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Abstract

One-dimensional photonic crystals (1D-PhCs) enable precise spectral control via
photonic band gaps and defect-mode resonances. This thesis develops and evaluates
a compact biosensing platform based on a quarter-wave SiO,/TiOs multilayer with
a central defect cavity that hosts the analyte. Using a transfer-matrix formulation,
we derive transmission and reflection spectra under lossless conditions and quantify
sensing performance through sensitivity (5), quality factor (@), figure of merit (FoM),
and signal-to-noise ratio (SNR). We examine how the defect thickness (dp), the number
of bilayers (N), and the incidence angle (#) govern resonance position and linewidth.

Parametric analysis shows that increasing d, introduces additional cavity modes and
can sharpen resonances, while larger N improves spectral selectivity and ). Oblique
incidence provides a practical knob to further narrow the resonance with a predictable
blue shift. Focusing on clinically motivated detection of blood constituents, the de-
vice tracks refractive-index changes associated with human blood components and, in
particular, variations in hemoglobin concentration. An optimized configuration (N=7,
do=10D, 6=20°) yields narrow defect resonances with Q ~ 2.6 x 10*-3.9 x 10* and
sensitivity S & 476 nm/RIU. Across a representative hemoglobin range, the resonance
wavelength red-shifts by ~ 17.6 nm (from ~ 771.6 nm to ~ 789.2 nm), while main-
taining FWHM on the order of 0.02-0.03 nm, enabling high-resolution discrimination
of physiologically relevant changes.

These results confirm that defect-engineered 1D-PhCs, realized with standard di-
electric stacks, offer a simple, low-cost, and high-performance route to optical biosens-
ing. The framework and guidelines reported here support dispersion-aware design, tol-
erance analysis, and further improvements via impedance matching and cavity-mode

tailoring.

Keywords: transmittance spectrum, optical properties, Si02/Ti0O2, VIS wavelength,

human blood, biosensor, transfer matrix method
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General Introduction

The advent of photonic crystals (PhCs), a class of engineered materials carefully crafted
to manipulate and control the propagation of electromagnetic waves with high pre-
cision, has significantly changed the field of optics [115]. These periodic dielectric
structures exhibit distinctive optical properties, most notably the presence of pho-
tonic band gaps (PBGs), within which light of specific frequencies is prohibited from
propagating—an effect analogous to the electronic band gaps in semiconductors that
regulate electron transport [6-8]. Among the various dimensional configurations, one-
dimensional photonic crystals (1D PhCs) occupy a unique position due to their straight-
forward fabrication process and strong interference effects, which facilitate narrowband
transmission, high reflection, and defect-induced resonant modes. These characteristics
render 1D PhCs highly promising for numerous photonic applications, including optical
filters, high-reflectivity mirrors, distributed-feedback lasers, display technologies, and
particularly label-free optical biosensing, where even minute refractive-index variations
must be detected with exceptional accuracy [9-15].

Despite significant advancements, several critical challenges persist. Firstly, the
translation of idealized band-gap concepts into manufacturable multilayers necessitates
a thickness design that is cognizant of dispersion, alongside robust modeling that con-
siders angle, polarization, and loss. Secondly, optimizing sensing performance requires
a balance between mode confinement, to enhance resonance sharpness, and the issues
of spectral crowding and insertion loss. Lastly, clinical translation necessitates designs
with figures of merit that are resilient to parameter drift and fabrication tolerances.

Objectives. This thesis aims to (i) select a rigorous and efficient modeling pipeline
for one-dimensional photonic crystals (1D PhCs), (ii) derive design principles that cor-
relate structural parameters—such as index contrast, period number, defect thickness,
and angle of incidence—with spectral metrics, including band-gap width, resonance
position, and linewidth, and (iii) engineer a defect-cavity 1D PhC as a refractive-index
biosensor optimized for detecting variations in human blood constituents, with a par-
ticular focus on hemoglobin.

Methodological approach. This research utilized the Transfer Matrix Method
(TMM) in Python to model the propagation of electromagnetic waves through a one-
dimensional photonic crystal (1D PhC) made up of alternating SiO,/TiOs layers, which



include a central defect cavity. Dispersion models for SiOy and TiO, were employed
to design a quarter-wave thickness centered around a specific wavelength in the visible
to near-infrared spectrum. An extensive parametric analysis was conducted by alter-
ing the thickness of the defect layer, the number of periodic layers, and the angle of
incidence to assess and enhance the sensor’s performance in terms of sensitivity (5),
quality factor (@), signal-to-noise ratio (SNR), and figure of merit (FOM).

Scope and significance. Focusing on SiO5/TiO, platforms leverages high index
contrast and low absorption to obtain wide photonic band gaps and sharp defect res-
onances suitable for biosensing. By systematically varying the defect-layer thickness,
the number of bilayers, and the incidence angle, we identify operating regimes that
maximize S, Q, and FOM while mitigating peak crowding, thereby informing practical
sensor layouts.

Thesis organization. In harmony with the flow of the document, the dissertation

is structured as follows:

o« Chapter 1: A General Introduction to Photonic Crystals. Presents
fundamental concepts of PhCs, including dimensional taxonomies (1D/2D/3D),
natural analogues, and the structural/optical properties of 1D PhCs. It surveys
application domains and outlines mainstream fabrication techniques for multi-

layer stacks.

o Chapter 2: Simulation Methods for One-Dimensional Photonic Crys-
tals. Develops the theoretical background from Maxwell’s equations and details
the Fresnel formalism, single-layer optics, and multilayer analysis. It formulates
TMM for stratified media and summarizes FDTD and PWE for complementary

verification and band-structure intuition.

o Chapter 3: Design of a One-Dimensional Photonic Crystal Biosensor.
Specifies the SiO,/TiO, stack, quarter-wave thickness rules, and the insertion
of a central defect cavity hosting the analyte. It defines performance metrics
(S, Q, SNR, FOM) and establishes an energy-conserving TMM framework for

transmittance/reflectance spectra.

o Chapter 4: Results and Analysis of the Photonic Crystal Biosensor.
Reports parametric studies over defect thickness, period number, and incidence
angle, then applies the optimized design to detect hemoglobin variations, quan-

tifying sensitivity and spectral selectivity against literature baselines.

Contributions and outlook. The thesis provides a compact, dispersion-aware
TMM pipeline for 1D PhC sensor design, identifies parameter regimes that jointly im-
prove S, Q, and FOM, and demonstrates clinically relevant discrimination of hemoglobin-

level changes. The concluding section discusses limits and prospective extensions, in-



cluding impedance-matched terminations, hybrid material stacks, and tolerance-aware

design for robust fabrication.



Chapter 1

A General Introduction to Photonic

Crystals

1.1 Introduction

Photonic crystals (PhCs) are optical nanostructures with a periodic arrangement that
regulates light propagation, similar to the way atomic lattices affect electron movement
in solids. This chapter presents the fundamental principles of PhCs, exploring their var-
ious forms and natural examples. It examines the structural and optical characteristics
of one-dimensional photonic crystals (1D PhCs) and their diverse applications, such
as filters, lasers, and sensors. Additionally, it highlights fabrication methods including
physical and chemical vapor deposition, sol-gel processing, and nanofabrication tech-
niques. Overall, this chapter lays the foundational knowledge needed to understand

the principles, properties, and production techniques of PhCs.

1.2 Photonic Crystals

Photonic crystals (PhCs) are structures defined by a periodic arrangement of materials
with differing refractive indices (RI). This periodicity, usually on the scale of optical
wavelengths, enables the manipulation of light in ways not possible with traditional
homogeneous materials. The periodic variation of the dielectric constant within these
structures is essential to their unique optical characteristics, leading to effects such
as omnidirectional reflection and the formation of photonic band gaps (PBGs), where

light propagation is restricted.

1.2.1 Types of PhCs

PhCs are primarily categorized based on the dimensionality of their periodic struc-

ture, which determines the degree to which they can confine and control light. This



section provides an overview of one-dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) PhCs, highlighting their structures, properties, fabrication chal-

lenges, and applications.

1.2.1.1 One-Dimensional Photonic Crystals

One-dimensional photonic crystals (1D PhCs) are optical structures characterized by
a periodic arrangement of layers composed of materials with alternating RI. These
structures operate on the principles of constructive and destructive interference of
electromagnetic waves, resulting in the formation of a PBG that selectively blocks
certain wavelengths while allowing others to pass [16].

Although 1D PhCs exhibit periodicity along only one axis, their geometrical con-
figurations can vary; they may be flat, cylindrical, or spherical (Figure . The most
common geometry is the planar structure, where thin layers are deposited on a flat
substrate and used extensively in optical coatings [17]. Cylindrical 1D PhCs consist
of concentric layers around a central axis and find applications in optical fibers and
resonators |18]. Spherical 1D PhCs feature radially arranged layers, offering omnidirec-
tional light control and enabling uses such as isotropic reflectors and photonic sensors
[19].

Figure 1.1: Types of 1D PhC structures: (a) planar, (b) cylindrical, (c¢) spherical.

Several precise fabrication techniques are used to produce 1D PhCs. Among the
most prominent is the sol-gel spin-coating technique, which enables the deposition of
alternating thin layers with high control over thickness and RI |20} 21]. Advanced fab-
rication methods—such as direct laser writing and two-photon polymerization—have

also been developed to introduce defect layers within the periodic structure [22].

1.2.1.2 Two-Dimensional Photonic Crystals

Two-dimensional photonic crystals (2D PhCs) consist of periodic arrangements of di-
electric materials, such as arrays of air holes or dielectric rods, organized into specific
lattice geometries including square, triangular, or hexagonal patterns (Figure [1.2)).

These periodic structures give rise to PBGs—frequency ranges in which electromag-



netic wave propagation is prohibited within the plane of the crystal. This feature allows
for precise manipulation of light in planar photonic devices [23-26].

Figure 1.2: 2D PhCs structures with different lattice geometries.

The optical performance of 2D PhCs is highly dependent on the accuracy of the
fabrication process. Photolithography and etching are among the most widely used
techniques, enabling the realization of highly precise periodic structures necessary for
well-defined PBGs. Recent advancements focus on improving etching resolution, de-
veloping advanced lithographic processes, and integrating novel dielectric and semicon-
ductor materials to enhance scalability and reproducibility .

1.2.1.3 Three-Dimensional Photonic Crystals

Three-dimensional photonic crystals (3D PhCs) are unique materials characterized by
a periodic RI modulation in all three spatial dimensions. This full 3D periodicity
enables complete control of light propagation—an ability not achievable with 1D or 2D
counterparts. Various engineered and self-assembled structures exist (Figure , each
offering distinct optical capabilities. The woodpile structure, composed of orthogonally
stacked dielectric rods, is among the most widely studied [29]. Opal PhCs form through
self-assembly of monodisperse colloidal particles [30], while tetragonal PhCs typically

consist of two perpendicular sets of air pores embedded in a dielectric matrix [31].

Figure 1.3: 3D PhC structures: (a) woodpile, (b) opal, (c) tetragonal.



Fabricating 3D PhCs requires advanced methods to achieve precise periodicity and
the desired optical response. Multi-beam interference lithography provides large-area,
high-precision structuring, whereas direct laser writing (DLW) enables fabrication of
complex microarchitectures [32]. Layer-by-layer stacking offers excellent structural fi-
delity through sequential alignment [33]. Colloidal self-assembly provides a scalable,
cost-effective route for visible and infrared structures [34]. Additionally, focused ion
beam (FIB) lithography offers nanometer-scale accuracy, making it ideal for prototyp-

ing and local structural refinement [35].

1.2.2 Difference Between photonic crystals and Atomic Crys-

tals

The analogy between PhCs and atomic crystals is insightful, yet crucial distinctions
exist. In atomic crystals, atoms or molecules are arranged in a periodic lattice structure
at the atomic scale (angstroms), which influences the propagation of electrons and
determines the material’s electronic properties, such as conductivity. This periodicity
gives rise to electronic band gaps, forbidding certain electron energy levels [36-3§].
Conversely, PhCs operate at a much larger scale, typically nanometers to microm-
eters, and are engineered to manipulate photons (light) rather than electrons. Their
periodic variation lies in the dielectric constant or RI. While both systems exhibit band
gaps, the fundamental difference lies in the particles involved: electrons are massive
fermions, whereas photons are massless bosons [39, 40]. PhCs achieve their band gaps
through classical interference effects of electromagnetic waves interacting with the pe-
riodic dielectric structure, rather than quantum mechanical interactions that govern
electronic band gaps. This allows PhCs to control light propagation in a manner analo-
gous to how atomic crystals control electron waves, but without the need for electronic

confinement [41].

1.2.3 photonic crystals in Nature

Natural PhCs are responsible for the phenomenon of structural coloration observed in
a wide range of biological systems. Unlike pigments, which rely on selective absorption,
these structures manipulate light through interference, diffraction, and scattering. A
well-known example is the iridescent wings of Morpho butterflies, which contain one-
dimensional multilayer nanostructures that selectively reflect certain wavelengths of
light, producing their characteristic vivid blue color. Similarly, periodic micro- and
nanostructures in bird feathers and beetle shells give rise to striking hues and metal-
lic appearances, often exhibiting one-dimensional, two-dimensional, or even complex

quasi-three-dimensional photonic behaviors.



Figure 1.4: An intricate view of a butterfly wing, illustrating the natural multilayer

nanostructures responsible for its vibrant, structural colors.

1.3 Physical Properties of One-Dimensional pho-

tonic crystal

1.3.1 Structural Properties

The very essence of a 1D PhC lies in its meticulously arranged structure. Two critical
structural parameters dictate how these crystals interact with light: their periodicity

and the thickness of their constituent layers.

1.3.1.1 Periodicity (IN)

Periodicity, also referred to as N, represents the count of repeating unit cells within
a real PhC structure. Typically, each unit cell is composed of at least two alternat-
ing layers made from different materials. Additionally, another key parameter that
significantly influences the optical characteristics of a crystal is the quantity of these
repeating units or periods. A higher number of periods results in a more well-defined
photonic band gap; consequently, the reflectivity within this forbidden band increases
significantly with increasing number of periodic layers. This improved control over light
propagation makes the crystal better applicable whenever accurate optical filtering is

required or high reflectivity is needed almost like that from a very good optical mirror
[43].
1.3.1.2 Layer Thickness

The thickness of individual layers is an important parameter that defines the position

as well as the width of the photonic band gaps. Therefore, to do this optimally, they



are most often designed at optical thicknesses corresponding to a quarter wavelength
of light intended for use, i.e., A/4, tuning which makes possible strong Bragg reflection
responsible for the generation of photonic band gaps [44].

Engineers can move the band gap to particular wavelengths by controlling layer
thicknesses accurately; hence, 1D PhCs find obligatory usage in applications where
narrowband filters and highly sensitive sensors are to be used or even specific laser

designs [45].

1.3.2 Optical Properties

The most celebrated characteristics of 1D PhCs are their optical properties, which
enable unprecedented control over light. These properties are intrinsically linked to

the periodic variation of the RI within the crystal.

1.3.2.1 Refractive Index (RI)

The difference in RI between successive layers is basically what 1D PhCs operate
on. High- and low-dielectric-constant materials are juxtaposed to realise these pe-
riodic variations [46]. A greater difference of RL between adjacent layers results in
a wider and more pronounced photonic band gap that reflects more effectively. It
is this periodic modulation of the RI that enables coupling between forward- and
backwards-propagating waves so as to realise both types of interference—constructive
and destructive-that is the very foundation of the crystal’s ability to control light

propagation.

1.3.2.2 Photonic Band Gap

A photonic band gap (PBG) is analogous to electronic band gaps found in semicon-
ductors. It represents a range of wavelengths where light cannot propagate through a
crystal. This phenomenon occurs due to the constructive interference of light waves
that are reflected at the periodic boundaries between layers. The specific location and
breadth of the PBG are entirely dictated by the periodicity and thickness of the layers,
as well as the RI contrast between the materials involved [47]. By adjusting these
parameters, it is possible to reflect or confine certain wavelengths of light, paving the

way for the development of highly specialized optical components [4§].

1.3.2.3 Transmittance and Reflectance

A PBG has its immediate manifestation in the transmittance and reflectance spectra
of 1D PhCs [49]. In the region of the band gap, reflectance reaches its highest value

possible with near-total reflection for large values of periods (N), while transmissivity



through the structure falls to essentially zero. Outside the band gap, light is freely
transmitted through the structure. These are highly exploited properties in mirror
coatings, highly selective optical filters, and optical waveguides, among other applica-
tions, with precise control over layer thicknesses and RI to tailor transmission spectra

for specific functionalities that enable designing devices having exact optical responses.

1.3.2.4 Absorption

The main design goal for 1D PhCs is essentially the control of light propagation (re-
flection as well as transmission), but absorption comes into play based on material
composition. Ideally, low-loss dielectrics are used so that absorption can be minimized
in maximizing efficiency. However, if absorbing materials are included—intended only
for special applications like photothermal conversion or as an incidental property of
the materials being used—absorption may also affect the actual band gap and gen-
eral transmission. High absorption will not allow transmittance to reach its maximum

value; it damps resonant states and hence affects device performance and efficiency.

1.3.3 Other Physical Properties

While their optical prowess is primary, 1D PhCs also exhibit a range of other physical
properties—electrical, thermal, and mechanical—that are crucial for their integration

into practical devices and their long-term stability.

1.3.3.1 Electrical Properties

Though basically created for optical regulation, the 1D PhCs acquire electrical signifi-
cance when they contain a semiconductor or conductive layer [50]. In such instances,
the periodic structure can be used to perform electronic transport property modu-
lation at the nanoscale, hence possible changes in carrier mobility and capacitance.
This leads to the invention of electrically tunable PhCs that may realize functionalities
such as voltage-controlled switching and electro-optic modulation or be integrated into
very complex electronic-photonic circuits. For example, conductive polymers or liquid

crystals may be included so that tunability is introduced by means of electrical control.

1.3.3.2 Thermal Properties

Thermal conductivity essentially depends on those materials 1D PhCs are made of. In
general, the layered periodic structure permits modulation of thermal conductivity due
to phonon scattering at interfaces. High thermal stability would, therefore, assist in not
varying the exact thicknesses of the layers and their RI at any operating temperature

by keeping optical performance constant. Apart from stability, tunability can also be
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realized with materials presenting a RI variation as a function of temperature based on
thermo-optic effects which shift the PBG with temperature proposed by [51]. This ma-
terial may then find application in thermal sensors or intelligent thermal management

systems.

1.3.3.3 Mechanical Properties

The mechanical properties of 1D PhCs refer to strength, elasticity, and the adhesion
between the layers that build up the structure. These particular features become very
important in real use and applications of such systems whenever dynamic or static
mechanical strains are imposed on them, for example when used as flexible structures
or wearable devices. Strength will also determine how easy it is to fabricate and is
also useful when considering long-term durability and reliability aspects of the device.
Besides this, mechanical stress can sometimes tune the optical characteristics of 1D
PhCs by changing their RI through elasto-optic or piezo-optic effects thereby resulting

in mechanically tunable optical devices [52].

1.4 Applications of One-Dimensional Photonic Crys-

tals

1D PhCs are extensively utilized photonic structures, renowned for their simplicity, ver-
satility, and exceptional capacity to manipulate light propagation through interference
effects and PBG. These structures have been widely applied across various domains, in-
cluding telecommunications, sensing, energy harvesting, and integrated photonics. The
periodic arrangement of alternating layers with differing RI facilitates highly selective
optical responses, particularly in controlling reflection, transmission, and localization

of light at specific wavelengths.

1.4.1 Optical Filters

1D PhCs are critically important in advancing optical filter technologies due to their
inherent capability to selectively transmit or reflect specific wavelengths. Their struc-
tural precision enables effective implementation in various filtering applications. Par-
ticularly in narrowband optical filtering, 1D PhCs facilitate the production of filters
characterized by high spectral selectivity and minimal transmission losses. The delib-
erate introduction of defect layers within these structures generates sharp defect-mode
resonances, highly advantageous for precision-dependent applications such as interfer-

ometry and high-resolution optical communication systems [53].
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Figure 1.5: Schematic Diagram of a 1D PhC Integrated as a Dichroic Filter in Solar-
Greenhouse Systems [54].

This schematic in Figure [1.5] illustrates a practical example of a dichroic 1D PhC
filter composed of alternating T102 and SiOs layers. The structure selectively reflects
infrared wavelengths toward photovoltaic cells while transmitting photosynthetically
active radiation (PAR) into a greenhouse. This dual functionality enables simultaneous
renewable energy generation and optimal crop illumination, highlighting the potential

of 1D PhCs in sustainable agricultural and energy applications.

1.4.2 Dielectric Mirrors

1D PhCs are integral to Bragg mirrors, which rely on periodic RI variations to reflect
specific light wavelengths. These mirrors achieve high-efficiency, lossless reflectivity
through PBG, distinguishing them from traditional metallic mirrors. 1D PhC-based
mirrors, including flexible and omni-directional types, offer broad applicability in op-

tical devices like waveguides, resonant cavities, and photodetectors .

Energy level (eV)

Figure 1.6: Schematic Structure of a Quantum Emission Device Supported by a Di-
electric Bragg Reflector (DBR) [56].

The figure [I.6] illustrates a light-emitting device that incorporates ZnTeSe quantum

12



dots, with a dielectric Bragg reflector (DBR) to improve vertical light coupling. The
device’s architecture includes a glass substrate, DBR, hole transport layer (NPB), elec-
tron transport layer (BePP2), and the quantum dot emissive layer. Part (b) displays
an energy level diagram that demonstrates the alignment facilitating electron and hole
injection into the quantum dots, highlighting the essential function of dielectric mir-

rors in enhancing the light-emission efficiency of quantum dot light-emitting diodes
(QD-LEDs)[56).

1.4.3 Sensor

1D PhCs have emerged as powerful tools in optical sensing due to their high sensitivity
to RI variations and the ability to support engineered PBGs. These properties enable
precise detection of environmental changes and target analytes in applications such as
biosensing, chemical detection, and environmental monitoring. The sensing mechanism
relies on the modulation of optical response, such as transmission or resonance, caused
by RI shifts, with defect modes further enhancing sensitivity and selectivity .
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Figure 1.7: 1D PhCs Sensor for Detecting Fat Concentration in Milk Samples [5§].

The figure illustrates a schematic of a 1D PhC sensor designed for non-invasive
milk fat content detection. The sensor features alternating layers of metamaterials
(HMMs and GMMs) with varying thicknesses and RI. As the milk sample interacts
with the photonic structure, it induces a shift in the reflected optical signal, which is
analyzed using a signal amplifier and spectrum analyzer. The high RI sensitivity of
the 1D PhC enables precise detection of fat concentration variations through spectral

changes.
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1.4.4 Lasers

1D PCs are integral to modern laser technologies, enabling precise light manipulation
through PBGs. In distributed feedback (DFB) lasers, 1D PCs serve as Bragg reflectors,
providing wavelength-specific feedback that stabilizes output and enhances spectral
purity, crucial for telecommunication and sensing applications . In vertical-cavity
surface-emitting lasers (VCSELs), 1D PCs form DBRs that facilitate efficient vertical
light emission, making VCSELSs ideal for high-density optical interconnects and data

communication.
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Figure 1.8: Cross-sectional schematic of a PhC vertical-cavity surface-emitting laser
(PC-VCSEL) [60].

The figure [I.§ illustrates a VCSEL design with a 1D PhC etched into the top dis-
tributed Bragg reflector (DBR), forming a lateral resonant cavity for mode selection.
This design improves beam quality, spectral purity, and efficiency by providing verti-
cal and lateral feedback, making it ideal for compact, high-performance, and CMOS-

compatible light sources.

1.4.5 Photovoltaics and Energy Applications

1D PhCs are pivotal in enhancing light management for photovoltaic and energy sys-
tems by engineering PBGs to control light propagation. They are particularly useful in
solar technologies, improving light absorption, reducing optical losses, and increasing

energy conversion efficiency, especially in thin-film solar cells where material thickness
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is limited. 1DPCs also serve as spectral filters in thermophotovoltaic (TPV) systems

and as anti-reflective coatings and back reflectors to enhance absorption [61].
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Figure 1.9: One-Dimensional Photonic Upconverter for Solar Energy Enhancement

[62).

The figure [I.9 shows a photonic upconverter device that integrates a 1D PhC with
upconverting nanoparticles (UCNPs) to convert near-infrared photons into visible light,
improving solar cell efficiency. The TiOy/PMMA multilayer design enhances upcon-
version by utilizing light confinement and PBG effects.

1.4.6 Integrated Photonics

1D PhCs are crucial for advancing integrated photonic circuits, as their periodic RI
profile allows precise light manipulation in compact, subwavelength-scale structures.
These structures enable the design of essential optical components such as filters, mir-
rors, waveguides, and logic elements, supporting the miniaturization and performance
optimization of photonic systems, particularly in silicon photonics . Their com-
patibility with CMOS fabrication processes facilitates integration into existing micro-
electronic platforms, making 1D PhCs a cost-effective and scalable solution for hybrid

photonic-electronic systems.
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Figure 1.10: Schematic Diagram of a Photonic Integrated Circuit (PIC) Incorporating
a 1D PhC [64).

The figure shows the layout of a photonic integrated circuit (PIC) that in-
tegrates multiple optical components, including a 1D PhC for wavelength-selective
control, filtering, and signal routing. This integration highlights the PhC’s role in
compact, CMOS-compatible platforms, enabling scalable and multifunctional optical

circuits.

1.4.7 Electronic Displays

Electrically tun-able PhC displays represent a significant advancement in display tech-
nologies, offering dynamic color modulation without external back-lighting. These
displays work by modulating the PBG through electric fields, which induce struc-
tural changes in the PhC layers, altering the wavelengths of reflected light. The two
main methods of tuning include electrical actuation, which adjusts the periodic layers
for color tuning across a wide spectral range, and RI modulation, where liquid crystal

components embedded within the structure enable precise, reversible color control .
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Figure 1.11: Mechanism of electrochemically tun-able color response in multilayer 1D
PhC structures for display applications [66].

The figure [I.11] depicts the mechanism of color adjustment in a one-dimensional
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PhC composed of PS-P2VP block copolymer layers. Upon the application of an ex-
ternal voltage, electrochemical oxidation leads to the selective expansion of the P2VP
domains. This process modifies the periodicity and RI of the layers, resulting in a
shift of the PBG and a change in the visible color, which holds promise for low-power,

high-resolution display applications.

1.4.8 Optical Switches

1D PhCs serve as a vital platform for the development of optical switching devices,
which are essential in high-speed optical communication and signal processing systems.
These devices leverage nonlinear optical effects in integrated materials within the pho-
tonic structure to control the propagation of light. When the intensity of incident
light exceeds a certain threshold, the optical properties of the active medium—such as
the RI or absorption coefficient—undergo nonlinear changes. This enables the optical
switch to toggle between transmissive (ON) and reflective (OFF) states [67].
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Figure 1.12: Perspective view of the optical switch with applied voltage .

This figure illustrates the setup of an optical switch that employs a 1D PhC.
The design features alternating dielectric layers (A and B) with a central anisotropic
graphene C' defect layer. Applying a voltage (V;) across the graphene layers alters the
optical characteristics of the structure, allowing the device to toggle between transmis-
sive and reflective modes. The arrow shows the direction of the incident light (ko) as it
enters at an angle 0y. This arrangement facilitates dynamic, voltage-driven switching,

making it ideal for high-performance optical uses.
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1.5 Manufacturing Methods for One-Dimensional

Photonic Crystals

Several fabrication methodologies have been developed for 1D PCs, each with distinct
advantages and inherent limitations. Since 1D PCs are essentially periodic multilayer
structures, their fabrication is strongly related to thin-film deposition techniques that
enable precise control over layer thickness and RI contrast. These methods are crucial in
tailoring the optical response, such as reflectance, transmittance, and PBG properties,

according to specific application requirements.

1.5.1 Physical Vapor Deposition (PVD)

Physical vapor deposition is one of the most widely employed approaches for fabri-
cating multilayer PhCs. Techniques such as thermal evaporation and electron-beam
evaporation allow deposition of alternating dielectric layers with nanometer-scale thick-
ness control. The advantages of PVD include relatively low cost, compatibility with
a wide range of materials, and the ability to fabricate large-area coatings. However,
challenges arise in achieving uniformity over complex substrates and in controlling

interfacial roughness, which can lead to scattering losses.

1.5.2 Chemical Vapor Deposition (CVD)

Chemical vapor deposition provides a versatile route for depositing high-quality thin
films with excellent adhesion and uniformity. Plasma-enhanced CVD (PECVD), for
example, enables the growth of dielectric multilayers such as SiOy/SizNy stacks, which
are extensively used in optical coatings and photonic devices. The main advantages of
CVD are its conformal coverage and reproducibility, while its limitations include high

processing temperatures and the need for precise precursor control.

1.5.3 Sputtering Techniques

Magnetron sputtering, a form of PVD, has been widely used to deposit alternating
oxide and nitride layers. This method ensures high-density films with good optical
quality and environmental stability. Reactive sputtering, in particular, enables tuning
of the RI by adjusting the gas composition. Nevertheless, sputtering systems can
be expensive, and deposition rates are relatively low compared to evaporation-based
methods.
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1.5.4 Sol-Gel Processing

The sol-gel method represents a solution-based approach that enables the fabrication of
multilayer dielectric coatings with controllable porosity and RI. Alternating layers can
be deposited by spin-coating or dip-coating, followed by thermal treatment to remove
residual solvents. Sol-gel processing offers advantages such as low cost and large-area
fabrication; however, it suffers from limitations in mechanical stability and long-term

durability of the layers.

1.5.5 Layer-by-Layer (LbL) Self-Assembly

This method relies on the sequential adsorption of oppositely charged polyelectrolytes
or nanoparticles to build multilayered structures with nanoscale thickness control. LbL
assembly provides flexibility in combining organic and inorganic components, enabling
hybrid PhCs. Despite its versatility, the process is relatively slow and less suited for

large-scale manufacturing.

1.5.6 Advanced Nanofabrication Approaches

Recent developments include atomic layer deposition (ALD) and molecular beam epi-
taxy (MBE), which offer atomic-scale precision in layer thickness and composition.
ALD, in particular, is attractive for fabricating highly uniform multilayers with smooth
interfaces, making it suitable for applications in optical filters and DBRs. However,

these techniques are costly and often limited to small substrates.
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Chapter 2

Simulation methods for

one-dimensional photonic crystals

2.1 Introduction

This chapter explores the theoretical and numerical underpinnings of modeling one-
dimensional photonic crystals (1D PhCs), which utilize the periodic alternation of
dielectric layers to regulate light propagation. The discussion commences with an
examination of Maxwell’s equations and the electromagnetic boundary conditions that
elucidate interference and resonance phenomena. It further illustrates how impedance
mismatch and phase accumulation contribute to the formation of photonic band gaps
(PBGs). The chapter delineates three primary numerical methodologies for analyzing
such structures: the Transfer Matrix Method (TMM), the Finite-Difference Time-
Domain method (FDTD), and the Plane-Wave Expansion method (PWE).

2.2 Propagation of Light in Dielectric Media

2.2.1 Maxwell’s Equations

The fundamental description of electromagnetic wave propagation is governed by Maxwell’s
equations. For a linear, isotropic, and non-magnetic dielectric medium with no free

charges or currents, these equations take the following form:

V:-D=0 (Gauss’s Law) (2.1)

V-B =0 (Gauss’s Law for Magnetism) (2.2)
oH :

VXxXE= ~Ho (Faraday’s Law of Induction) (2.3)
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E
VxH= eoer?% (Ampere’s Circuital Law) (2.4)

where E and H are the electric and magnetic field vectors, D = ¢y¢,.E is the electric
displacement field, B = poH is the magnetic flux density, ¢y and pg are the permittivity

and permeability of free space, and ¢, is the relative permittivity of the medium.

2.2.2 Analytical Solutions of Maxwell’s Equations

By combining Maxwell’s equations, we derive the electromagnetic wave equation for

the electric field in a homogeneous medium:

O’E
VZE — Hootr o = 0 (2.5)

For a harmonic, monochromatic wave with angular frequency w, the solution takes

the form of a plane wave:

E(r,t) = Eye'@ kv (2.6)

where k is the wave vector with magnitude £ = n® = n%’r, n = /€ is the Refractive

indices(RI), and ¢ = 1/,/o€ is the speed of light in vacuum.

2.2.3 Electromagnetic Boundary Conditions at a Dielectric

Interface

When an electromagnetic wave encounters the boundary between two dielectric media
with RI n; and ns, the incident wave undergoes partial reflection and partial transmis-
sion. The exact behavior is governed by the boundary conditions imposed by Maxwell’s

equations.

1. Normal component of the electric flux density:
i+ (Dy = Dy) = pi, (2.7)
where p; is the surface charge density. In the absence of free surface charges:

ﬁDlzﬁDQ

2. Normal component of the magnetic lux density:

fi-(By— By) =0, (2.8)
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which implies
n-B;=n-Bs.

3. Tangential component of the electric field:
n X (E2 — El) = O7 (29)

meaning that the tangential components of E are continuous across the interface.

4. Tangential component of the magnetic field:
X (HQ_HI) :JS, (210)
where J, is the surface current density. In the absence of surface currents:

n x Hy =n x Ha.

Here, n is the unit normal to the surface directed from medium 1 into medium 2.

2.3 Reflection and Transmission at Dielectric Inter-

faces

2.3.1 Fresnel Equations at a Dielectric Interface

The interaction of the incident wave with the dielectric interface can be further de-
scribed using Fresnel equations, which determine the reflectivity and transmittance of
the wave. These equations are derived by applying the boundary conditions of the
electric and magnetic fields at the separating surface.

The angles 6;, 6,., and 6, represent the angles of incidence, reflection, and transmis-
sion, respectively, at the interface. The RI n; and ny correspond to the incident and
transmission media.

The reflectivity and transmittance coefficients are expressed as follows:

2

E, ny cos 0; — n; cos b,
R —|Em| _ 2.11
P | E; n; cos 0; + ny cos 0, (2.11)
T Eyycosty  4n;ng cos 0; cos 0 (2.12)
P Eycosb;  (ngcosb; 4+ n;cosb,)” '
R _‘Ers2_ nicosﬁi—ntcosetQ (2.13)
Byl |n;cosb; + n;cosb, ’

22



0
™

E
E, — E cos6 \ P
\‘f’ Eipcosei S ./
N : B
B. : g

Figure 2.1: Reflection and transmission of an electromagnetic wave at the interface
between two dielectrics: (a) p-polarization and (b) s-polarization.

_ FEiscos0;  4ngng cosb; cos b, (2.14)

T, = - .
Eiscos0;  (n;cosb; + ny cos 9t)2

2.3.2 Optical Model of a Single-Layer Thin Film

For the theoretical analysis of the reflection and transmission spectra of a single-layer
thin-film system deposited on a substrate, the mathematical treatment becomes in-
creasingly complex. In this context, the Ferry—Byron formalism provides a rigorous
framework to account for the multiple reflections and interference phenomena occur-
ring within the film (see Fig. [69)].
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Figure 2.2: Optical model of the thin film system on a substrate.

Figure illustrates the optical response of a thin-film/substrate system. When an
incident wave impinges on the thin film, it undergoes multiple reflections and transmis-

sions at the film interfaces. Within the film, the wave experiences successive internal
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reflections, giving rise to constructive or destructive interference depending on the op-
tical path difference. Each transmitted and reflected component acquires a phase shift
that is determined by the film thickness d, the RI ny, and the angle of propagation 6,
inside the layer. The phase shift 3 is expressed as:

2
p= Tﬂmd cos 0y, (2.15)

where ) is the wavelength of the incident light in vacuum.
The reflection (rj;) and transmission (t;;) amplitude coefficients at the interface
between medium j and medium £ depend on the polarization. For p-polarization

(TM) and s-polarization (TE), they are given by the Fresnel formulas:

cosf; —n;cosb s icos; —ny cosd
p) = DRCRZG T TR e D TR T TR (2.16)
nj cos 0; + ny cos Oy,

Ik ng cos 0; + njcos 6’

2n; cos b, (s) 2n; cos 0,
ik

t(p) _

= 2.17
kT, cos 0; + njcosfy’ (2.17)

nj cos b + ng cos O

For a single film (medium 1) of thickness d, deposited on a substrate (medium 2)
and illuminated from an incident medium (0), the net amplitude reflection coefficient
(ro12) and transmission coefficient (tg12) as observed from medium 0 can be rigorously
formulated as the superposition of all multiple internally reflected and transmitted
waves within the film [70]:

ro12 = To1 + toatiorize 2P + tortioriorige P 4 - (2.18)
tora = tortine ™ + tortioriorine P 4 - - - (2.19)
These relations can be simplified as:

o1 + 110728

Taro = : 2.20
012 =7 rorr1ae 2B’ ( )
tortipe 2
fory = — e (2.21)
14+ rgiri0e™4
Finally, the reflectance and transmittance (power quantities) follow as:
9 Ng COS 0y 9
Ro12 = |rowz|”, Tory = ——— [toi2|™ (2.22)
ng cos b

The theoretical framework developed for a single-layer structure can, in principle,
be extended to the analysis of multilayer systems. However, as the number of layers
increases, the corresponding number of partial waves grows significantly, rendering the
computation increasingly complex and difficult to manage. To address this challenge,

several methods have been proposed to simplify and optimize the calculation process.
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2.4 Simulation methods for one-dimensional pho-

tonic crystals

The previously discussed theoretical framework for a single-layer system can, in prin-
ciple, be extended to the analysis of multilayer PhCs structures. However, as the
number of layers increases, the associated subwaves grow exponentially, leading to a
rapid escalation in computational complexity and rendering direct calculations increas-
ingly impractical. To address this challenge, several numerical techniques have been
developed to simplify and optimize the analysis. Among the most widely employed ap-
proaches are the Transfer Matrix Method (TMM), the Finite-Difference Time-Domain
(FDTD) method, and the Plane Wave Expansion (PWE) method. These methods
provide efficient and reliable tools for modeling the optical response of 1D PhCs under

various physical conditions.

2.4.1 Transfer Matrix Method (TMM)

The Transfer Matrix Method (TMM) is a widely used and relatively straightforward
analytical technique for investigating the optical properties of one-dimensional layered
structures, such as 1D PhCs. It operates by breaking down a multilayer structure into
individual layers, each characterized by its own RI and thickness. The electromagnetic
fields at the interfaces between these layers are then related using a series of transfer
matrices. By multiplying these matrices, one can determine the overall transmission
and reflection characteristics of the entire structure. Layered structures can be repre-
sented:

The electric field E(x) consists of a right-traveling wave and a left-traveling wave

and can be written as
E(z) = Re %= 4 L= = A(x) + B(x), (2.23)

Consider a stratified medium consisting of N layers, where the RI of the media
are given by the sequence (ng,ni,...,ny,ns). Let A; represent the amplitude of the
right-propagating wave and B; represent the amplitude of the left-propagating wave in

the electric field for medium 7. The thickness of each layer is defined as follows:

dlzl'l—l'o

d2 = T9 — I1
(2.24)

dy =8 — TN

The electric field corresponding to a general plane-wave solution of the wave equation
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Figure 2.3: Schematic of a multilayer structure.
(Eq. can be expressed in the form
E = E(z) '@t (2.25)

The spatial distribution of the electric field F(z) within the i-th medium can be
written as

Aoe—ik()z(x—zo) + Boe’ik‘ol(x—a:())’ T < xo,

E(x) = { Aje=Hele—n) 1 B etkiz(@=z) T < x <y, (2.26)

ANefik:Nm(a:fo) _’__BJVe’L'kNm(xij\])7 JfN < x7

where k;, denotes the z-component of the wave vector in the [-th medium, which is
related to the propagation angle 6; through

klx:nlgcosel, [=0,1,2,...,N,s. (2.27)
c

According to Egs. (2.26) and (2.23)), the coefficients A; and B; correspond to the
amplitudes of forward- and backward-propagating plane waves at the interface x = x;.

Therefore, the field amplitudes can be related through the transfer-matrix formalism
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as

a0\ (A
— D;'D, , (2.28)
By By
and
A A
“"=pD D |, 1=12,... N (2.29)
B B

Here, the index N + 1 refers to the substrate s, with Ay, = A, and By, = BL

s*

The explicit form of the matrices D; and P, can be defined as follows [70]:

1 1
D, = for S-wave (2.30)
n;cost; —mn;cosb,
6 7
D, = (COS Loeos l) for p-wave (2.31)
o=

which represents the boundary conditions at each interface, and

et 0
P = , (2.32)
0 e

which describes the phase accumulation within the [-th layer. The phase shift ¢; is
defined as
b1 = kizd, (2.33)

The relationship between the wave amplitudes in the incident medium (Ao, By) and

those in the substrate medium (A, B) can be expressed as

(AO) =M (A;) : (2.34)
By B

where M denotes the total transfer matrix of the multilayer structure. It is defined by

My M N
M= | ' 1) — pt [H(DlPlDl‘l)] D,. (2.35)
M21 M22 =1

Here D; and P, are the interface and propagation matrices of the [-th layer, respectively,

and D, denotes the matrix of the substrate.

2.4.2 Finite-Difference Time-Domain (FDTD) Method

The Finite-Difference Time-Domain (FDTD) method is a robust numerical technique

for analyzing the propagation of electromagnetic waves and their interactions with
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matter. The terminology reflects its foundation:

« Finite Difference: Spatial and temporal derivatives are approximated by finite

differences on a discrete grid.

e Time Domain: Maxwell's equations are directly solved in the time domain,

capturing the temporal evolution of fields.

The formulation of the method stems from two of Maxwell’s curl equations, namely

Faraday’s and Ampere’s laws:

_ OH
E=—p=— 2.
V x T (2.36)
. OFE
H =e— 2.
V x € (2.37)

where E and H denote the electric and magnetic fields, respectively, while € and p

represent the permittivity and permeability of the medium. In Cartesian coordinates,

Egs. (2.36)—(2.37) expand to the following system:
0H, O0E, O0E,

o T ey 9z
OH, OE, OF.
Mo T 9: T or
OH, OE, OF,
For = or oy’
OE, OH. OH,
o oy 0z
O, _OH, 0H.
ot 0z Ox’
OE. 0H, OH,
ot~ Oxr Oy

The discretization scheme was pioneered by Yee in 1966, introducing the Yee lattice

(2.38)

9

or Yee grid |71]. In this scheme, the computational domain is subdivided into cubic
cells. The electric field components (E,, E,, E,) are defined along the edges of each
cell, while the magnetic field components (H,, H,, H,) are defined on the cell faces, as
illustrated in Fig. [2.4]

This staggered arrangement inherently satisfies Maxwell’s curl relations and facil-
itates a consistent discretization of the governing equations. For instance, the time

derivative of the electric field is approximated as:

OF En+1/2 _ En71/2
ot~ At ’

(2.39)
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Figure 2.4: Schematic of the Yee cell illustrating the staggered placement of £ and H
components.

and the spatial derivative as:

OE _ Eip— Eisap

2.4
ox Ax (2.40)

As an example, the update equation for the z-component of Faraday’s law takes the
form [71]:

At
E;”Fl(i’j, k) = E;L(Z,j, k) —+ E [H;l+1/2(7/ 4 1/27], k) - H;L+1/2(Z- . 1/279’ k)]
At
_@[HQH/Z(LJ /28— HPR(,G - 1/2,8)]. (2.41)

Interpretation: The updated field E"*! depends on its previous value E™ and the
curl of the magnetic field components at neighboring nodes.

Algorithmic Procedure:
1. Initialize the spatial grid (Ax, Ay, Az) and assign material parameters (e, u).

2. Update the magnetic field using:

At
/2 — /2 g I(V x E™). (2.42)

3. Update the electric field using:

At
Emtl = Er 4 —(V x H™Y?), (2.43)
€
4. Apply the source excitation (e.g., Gaussian pulse or harmonic source).
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5. Repeat the update cycle for all time steps.

Stability Criterion: To ensure numerical stability, the Courant—Friedrichs—Lewy
(CFL) condition must be satisfied 72} |73]:

At < (2.44)

where ¢ is the speed of light in free space.

2.4.3 Plane-Wave Expansion (PWE) Method

The Plane-Wave Expansion (PWE) method is an established frequency-domain tech-
nique for calculating the photonic band structure w(k) of periodic dielectric media|74,
75]. The approach leverages Fourier analysis and Bloch’s theorem to reformulate
Maxwell’s equations as an eigenvalue problem.

According to Bloch’s theorem, the electric field in a periodic medium can be ex-

pressed as:
Ex(r) = " w(r), (2.45)

where ug(r) is periodic with the lattice.

For TE polarization, the wave equation in a periodic medium takes the form:

VxVxE[r)=

C

—¢(r)E(r), (2.46)

where the dielectric function satisfies €(z + d) = €(z) with lattice constant d.

The Bloch-Fourier expansion of the field reads:

Z B, e/ Gntha)z (2.47)

n=—oo

where G, = 2mn/d is the reciprocal lattice vector.

The inverse dielectric function is similarly expanded as:

Z Fom €°9M7, (2.48)

m=—0oQ

with Fourier coefficients:

/2 ,
716' z
Km mEdz. 2.4

d/d/2 e(z : (249)

Substituting Eqs. (2.47)-(2.48) into Eq. (2.46) and applying orthogonality yields a
coupled system of algebraic equations for the coefficients £, ,,.
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This leads to the generalized eigenvalue problem:

2

w
Z(G’n + k) K,p_n Ex,n — C?E$7p, (250)
or equivalently in matrix notation:
~ w?

Band Structure Computation: For each Bloch wavevector k. in the first Bril-

louin zone:
1. Construct the operator M (k).
2. Solve the eigenvalue problem to obtain \; = w?/c?.

3. Extract the photonic band frequencies as w; = cv/\;.
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Chapter 3

Design of a One-Dimensional

Photonic Crystal Biosensor

3.1 Introduction

This chapter develops a compact transfer-matrix-based framework for designing a one-
dimensional photonic crystal (1D PhC) biosensor comprising alternating dielectric lay-
ers and a central defect cavity that hosts the analyte. The global transfer matrices
of the periodic and defect-bearing stacks were formulated to obtain transmission and
reflection spectra under lossless conditions, ensuring energy conservation. The perfor-
mance metrics central to biosensing, namely, sensitivity, quality factor, figure of merit,
and signal-to-noise ratio, are defined to connect resonance features to RI perturbations.
Material dispersion and index contrast are explicitly treated via SiO5/TiOs, a pair that
yields a wide bandgap and strong field confinement. Enforcing the quarter-wave con-
dition positions the bandgap at the target wavelength. Illustrative calculations guide

the choice of A\, = 800 nm as a practical operating point.

3.2 Theoretical Formulation

3.2.1 Global Transfer Matrix

Electromagnetic propagation in 1D PhCs can be efficiently studied by means of the
Transfer Matrix Method (TMM), which has already been introduced in Chapter 2, see
Subsection 2.4.11

In this section, we define the product of two matrix structures:

o The first corresponds to a simple 1D PhCs composed of two alternating dielectric

layers.
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e The second corresponds to a 1D PhCs with two alternating layers and a central
defect inserted in the middle of the stack.

For the defect-free case, the global transfer matrix of N bilayers is expressed as
Mpc = Dz_nl (m1m2>N Dout~ (31)

where m; = D, 'p.D; and M; and M, represent the transfer matrices of the two
materials.
When a defect cavity is introduced at the center of the multilayer stack, the global

transfer matrix becomes
Mot = D;,' (myma)™ ma (myma)™ Do, (3.2)

where m3 denotes the transfer matrix of the defect layer.

3.2.2 Transmittance and Reflectance Spectra

The spectral characteristics of a 1D PhC are typically described by its transmittance
and reflectance. These parameters provide direct insight into the optical response of
the multilayer system and are essential for biosensing applications. Within the Transfer
Matrix Method (TMM), the global transfer matrix M. relates the incident, reflected,

and transmitted field amplitudes.

Transmittance. Once M, is obtained, the transmission coefficient ¢ can be written

as
1

= )
My,

where My, is the (1,1) element of the global transfer matrix. The power transmittance

t (3.3)

is then calculated as

1 2

Mll

where n;, and ngy denote the RI of the input and output media, respectively, while

Nout COS eout

T(\) = , (3.4)

Nip COS Biy
0, and 6, are the corresponding incidence and transmission angles.

Reflectance. Similarly, the reflection coefficient r of the multilayer structure is ob-

tained from the transfer matrix as

My

Y 3.5
. (3.5)

33



where Mo is the (2,1) element of M. The reflectance R is then expressed as

2
Mo,

RO\ = [r]2 = |2
N =Irf* = |77

(3.6)

Energy conservation. For a lossless PhC composed of dielectric layers, the relation
TN+ RN =1 (3.7)

holds, ensuring that all incident light is either transmitted or reflected. This property
allows both spectra to be used for characterizing the photonic bandgap (PBG) and the

defect modes.

3.2.3 Performance Parameters of the Biosensor

To fully evaluate the performance of the proposed biosensor, several key parameters
are introduced. These include the sensitivity (5),Quality factor (@), signal-to-noise
ratio (SN R), and figure of merit (FoM). They provide quantitative measures of the

device’s capability to detect small variations in the RI of the analyte.

Sensitivity: The sensitivity (S) of the biosensor is defined as the shift in the res-
onance wavelength (A\..) with respect to the change in the RI (An) of the sensing

medium, and it can be expressed as [76]:

o A)\I'GS

S An

[nm/RIU]J (3.8)
Quality Factor: The quality factor (@) is a measure of the sharpness of the resonance
peak, defined as the ratio between the resonance wavelength (A.s) and the full width
at half maximum (FWHM) [76]:

AI'QS

@ = FWHM

(3.9)

Figure of Merit: The figure of merit (FoM) is another critical performance indicator,
defined as the ratio between S and FWHM of the resonance curve [77]:

FoM = [RIU™] (3.10)

FWHM

Signal to Noise Ratio: The signal-to-noise ratio (SNR) is defined as the ratio of
the resonance peak wavelength shift (A\.s) to the spectral FWHM. Tt is expressed
as [77]:

A)\res

SNE = v

(3.11)
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These parameters serve as standard benchmarks for comparing biosensor designs.
A high S, Q and FoM, combined with a SNR, indicate strong performance in detecting

small variations of the analyte’s RI.

3.3 Structural Design

3.3.1 General Structure

The basic design of the biosensor consists of a 1D PhC formed by alternating layers of
two dielectric materials with different RI, arranged to create a multilayer stack. The

general structure can be written as
(nlng)N C (nlng)N, (312)

where n; and ng are the RI of the two chosen materials, N is the number of bilayers
on each side, and C' denotes a central defect cavity. This cavity, with thickness dy,
breaks the periodicity and can be filled with the analyte under investigation (e.g.,
blood components). The defect cavity acts as a resonant site, producing localized

optical modes inside PBG.

3.3.2 Choice of Materials

Silicon dioxide (SiO3) and titanium dioxide (TiOy) were chosen as the constituent
materials of the designed biosensor. SiOs is a low-index dielectric with high optical
transparency and low absorption in the visible and near-infrared regions, making it
suitable for forming the low-index layers. TiO,, on the other hand, provides a much
higher RI and strong dispersion, ensuring effective light confinement and the formation
of a wide PBG.

The high RI contrast between the two materials (An & 0.8) is the key factor in
achieving a pronounced bandgap, which enhances the S of the PhC biosensor.

The RI of SiOs and TiO, are given in arrangement [7§]:

0.6961663 \2 0.4079426 )\ 0.8974794 )\

200) =1 3.13
mN) = 681043 T 0 —116241.42 T 3 — 9896161.2" (3.13)

244100

2 _

(3.14)
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3.3.3 Layer Thickness: Quarter-wave Condition

The thicknesses of the alternating layers are chosen according to the quarter-wave
condition to center the PBG at the design wavelength. This condition reads
A

nid; = nody = )

. (3.15)

where n; and ns are the RI of the two materials, d; and ds are their physical thicknesses,
and A. is the central (design) wavelength.

By satisfying , the periodic stack produces a PBG centered near A.. The
spectral response can then be tuned by adjusting N and the defect cavity thickness dy,
which respectively influence the bandgap sharpness.

We will apply the quarter-wavelength law to a simple 1D PhC by calculating the
transmittance spectrum for the matrix at different central wavelengths A\, =
(400, 600, 800, and 1000 nm) in the visible and infrared range.

Table 3.1: Calculated layer thicknesses and PBG values for different central wave-
lengths A..

Ae (nm) | dsio, (nm) | drio, (nm) | PBG (nm)
400 68.02 33.38 148.79
600 102.88 57.58 241.46
800 137.62 79.37 323.94
1000 172.36 100.58 405.55

The table summarizes the calculated quarter-wave thicknesses of SiO, and TiO,
layers together with the corresponding PBG values for various design wavelengths.

The figure illustrates how the quarter-wave design shifts the central position of
the PBG, with higher design wavelengths leading to a red-shift in the transmission

spectrum.

3.3.4 Sensor Design

After calculating the PBG values for different central wavelengths A., the initial design
wavelength was selected as A. = 800 nm in order to analyze blood components within
the visible spectral region and to obtain a wide photonic band gap. In this spectral
range, the high refractive-index contrast between SiOy and TiO, provides strong optical
confinement and well-defined defect resonances suitable for biosensing applications.
According to the quarter-wave condition, the corresponding layer thicknesses are
d; = 138 nm for SiO, and dy = 79 nm for TiOy. The defect layer thickness, denoted
by dy, is defined as an integer multiple of the lattice period D, where D = d; + ds
represents the total thickness of one unit cell composed of SiO, and TiO, layers in the

1D PhC structure. This configuration ensures that the defect mode is positioned close
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Figure 3.1: Transmission spectra of 1D PhCs under the quarter-wave condition for
different central wavelengths A.: (a) 400 nm, (b) 600 nm, (c¢) 800 nm, and (d) 1000

ni.

to the central design wavelength, thereby maximizing the sensitivity (5) for biosensing

applications.

(n2n1)N

(nan)N

Figure 3.2: Ilustration of the designed 1D PhCs
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3.4 Conclusion

A rigorous yet parsimonious TMM formulation has been presented for 1D PhC biosen-
sors with a central defect, enabling direct computation of spectral coefficients and
verification of energy conservation. The SiOy/TiO4 platform, combined with quarter-
wave thicknesses, produces a pronounced PBG and a narrow defect resonance whose
position and linewidth encode analyte RI. The adopted performance metrics (S, Q,
FoM, and SNR) provide a consistent basis for comparing designs and optimising the
number of bilayers and cavity thickness. The selected \. = 800 nm serves as a well-
justified starting point for parametric refinement, including dispersion-aware S analysis

and tolerance to fabrication-induced variations and loss.
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Chapter 4

Results and Analysis of the 1D

Photonic Crystal Biosensor

4.1 Introduction

The examination of human blood constituents is pivotal in clinical diagnostics, as
minor fluctuations in plasma, erythrocytes, leukocytes, or hemoglobin levels might act
as preliminary markers of disease states. Traditional biochemical assays, while precise
and dependable, tend to be laborious and expensive, prompting the pursuit of swift
and economical optical biosensing alternatives. Photonic crystal (PhC) structures have
emerged as formidable contenders for manipulating light propagation via photonic band
gaps (PBGs).

One-dimensional photonic crystals (1D PhCs) are notably appealing due to their
straightforward production, cost-effectiveness, and heightened sensitivity to refractive
index fluctuations. Prior research has established their utility in gas detection [79|,
temperature measurement [80], and pressure assessment [81]. This study examines
the transmittance spectrum of a defective 1D PhC biosensor, consisting of alternating
Si04/Ti0Oy multilayers, for the real-time detection of human blood components within
the visible wavelength range. The transfer matrix method (TMM), executed in Python,
was employed to model and analyze the optical response of the sensor.

The suggested biosensor has the ability to identify alterations in the transmit-
tance profile related to four specific blood components—plasma, white blood cells,
hemoglobin, and red blood cells—within the PBG. A parametric analysis was per-
formed by altering the defect layer thickness (dy), the number of periodic layers (N),

and the incidence angle (6;) to enhance the sensitivity and performance of the sensor.
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4.2 Composition and Functions of Human Blood-

Components

The composition of human blood provides critical information about an individual’s
physiological state, as it reflects the functional balance of tissues and organs throughout
the body. Even slight deviations from the normal concentration ratios or properties
of blood components may disrupt homeostasis and negatively affect overall health [82,
83].

Human blood is primarily composed of three major cellular elements:

« Red blood cells (RBCs), which play a vital role in the transport of oxygen from the

lungs to body tissues and the return transport of carbon dioxide for exhalation.

« White blood cells (WBCs), which serve as a key component of the immune sys-

tem, protecting the body against infections and foreign agents.

o Platelets, which are responsible for initiating clot formation, thereby preventing

excessive bleeding and contributing to wound healing processes [84-86].

These cellular components are suspended in plasma, the liquid portion of blood, which
serves as a carrier for nutrients, metabolic waste, proteins, hormones, and antibodies.
The proper regulation of each blood component is essential for maintaining physiolog-

ical stability and ensuring the body’s overall health and functionality |87 88].

4.3 Influence of Structural Parameters

The performance of the proposed 1D PhC biosensor is strongly dependent on its struc-
tural parameters. A parametric analysis was carried out to examine the influence of
three key factors: the defect layer thickness dy, the number of periodic layers N |
and the incidence angle . In the designed structure (Figure , the blood sample
is introduced into the central cavity C of thickness dy. The refractive indices (RI)
of the selected blood components are adopted from previously reported values in the
literature [89]: blood plasma ny, = 1.35, white blood cells ny1, = 1.36, hemoglobin
np, = 1.38, and red blood cells n,, = 1.40. These values correspond to experimental
measurements performed at room temperature (7" = +24°C) over the spectral range

of 480-1550 nm using a multi-wavelength Abbe refractometer [90].

4.3.1 Defect Layer Thickness

We examined how the thickness dy of the defect layer affects the sensor by conducting
simulations of the transmittance spectrum across a range of dy values, as shown in Fig-
ure[d.1] The transmittance spectrum was analyzed at dy = (2D,3D,4D,5D,6D,8D,9D,10D).
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These simulations were conducted with a periodic number of layers N = 5 and a in-
cidence angle 6;. From these simulations, we extracted the PBG, wavelength associ-
ated with the resonant peak (Ays) within the PBG, and full width at half maximum
(FWHM) of the peaks, as detailed in Table . Subsequently, the sensor parameters

were derived from these results table [4.2]

Table 4.1: Simulation results of cavity dy for different indices and defect thicknesses.

Index 1.35 1.36 1.38 1.40 1.35 1.36 1.38 1.40

4D 6D
Ares (nm) | 718.16 | 721.04 | 726.89 | 732.83 || 786.77 | 790.79 | 798.85 | 806.93

FWHM 1.26 1.21 1.11 1.04 0.65 0.65 0.67 0.69
Ares (nm) | 875.33 | 879.07 | 886.49 | 893.23 || 925.28 | 929.49 | 937.75 | 945.78
FWHM 1.62 1.70 1.85 2.05 2.68 2.88 3.34 3.88

PBG 384.67 | 385.31 | 386.36 | 387.11 || 399.41 | 400.30 | 401.60 | 402.29

9D 10D
Ares (nm) | 723.91 | 727.86 | 735.83 | 743.87 || 711.31 | 715.21 | 723.11 | 731.10

FWHM 0.68 0.65 0.58 0.54 0.78 0.72 0.63 0.56
Ares (nm) | 808.52 | 813.14 | 822.38 | 831.61 || 785.00 | 789.58 | 798.76 | 807.94
FWHM 0.51 0.52 0.56 0.59 0.44 0.45 0.54 0.61
Ares (nm) | 913.89 | 918.75 | 928.34 | 937.74 || 876.95 | 881.95 | 891.92 | 901.74
FWHM 1.68 1.82 2.15 2.55 0.89 0.94 1.09 1.22
PBG 427.38 | 427.54 | 427.70 | 427.60 || 415.93 | 416.90 | 418.17 | 418.59

Figure[d.1] Increasing the defect-layer thickness dy systematically increases the num-
ber of defect modes inside the PBG. Panels (a)—(h) correspond to dy = 2D, 3D, 4D, 5D,
6D, 8D, 9D,10D, respectively. For small cavities (dy = 2D) a single, well-isolated reso-
nance is observed for each analyte (n. = 1.33-1.40). As dy grows (4D, 6D), additional
resonances emerge, indicating the excitation of higherorder cavity modes. At dy = 10D
as many as five narrow resonances appear within the PBG; their reduced linewidths
imply higher quality factors, but the increased mode density leads to peak crowding
and complicates reliable peak identification for sensing. This behavior is consistent
with prior reports showing that a thicker defect layer—via a longer optical path and
stronger interaction with the Bragg stack—yields more complex transmittance spectra
191, 92]. In view of this trade-off between Q-enhancement and mode crowding, we did
not pursue dog > 10D.

The results presented in Tables , provide a comprehensive analysis of the
optical response of 1D PhCS cavities with different defect layer thicknesses (dy) and RI.
From Table , it is observed that the resonant wavelengths (\.es) shift toward higher

values as the refractive index increases, indicating a strong dependence of the cavity
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Figure 4.1: Transmittance spectra of the cavity at different defect thicknesses dy: (a)
2D, (b) 3D, (c) 4D, (d) 5D, (e) 6D, (f) 8D, (g) 9D, and (h) 10D

modes on the surrounding medium. The FWHM generally decreases with increasing

index for certain defect thicknesses, implying sharper resonances and potentially higher

sensitivity.

Furthermore, the PBG values remain relatively stable with only slight

variations, reflecting the robustness of the periodic multilayer structure against small
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Table 4.2: Performance parameters (S, SNR, @, FoM) of the cavity at different defect
thicknesses dj.

Index 1.35 1.36 1.38 1.40 1.35 1.36 1.38 1.40
4D 6D
S 284.5 285.67 | 2884 290.86 401 401.33 402 402.57
SNR 4.52 7.08 12.99 19.58 12.34 18.52 30 40.84
Q 569.97 | 595.9 654.86 | 704.64 || 1210.42 | 1216.6 | 1192.31 | 1169.46
FoM | 225.79 | 236.09 | 259.87 | 289.67 || 616.92 | 617.44 600 583.42
S 376.5 375.67 | 378.3 371.86 428 425.67 | 4206 | 415.14
SNR 4.65 6.63 10.2 13.41 9.67 11.2 17 7.49
Q 540.33 517.1 479.18 | 436.01 345.25 | 322.74 | 280.76 | 243.76
FoM | 232.41 | 220.98 | 202.05 | 181.39 159.7 | 147.80 | 125.93 107
9D 10D
S 391.5 392.67 395 397.39 385 386.67 390 392.71
SNR | 11.51 18.12 24.93 31.56 16.11 30.95 49.09 70.48
Q 1064.57 | 1119.78 | 1268.67 | 1377.53 || 911.93 | 993.35 | 1147.79 | 1305.54
FoM | 575.74 | 604.10 | 681.03 | 735.19 || 493.59 | 537.04 | 619.05 | 701.28
S 461 461.33 | 461.6 | 461.67 457 457.8 458 458.14
SNR | 18.08 26.61 41.21 04.76 20.75 31.16 50.87 68.23
Q 1583.52 | 1536.73 | 1426.67 | 1298.52 || 1037.7 | 1046.8 | 1127.7 | 1217.77
FoM | 903.92 | 887.18 | 824.29 | 782.32 || 807.13 | 803.87 | 1007.32 | 974.27
S 492 490 488.67 | 487.39 522 203.5 502 497.86
SNR 8.08 13.29 19.21 25.07 17.74 27.29 | 41.777 58.69
Q 543.98 | 504.81 | 431.79 | 367.17 | 798.54 | 934.88 | 981.22 | T71.45
FoM | 292.86 | 269.23 | 225.95 | 188.74 || 565.17 | 534.04 | 458.72 | 398.29

index changes.

In Table[4.2] the sensitivity (S) increases with defect thickness and higher refractive
index, demonstrating that thicker cavities enhance the shift of resonance with respect
to index variations. The signal-to-noise ratio (SNR) shows significant improvement for
higher dy, particularly at 9D and 10D, where values exceed 50 for n = 1.40, confirming
better detection capability. The quality factor (Q) reaches maximum values above
1700 for the 10D cavity, indicating stronger field confinement and narrower resonance
linewidths. Consequently, the figure of merit (FoM) also achieves its highest values for
thicker defect layers, especially at 9D and 10D, where it surpasses 900, highlighting
the optimized trade-off between sensitivity and spectral selectivity.

Overall, the comparison of both tables suggests that increasing the defect

layer thickness enhances the sensing performance of the cavity by simultaneously im-
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proving S, SNR, Q, and FoM. However, a balance must be maintained, as excessively
high dy may lead to practical fabrication challenges and increased insertion losses.
These findings underline the critical role of structural parameters in designing high-

performance 1D PhC biosensors.

4.3.2 Number of Layers

In this section, we examine how the number of Layers (N) influences the optical re-
sponse of the biosensor by computing the normal-incidence transmittance spectra for
N € {3,5,7}. Throughout this analysis, the defect layer thickness was held constant
at dy = 2D, and the angle of incidence was fixed at §; = 0°. The resulting spectra are
shown in Figure[d.2 From the simulated transmittance spectra, we extracted the reso-
nance wavelengths \,., FWHM, and PBG for each value of N (Table . In addition,
the key performance indicators, S, SNR, Q, and FoM, were evaluated to quantify the
sensing performance (Table [1.4).

Table 4.3: Extracted optical parameters (As, FWHM, and PBG) for different values
of N.

N | RI Aes | FWHM | PBG
1.35 | 791.22 | 11.69 | 442.45
3 1.36 | 793.83 | 11.78 | 443.31
1.38 | 799.07 | 11.98 | 444.94
1.40 | 804.34 | 12.19 | 446.39
1.35 | 791.59 1.23 361.54
5 1.36 | 794.08 1.23 361.93
1.38 | 799.10 1.25 362.61
1.40 | 804.13 1.28 363.16
1.35 | 791.63 0.13 327.36
- 1.36 | 794.11 0.12 327.58
1.38 | 799.10 0.13 327.95
1.40 | 804.11 0.14 328.20

Figure 4.2  highlights the pronounced impact of the bilayer number N on the cavity’s
spectral response under normal incidence (0; = 0°) with a fixed defect thickness dy =
2D. For a small stack (N = 3), the transmission resonances are comparatively broad
(FWHM ~ 12nm), which is indicative of limited electromagnetic confinement and
modest mirror reflectivity. Increasing the stack to N = 5 yields markedly narrower
and better isolated resonances (FWHM = 1.2nm), consistent with stronger Bragg

reflectivity and enhanced field localization within the defect layer. At N = 7, the
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Figure 4.2: Variation in transmittance spectra for different N: (a) N =
(¢) N=17,(d) N=9, and (e) N = 11.
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resonances become exceptionally sharp, with FWHM approaching 0.14 nm, evidencing

high spectral selectivity and fine wavelength discrimination.

Table 4.4: Calculated performance parameters (S, SNR, @, and FoM) for different
values of N.

N | RI S SNR Q FoM
1.35 | 259.5 0.44 67.68 22.20
5 1.36 | 260.0 0.66 67.39 22.07
1.38 | 260.8 1.09 66.70 21.77
1.40 | 261.57 | 1.50 65.98 21.46
1.35 | 248.50 | 4.04 | 643.57 | 202.03
5 1.36 | 248.67 | 6.07 | 645.59 | 202.17
1.38 | 249.60 | 9.98 639.28 | 199.68
1.40 | 250.14 | 13.68 | 628.23 | 195.42
1.35 | 247.50 | 38.08 | 6089.46 | 1903.85
- 1.36 | 247.67 | 61.92 | 6617.58 | 2063.89
1.38 | 248.40 | 95.54 | 6146.92 | 1910.77
1.40 | 249.00 | 124.50 | 5743.64 | 1778.57

The resonance wavelength A..s systematically redshifts with increasing analyte index
(1.35-1.40) for all N , while remaining nearly invariant across N itself (variation <
3nm); this confirms that the resonance position is primarily governed by the defectlayer
thickness dy rather than the mirror length. In contrast, the surrounding photonic band-
gap (PBG) width decreases as N grows (from ~ 442nm to 446 nm at N = 3 to ~327 nm
to 328 nm at N = 7), reflecting a progressively more selective stopband centered around
the defect mode (Table [4.3)).

Performance metrics consolidate these trends (Tables and [£.4). S Sremains
largely constant across N (~ 248-261 nm/RIU), indicating that improvements in de-
tection capability stem from linewidth reduction rather than increased dispersive shift.
Consequently, the values of () and SN R escalate dramatically with N : Q rises from
~ 66 (N = 3) to ~ 640 (N = 5) and reaches ~ 6 x 10 at N = 7, while SNR increases by
over two orders of magnitude across the same range. The FoM mirrors this behavior,
improving from ~ 22 (N = 3) to ~ 200 (N = 5) and up to ~ 1.8 x 10% to 2.1 x 10* (N
=7).

In short, increasing (N ) doesn’t change (\es) much, but it does make the resonance
sharper, which improves spectral resolution and sensing performance. This result is in
line with what other studies have found [93, 94]. (N = 7) has the highest accuracy
from a design point of view, and (N = 5) strikes a good balance between how hard it

is to make and how accurate it is.
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Figure 4.3: Transmittance spectra of the defect resonance for # = 0°,10°,20° with N
= b and dy = 2D.

4.3.3 Incidence Angle

In this section, we assess how the incidence angle 6 alters the optical response of the
biosensor for a fixed defect thickness dy = 2D and a bilayer count N = 5. We computed
the normal-to-oblique transmittance spectra for 6 € {0°,10°,20°} while sweeping the
analyte refractive index from 1.35 to 1.40. The resulting spectra are shown in Figure
Znil

From the spectra, the defect-mode wavelength A exhibits a systematic blue shif-
tas 0 increases, consistent with the reduced effective optical path length at oblique
incidence. At fixed 0, A\, retains its expected red shift with increasing analyte index

(1.35-1.40). Quantitatively, at n = 1.35 the resonance moves from ~ 791.6nm at 0°to
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Table 4.5: Extracted optical parameters (A5, FWHM, and PBG) for 6 € {0°,10°,20°}
at N =5 and dy = 2D.

0 |Index | Aes | FWHM | PBG
1.35 | 791.59 1.23 361.54
0° 1.36 | 794.08 1.23 361.93
1.38 | 799.10 1.25 362.61
1.40 | 804.13 1.28 363.16
1.35 | 781.54 1.16 360.32
10° 1.36 | 786.57 1.16 361.28
1.38 | 789.09 1.17 361.70
1.40 | 794.17 1.19 362.43
1.35 | 766.63 1.00 359.35
500 1.36 | 771.84 1.00 360.48
1.38 | 774.46 1.01 360.98
1.40 | 779.72 1.02 361.87

~ 766.6nm at 20°, illustrating the angle-induced spectral compression (Table 4.5]).

The linewidth modestly narrows with angle: the FWHM decreases from ~ 1.23nm
at 0° to ~ 1.00-1.02nm at 20°. The PBG remains nearly unchanged across angles
(about 360-362 nm), indicating that obliquity chiefly perturbs the localized defect mode
rather than the overall stopband (Table [4.5)).

Performance metrics corroborate these trends (Table . S increases slightly with
angle (from ~ 248-250 to ~ 260-263 nm/RIU), while both the values Q and SNR rise
due to the narrower resonance at larger . Consequently, the FoM improves across
the index range when moving from 0° to 20°. In summary, oblique incidence (10°-
20°) provides a practical route to sharpen the defect resonance and enhance sensing
figures of merit without modifying the stack geometry, at the expense of a predictable

angle-dependent blue shift that should be accounted for in calibration.

4.3.4 summary

The combined parametric study highlights that:

e Increasing the defect thickness dy introduces multiple resonances and enhances S

but complicates the spectrum.
o Increasing N improves resolution and Q, with N = 7 providing optimal results.

o Adjusting the incidence angle 6; shifts the resonance peaks and offers tunability,

though care must be taken to avoid excessive angular dependence.
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Table 4.6: Calculated performance parameters (S, SNR, @, and FoM) for 6§ €
{0°,10°,20°} at N =5 and dy = 2D.

6 (deg) | Index S SNR Q FoM
1.35 | 248.50 | 4.04 | 643.57 | 202.03
0° 1.36 | 248.67 | 6.07 | 645.59 | 202.17
1.38 | 249.60 | 9.98 | 639.28 | 199.68
1.40 | 250.14 | 13.68 | 628.23 | 195.42
1.35 | 251.50 | 4.34 | 678.08 | 216.81
10° 1.36 | 251.67 | 6.45 | 674.44 | 215.10
1.38 | 252.60 | 10.61 | 667.37 | 212.27
1.40 | 253.29 | 14.53 | 655.14 | 207.61
1.35 | 260.51 | 5.21 | 771.84 | 260.50
90° 1.36 | 261.00 | 7.75 | 766.79 | 258.42
1.38 | 261.80 | 12.83 | 764.43 | 256.67
1.40 | 262.57 | 17.67 | 754.82 | 252.47

Altogether, the optimized design with dy = 10D , N = 7, and ©; = 20° exhibited the
most favorable performance, combining high S, narrow resonance peaks, and strong

robustness for biosensing applications.

4.4 Detection of Hemoglobin Variations

To assess clinical relevance, we optimized the sensor at N =7, ©; = 20°, and dy = 10D,
and examined how changes in hemoglobin concentration (Cyp) affect the resonant
transmittance. The dependence of the sample refractive index n on Cyg follows the
relation in [76].

Figure shows a clear, monotonic red shift of the resonance as n increases (i.e.,
with increasing Cyg) over the 760-800 nm window. Across the tested range (Cells E —
A, 15.99-30.90 g/dL), the resonance wavelength shifts from 771.57 nm to 789.19 nm,
a total excursion of ~ 17.6 nm, confirming that the device discriminates hemoglobin
levels with high fidelity.

Quantitatively (Table , the proposed sensor achieves a nearly constant S of
~ 476nm/RIU for Cells B-E, which is ~ 45-59% higher than Saini and Awasthi’s
300-328nm/RIU. The measured line width remains narrow (FWHM = 0.02-0.03 nm),
yielding @ ~ (25.7 x 10%)-(39.2 x 10?). Compared with [76], our @ is higher at one
operating point (Cell B) but lower for Cells C—E, primarily because |76] reports ultra-
narrow line widths (~ 0.010 nm) in those cases.

The FoM reflects this trade-off: our design attains a substantially larger FoM at Cell
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Figure 4.4: Transmittance spectra of the 1D PhC sensor for varying hemoglobin con-
centration (CyB) in red blood cells

Table 4.7: Comparison of S, (), peak wavelength A, and FWHM of the proposed 1D
PhC sensor, compared with Saini and Awasthi [76].

Hemoglobin concentration Cell A Cell B Cell C Cell D Cell E
Cus 30.900 g/dL | 25.599 g/dL | 19.789 g/dL | 16.289 g/dL | 15.990 g/dL
Amax (Saini et al. [76]) 671.40 667.80 662.70 659.60 659.20
Amax (our work) 789.19 783.47 776.33 772.05 771.57
FWHM (Saini et al. [76]) 0.11 0.036 0.0135 0.010 0.0095
FWHM (our work) 0.03 0.02 0.03 0.03 0.03
S (Saini et al. |76]) - 300.00 322.20 327.70 310.50
S (current work) - 476.67 476.30 476.11 476.22
Q (Saini et al. [76]) 6,103.63 18,550.00 49,088.80 65,960.00 69,389.47
Q (our work) 26,306.33 39,173.50 25,877.67 25,735.00 25,719.00
FoM (Saini et al. [76]) - 8,333.3 23,866.7 32,770 32,684.2
FoM (our work) - 23,833.33 15,876.54 15,870.37 15,873.87

B (23,833 vs. 8,333) but lower FoM for Cells C-E due to their comparatively broader
FWHM. Overall, the consistent red shift with increasing Cyg, the high S, and kHz-level
spectral selectivity (via large @) indicate that the 1D PhC sensor can reliably resolve

clinically relevant changes in hemoglobin. Further narrowing of the resonance (e.g.,

via impedance matching or defect-mode tailoring) should raise ) and FoM without

sacrificing the observed S.

4.5 Conclusion

This chapter presented the simulation results and analysis of the proposed photonic

crystal biosensor. The main findings can be summarized as follows:

e The biosensor demonstrates high S to refractive index variations of blood com-

ponents.
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o The optimized configuration (N = 7, dy = 10D, § = 20° ) provides sharp reso-
nance peaks with a high Q.

o The sensor successfully detects variations in hemoglobin concentration and shows

potential for clinical applications such as malaria detection and anemia diagnosis.

Overall, the study confirms that 1D PhCs with defect cavities are powerful platforms
for biosensing, combining high performance with practical applicability in biomedical

diagnostics.
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General Conclusion

This dissertation set out to design, model, and experimentally motivate a one-dimensional
photonic crystal (1D PhC) platform for RI biosensing. By combining dispersion-aware
multilayer synthesis with physics-grounded analysis, we translated conceptual band-
gap control into manufacturable stacks and defect-cavity resonators that deliver sharp
spectral signatures under realistic operating conditions.

We developed a rigorous yet efficient modeling pipeline based on the Transfer Matrix
Method (TMM), anchored in Maxwell’s boundary conditions and validated against
complementary viewpoints (mode and time-domain reasoning). Material dispersion for
Si02/Ti04 guided quarter-wave designs around a target wavelength, while parametric
sweeps quantified sensitivity (S), quality factor (Q), signal-to-noise ratio (SNR), and
figure of merit (FOM). Throughout, we emphasized robustness to fabrication tolerances
and angular /polarization dependencies that often degrade ideal performance.

Summary of principal findings.

o We established a compact TMM workflow that reliably predicts multilayer spec-
tra for TE/TM polarizations and oblique incidence, enabling rapid exploration

of design spaces at negligible computational cost.

o Quarter-wave SiO,/TiO, Bragg mirrors provide wide stopbands; inserting a single
defect layer yields high-contrast, narrow resonances with controllable linewidth

via index contrast, bilayer count, and defect thickness.

o Sensitivity and selectivity trade off with insertion loss and spectral crowding:
increasing period number reduces leakage and narrows resonances, but can in-

troduce multiple nearby modes; optimum regimes were identified that jointly
maximize S, Q, and FOM.

o Angular interrogation offers tunable resonance shifts without sacrificing robust-
ness when the design targets a moderate incident angle; polarization splitting

can be minimized by balanced optical thicknesses.

o Tolerance studies indicate that RI and thickness errors have asymmetric effects
on resonance position and Q); dispersion-aware targets mitigate drift, and modest

post-fabrication angle trimming recovers design points.
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» Using hemoglobin as a representative analyte, the optimized cavity demonstrates
RI detection with competitive S and FOM compared to literature baselines while

retaining fabrication simplicity and CMOS compatibility.

Significance. The thesis contributes a design methodology that is both physi-
cally interpretable and fabrication-conscious, clarifying how material choice, optical
thickness, and cavity engineering interact to produce usable biosensing windows. The
resulting guidelines are portable to alternative material systems and readout schemes.

Perspectives and future work.

Dual-cavity and Vernier schemes: cascade two defect cavities to enhance discrim-

ination and extend the unambiguous index range.

o Impedance-matched terminations: use gradient or apodized layers to suppress

sidelobes and improve insertion loss without sacrificing Q.

o Multi-parameter sensing: co-design polarization/angle readouts to decouple tem-

perature drift from RI changes.

o Functionalization and microfluidics: integrate selective surface chemistry and

compact flow cells to elevate specificity and sample throughput.

o Data-driven calibration: apply spectral fitting and lightweight learning-based re-

gressors for real-time, tolerance-aware inference.

e Materials and band tailoring: explore high-index-contrast dielectrics and hybrid
stacks (e.g., SigNy, TasOs5) to push stopband width and reduce absorption at the

target wavelength.

In closing, this work demonstrates that carefully engineered 1D PhC defect struc-
tures can provide sensitive and stable biosensing performance for human blood compo-
nent detection. The presented numerical study based on the Transfer Matrix Method
(TMM) confirms the effectiveness of the proposed SiO,/TiO5 structure and highlights
the influence of structural parameters on sensor behavior, providing a useful foundation

for future biomedical sensing investigations and related optical sensing applications.
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