation methods such as the FDTD

and the PWE methods worked on have been presented in addition to a brief tutorial software.
In the following chapter, we will present the design of the 2D photonic crystal-based
biosensor simulated by optiFDTD for chikungunya virus detection, where results of the

photonic band diagram and the transmission response will be discussed.
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Introduction

Chikungunya virus disease is a mosquito-borne viral disease that primarily affects the joints,
causing severe joint pain and swelling. It also causes fever, headache, muscle pain, and rash [1].
The name "chikungunya" is derived from the Makonde language, spoken in Tanzania and
Mozambique, and means "to become contorted,” which describes the posture of people affected
by the disease. The virus was first isolated in Tanzania in 1952, but cases have been reported in
Africa, Asia, Europe, and the Americas. The virus is transmitted by mosquitoes of the Aedes
genus, particularly Aedes aegypti and Aedes albopictus, which are also responsible for the
transmission of dengue fever and Zika virus [2].

People at risk for more severe disease include newborns infected around the time of birth, older
adults (more than 65 22years), and people with medical conditions such as high blood
pressure, diabetes, or heart disease [3].

Chikungunya virus is known to target red blood cells whose refractive index is 1.40,
causing them to become deformed and leading to a reduction in the number of red blood cells
in the body becomes its refractive index is 1.39 [4]. This can lead to anemia and other
complications [5]. The virus can also affect platelets, which are responsible for blood clotting a
condition known as thrombocytopenia where their refractive index converts from 1.35 t01.33,
this can cause bleeding, bruising, and other complications, particularly in wvulnerable
populations such as pregnant women mostly during the second trimester and the elderly.
Intrapartum transmission has also been documented when the mother was viremic around the
time of delivery [6].

Research has also suggested that the chikungunya virus can affect the immune system,
causing it to produce certain antibodies that can lead to further complications. For example,
some studies have suggested that the virus can trigger the production of autoantibodies, which
can cause damage to healthy cells and tissues in the body [7]. Early detection of chikungunya
virus disease is crucial for the effective management of the disease. Biomedical research has
focused on developing diagnostic tools that can detect the virus quickly and accurately [8].

The detection of the Chikungunya virus in a biosensor involves the use of specific
antibodies that can bind to the virus and generate a signal that can be detected by the sensor.

Biosensors can be designed to detect various aspects of the virus, such as the presence of viral
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particles, viral proteins, or antibodies produced in response to the virus. Biosensors have
several advantages for virus detection, including high sensitivity, specificity, and speed,
which make them a promising tool for the rapid and accurate diagnosis of Chikungunya virus
infection [9]. Optical techniques are revolutionizing how biological questions can be addressed
directly in the living cell. The optical techniques that inform on the changes in mechanical
properties during the infection cycle.

The addition of photonic crystals to biosensors has enabled highly sensitive and facilitated
the development of highly miniaturized biosensors that can be integrated into portable devices.
Photonic crystals are periodic structures that can manipulate the propagation of light through a
photonic bandgap, by creating point defects or cavities. Their sensitivity, specificity, and non-
intrusiveness make optical techniques indispensable to generating high-fidelity data,
significantly improving the tools available for future research into blood disease [10].

Several research on biosensors-based photonic crystals focuses to ameliorate the phc
parameters such as sensitivity and quality factors.

Tayoub in Ref [11] propose a design for the diagnosis of malaria-infected red blood cells
(RBCs) in the wavelength range of 1130-1860 nm for TM-polarized light, where a high
sensitivity of 700 nm/RIU can be achieved.

Sujit Kumari in ref [12] design a biosensor structure to detect infected red blood cells by
malaria parasites where the maximum sensitivity value obtained from his structure is 327.7
nm/RIU.

In our study we propose a two-dimensional phc waveguide as a biosensor to detect the infected
blood component and uric acid by the chikungunya virus, we design and simulate a 2D
photonic crystal biosensor. Where the biosensor chip is filled with a blood sample and urine
and according to their refractive index transmission is deliberated. The software package
OPTIFDTD and the ’PWE band solver’ are used.

1. Article Structure and the Corresponding Styles

The proposed structure is based on hexagonally distributed air holes in a GaAs
substrate, the refractive index of the GaAs material is 3.35 and the air is 1 where the radius of
the holes and the lattice constant are 0.21 pum and 0.6 pm respectively. The figure shows the

proposed design, the figure shows the 3D structure, and the parameter design is summarized
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in the table.
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Table 1 : Design Parameters.

Design paramétre The Value
Length*Width 17*16
The refractive index of GaAs 3.35
Hole radius 0.210 um
Lattice constant 0.6 um
The refractive index of the 1
area
Ring width 0.65 um
Ring radius 0.2um

The band gap of the photonic crystal structure has been calculated with the plane wave
extension method (PWE) The complete structure has a certain range of wavelength in transverse
electric mode from 2.078492 to 2.797416um.

The results' bad gap was shown in Fig 24. The photonic crystal biosensor is excited from the
light source by a Gaussian laser pulse with a central frequency of 2.31499um and by applying
an appropriate boundary condition (perfectly matched layer, PML). Fig 25 represents the
distribution field.

g PWE Band Solver

Sl Ciei On Dt 1y opee proparten. Usve Otpc wit Meens Oryg

Frequendy (e lge] [Vrawn)
o= ) an os
... . ... — .~ A—

K Vecht Index

Figure 24 : The band gap of the photonic crystal structure.
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The mid-infrared (MIR) region (about 2—20 pum) bears a particular scientific and
technological significance due to a multitude of applications within diverse fields. And the
major challenge in mid-IR sensing is the lack of efficient detectors [13].

!

Figure 25 : Field distribution.
2. Geometric Study

In this section, we present 3 studies on the design structure:

In the first one, we change the radius of the annular hole from 0.4to 0.65 um and in the
second study we change the width of the annular hole from 0.27 to 0.35, and finally in the
third one we change the radius of the central hole from 0.21 to 0.41 um and we calculate the
sensitivity for each change. We limit our study to these values to avoid interference between

pillars. Table 2 summarized the calculation results.
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Table 2 : Sensitivity value for each Parameter change.

Change of The sensitivity
Ra=0.4 377.115nm
The radius of the annular hole Ra=0.5 399.299 nm
Ra=0.6 534.4nm
R=0.65 475.117nm
The width of the annular hole w02 f7344nm
w=0.30 499.123nm
w=0.35 933.78nm
Rc=0.21 475.117nm
The radius of the central hole Rc=0.26 665.498nm
Rc=0.31 737.474nm
Rc=0.41 749.088nm

The curve in Fig 26 represents the change in the sensitivity according to the ring hole
width where the highest sensitivity reached was 933.78nm/RIU at this point the width and the
radius of the annular hole were 0.35um, and 0.65um respectively, and the central radius was
0.21um. Fig 27 represents the final design.

— change in width V< sensitinilly
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Figure 26 : change in the width Vs the sensitivity.
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Figure 27 : The final design.
3. Discussion and Results

It appears in fig 26 that strong light is confined in the cavity, this localization of light
increases after infiltration the interaction light-matter where a higher level of sensitivity can
be reached.

We detect the normalized transmission spectrum after the infiltration of the structure of
normal and infected blood components such as red blood cells, platelets, plasma, and also uric
acid. All refractive indeces of our samples are cited in the table3

The normalized transmission spectrum detected at the end of the structure by the
photodetector looks like a lauraintz pic, a shift in the wavelength of our pic between the
infiltration by healthy and infected components was shown in fig 28-30

After infiltration of the design by the uric acid, another pic appears in fig 31, this
phenomenon is called the fano resonance which is predominantly used to describe asymmetric
resonance [14].

This fano resonance is sensitive to the small change in the environment's refractive
index [15].

The sensitivity and the quality factor have been calculated for each detection shift. All
results are summarized in the table3.
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Table 3 : Refractive index of each analyte.

The target samples Refractive index
Normal 1.4
RBC
infected 1.39
Normal 1.35
Plasma
infected 1.33
Normal 1.39
Platelets
infected 1.38
Normal 1.72
uric acid
infected 1.7
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Figure 28 : Normalized transmission spectrum of healthy and infected RBC.
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Figure 29 : Normalized transmission spectrum of healthy and infected Platelets.
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Figure 30 : Normalized transmission spectrum of healthy and infected plasma.
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Figure 31 : Normalized transmission spectrum of healthy and infected uric acid.

Table 4 : Sensitivity, effectiveness, and quality factor for each analyte.

The analyte The sensitivity Quality factor Transmission efficiency
Uric acid 665.12 nm/RIU 483.05 39.70%
platlets 973.24 nm 695.18 68.42% bri
Plasma 814.0 nm 727,59 64% ef
RBC 933.78 nm 778.61 69.2% co

mp

arison between our study and a few examples of other recent work has been presented in

Table 5:

Table 5 : Comparison of Research.

Reference | Year Structures targete_d The sensitivity
Application
Basal_ MCF-7_ MDA-MB-
[16] | 2023 231_PC12_ Label-Free cancer | 5085 ("MM/RIU)
HelLa Jurkat.
[17] 2023 Deionized water bacterial water 232 nm/RIU
detection

My work | 2023 RBC_ Aside from urine Chikungunya virus | 973.24nm/RIU
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Conclusions

In this chapter, we have proposed a 2D photonic crystal structure biosensor to detect the
influence of the chikungunya virus on blood components and uric acid. After a geometric
study, we found a performance parameter that led to achieving a very high sensitivity of
973.24 um a transmission efficiency of 69.2%, and a quality factor of 778.61. Due to the
importance of the accuracy and sensitivity parameters in the sensors' design, we can say that

the achieved sensitivity compared to a recent work proves the value of our design.
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The aim of this work was the design and simulation of a photonic crystal biosensor to detect
the chikungunya virus with high sensitivity.to achieve this goal we have followed the

following steps:

¢ In the first step we talked about photonic crystals as a theory and a concept, then we
looked at the use of such structures to develop detectors and sensors of different types
and thus cover all the characteristics that lead to a high-performance sensor.

+«* In the second step, we explained how to work on the optiFDTD program and the
simulated method using the Plane Wave-Expansion (PWE) method and the Finite-
Difference Time-Domain (FDTD) algorithm.

¢+ The last step of our work was to propose a structure, to define its characteristics (the
lattice constant, the radius of holes r, the shape of the cavity, and the shapes of the
waveguides included) and its optical GAP to define the wavelength range in which it
must be exploited. Then this structure is optimized to obtain maximum sensitivity and

good quality factors.

Thanks to the design we used, our results show a significant improvement in sensitivity
compared to that found by ref [1] with its original structure. Our results show that Rl
sensitivity increased from 700 nm/RIU to 973.24um/RIU, which makes it very good support

for the realization of a biosensor.

This sensitivity is very important and by comparing it with the literature in the field it has

been found that it has a very competitive value.

In perspective, we encourage the PFEs of the promotions to come, to discover other designs
for this sensor, and/or to do other optimization processes such as optimizing the layouts and
lengths of the input and output waveguides to guarantee a better coupling between the source
and the cavity and also to have a high sensitivity and a better quality factor.

52

——
| —



Bibliographic References

[1] TAYOUB, H.; HOCINI, A.; HARHOUZ, A. High-Performance Two-Dimensional Photonic
Crystal Biosensor to Diagnose Malaria Infected RBCs. J. Nano- Electron. Phys., vol. 15, no. 1,
pp. 01008-1-01008-6, 2023, doi: 10.21272/jnep.15(1).01008.

53

——
| —



