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ABSTRACT

In recent years, photonic crystals have achieved a lot of research significance due to their
applications in many fields. Many photonic ccrystal sensors have been proposed based on

their novel structure and unique physical properties such as reflectance/transmittance.

In this thesis, two layers one dimensional photonic crystal slab waveguide was assumed
in which the first layer was considered to be the analyte layer and the second layer was
considered to be LHM, dielectric or metal for transverse electric (TE) and transverse

magnetic (TM) waves.

The dispersion relation of the proposed structure was derived and solved numerically and
the sensitivity was also calculated. The condition required for the sensor to have its
maximum sensitivity were presented. The dependence of the sensitivity on some different
parameters of the structure was plotted and studied. It was found that the highest
sensitivity was achieved by using the LHM materials in the photonic crystal rather than
using metal and dielectric materials in photonic crystal. Our results show that it is
possible for LHM photonic structure to achieve a sensitivity improvement of 412% for
TE mode and 1056% for TM mode when compared to conventional slab waveguide
sensor.

Moreover, one dimensional ternary photonic crystals were investigated as refractometric
sensors for sensing very small refractive index change of an analyte material. The
principle of operation of photonic crystal as a refractometric sensors in reflection mode
was explained. The transmission of an incident wave were studied in details using Fresnel
reflection coefficients. The transmission coefficient was plotted with the angle of
incidence and wavelength of incident light for air and water as analyte materials. It was
observed that a slight refractive index change in analyte layer of the ternary structure

causes a sufficiently large transmission peak shift.
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Chapter One

Basic Waveguide Equations

This chapter is intended to establish the fundamental concepts and basic background of
electromagnetic and waveguide theories. The basic equations needed to analyze slab
waveguide structures are presented. A brief review of Maxwell’s equation, homogenous
wave equation, refractive index, phase and group velocities, boundary conditions, total
internal reflection, and power considerations are given. Moreover, transverse electric and

magnetic polarizations are presented.

1.1. Introduction

In the year 1864, James Clerk Maxwell (1831-1879) proposed his "Dynamical Theory of
the Electromagnetic Field", in which he observed theoretically that an electromagnetic
wave travels in free space with the velocity of light. He conjectured from his famous
equations that light is a transverse electromagnetic wave. Herinrich Hertz (1857-1894)
discovered experimentally electromagnetic waves around the year 1888. The results of
Hertz experiments and his related theoretical work confirmed Maxwell's predictions.
Maxwell's ideas and equations were expanded, modified, and made understandable after
his death, mainly by the efforts of Heinrich Hertz, George Francis Fitz Gerald (1854-
1901), Oliver Lodge (1851-1940) and Oliver Heaviside (1850-1925) [1].

1.2. Propagation of electromagnetic waves

1.2.1. Maxwell’s equations
Maxwell’s equations that governing the electromagnetic fields can be expressed in the

following form [2,3]

V. D=p, (1.2)

V.B =0, (1.2)
_ _9B

VXE = 57 (1.3

VxH=]+5) (1.4)



where D, B, E, H, J and p are the electric flux density, magnetic flux density, electric
field, magnetic field, current density and free charge density, respectively.

Consider a linear, isoropic, homogeneous medium, the constitutive relations can be

written as:

D=¢E, (1.5)
B=pH, (1.6)
where the permittivity € and the permeability p are defined as

E=€oEr, (1.7)
H=oldr, (1.8)

where &, and ., are the permittivity and permeability of vacuum, and &, and p. are the
relative permittivity and permeability of the material.

For a charge-free, linear isotropic medium Maxwell’s equations become

V.E=0, (1.9)
V.H =0, (1.10)
VX E=—p22 (1.11)
ot
OE
VxH=¢S (1.12)

1.2.2. Homogenous wave equation
The solution of the wave equation describes the propogation of energy in the free charge

medium. To derive the wave equation , we first take the curl of Eq. (1.11)
d(VxH)

VXVXE=— oL (1.13)
Using Eq. (1.12) into Eqg. (1.13)
UXVxE=—pels (1.14)

Using the following vector identity

VXxVxE=V(V.E)—V’E (1.15)
Substituting Eq. (1.14) into Eqg. (1.15) and using Eq. (1.9) yield

VE — ez =0 (1.16)
Differentiation in the time domain is the equivalent to multiplication by iw in the

frequency domain, Eq. (1.16) becomes



VZE +w*ueE=0 (1.17)
Similarily, the homogenous wave equation for H is

V?H + w?ueH = 0 (1.18)
In a lossless medium in which ¢ =0, the wavenumber k is defined by k?*=w?ue. Then Eq.
(1.17) and Eq. (1.18) can be written as

V’E+ Kk*E=0 (1.19)
V?H + k*H=0 (1.20)

1.3. Geometric optics

When light strikes an object, it may be transmitted, absorbed and converted into heat,

and/or reflected off. The reflection and refraction will be investigated in this section.

1.3.1. Reflection of light

When a ray of light is reflected at an interface between two different media, the reflected
beam remains within the plane of incidence, and the angle of reflection equals that of
incidence. The plane of incidence includes the incident ray and the normal to the
interface at point of incidence as shown in Fig. 1.1 [4].

Normal

Reflected
ray

Incident
ray

0, 6

0.=0.

Fig. 1.1. Reflection of light at an interface

1.3.2. Refraction of light

When rays of light strike a differing medium in the refractive index obliquely, or at an
angle 01, they are refracted or bent, at the interface between the two media as shown in
Fig. 1.2 [5]. The angle of refraction 6, depends on the properties of the two media and on

the angle of incidence through the relationship



ino
2% — %2 — constant, (1.21)

sin 64 vy
where v, is the speed of light in the first medium and v, is the speed of light in the

second medium.

Incident
ray

Refracted
ray

Fig. 1.2. Refraction of light at an interface between two media

1.3.3. Refractive index
Experiments showed that the index of refraction of a medium is inversely proportional to
the speed of light in that medium. Since c is defined as the speed of light in vacuum, and

n=1 is defined as the index of refraction of vacuum [6], we have

__ speedof light invacuum __ ¢ (1 22)
" speed of light in a medium v’ ’

Therefore, because the relationship v=fA must be valid in both media and because
f1=f>=f, where f and A are the wave frequency and wavelength respectively, then

v1=fA, V=fhy

M_vi_/m_ (1.23)

Y - vy - c/n, nq
replacing the v, /v,term in Eq. (1.21) with n; /n, , Snell’s law of refraction is obtained

n, sinf; = n,sin6, (1.24)

1.3.4. Total internal reflection
When light travels from a medium with high index of refraction into another one with

smaller index of refraction, Snell’s law shows that as 6; increases, it will reach a finite



value at which 6,=90°. For angles of incidence less than 6., some of light is reflected and
some is transmitted (refracted) as shown in Fig. 1.3(a). However, for an angle of
incidence 6; = 6., all of the light is reflected back into medium 1 as shown in Fig. 1.3(b).
This total internal reflection requires n, sin .= n, sin90°, so the critical angle 6. is
determined by [7]

sinf, = % (1.25)

1

n,
n, D\
I8,
| n, | Evanescent
0.<6.

|
| 6.20.n,2n, | Wave

Fig. 1.3. Light reflection at a) 61<6. and b) 61 > 6.. 61 and 6 represent the incidence and

critical angles, respectively.

Total internal reflection is a very important phenomenon as it is the basic principle of
operation of waveguides of all kinds.

An important result of total internal reflection is the propagation of an evanescent wave
across the interface. Essentially, even though the entire incident wave is reflected back
into the first medium, there is some penetration into the second medium at the boundary

as shown in Fig. 1.3(b).

1.4. Phase and group velocities

The solution of the wave equation

e R

=t (1.26)
is given by

Y(x,t)=Aegikx-—wb) (1.27)
Plugging Eq. (1.27) into Eq. (1.26) we get

w? = c2k? (1.28)


http://en.wikipedia.org/wiki/Evanescent_wave

Then, the velocity of the wave is %z ¢, which is dependent of w and k. This

phenomenon is called dispersion [8].
Consider the case where the wave group consists of two waves that have the same
amplitude A but differ by a small amount Aw in angular frequency and a small amount
Ak in wave number [9].
vy, = A cos(wt — kx) (1.29)
y, = Acos((w + Aw)t — (k + Ak)x) (1.30)
Adding y; and y,, we get

y =24 cos%(Awt — Akx) cos%((Zw + Aw)t — (2k + Ak)) (1.31)
Since Aw<<wm and Ak<<k, Eq. (1.31) reduces to
y = 2A cos % (AwAt — Akx) cos(wt — kx) (1.32)
The above equation represents a wave of angular frequency o and wave number k whose

amplitude is modulated by an angular frequency AT‘” and wave number %.

The effect of the modulation is to produce successive wave group. The phase velocity is

Aw
Ak

w

v, = —and the velocity of the successive wave group is v, =
k

When o and k have continous spreads, then the group velocity is v, = Z—‘]‘(’

1.5. Boundary conditions

Various relations between electric field E, magnetic field H, electric flux density D and
magnetic flux density B in terms of Maxwell's equations are only valid for a point in the
continuous medium. Consider an interface separating medium 1 and medium 2, the
following boundary conditions hold [10]

Boundary condition '1":

Etan1=Etan2 (1.33)

It means that the tangential component of an electric field at the boundary of medium '1'
is the same as the tangential component of electric field at the boundary of medium '2'.
Thus, at a point of discontinuity, the tangential component of an electric field is

continuous.



2. Boundary condition ‘2":
Hian1' — Hian 2 = Js (1.34)
It means that the tangential component of magnetic field at the surface of a perfect
conductor is discontinuous. This discontinuity is equal to Js. Other than a perfect
conductor, the tangential component of magnetic field is continuous across the surface.
3. Boundary condition '3":
Bn1 = Bn (1.35)
It means that at the boundary surface (point of discontinuity), the normal component of
magnetic flux density By is continuous.
4. Boundary condition '4':
Dn1 = Dn2 = ps (1.36)
It means that the normal component of electric flux density D, is discontinuous for that
surface, where surface charge density exists. Discontinuity is equal to ps. For those
surfaces, where the surface charge density is zero, the normal component of electric flux

density Dy is continuous.
1.6. Planar optical waveguide

1.6.1. Introduction

There are many engineering applications in which it is necessary to use devices to
confine the propogation of electromagnetic waves in order to transmit electromagnetic
energy from one point to another with a minimum of interference, radiation and heat
losses. In general, any device used to transmit confined electromagnetic waves can be
considered a waveguide [11]. A waveguide is a dispersive structure that confines and
directs a wave. In other words, it conveys a wave between its ends. An optical waveguide

is used to guide waves in the optical spectrum.

1.6.2. Waveguide structure

Fig. 1.4 shows the structure of the basic step-index planar slab waveguide which consists
of three layers. A thin dielectric film of refractive index n; is deposited on a dielectric
substrate of index of refraction ns. Above the film is a dielectic cover or cladding of index

of refraction n. such as air as shown in Fig. 1.4. To achieve propogation by total internal



reflection within the film, the refractive indices must satisfy ng>ngsn.. The case of
symmetric dielectric waveguide slab is obtained when n.=ns. Otherwise, the structure is
called asymmetric. Furthermore, the film thickness d should be comparable to the
operating wavelength A. In contrary, the substrate and cover (cladding) layers are much

thicker than A.

Cover/cladding

n substrate
s

Fig. 1.4. Basic structure of the dielectric planar waveguide

As mentioned above, light is confined in the core of a planar waveguide by total internal
reflection at both film/cover and film/substrate interfaces as shown in Fig. 1.5. This
occurs when the refractive index of the film is greater than those of cover and substrate.
Consequently, light will be reflected back and forth between the two interfaces till it is

transmitted.

L —

ng

Ng

Fig. 1.5. Light confinement in a planar waveguide by Total Internal Reflection



1.6.3. Basic equations
In a waveguiding system, Maxwell’s equations are solved for electromagnetic waves that
are propogating along the guiding direction (say z direction) and are confined in the
guiding structure. Thus, the magnetic and electric fields are assumed to have the forms
[12]
E(x,y,z,t) = E(x,y)e/®t=ibz, (1.37)
H(x,y,z t) = H(x,y)e/®t=1bz (1.38)
where P is the propogation wavenumber along the guiding direction as shown in the
Fig.1.4.
Using Maxwell’s equation in the form
VX H = jweE (1.39)
VXE =—jwuH (1.40)
Expanding these equations, we get

a, a, a,

9 9 9| dH, OH aHx OH, OH OHy
VXH= ox ay aZ_ax[ay_azy] dz B ]+ [ i ]
H, H, H,
= jogE a,+joeE,a,+ joeE, a, (1.41)

Equating the respective components, we get

dH, OH,

ay s — JWEEx (1.42)
2 2% = ek, (1.43)
6(% _ %:ngEZ (1.44)
a, a, a,
E, E, E,
=- jopHya, — jopHya, — jouH, a, (1.45)
Equating the respective components, we get
";iyz ~ 22 = —jouH, (1.46)
% 9t — i, (1.47)



OBy 0By _ .
oy — JOMHz (1.48)

As fields are assumed to be varying in the form of e?¥, Eqs.(1.42)-(1.44) can be written

as

dH, | . .

3y + jBH, = jweE, (1.49)
. 0H, .

JBH, + P —jweE,, (1.50)
O0Hy 8Hy _ .

E — W = ]weEZ (151)
and Egs. (1.46) - (1.48) can be written as

0E, | . .

5y + JBE, = —jwuH, (1.52)
. OE, .

JBEx + == jouH, (1.53)
OEy 0B, _ .

oy o jopH, (1.54)

For nonmagnetic materials x,=1, then y=u.and n*=¢,, then e=¢_n’

The waveguide is assumed to be infinitly in y-direction. Then there is no variation in the
waveguide in the y-direction, aa—y =0

Then Eqgs. (1.49)-(1.51) become

JBHy = ngoanx (1.55)
. dH, :
JBHy +—* = —jwe n’E, (1.56)
dHy .

d;—Jweoanz (1.57)
and Eqgs. (1.52) - (1.54) can be written as
JBEy = —jwp Hy (1.58)
. dE, .
JBE, + o = jou H,, (1.59)
dE _

—> = —jou Hy (1.60)

Two commonly used light polarizations are transverse electric (TE) and transverse

magnetic (TM) polatrizations

10



I.  Transverse electric mode (TE mode)
TE polarization is in which the electric field vector of the incident wave is parallel to the
interface between the layers. In our model there's a non-zero y-component of the electric
field, while the magnetic field has non-zero x and z-components. In other words,
E,=E,=H,=0.Using Egs. (1.58 ) and (1.60 ), Hx and H can be written in terms of

Ey as
__B

H, = —mEy (1.61)
_ J %y

H, = > (1.62)

Substituting from Eqg. (1.61) and Eq. (1.62) into Eq. (1.56) gives the wave equation which

is called Helmholtz equation

2
d2E,
dx?

Il.  Transverse magnetic mode (TM mode)

+ (k2n2 — BAE, = 0 (1.63)

TM polarization is in which the magnetic field vector of the incident wave is parallel to
the interface between the layers. So there's a non-zero y-component of the magnetic field,
while there are non-zero x and z-components of the electric field. In other words,

H,=H,=E, =0.

__B

Ex_wsonz H,, (1.64)
1 dHy

k= jwen? dx (1.65)

Substituting from Eq. (1.64) and Eq. (1.65) into Eq. (1.59) gives the Helmholtz equation
for TM modes

2
d?H,

—2 4 (k?n? - B2)Hy = 0 (1.66)

1.6.4. Power consideration

Electromagnetic waves carry energy through the space. At any point in the space, the
flow of energy can be described by a power density vector P, which specifies both the
power density in watts per square meter and the direction of flow. The vector P is called

the pointing vector, and is defined as

11



P=ExH (1.67)
The total power passing through a surface S is obtained by integration over the Si.e.
W=/ p.dS watts (1.68)
For an electromagnetic wave that oscillates at a single angular frequency ®, the time-
average Poynting vector is calculated as follows [2]

(P) = (E x H) (1.69)

= (Re{E(r)exp(jwt)} X Re{H(r)exp(jwt)})

_<(Eexp(jwt)+E* exp(—jwt)) % (H exp(jwt)+H* exp(—jwt)))
2 2

1
= Z«E XH*"+E*XH+E X Hexp(2jwt) + E* X H" exp(—2jwt)))

(P) = % Re[(E x H*)] (1.70)
For a multilayer waveguide, the power flowing through the structure can be evaluated
using

Puoal = | +o‘;°'iy((";| dx ;for TE mode (1.71)
and

Protal —f_+°° 1yl g - for TM mode (1.72)

£(x)
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Chapter Two
Optical Sensing and Photonic Crystal

In this chapter, an overview of optical waveguide sensing is presented. Photonic crystal
and materials with negative electric permittivity and negative magnetic permeability are

also discussed.

2.1. Optical sensing

In the past few years, extensive research and development activites have been devoted to
evanescent- field- based optical waveguide sensors, which are now playing important
roles in a variety of sensing applications. By means of measuring small changes in optical
phase or intensity of the guided light, these sensors present an excellent properties such as
high sensitivity, fast response, immunity to electromagnetic fields, and safety in the

detection of combustible and explosive materials [13].

2.1.1. Principle of operation

An optical sensor is a device in which light interacts with the substance to be detected
(measurand) and converts light affected by the measurand substance into electrical signal
which gives information about the analyte (substance to be detected). As mentioned
before, light is confined within the guiding layer, but there is a small part of the guided
mode called the evanescent field that extends to the surrounding media as shown in Fig.
2.1. The evanescent field detects any refractive index variation of the covering medium in
homogeneous sensing. The interaction of the evanescent field with the measurand causes
a change in the effective refractive index of the guided mode. The change in the effective
refractive index due to the change in the analyte index is the sensing criteria. The
effective refractive index of the propogating mode depends on the structure parameters
such as the guiding layer thickness and dielectric permitivity and magnetic permeability
of the media constituting the waveguide. Therefore, it undergoes a change when the

index of any layer changes.
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evanescent field
/ cover Ne

/ substrate  ng
Fig. 2.1. Schematic illustrating of an evanescent field penetrating the cover and substrate
layers [14].

2.1.2. Homogenous sensing

If the measurand substance is homogenously distributed in the cover layer, then the
process of detecting changes of these substances is called homogenous sensing. It’s
assumed that the cover medium is a liquid or a gas, which implies that the contact zone
between the cover and the waveguide surface is of zero thickness and does not exhibit an
air film as shown in Fig 2.1. In this case, the sensitivity is defined as the change in the

effective refractive index per any change in the index of the cover medium [14,15] ,

_oN

= o
2.1.3. Surface sensing

If there is an ultra thin film of biological molecules at the waveguide — cover interface,
then the process is called surface sensing as shown in Fig. 2.2 and the sensitivity is
defined as the change of the effective refractive index with respect to change in the

adlayer width da or the refractive index of the adlayer na, such as [16]

_ 0N _ 0N
SdA - 6dA SnA - anA
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evanescent field

X
t / substrate  ng

L7

Fig. 2.2. Schematic representation of a surface sensor [14].

2.1.4. Uses and application

Optical sensors have many applications in biomedical which can be categorized into three
main types: physical, chemical and biological sensors. Physical sensors measure a variety
of physiological parameters, like body temperature, blood pressure and radiation dose.
Chemical sensors have been utilized for the measutement of PH, glucose level and blood
oxygen. They detect specific chemical species for diagnostic purposes, as well as monitor
the body's chemical reactions and activity. Biological sensors tend to be more complex
and rely on biologic recognition reactions—such as enzyme-substrate, antigen-antibody,
or ligand-receptor—to identify and quantify specific biochemical molecules of interest
[17].

2.1.5. Previous work

In 1983, Teifenthelar and Lukosz, who are the fathers of slab waveguide sensors, proved
the applicability of a dielectric slab waveguide as an optical sensor [18]. They were
studying a waveguide with grating coupler and discovered changes in coupling angles
due to variations of humidity.

Recently, various attempts at improving the sensitivity have been presented. Two types of

operation for metal-clad waveguides have been analyzed: peak-type and dip-type
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operation were presented in details [19]. The newly discovered peak-type operation was
obtained by using thin claddings (few nanometers) between the substrate and the film that
consist of metals with a large imaginary permittivity, whereas dip-type operation was
obtained by use of thicker claddings (some tens of nanometers) of metals with small
imaginary permittivity. Skivesen et al. [20] analyzed metal-clad waveguides for sensor
applications to achieve high sensitivity for adlayer and refractive index measurements.
Their optimization showed that it is possible for metal-clad waveguides to achieve a
sensitivity improvement up to 6 times compared to surface-plasmon-resonance sensors.
Parruiax et al. deduced analytically the conditions for maximum sensitivity for both
transverse electric (TE) and transverse magnetic (TM) evanescent- wave step index
waveguide sensors [15].

H. Mukundan et al. [21] described the basic principles, advantages and disadvantages of
planar optical waveguide based biodetection technologies. This discussion included
already commercialized technologies and new technologies that are under research and
development. Moreover, they discussed reverse-symmetry waveguides, resonant
waveguide grating sensors and metal-clad leaky waveguides as alternative signal
transducers in optical biosensing.

The recent progress in optical biosensors that use the label-free detection protocol, in
which biomolecules are unlabeled, was reviewed [22]. The paper focused on the optical
biosensors that utilize the refractive index change as the sensing transduction signal.
Various optical label-free biosensing platforms were introduced, including surface
plasmon resonance, interferometers, waveguides, fiber gratings, ring resonators, and
photonic crystals. Taya et al. [23-24] proposed optical waveguide sensors in which one or
both of the surrounding media have an intensity dependent refractive index.The results
were compared with those of the well known linear evanescent waveguide sensors. It is
found that utilizing nonlinear media can enhance the sensitivity of slab waveguide
Sensors.

Taya et al. have investigated the variation of the sensitivity of optical slab waveguide
sensors with the wavelength of guided wave [25]. They found that an optimum
wavelength exists for each guiding layer thickness and this optimum value increases

linearly with the thickness of the guiding layer. Left-handed materials (LHMSs) of
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simultaneously negative dielectric permittivity € and magnetic permeability p have been
studied in the field of optical waveguide sensors [26,27]. It was verified that LHMs can
amplify evanescent waves. Therefore, slab waveguide structures comprising LHMs are
expected to improve the sensitivity of waveguide sensors. The sensitivity of an optical
waveguide sensor was shown to be dramatically enhanced by using a LHM layer between
the guiding layer and the covering medium [26]. In 2011, four layer slab waveguide
structure was studied with one of these layers made of a LHM [28]. Using the Fresnel
reflection coefficients, the reflectance of the structure was studied in details. Also the
sensitivity of the effective index to variation in the refractive index of a measured
homogenously distributed in the cladding layer was presented. A LHM layer embedded
between a semi- infinite linear substrate and a semi-infinte nonlinear cladding with an
intensity — dependent refractive index of Kerr type was studied as an optical sensor [29].
The sensitivity of the three — layer waveguide sensor consisting of thin left-handed
material core layer was investigated [30]. It was found that the sensitivity of the
proposed sensor is improved compared to that of convevtional three- layer slab
waveguide sensor. Also they found that the sensitivity of the proposed structure is
negative and critically dependent on the dispersive permittivity and permeability of the
core layer.

Transverse magnetic waves in a four — layer slab waveguide structure were studied for
optical sensing application [31]. The stucture consists of a semi-infinite substrate , a thin
metal layer, a medium with negative permittivity and permeability as a guiding layer,
and a semi-infinte layer as a cover. The proposed sensor was operated in reflection mode
in which the angular position of the reflectance peaks is used to detect small changes in
the refractive index of the cover medium. The results revealed that for aluminum metal
layer, a thickness of about 9 nm represents the optimum metal thickness. Also, the
thickness, negative permittivity, and negative permeability of the guiding layer were
found to have great impacts on the performance of the proposed optical waveguide
sensor. The possibility of using photonic crystals for sensing purpose was also studied
[32]. The optical properties of photonic crystals allow to realize sensing devices
characterized by a high degree of compactness and a good resolution of the quantity to

detect. A particular attention is devoted to force/pressure sensors and the design of a
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photonic crystal — microcavity pressure sensor was reported. D.ELLAmassi [33]
investigated a multilayer slab waveguide optical sensor consisting of one- dimensional
left- handed photonic crystal. A mathematical and numerical analysis for propogation of
electromagnetic waves in the structure have been carried out. Dispersion equation has
been derived theoretically. Moreover, the multilayer slab waveguide sensor has been
studied for TE- and TM- modes. Also, sensitivity and power flowing within each layer

for various physical parameters of the structure have been studied.
2.2. Left-handed material

2.2.1. Concept of left- handed material

In 1968, Veselago theoretically investigated materials with simultaneously negative
permeability and permittivity. Such materials are usually termed as metamaterials or left-
handed materials (LHMSs) [34]. The word ‘meta’ derives from the Greek word that means
‘beyond’. While conventional materials provide their intended physical propreties in
terms of design on the atomic or molecular level, metamaterials realize their specified
physical properties through the design of an artificial structure. Veselago showed that
such materials exhibit a number of unusual properties which can be summarized as
follows [34]:

¢ Negative refraction index since ¢ < 0 and pu < 0, then physical and mathematical
considerations lead to choosing the negative square root n = —,/ us .

e Reversal of Snell’s law as shown in Fig. 2.3.

Fig. 2.3. Reversal of Snell’s law in LHM
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e The Doppler shift is reversed, that is a light source moving toward on observer
appears to reduce its frequency.
e Electric field, magnetic field and wavevector of an electromagnetic wave in a

LHM form a left-handed set as shown in Fig 2.4.

Fig. 2.4. Electric field, Magnetic field, wave vector form a Left-Handed set

2.2.2. Design of left-handed materials

LHMs are not found in nature. They were artificially constructed in 2000. LHMs realize
their specified physical properties through the design of an artificial structure that can be
regarded as a quasi-uniform medium in a macroscopic view [35]. LHM is an assembly of
two kinds of cell elements. Split ring resonators (SRRs) produce negative u and a wire
array produces negative ¢ [36] as shown in Fig. 2.5. The wire array media can be

described by the effective dielectric function [37]

w?+iyw
with the plasma frequency ®, related to the geometry of the wire array. The SRR
medium can be described by an effective frequency-dependent permeability having the

form

2
Hepr(w) =1 ———o— (2.2)

w2-wi—iwy
where o, IS the resonance frequency, y is the electron scattering rate and F is the

fractional area occupied by the split ring.
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Fig. 2.5. Metamaterial proposed by D.R. Smith [36]

2.2.3. Applications of left-handed materials:
LHMs have been proposed for a set of potential applications due to their unusual

properties such as metamaterial antenna, superlenss and optical sensors.

Metamaterial antenna

Metamaterial antenna is a class of antennas which uses metamaterials to enhance or
increase the performance of the system. The metamaterials could enhance the radiated
power of an antenna. Materials which can attain negative permeability could possibly
allow for properties such as an electrically small antenna size, high directivity and

tunable operational frequency [38].

Superlens
A superlens uses LHM to achieve resolution beyond the diffraction limit. The diffraction
limit is inherent in conventional optical devices or lenses [39].

Cloaking devices
LHM are basis for attempting to build a practical cloaking devices. The cloak deflects
microwave beam so they flow around a ‘hidden’ object inside with little distortion,

making it appear almost as if nothing were there at all [38].
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Sensors

LHMs can be used to provide more sensitive guided mode sensors. It is found that LHMs
can enhance the intensity of the evanescent waves in the cladding without alternating the
propogation constant of the waveguide for both TE and TM modes.

2.3.  Photonic crystal

2.3.1. Definition of a photonic crystal

Photonic crystal or photonic band gap materials are periodic dielectric structures that are
designed to form the energy band structure for photons, which either allows or forbids the
propagation of electromagnetic waves of certain frequency ranges in the same manner as
the periodic potential does for electron crystal [40]. The analogy between
electromagnetism and solid state physics has led to the study of band structures of
periodic materials and further to the possibility of occurrence of localized modes in the
band gap when a defect is introduced in the lattice. These defect-enhanced structures are
called doped photonic crystals. When light propagates inside the periodic structures, it
obeys some selection rules. In particular, depending on the geometrical symmetries of the
materials, some modes are allowed or not created by a defect inside the photonic crystal.
The defect mode can be excited by a source with appropriate frequency and polarization
[41]. The control of the propagation of the light by these materials is linked to the control
of localized modes and has been extended to the study of propagation in waveguides.

2.3.2. History of photonic crystal

Although photonic crystals have been studied in one form or another in 1887, the term
‘photonic crystal' was first used over 100 years later, after Eli Yabonovitch and Saier
John published two papers on photonic crystal in 1987. Lord Rayleigh started research in
1887 on 1-D photonic crystal in the form of periodic multi-layer dielectric stacks, and
found 1-D band gap [42]. By 1991, Eli Yablonovitch had demonsrated the first 3-D
photonic band- gap in the microwave region. In 1996, [43], Thomas Krauss made first

demonstration of 2-D photonic crystal at optical wavelength. Photonic crystal fiber were
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first developed by Philib Russell in 1998. In 1996-2015, many research have been

studied. Photonic crystal slabs are used in integrated computer chips.

2.3.3. Applications of photonic crystal

Many applications have been proposed for photonic crystals. They can be used as
waveguides. Inside of a photonic crystal with a complete band-gap, a zero loss
waveguide can be created by introducing a line defect into a perfect structures. These
photons with energies inside the band-gap will be guided through the photonic by the
defect while being unable to escape the waveguide [44]. Other applications include omni-
directional mirror, where photons at any incident angle are reflected for energies within

the band-gap.
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Chapter Three

Photonic crystal sensor: TE mode

In this chapter, two-layer slab photonic crystal is investigated for sensing applications.

The dispersion relation, sensitivity, and power flow relations are derived, plotted and

analyzed for TE mode.

3.1. Structure analysis
The geometry of two-layer slab photonic crystal structure is shown in Fig. 3.1. It consists

of two different layers in periodic arrangement which have refractive indices n, and n,

and thicknesses d, and d,, respectively.

X
N. N N N N [Nl N |1 n
dl dz d1 dz dl dz d1 dz di
a(—l C/g aﬂ
b. |d.| b
0

4

Fig. 3.1. 1 D multilayer photonic crystal consisting of two different layers in periodic

arrangement.

The refractive index profile of the structure is written as

ny 0<z<d;
n, d1<Z<d (31)

n(z) = {

where n(z) =n(z+d)and d = d; + d,.
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3.2. Basic equations

3.2.1. Dispersion relation

Consider TE polarization in which the waves are travelling along the x-axis and the
electric field is polarized along the y- axis, then there's a non-zero y-component of the
electric field, while there are non-zero x and z-components of the magnetic field as
mentioned before.

Helmholtz equation for TE mode can be written as

0%E d%E

o o TREy =0, 3.2)
Since the propogation is along x- axis, Ey(x, z) can be written as

E,(x,z) = E,(2)e'* . (3.3)

Eqg. (3.2) becomes
d’Ey 2 2
> ki(eip; — N*)E, (z) = 0, (3.4)
where B = ko, k? = k2&;u; and N is the effective refractive index

The solution of Eq. (3.4) in the I-th cell can be written as [33]

Ey1(z) = qie'tCd) 4 pemia@ld (1 —1)d+d, <z<ld (3.5)

Eyy(2) = el 4 femitz@-ld) (| —1)d <z < (I—1)d +d, (3.6)

where q; = ko &1ty — N2, qz = koy/ 21, — N?

The nonzero components of the magnetic field (H,, and H,) can be calculated using

_ 1098y
X7 uw oz’ 3.7)
from which
Hyy = [:i:) (a,e'1E-1d) _ p o—laa(z-1d)) (3.8)
1
H,, = ;:i(i (clei‘h(z—ld) - ﬁe_iQZ(Z_ld)), (3.9
2
and
_ iomy
H, = = (3.10)
H,, = _Hﬁw(aleiql(z—zd) + bjeia(z-ld)y, (3.11)
1
H,, = _”Lw(cleiqz(z—w) + fiemiaz(z-ld)y (3.12)
2
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The boundary conditions require that the tangential components of E and H to be
continuous at z = (I—1)d and z = (I —1)d + d,, yielding a set of homogeneous
linear equations for the coefficients a;, bj, ¢;, and f;.

The continunity of E,, and H, atz = (I —1)d gives

ai_1 + by, = cie” 2% 4 field2d (3.13)
qre(ai_1 — bi—q) = qz(cie 7920~ fle'024) | (3.14)
The two above equations can be written in a matrix form as
1 1)/[/%-1 ( e~tzd eiqzd ) Cy
G2 ,-igad =92 iged (3.15)
(1 —1) (bl—l) P e (ITE (fl)

where gz = 22 ¢;.
Ha
The continunity of E,, and H, at z = [(I — 1)d] + d, gives
cie”t2d 4 feld2dh = g e~t1d1 4 peldrds (3.16)
qz(cle_iQZdl J— ﬂeLQZdl) — qTE(ale_iqldl — bleiqldl). (3.17)

Egs. (3.16) and (3.17) can be written in matrix notation as

e—iCIzd1 eiq2d1 C e —iq1dy eiCI1d1 a i18
e—iqul —el‘hdl (ﬁ) qTE —qud 4dTE elqldl (bl) ( ] )
qz
Consider
_ (e~ tazd1 eld2d1
X= (e—i‘hd1 —eldzd1)’ (3.19)

The inverse of matrix X is given by

_ 1 iqzd, iqzd,
X1=-(€. e . (3.20)
2\g~iq2d1 _p—iq2dy

Multiplying Eq. (3.18) by X1, we get

i i —iq1d iq1dq

Cl _ 1 e—qud1 equd1 e lql' 1 e ] al

(ﬁ) T2 (e—l'qu1 _eiqzdl) <qﬂ e~lazd  TITE piqid, (bl)' (3:21)
qz qz

Substituting from Eq. (3.21) into Eqg. (3.15), we obtain

1 1 a Lqu eiQZd _iqzdl iqzdl e_iqldl eiqldl a
(1 _1) (bf i) L <qQZ —iqd q:; eiqu> (E_iQZdl _eeiqzdl) <qqﬂ e—iqu %eifh(h) (bi) (322)
Performing the product of matrices and multiplying both sides of the above equation by
1/1 1
> (1 _1), we get
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iqre

cos(q,d,)e 114 —
11 / (q24>) R

] . i .
e"hdigin(q,d,)  cos(qpdy)etdr?r + %sin(qzdz)e‘qldl \
2
— —=5sin(q,d,)e 1% + cos(q,yd,)e —ﬂsin(qzdz)e“h"l — cos(qpdy)eitrd
dre dre

(3.23)
which can be reduced to take the form

)= 56 =m(,) (3.24)

where M is called the transfer matrix with the elements

A=e~imh [COS(CIzdz) - li(q—2 qTE)sm(qz 2)] (3.25)
Bzeitits |~ 2i(Z — LEysin(qydy) | (3.26)
2 qrEg

C=e~ 1% [%l( qz qTE)SlTl(qz 2)] (327)
D=e'd1% [cos(qz )+ —l(— + qﬂ)sm(qz 2)] (3.28)
The transfer matrix of the structure shown in Fig. 3.1 can be written as

a0\ _ (A B\' (%
(bo) N (C D) (bl)' (3.29)
which may written as

an (A B\ '/
(bz) - (c D) (bo)' (3.30)

The electric field vector in a periodic layered medium can be written using Bloch
theorem as [45]

Ex,(x,2) = Ex,(z)epze=i0t=Fx) (3.31)
where Eg,(z +d) = Ex,(2), (3.32)
where Kj is the Bloch wave number

In terms of column-vector representation, and from Eq. (3.5) the periodic condition in Eq.
(3.32) for Bloch wave is

(Zi) = eflad (Z;:i) (3.33)
Substituting for (Z;:i) from Eqg. (3.24) into Eq. (3.33), we get
(12 g) (Z;) = emd (gf) (3.34)
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(A — et B ) (Z;) _ 0. (3.35)

C D — e—ide
By taking the determinant
‘A _ e—ide B . —0
c D — e~ tked ’
Then
(A — e B4y (D — e~tB4) — BC = 0. (3.36)
But AD — BC =1,
e2ked _ (4 4+ D)e~ksd + 1 =0, (3.37)
The solution of the above equation for e =54 s given by
1
5 1
o—ikpd — (A%D) T ((A%D) _ 1)2 _ (3.38)
The eigenvectors corresponding to the eigenvalues are obtained from Eq. (3.34) as
(Zz) - (e—ikﬁi _ A)' (3.39)
Then the corresponding column vectors for the I-th unit cell are given by
(Zi) =etsd (b ) (3.40)
Multiplying Eq. (3.37) by e84, we get
e~tkBd 4 glkpd = A 4 D, (3.41)
Using the identity cos x = e e get
2 cos(kgd) = A+ D. (3.42)
Substituting for A and D from Eq. (3.25) and Eq. (3.28) into Eqg. (3.42), we get
2 cos(ky d) = cos(qydy) (€% + e~idrdr) 4 %i (q‘% + qqij) sin gyd, (el — giaid),
cos(kg d) = cos(q,d;) cos(q,d;) — %(q‘% + qq%) sin(q,d,)sin(q,d;). (3.43)

Equation (3.43) represents the dispersion relation for TE wave.
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3.2.2. Sensitivity
The sensitivity of the effective refractive index to any change in an analyte refractive
index is calculated as the change of the effective index (N) with respect to the change in

the analyte index (m); i.e.,

s=2 (3.44)

6n1

Differentiating the dispersion relation given by Eq. (3.43) with respect to N, then

-1

calculating S as S= (Z’;) (3.45)
0( 1_ N) —K&N

—2djcos(q1d,) Sln(CIZdz) =24 2d; cos(qzd; )sin(q1d,) —1 + — m -

k2 ) ;
Ca G )>“"(qldl)”"<%dz>+dl“”zcos(qldl)sm(qzdz) DG n) -

on

K192 #2 K2<(n161\11_N)> qd1 7,2 . .

d, COS(dez)Sln(Q1d1) ———=+ S kgN |sin(qq,d, )sin(q.dy) +
U H1 q:1d; as

d ZZZlcos(qldnsm(qzdz)—(nlZ’fé ) - 4222 cos(g,dy) sin(gsd) =0, (3.46)

After some arrangement, we obtain

. kgzv . kN kN
—2d; cos(qqd,) Sln(dez) —— — 2d, cos(q,d,) sin(q,d;) ; Zl qoq

sin(q1d;) sin(q,d;) +
Zl - k3N sin(q,d,) Sln(dez) d1 Ll COS(Q1d1) sin(q.d;) —

M2 k§N
H1 4919

d K192

COS(CIZdz) Sln(qldl) sm(q1d1) sin(q,d;) + L1 koN sin(q,d,) sin(q,d;) —

dy zz 12 cos(g1dy) sin(q.da) O_N - dz B2 COS(dez) Sln(Qldl) L

a
—2d; cos(q,d3) 51n(q1d1) n1 ar;,l + &q_zkorh aN Sln(CI1d1) sin(q,d;) —
Ha k3 ony

ﬂ1 az ko ony
ny——
U1 4142 oN

—n
Yurq1a, L oN

nl N cos(qldl) cos(q,dy). (3.47)

cos(q1dy) sin(q,d,) — sin(q,d,) sin(q.d;) —

M2 a2 K3
Yaraa
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N[—Z (Z—iu + Z—zv) + sin(q,d; )sin(q,d;) {(ﬂq—z) (q—12 - l) i (i2 - iz)} -

U2 q1 1 Q2 U1 42 \q3 a1
d d
qd1 Uz q1 U1 qz2 qz Uz q1 H1 42 ‘h #2 Q1 U142
U1 4> Uz q1 anl
( ————— )—sm(qldl) sm(qzdz)] (3.48)
U2z q1 U1 Q2

N[—Z (%u +%v) + W(ﬂﬂ—ﬂﬂ) (qu_qj) — (ﬂv + 32 u) TTE] =n [—Zﬁu —

Uz q1 Uz q1 414z q1 q1
dl 1 671.1
— TV + S0 W] —. 3.49
q1 TE q% TE aN ( )
nq [—Zﬂu—%TTEv+qizaTEW
S = L , (3.50)

dq dy qz— q
N —2(—u+—v)+ oTEW— —v+—u T
[ Pl < 2a2 )°TE ( )TTE

H1 42 liz fh) and

where u = cos(q,d;) sin(q,d;), w = sin(q,d,) sin(q,d,), Trg = ( H1 .

oo = (ﬂ& _ ﬂ&)
TE U2 q1 U2 q1 '

3.2.3. Power flowing within the photonic crystal layers
It is useful to find the total time-average power transported by the photonic crystal layers,
since there is a close connection between the sensitivity of the proposed sensor and the

power flowing in the analyte layer

p e,
3.51

total J. /,[I(Z) ( )
For the firstunitcell, [l = 1
In the first layer
Py = Zwulf (a2e?iar@=d) 4 p2e2ia1(z=d) 4 24, b, )dz,
B 5 e2i01z=d) 5 e2id1(z=d)
- Zwul( 1 2iq 1 _2iq, T zalblz)'
_ B a? o i
= m(ﬁ (e72itadz — g=2i01d) ria (ez”hd2 — eZlhd) 4 2a1b1d1) (3.52)

In the second layer

plr — zwu fd (Czezlql(z d) +f2 —2iq1(z—d) +261f1)dZ
1 1

B < 232iq1(z—d) e2iq1(z—d)

2id, + ff - +2€1f12>'

B 20p —2iq,
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:L(i(l _ —Zlqzdz) fz (1- eZlqde) 2C1f1d2)-

2pwy \2iqz
For the second unitcell, [ = 2

In the first layer

p, = quz d+d1( 2 21q1(z 2d) +b2 —2iq1(z—2d) +2a bl)dZ
= 'B 2 - +b%_—_+2a2b22 ,
2wp, 2iqq 2iqy

=B (a_ﬁ(e—zmldz_e—zwld)

: (62“?1‘12 — e?ldad) 4 2a2b2d1)
2wpz \2iqq

2iqq

In the second layer

r_ B 2d _
p, = T d+d1(czezlq2(z 2d) +]c2 2iq4(z—2d) +2c fz)dZ

B 2wp,

'3 , eziqz(z—Zd) e—ziqz(z—d)
< —2iq,

Zlqz +f22 ; +2C2f2Z>,

L (L (1- ety - U0 4o fay),

- 2wpz \2iq2
For the third unit cell, I = 3

In the first layer

B 2d+d1
200#3

py = ( 2 Zlql(z 3d) + b2 —2iq,(z—3d) + 2a b3)dZ

ﬂ < , eziql(z—3d) , e—Ziql(z—3d)

—_—+2
Zlql +b3 —Zlql + a3b3Z>,

- 2wps

— _B_ (a_§ (e—Zi‘hdz _ e—Zi‘hd)

: (ez“hdz — e?ldad) 4 2a3b3d1).
2wpz \2iqy

Zlq1

In the second layer

' B -
D3 :2{“#2 2d+d1(C2621q2(z 3d) +f2 2iq1(z-34d) +ZC3f3)dZ

,3 < , eziqz(z—Sd) e—ZiqZ(z—3d)

Zlqz +f32—,+ 2C3f3z>,

- 2wps —2iq;

__B_ i — e~2iq2d 2(1 ez a2 2)
T 2wu, (Ziq2 (1 : 2) f3 + 2C3f3d2)

th
I

For | ™ cell, the power for the first Iayer can be written as

_ B (4 ( —2iqa —2iqqd
pl_ K 2_ e qid; __ e q1 )
My \21qy 2iqq

and for the second layer it can be written as
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(3.53)

(3.54)

(3.55)

(3.56)

(3.57)
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p = (G (1 - ety - 222 o gy, (3.59)
3.3. Results and discussion

The dispersion relation given by Eq. (3.43) was solved numerically and the sensitivity
was calculated using Eq. (3.50). In the following computations, a two layer photonic
crystal was assumed in which the first layer was considered to be the analyte layer and
the second layer was considered to be LHM, dielectric or metal. This section was
divided into three subsections. In the first subsection, the second layer was assumed to be
LHM. In the second and third subsections, the second layer was assumed metal and
dielectric, respectively. In all subsections, the sensitivity was plotted with different

parameters of the structure such as layer thickness and wave frequency.

3.3.1. Left-handed material (LHM)

The LHM is characterized by ¢, and u, which are given by Egs. (2.1) and (2.2) with
0p=20, 0=0.4mp, F=0.56 and y=0.012w,. The frequency range was taken from 4.0 GHz
to 6.0 GHz in which &, and u, are simultaneously negative according to Egs. (2.1) and
(2.2). The analyte layer was assumed to be water with n;=1.33.

Figure 3.2 shows the sensitivity of the proposed sensor versus the thickness of the
LHM layer for different values of the wave frequency. It is obvious from the figure that
the sensitivity increases with increasing the LHM layer thickness and peaks at an
optimum value of the thickness. For thicknesses beyond the optimum thickness, the
sensitivity decreases towards extremely low values. Increasing the LHM layer thickness
beyond the optimum value enhances the electric field in the LHM layer and the
sensitivity decreases. The figure also illustrates the dependence of the sensitivity on the
guided wave frequency. The sensitivity can be dramatically enhanced with decreasing the
guided wave frequency. As the frequency increases, the wavelength decreases and the
wave confinement in the LHM layer increases. Consequently the evanescent field in the
analyte medium decreases and so does the sensitivity. It is also clear that as the wave
frequency increases, the sensitivity peak is shifted toward higher value of optimum

thickness of the LHM layer. For w= 5.0 GHz, the maximum sensitivity is 1.28 obtained
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at d,=13.34mm whereas it is 1.05 at d,=14.37mm for w=5.1GHz. On the other hand, for
w=5.2 GHz, the sensitivity reaches a peak of 0.87 at an optimum thickness of 16.73 mm.
Also the sensitivity takes the range of 0.31< S< 1.28 when w= 5.0 GHz whereas it takes
the range of 0.36 < S< 1.05 when w= 5.1 GHz. When w= 5.2 GHz, the sensitivity takes
the range of 0.31 < S< 0.87. It is worth comparing our results for the sensitivity with the
conventional slab waveguide sensor comprising lossless dielectric media proposed by
Tiefenthaler [18] in which the maximum sensitivity achieved is 0.25. Our results show
that it is possible for LHM phototnic crystal to achieve a sensitivity improvement of

412% compared to conventional slab waveguide.

14 T T T T T T T T T T

1.2 4

1.0 4

0.8 +

Sensitivity

0.6 +

0.4 +

0-2 T T T T T T T T T T T
8 10 12 14 16 18 20 22 24

d,(mm)
Fig. 3.2. Sensitivity of the proposed sensor versus the thickness of LHM layer for

different values of frequency for €;=1.77, n;=1.33, F=0.56, y=0.0120p, d;= 7.13mm,
®p= 20, =0 .4 wp and kg=n/(5d) .
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Figure 3.3 shows the sensitivity versus the LHM layer thickness for some different
values of the analyte thickness. It is clear that the sensitivity increases as the LHM layer
thickness increases until it reaches a maximum value at an optimum thickness, then
decreases with increasing the thickness of LHM layer. The maximum sensitivity can be
enhanced with increasing the analyte layer thickness. As the analyte layer thickness
increases, the evanescent field in the analyte medium is enhanced and so does the
maximum sensitivity. It is also observed that as the analyte layer thickness increases, the
maximum sensitivity is shifted toward higher value of optimum LHM thickness. The
sensitivity reaches a maximum value of 1.28 at d;=7.2mm and d,=13.36 mm, whereas it
has a value of 1.24 at d,=12.3 mm for d;=7.1mm. But at d;=7.0mm, the sensitivity
reaches 1.18 for an optimum LHM thickness of 12.12mm. It can be noted from Fig. 3.3
that when d; increases from 7.0 mm to 7.1 mm, the maximum sensitivity enhances by
3.2%. On the other hand, the maximum sensitivity increases by 5.1% as d; increases from

7.1mmto 7.2mm.

1.4 T T T T T T T T T T

—d,=7.0mm
12 Lo - --d,=7.1mm
1.0~
=
= 0.8-
2]
3
0 0.6
0.4 -
0.2 T L T T T T 1 T T

8 10 12 14 16 18 20 22 24
d,(mm)

Fig. 3.3. Sensitivity of the proposed sensor versus the thickness of LHM layer for
different values of the analyte thickness for €,=1.77, n;=1.33, F=0.56, y=0.0120p, ©®=5.0
GHz, wp=20, wo= 0.4 wp and kg=n/(5d) .
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The dependence of the sensitivity of the proposed sensor on the thickness of LHM layer
for different values of electron scattering rate (y) is plotted in Fig. 3.4. The sensitivity
can be enhanced with decreasing the electron scattering rate (y). As can be seen from the
figure, as the electron scattering rate changes, the maximum sensitivity occurs at the
same value of an optimum LHM thickness. The maximum sensitivity obtained has a
value of 1.03 at y= 0.012wp. For y= 0.013w), the sensitivity has a peak value of 0.99
whereas it is 0.95 at y= 0.014wp. As y reduces from 0.014w; to 0.013wy, the maximum
sensitivity can be improved by 4.2%, while when y reduces from 0.013w, to 0.012w,, the

maximum sensitivity can be improved by 4.0%.

1 .1 T T T T T T T T T T T T
----- 7=0.0140,,
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. - - -y=0.0120
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Sensitivity

0.6 +
0.5

0.4 B

14 15 16 17 18 19 20 21 22 23
d,(mm)
Fig. 3.4. Sensitivity of the proposed sensor versus the thickness of LHM layer for
different values of electron scattering rate for &;=1.77, n;=1.33, F=0.56, kg=n/(3d),

©=5.0GHz, oy=20, ®=0 .4 o, and d;= 7.1mm.

The variation of the sensitivity of the proposed sensor with the analyte thickness for
different values of the thickness of LHM layer is illustrated in Fig. 3.5. As is clearly
seen from the figure, the sensitivity increases slowly with d; until it reaches 0.87 at

d;=6.7mm, then it shows a sharp increase by furher of increasing d;. One interesting
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feature can be seen from the figure, the sensitivity can reach 2.17 for d;= 8.82 mm and
d,= 14.1 mm which is extremely high value. The sensitivity exhibits a very slight

dependence on d; as d, changes from 13.8mm to 14.1mm.
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Fig. 3.5. Sensitivity of the proposed sensor versus analyte thickness for different values
of the thickness of LHM layer for &,=1.77, n;=1.33, F=0.56, y =0.012wp, ®=5.0 GHz,
0p= 20, ¥9=0 .4 ©p and kg=n/(5d).

3.3.2. Metal material
In this section, we assume the layer of thickness d, to be a metal. Two metals were

considered : nickel and chromium.

Figures 3.6 and 3.7 show the sensitivity of the proposed sensor versus the thickness of
metals (Ni) and (Cr) layer, respectively, for different values of the wavelength (1). The
sensitivity increases with increasing d, untill it reaches a maximum value at optimum d,
then decreases very slightly with further increasing of d, untill it has a fixed value.
Increasing the metal layer thickness beyond the optimum value does not show a
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significant effect on the sensitivity. As can be seen from Fig. 3.6 and Fig. 3.7, increasing
the wavelength decreases the sensitivity of the proposed sensor. It is also obvious that as
the wavelength decreases, the sensitivity peak is shifted toward lower value of optimum
thickness of the metal layer. For A=632.8 nm, the sensitivity has a maximum value of
0.385 at nickel thickness of 148.7 nm whereas it has a maximum value of 1.27 at
chromium thickness of 156.49 nm. For A= 650 nm, the sensitivity has a peak of 0.375 at
Ni thickness of 150.2 nm, whereas it has a peak of 1.15 at Cr thickness of 161.95 nm.
On the other hand, the sensitivity of Ni metal structure has a peak of 0.348 at
thickness of 161.9 nm for A= 700 nm, but for Cr metal structure it has a peak of 0.86 at
thickness of 187.01 nm for A=700 nm. It can be seen from Fig. 3.6 that as A decreases
from 700nm to 650nm, the maximum sensitivity increases by 7.75% for Ni metal
whereas it increases by 33.7% for Cr metal as shown in Fig. 3.7. As A decreases from
650 nm to 632.8 nm, the maximum sensitivity increases by 2.7% for Ni metal as shown

in Fig. 3.6 whereas it increases by 10.4% for Cr metal as shown in Fig. 3.7.
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Fig. 3.6. Sensitivity of the proposed sensor versus the thickness of metal (Ni) layer for
different values of wavelength (A ) for 1=1.77, u1=1,e,= - 9.96+14.66i, u,=1, kg=n/(5d)
and d;=550nm.
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] - - - A=650nm
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do(nm)
Fig. 3.7. Sensitivity of the proposed sensor versus the thickness of metal (Cr) layer for
different values of wavelength (A ) for &;=1.77, u1=1, &,=-1.1+ 20.79i, u »,=1, kg=n/(5d)
and d;=670nm.

The sensitivity of the proposed sensor as a function of the metal layer thickness is plotted
in Fig. 3.8 for (Ni) and in Fig. 3.9 for (Cr) for different values of the analyte thicknesses.
Figures 3.8 and 3.9 show that the sensitivity can be increased by increasing the analyte
thickness. It is observed from Fig. 3.8 that the sensitivity has maximum values of 0.370,
0.378 , and 0.385 at Ni thickness of 145.54nm for d;= 530nm, 540 and 550nm,
respectively, but Fig. 3.9 shows that it has maximum values of 1.14, 1.22 and 1.27 at Cr
thickness of 163.37nm for d;=650nm, 660nm and 670nm, respectively. As d; increases
from 530nm to 540nm, the sensitivity increases by 2.16% whereas it enhances by 1.85%

as d; increases from 540nm to 550nm for Ni metal structure. On the other hand, the
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sensitivity enhances by 7.0% when d; increases from 650nm to 660nm, but it increases

by 5.0% as d; increases from 660nm to 670nm for Cr metal structure.
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Fig. 3.8. Sensitivity of the proposed sensor versus the thickness of metal layer (Ni) for
different values of the analyte thickness for A=632.8nm, €,=1.77, p1=1, &= -9.96+ 14.66i,
u2=1and kg=n/(5d).
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Fig. 3.9. Sensitivity of the proposed sensor versus the thickness of metal layer (Cr) for
different values of the analyte thickness for A=632.8nm, &;=1.77, ui=1, &;=-1.1+ 20.79i,
uz=1and kg=mn/(5d).

The sensitivity of the proposed sensor as a function of the analyte thickness is illustrated
in Fig. 3.10 for (Ni) and in Fig. 3.11 for (Cr) for different values of the metal thicknesses.
It can be shown from Fig. 3.10 that the sensitivity of the proposed sensor with (Ni) metal
can be increased by increasing the thickness of analyte layer whereas Fig. 3.11 shows that
the sensitivity of the proposed sensor with (Cr) metal can be increased by increasing the
thickness of analyte layer untill it reaches a maximum value at an optimum d;=670 nm,
then decreases with further increasing of d;. For 180 nm <d; < 220 nm, changing the
thickness of metal layer has an ignorable effect on the sensitivity of Ni metal structure as
noted from Fig. 3.10. Also changing the thickness of Cr layer has a slight effect on the

sensitivity in the range of 150 nm < d, < 190 nm.
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Fig. 3.10. Sensitivity of the proposed sensor versus the analyte thickness for different

values of thickness of the metal layer (Ni) for A=632.8nm, &,=1.77, ui=1, &= -9.96+
14.66i, u2=1 and kg=m/(5d).
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Fig. 3.11. Sensitivity of the proposed sensor versus the analyte thickness for different
values of the thickness of metal layer (Cr) for A=632.8nm, &=1.77, u =1, &= -1.1+
2079|, ,le:l and kB:H/(Sd)

3.3.3. Dielectric material
In this subsection, we assume the layer of thickness d, to be a dielectric, silicon dioxide,

of parameters &,=4.0 and pp=1.

The dependence of sensitivity on the thickness of the dielectric layer for various values of
the analyte layer is shown in Fig. 3.12. It is found that the sensitivity increases very
sharply with increasing the thickness of dielectric layer and reaches a maximum value at
an optimum thickness of the dielectric layer, then decreases very slowly with increasing
the thickness of the dielectric layer beyond the optimum thickness. The behaviour of the
sensitivity with the analyte thickness is also illustrated in Fig. 3.12. It is obvious from the
figure that as d; decreases, the maximum sensitivity is shiftd toward higher value of
dielectric layer. For d;= 100 nm, the sensitivity has a maximum value of 1.31 at d,=
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218.77 nm whereas it has a peak of 1.23 at d,= 215.82 nm for d;=105nm. The sensitivity
has a peak of 1.16 at d,= 212.72 nm for d;= 110nm. An enhancement of 6.5% can be
obtained when the analyte thickness is reduced from 105nm to 100nm whereas the

sensitivity increases by 6.0% as the analyte thickness is reduced from 110nm to 105nm.
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Fig. 3.12. Sensitivity of the proposed sensor versus the thickness of dielectric layer for

different values of thickness of the analyte layer for A=632.8nm, €,=1.77, ui=1, &=4,
uz2=1 and kg=n/(4d).

Figure 3.13 is plotted to study the variation of the sensitivity with the thickness of the
dielectric layer for different value of wavelength. The Figure shows that the maximum
sensitivity increases with increasing the wavelength. It is also clear that the maximum
sensitivity at the optimal thickness of dielectric layer is shifted towards larger values of
dielectric thickness as the wavelength increases. For A = 632.8nm, the sensitivity has a
maximum value of 1.16 at d,= 212.81 nm and d;=110nm whereas it has a maximum
value of 1.30 at d,=218.67 nm and d;=100nm. On the other hand, for A= 650nm, the
sensitivity reaches a peak of 1.22 at an optimum dielectric thickness of 219.68 nm and

d;=110nm whereas it has a peak of 1.29 at an optimum thickness 227.74 nm and
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d;=100nm . As can be seen from Fig. 3.13 when A increases from 632.8nm to 650nm,

the sensitivity enhances by 0.8% for d;=100nm whereas it enhances by 5.2% for

d>=110nm.
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Fig. 3.13. Sensitivity of the proposed sensor versus the thickness of dielectric layer for
different values of wavelength ( ), for d;=(100 ,110)nm, €,=1.77, wi=1, =4, p»=1and
kg=m/(4d).

Figure 3.14. is plotted to illustrate the effect of the thickness of the analyte layer on the
sensitivity at some different values of the thickness of the dielectric layer. It is clear that
the sensitivity of the proposed sensor increases with decreasing the thickness of the
analyte. The sensitivity has the range of 1.06<S<1.33 at d,=220 nm. For d,=225 nm, the
sensitivity has the range of 1.05<S<1.22 whereas it has the range of 1.06<S<1.39 for
d>=218nm. It is also obvious that the maximum sensitivity enhances by 4.5% as d,
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decreases from 225 nm to 220 nm, but it increases by 9.0% as d, decreases from 220 nm
to 218 nm.

140 T T T T T T T T —d,=218nm
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Fig. 3.14. Sensitivity of the proposed sensor versus the thickness of analyte layer for

different values of thickness of the dielectric layer for A=632.8 nm, ,=1.77, u;=1, &,=4,
U 2=1 and kg=n/(4d).
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Chapter four

Photonic crystal sensor: TM-mode

In this chapter, two-layer slab photonic crystal consisting of two different layers is
studied for sensing applications. The dispersion relation, sensitivity, and power flow

relations are presented in details for TM-mode.

4.1. Dispersion relation

Consider TM polarized light in which the waves are travelling along the x-axis. The
magnetic field is polarized along the y- axis. There's a non-zero y-component of the
magnetic field, whereas the electric field has a non-zero x and z —components.

Helmholtz equation for TM modes can be written as

2 2
Tt TRy =0, (4.)
The dependence of H,(x,z) on x is given by exp(ifx), then
Hy(x,z) = Hy(z)e*, (4.2)

Eq. (4.1) can be written as

2
d?H,

—> + ki€ — N*)H,(2) = 0, (4.3)
where B = koN and k? = kie;u; (4.4)
The solution of Eq. (4.3) in the I-th cell can be written as
Hyy(2) = qie't @0 4 pemian-ld (1 —1)d+d, <z<ld (4.5)
Hyy(2) = '@ ¢ fle=it2G-ld) (| —1)d <z < (I—1)d + d, (4.6)
The nonzero components of the electric field can be calculated as

_ —iOHy

X7 ew 8z’ (4.7)
From which
_ a1 iq1(z=1d) _ p ,—iqi(z—1d)

E,q = o (q;e'd1 be™ 1 ) (4.8)
E,, = g‘z_i) (c;e'92@1d) _ foiaz(z-ld)y (4.9)
and

_-B
E, =—H,, (4.10)

wEeE
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which leads to

E, = %(aleich(z—ld) + he~ia1G-la)y, (4.11)
1

E, = %(cleiqZ(z_Ld) + feTlaz(zmla)y (4.12)
2

Applying the boundary conditions
The continuity of Hy, and Eyatz = (I —1)d leads to

ai_1 + bj_, = cie™H2% 4 figld2d (4.13)
qrmu(a—1 — bj_1) = QZ(Cle_iqzd - fleiqzd) , (4.14)

)
where qry = S_lch.

The two above equations can be written in matrix form as
1 1\[/%-1\ _ e_iqz_d iqz o
(1 —1) (bl—l) - (q"—z e~lazd gldzd (fl) (4.15)
™ QTM

The continunity of H, and Eyatz = [(l — 1)d] + d» gives

ce” 2N + fleld2di = g e~ 4 peldrdy, (4.16)
qz(cle—iQ2d1 _ flei‘h‘h) — QTM(ale_i(hdl _ bleiQ1d1)_ (4_17)
Egs. (4.16) and (4.17) can be written in matrix notation as
_ _ » o a

e_qudl elqzdl C e iq1d4 elq1'1 a

(e—iqzd1 _eiqzdl) (ﬁ) <qTM ~igzd —_ZTMelqldl (bl)' (4.18)
2
Multiplying Eq.(4.18) by X~ ,where matrix X is given by Eq. 3.20.
, . —iq.d iq1dq

1 eld2da lid2ds e ‘qll 1 et a;

(fl) T2 (e—iqu1 _e—iqzdl) (qT—Me“qzd —_ZTM eldrid (bl)' (4.19)
qz 2

Substituting from Eq. (4.19) into Eq. (4.15), we obtain

1 1\ /Q-1 A l'¢12'd eld2d e-it2d  pidads e~ iq1ds ) eilhl'h a

(1 )(bz 1) (q‘:we—zqzd q:;lelqzd (e—iqzd1 _eiqzd1) ql’l[‘:le—u{zd Zmequdl (bz)'
(4.20)

By taking the result of the product of the above matrices and multiplying both sides of

the above equation by % G _11

), we get

i iqrm

cos(ag,d.)e td1dr — 27

(al_l) _ 1(1 / (qZ 2) 0

bi_1) ~ - i ) ' i ‘ ' '

-1/ 2\1 -1 \_ 9z sin(q,dy)e™11% + cos(q,d,)e 1% _ﬂsm(qzdz)elqldl _COS(CIZdZ)elqldl/
drm drm

. . i .
e"@dsin(q,d,)  cos(qpdy)eitrdr + ZTM sin(qydy)etdrd \
2

(4.21)
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which can be reduced to take the form

ai-1\ _ (A" B\ (% _ . (%
(bl—l) - (C' D’) (bl) =M (bl) ) (422)
where M’ is called the transfer matrix with the elements
I—p—iq1d _1i (92, atm)
A'=et1t1 [cos(qzdz) 2l(qm+ - )sm(qzdz)], (4.23)
—piqrdy [_1;c 92 _ dTMy
B'zeiids | = 2i(2 - LMsin(q,dy)), (4.24)
1—p—iqudy |L;c 92 _ dTMy
C'=e 1% [2 l(qTM - )sm(qzdz)], (4.25)
D'=et1%: [cos(q,dy) +3 (== + ) sin(q,d,) | (4.26)
2 qrm qz
The total transfer matrix of the structure shown in Fig. 3.1 can be written as
ao\ _ (A" B\ (@
(bO) - (Cr D,) (bl)’ (427)
which may be written as
ary _ (A" B\ (%
(b)=(C ) (bo) (4.28)
A, B, a _  —ikpd a;
(C’ D’) (bz) e (bl)' (4.29)
A" — e~ikpd B’ ap
( < . e_ik3d> (5) =0 (4.30)
By taking the determinant
A — e thed B’ _
| Cl DI _ e—ide - O 1 (431)
Then (A’ — e~*B4)(D' — e~tkBd) — B'C’' = 0. (4.32)
ButA'D' — B'C' =1,
e 2ked — (A" 4+ D")e ked 1 =0, (4.33)
The solution of the above equation for e =¢84 s given by
1
—iknd _ (A+D\ — [ (Ar+D1\? 2
e~iks —(T)+<( . )—1). (4.34)
The eigenvectors corresponding to the eigenvalues are obtained from Eq. (4.34) as
ao _ B’
(bO) - (e—ide _AI) (435)

Then the corresponding column vectors for the I-th unit cell are given by
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(Zi) = elkpd (e—ik)fi,_ A,). (436)

Multiplying Eq. (4.33) by e'*84, we get

elksd 4 o=iksd — 47 4 (4.37)
using the identity cos x = lx“;e_m,
2cos(kgd) = A"+ D'. (4.38)

Substituting for A'and D' from Eq. (4.23) and Eq.(4.26) into Eq. (4.37), we get

2cos(kg d) = e~ (cos(q,d,) — %i(—q"z + —q;’”) sin(qady))+e' % (cos( g d,) +
™ 2
S 1CE= + 1My sin(qyd,)).

2 cos(kg d) = 2 cos(q,d,) cos(q,dy) — —l (qiz + q;—z’”) sin(q,d,) (eiq1d1 — q_iqldl)’

2% 1 B%) sin(q,d,)sin(gydy). (4.39)

COS(kB d) - COS(qZ 2) COS(CIl 1) - _(q & q2¢&1

Equation (4.39) represents the dispersion relation for TM wave.

4.2. Sensitivity
The differentiation of the LHS of the dispersion relation is zero and that of the RHS is
given by

—K&N
q192

k
2 dscos(quds) sin(aad) 2 + 24, cos(gud, ysin( g,y S ”)+§—l<

6n1

k2 ] , ,
e N)) sin( qydy )sin( azdy) + ds 2L cos(qsdy ) sin(q,dz) 2 (ny 22 -

2
N) = d, 22 cos(q,d,) sin(g1d) " +
x2((n ang N
& (0((1—3"’)) + % kiN |sin( g d,)sin( q,d,) +
& q1d; qa;
6n1

d, sj Zl cos(q,d,) sin(q,d 2) k ( ng— — N) d, ——COS(QZdz) sin(q,d, ) (4 40)

After some arrangements, we obtain
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kiN k2N
—2d; cos(qqdy) sin(q,d,) — — 2d; cos(q,d;) Sln(Q1d1)_
qz q1

g, k2N €
— 2% sin(qydy) sin(q,dy) + _1q_§ k§N sin(q,d,) sin(q,d;)
&2 419> €43
2
q koN q
—d, % cos(q,d,) sin(q,d,) — — d, —1—2005(q2 d,) sin(q,d,)
& q1 &2
I kZN 2q , .
2% sin(q,d,) sin(g dy) + ——; k§N sin(q,d,) sin(q,d;)
51 4192 €1q;
K2 k2
& q ) q
—d, 2 cos(q,d,) sin(q,d )— —d, 25 cos(qyd;) Sln(Q1d1) —
14> q1 €142 4z
= —2d, cos(q,d,) sm(qldl) n1 % + il Zz kan, ?9 sin(q,d;) sin(q,d,) —
Gk, M cos(qydy) sin(qyd,) — 2 L I sin(qydy) sin(qydy) —
lesqiar * N 1% 9202) = Gras ™M o S22 it
K2
dy Z Zj qo n1 aN COS(CI1d1) sin(q,d,). (4.41)

Rearranging the above equation gives

N[ Z(q u+—v)+Sln(qldl)sm(qzdz){(Slqz)(i_iz)+€_zﬂ(i2_i2)}_

a1/ \4} 45/  e1q2\d5 d4f
d £ £ d £ £ d £ £
_1v(_1&+_2ﬁ)__2u(_12+_2ﬂ)]=n1[_2q_u__1v(_1q_2+_2ﬂ)+
1

q1 €241 €142 a2 €241 €142 q1 €241 €142

(3@ — s—zﬁ) >sin(q.dy) sm(qzdz)] ny (4.42)

€241 €142

N[ 2( u+2 )+W(i2—iﬂ)(q2 ql)—(ﬂv+£u)TTM]ﬂ=n1[—2ﬂu—
q1 q2 a oN q1

€241 &4q aidas q1
d on
GV + — = oryW ] — (4.43)
q1 q
dq
[ zau_q_TTMv-i_qu-TMW
S = — prap : (4.44)
21,,4+42 2 et ¥
N[ 2(q1u+q2 )+< a2 >O'TMW ( v+ u)TTM}

€142 €241 €142 €142
where 17y = (==+ =) and ory = (—————).
™ = €241 €1 Q2) ™ €241 €241
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4.3. Power flowing within the photonic crystal layers

The total time- average power transported by the proposed sensor for TM mode is given

by

p 2E,@)

Ptotal =4 j dz
207 &(2)

For the firstunitcell, l = 1

In the first layer

d _
p1 = zwlf (a2e?iar(@=d) 4 p2e=2ia1(z=d) 4 2q, b, )dz,

B 2wy

I e2ia1(z—d) e2tq1(z-d)
< 2iq1 —2iqq

a% + b12 - + 2a1b1Z>,

= B (a_% (e—Zi‘hdz — e—ZiCI1d) —

: (eZ‘qle — eZlnd) 4 2a1b1d1)
2wpq \2iqq

21q1

In the second layer

plr _ fdl(czezlql(z d) +f2 -2iq1(z—d) +2C1f1)dZ

2a)8081

B ( 2(32iql(z—d) e2ia1(z—d)

Zlql +f12 - + 2C1f12>,

- 2wEnEq —2iqq

__B (i(l_e—ziqzdz) fzw 2C1f1d2)-

2wegeq \2iq; 2iq,

For the second unitcell, [ = 2

In the first layer

p, = _B fd+d1( %ezml(z—zd)+b%e—2iq1(z—2d)+2a1b1)dz’

2wEnEy

+
2iqq 2 —2iqq

ﬁ eZiql(z—Zd) e—Ziql(z—Zd)
— 2
= a

2wepe,

bZ - + 2a2b22>,

__B (a_% (e—Zi‘hd _ e—Zi‘hdz) —

= pia. (921q1d2 — eZihd) 4 2a2b2d1)

2WEpEy 2iqq

In the second Iayer

Pz' — .3 (CZQZLqZ(z 2d) +f2 -2iq4(z-2d) + 2¢ fz)dZ

2WEgEy d+d1

,3 ( , eziqz(z—Zd) e—ziqz(z—d)

2lq2 +f22 - +2€2f22>,

- 2wepe, —2iq,
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2iqz 2)

2w£o£2 (Zqu (1 —2iq2d2) fi— (1 - chfldz)-

For the third unit cell, I = 3

In the first layer

Ps =5 —— (a3e?ia1(z=3d) 4 p2e=2141(2=34) 4 2g.p,)dz,
0<3 J2d
2iq4(z-3d) -2iq,(z-3d)
e e
= ﬁ 2 ; b% ; + 2a3b3Z B
2wepes 2iq, —2iqq

2
— L(& (e—ZiChdz _ e—ZiQ1d)
2wegez \2iqq

21q1d2 — Zlqld
e e 2a3bsd )
Zlql( )+ 3bzdq

In the second layer

!

— 2 2 -3d 2 ,-2i —-3d
Ps 2a)£052 f2d+d1( 3€ a2z ) + f3 e 4z ) + 2C3f3)dZ,

ﬁ ( 5 ezqu(Z—3d) e—ziqZ(Z—3d)

2id, +ff - + 2C3f3Z>,

- 20)8053 _ZLCIZ

2 2iqod
- i (e (- ety - g U o, ).

2wegez \2iqy

For I cell, the power for the first layer can be written as

B ( -2iqqd -2iqqd
= - e 142 _ o q1
(4} 21q1( )

(62““‘12 — e419) 4+ 2a;b,d )
2wy

2iqq

and that for the second layer it can be written as

e~ 2iq2dz)) _ £2 (1_32iq2d2)
P Zwﬂz (Zl‘h (1 ’ 2) i 2iq; + chfldz)-

4.4. Results and Discussion

4.4.1. Left-handed material (LHM)

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

Figure 4.1. shows the sensitivity of the proposed sensor versus the thickness of LHM

layer for different values of the wave frequency. It is apparent from the figure that the

sensitivity increases with increasing the LHM layer thickness until it reaches a maximum

value at an optimum thickness. For thicknesses greater than optimum thickness, the
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sensitivity decreases towards extremely low values. Increasing the LHM layer thickness
beyond optimum value of thickness increases the electric field in the LHM layer and the
sensitivity decreases. The figure also illustrates the dependence of the sensitivity on the
guided wave frequency which shows that the sensitivity can be enhanced with increasing
the guided wave frequency. It is also clear that as the wave frequency increases, the
sensitivity peak is shifted toward higher value of optimum thickness of the LHM layer.
The sensitivity has the range of 0.39 < S< 2.89 when w= 5.0 GHz whereas it has the
range of 0.27 < S< 2.35 when w= 4.9 GHz. When w= 4.8 GHz, the sensitivity has the
range of 0.18 < S< 1.89. An enhancement of 24.3% in the sensitivity peak can be
obtained when the wave frequency is increased from 4.8 GHz to 4.9 GHz whereas it
improves by 52.9% as the wave frequency is increased from 4.9 GHz to 5.0 GHz.

When the results of the sensitivity of the proposed sensor are compared with those of
the conventional slab waveguide sensor with positive index guiding layer proposed by
Tiefenthaler [18] in which the maximum sensitivity achieved was 0.25, it is clear that the
proposed sensor has an improvement in sensitivity of 1056% compared to conventional

slab waveguide sensor.
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- - - ©=4.9 GHz -

Sensitivity

do(mm)
Fig. 4.1. Sensitivity of the proposed sensor versus the thickness of LHM layer for

different values of frequency for &,=1.77, n;=1.33, F=0.56, y=0.0120p, ®p= 2®, =0 .4
®p, d1= 14.0 mm and kg=n/(3d) .

The impact of the analyte thickness on the sensitivity is shown in Fig. 4.2 which shows
that the maximum sensitivity can be slightly enhanced with increasing the analyte layer.
This is due to increasing the evanescent field in the analyte medium and so does the
maximum sensitivity. It is obvious from the figure that the sensitivity increases with
increasing the LHM layer thickness and peaks at an optimum value of the thickness . For
thicknesses beyond the optimum thickness, the sensitivity decreases with increasing the
thickness of LHM layer. It is also observed that as the analyte layer thickness increases,
the maximum sensitivity is slightly shifted toward higher value of optimum thickness of
the LHM layer. The sensitivity reaches a maximum value of 2.97 at d;=14.2mm and

d>=5.79mm whereas it has a value of 2.94 at d,=5.7 mm for d;=14.1mm. But at
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d;=14.0mm, the sensitivity reaches 2.89 at an optimum LHM thickness of 5.65mm. It can
be noted from Fig. 4.2 that when d; increases from 14.0 mm to 14.2 mm, the maximum

sensitivity enhances by 2.77%.

30- . —d;=14.0mm
A\ - - d,=14.1Tmm
25 ' -d=14.2mm
> 2.0 .
=
‘® 1.5 .
c
)
w
1.0 4 .
0.5 - .
0.0 —
0 2 4 6 8 10

d,(mm)

Fig. 4.2. Sensitivity of the proposed sensor versus the thickness of LHM layer for
different values of analyte thickness for €,=1.77, n;=1.33, F=0.56, y=0.0120p, ©=5.0
GHz , op= 20, ®0= 0.4 op and kg=m/(3d) .

Figure 4.3 illustrates the dependence of the sensitivity of the proposed sensor on the
thickness of LHM layer for different values of electron scattering rate ( y). It is seen that,
the sensitivity can be enhanced with decreasing the electron scattering rate. The optimum
thickness of LHM at which the peak occurs does not depend on the electron scattering
rate. The maximum sensitivity obtained has a value of 2.99 at y= 0.012w,. For y=

0.013wy, the sensitivity has a peak value of 2.75 whereas it is 2.63 at y= 0.014w,. The
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sensitivity can be enhanced by 4.5% when 7y is reduced from 0.014w, to 0.013w,, but

when v is reduced from 0.013w), to 0.012w), the sensitivity can be enhanced by 5.5%.

304 | —1=0.0120,
- - -y=0.0130)p
254 40N y=0.0140,

5 201 1

> '

= 151 .

C

S .

? 1.0 -
0.5- Nl .
0.0 T T T T T T T T T T T T T T T T T

40 45 50 55 6.0 65 7.0 75 80 85

d,(mm)

Fig. 4.3. Sensitivity of the proposed sensor versus the thickness of LHM layer for
different values of electron scattering rate for €;=1.77, n;=1.33, F=0.56, kg=mn/(3d),
©=5.0GHz, 0p=20, =0 .4 wp, and d;= 14.0mm.

Figure 4.4 shows the variation of the sensitivity of the proposed sensor with the analyte
thickness for different values of the thickness of LHM layer. As is clearly seen from the
figure the sensitivity is increasing with d; until reaches 2.97, 3.0 and 3.03 at d;=14.2mm,
14.3mm and 14.4mm, respectively, then the sensitivity has a sharp decrease by further
increasing of the analyte layer thickness. The maximum sensitivity can be enhanced
slightly with increasing the thickness of LHM layer in the considered range of values. It
can be noted from Fig. 4.4 that the sensitivity takes the range of 0.35< S< 3.02 when

d,=6.0mm whereas it takes the range of 0.37 < S< 2.99 when d,=5.9mm. For d,=5.8mm
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the sensitivity takes the range of 0.41 < S< 2.96. An enhancement in sensitivity by 1% as

d, increases by 0.1mm.

3.5 ——
—d,=6mm

3.04- - -d,=5.9mm

2.5
2.0

1.5

Sensitivity

1.0 1

0.5

0.0 l . l . l : l . :
13.0 13.5 14.0 14.5 15.0

d,(mm)

Fig. 4.4. Sensitivity of the proposed sensor versus analyte thickness for different values
of the thickness of LHM layer for €,=1.77, n;=1.33, F=0.56, y=0.0120p,00=5.0 GHz,
0p= 20, o= 0.4 ©, and kg=n/(3d).

4.4.2. Metal material

In Figs. 4.5 and 4.6, the sensitivity of the proposed sensor is plotted versus the thickness
of metals (Ni) and (Cr) layer, respectively, for different values of the light wavelength
(A). The sensitivity increases with increasing the metal layer untill it reaches a maximum
value at an optimum d,, then decreases slightly with increasing d, untill it has a fixed
value. Increasing the metal layer thickness beyond the optimum value does not show a
significant effect on the sensitivity. As can be seen from Fig. 4.5 and Fig. 4.6, increasing

the wavelength decreases the sensitivity of the proposed sensor. As the wavelength
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decreases, the sensitivity peak is shifted toward lower values of optimum thickness of
the metal layer.

In Fig. 4.5, the sensitivity has the range of 0.7< S < 1.64 for A=632.8nm whereas it has
the range of 0.1< § < 1.01 for A=650nm. For A= 700nm, the sensitivity has the range of
0.14< S < 0.53 as shown in Fig. 4.5. On the other hand, the sensitivity takes the range
of 0.19< S <0.76 for A2=632.8nm whereas it takes the range of 0.19 < S < 0.69 for
A=650nm as shown in Fig. 4.6. Also Fig. 4.6 shows that the sensitivity has the range of
010<5<0.42 for A=700nm. The effect of decreasing the wavelength on the
sensitivity can be noted from Figs. 4.5 and 4.6. As A decreases from 700nm to 650nm,
the maximum sensitivity increases by 90% for Ni metal whereas it increases by 64.4%
for Cr metal. But as A decreases from 650nm to 632.8nm, the maximum sensitivity

increases by 62% for Ni metal whereas it increases by 10.1% for Cr metal.

1-8- 7 | —3=700nm
169 - - - A=650nm
141 o . L2=632.8
12] ]
K ]
o8] ]
06] | ]
04| ]
024 ]

Sensitivity

0 1 L 1 L 1 L 1 L 1 L 1
0 100 200 300 400 500 600
d,(nm)
Fig. 4.5. Sensitivity of the proposed sensor versus the thickness of metal (Ni) layer for

different values of wavelength (A ) for £,=1.77, u1=1,e,=-9.96+ 4.66i, u2=1, kg=n/(5d)
and d;=900 nm.
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Fig. 4.6. Sensitivity of the proposed sensor versus the thickness of metal (Cr) layer for
different values of wavelength for £1=1.77, u1=1,e,= -1.1+i20.79, =1, kg=m/(5d) and
d;=670nm.

The sensitivity is investigated in Fig. 4.7 for (Ni) and in Fig. 4.8 for (Cr) with the analyte
thickness. As can be seen, the sensitivity can be increased by increasing the analyte
thickness. It is also obvious that the sensitivity increases with increasing d, untill reaches
a maximum value at an optimum d,, then decreases slowly with increasing d, to 200nm
for (Ni) and 233nm for (Cr). Then no dependence of the sensitivity on the thickness of
metal layer can be noted. It is clear from Fig. 4.7 that the sensitivity has a maximum
value of 1.08 at Ni thickness of 99.76nm for d;= 880nm whereas it has a peak of 0.67
at Cr thickness of 164.79 nm for d;=650nm as shown in Fig. 4.8. For Ni structure, the
sensitivity has a peak of 1.31 at d,= 96.01nm and d;=890nm and for Cr structure, it has a
maximum value of 0.73 at d,=160.54nm and d;=660nm. The maximum sensitivity
obtained for Ni is 1.62 at d,=85nm and d;=900nm whereas it is 0.76 at d,=159.04nm and

d;=670nm for Cr structure. An improvement in sensitivity by 21.3% was obtained when
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d; increases from 880nm to 890nm whereas an enhancement by 23.67% was obtained as
d; increases from 890nm to 900nm for Ni metal structure. On the other hand, the
improvement in the sensitivity reaches 8.95% when d; increases from 650nm to 660nm,
but it reaches 4.1% as d; increases from 660nm to 670nm for Cr metal structure.
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Fig. 4.7. Sensitivity of the proposed sensor versus the thickness of metal layer (Ni) for
different values of thickness of the analyte layer for A=632.8nm, £;=1.77, w=1, €,=-9.96+
14.66i, u,=1 and kg=mn/(4d).
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Fig. 4.8. Sensitivity of the proposed sensor versus the thickness of metal layer (Cr) for
different values of thickness of the analyte layer for A=632.8nm, &1 =1.77, u=1, g,=-1.1+
20.79i, up=1 and kg=n/(4d).

Figure 4.9 and Fig. 4.10 show the sensitivity of the proposed sensor versus the thickness
of analyte layer for different values of thickness of the metal (Ni) and (Cr) layer. The
sensitivity increases with increasing d; untill reaches a maximum value at an optimum d;
which is 910 nm for Ni and 670nm for Cr, then decreases with further increasing of d.
From Fig. 4.9, the maximum sensitivity decreases with increasing Ni layer thickness.
For Ni metal, the sensitivity can be enhanced by 3.4% when d;, decreases from 200 nm to
160 nm whereas it enhances by 2.1% as d, decreases from 160 nm to 130 nm. For
180nm <d,< 200nm, changing the thickness of metal layer has an ignorable effect on the

sensitivity of Cr metal structure as noted from Fig. 4.10.
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Fig. 4.9. Sensitivity of the proposed sensor versus the thickness of analyte layer for

different values of thickness of the metal layer (Ni) for A=632.8nm, &;=1.77, u1=1, &=-
9.96+14.66i, u,=1 and kg=n/(4d).
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Fig. 4.10. Sensitivity of the proposed sensor versus the thickness of analyte layer for
different values of thickness of the metal layer (Cr) for A=632.8nm, £:=1.77, u1=1, €=-
1.1+ 20.79i, up,=1 and kg=m/(4d).

4.4.3. Dielectric material
In this subsection, the layer of thickness d, is considered to be a dielectric , silicon

dioxide, of parameters €,=4.0 and u,=1.

The dependence of the sensitivity on the thickness of the dielectric layer for various
values of the analyte layer is shown in Fig. 4.11. It is found that the sensitivity exhibits a
sharp increase with increasing the dielectric thickness and reaches a maximum value at
an optimum dielectric thickness. Increasing the dielectric thickness beyond the optimum
thickness does not have a significant effect on the sensitivity. The behaviour of the
sensitivity with the analyte thickness is also illustrated in Fig. 4.11, which shows that the

maximum sensitivity increases very slightly by decreasing the analyte thickness.
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Fig. 4.11. Sensitivity of the proposed sensor versus the thickness of dielectric layer for
different values of thickness of the analyte layer for A=632.8nm, €,=1.77, u1=1, &,=4,
pz=1and kg=m/(4d).

Figure 4.12 shows the variation of the sensitivity with the dielectric layer thickness for
different values of the light wavelength. Figure 4.12 shows that the sensitivity increases
with decreasing the wavelength. For A=650nm, the sensitivity reaches a maximum value
of 0.09 whereas it reaches a maximum value of 1.0 for A=632.8nm. An enhancement in

sensitivity by 1011.1% is obtained as A decreases from 650nm to 632.8nm.
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Fig. 4.12. Sensitivity of the proposed sensor versus the thickness of dielectric layer for
different values of wavelength (1), for d;=600nm, &;=1.77, pi=1, &=4, p=1 and
kg=m/(4d).

Figure 4.13 shows the effect of the thickness of the analyte layer on the sensitivity at
some different values of the thickness of the dielectric layer. As can be seen from Fig.
4.13, the sensitivity of the proposed sensor increases with decreasing the thickness of
the analyte layer. The maximum sensitivity enhances by 2.0% as d, decreases from 865
nm to 863 nm, but it increases by 2.1% as d, decreases from 863 nm to 860 nm.

For at d,=860 nm, the sensitivity has the range of 0.96<S<0.98. On the other hand, it has
the ranges of 0.99<S<1.0 at d,=863 nm and 1.0<S<1.02 at d,=865nm.
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Fig. 4.13. Sensitivity of the proposed sensor versus the thickness of analyte layer for

different values of thickness of the dielectric layer for A=632.8nm, £1=1.77, u;=1, &,=4,

=1 and kg=r1/(4d).
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Chapter five

Photonic crystal as a refractometric sensor

In this chapter, one dimensional ternary photonic crystal is investigated as refractometric
sensor. Using Fresnel reflection coefficients, the transmission of an incident wave are
studied in details. The transmission coefficient is plotted with the angle of incidence and

wavelength of incident light for air and water as analyte materials.

5.1. Introduction

As mentioned before, photonic band gap structures are multilayer structures formed by
using two or more materials, where the multilayered structures lead to formation of
photonic band gaps or stop bands in which propagation of electromagnetic waves of
certain wavelengths are prohibited. However, these bands or ranges depend upon a
number of parameters such as refractive indices of materials and angle of incidence. If all
other parameters are kept constant, then any change in refractive index of a material will
change the photonic band gaps and ranges of transmission. By monitoring transmission
or reflection profile, a slight change in the refractive index of a structural material can be

detected. This is the principle of operation of photonic crystal as a refractometric sensor.

5.2. Theory of reflection and transmission
Figure 5.1 shows a photonic crystal having three layers of refractive indices n; n, and
ny with thicknesses d; d, and ds;. Here, the material layer of index of refraction ns is

considered the analyte material.
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Fig. 5.1. Structure of one- dimensional ternary photonic crystal sensing element.

Let the plane of incidence be y — z plane, then for TE mode, E, = E, = 0

The solution of Maxwell’s equation is given by [46]

E, = U(z)e'koay=-wt) (5.1)
Hy, = V(z)e!tkoay=wb), (5.2)
H, = W(z)e'koay-ot) (5.3)
where

k, is the wavenumber in the vacuum.
a = nsinf, where 0 denotes the angle which the normal axis makes with the z-axis.

After substitutions in Maxwell’s equation, U, V and W are related to each other by the

following equations [46]

U = ikyuV, (5.4)
V' = iko(e — %Z)U, (5.5)
alU+puW =0. (5.6)
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U, V can be expressed as combinations of two particular solutions as
Uy = ikouVy,

U, = ikopVy,
) . a?
V= lko(f—I)Up

) . a?
V,= lko(s—I)Uz.
The relations (5.7 - 5.10) follow that
UV, —v,U, =0

ViU, — UV, =0

d(U1Vo,—-UzVy) —
dz

0

For our purpose, the most convenient choice of the particular solution is
Up=f2), Up,=F(@2),V;=g2), V,=G6(2)

Such that

f(0) = G(0) = 0and F(0) = g(0) = 1.

Then the solutions with U(0) = U,, V(0) =V, may be expressed in the form
U = FU, + fV,.

V= GUy+ gV,

or in matrix notation

Q = NQO!
where

_[U®@ _[Ue] v _[F@ f(2)
¢= [V(z)]’ Q= Vo]’N = [G(z) 9@/
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then

Qo =MQ, (5.20)
where

_ 8@ —f(@
M= —G(z) F@2) /[ (5.21)

Now differentiating Eq. (5.4) with respect to z and substituting from Eq. (5.5), we get

LU 4 ko202 — a?)U = 0. (5.22)

dz?
Differentiating Eq. (5.5) with respect to z and substituting from Eqg. (5.4), we get

LV 4 ko2(n2 — a2V = 0. (5.23)

dz?

Substituting for a = nsiné

LU+ (ko?ncos?0)U = 0. (5.24)
LL + +(ko*n2cos?0)V = 0, (5.25)
The solution of the above equations is given by

U(z) = Acos(kgnz cos ) + B sin(kynz cos 9), (5.26)
V(z) = %\/g cos 8 [B cos(k,nz cos 8) — A sin(kynz cos 6)]. (5.27)

Applying the boundary condition in Eqg. (5.15) and using Egs. (5.14), we obtain

l

Uy =f(2)= i \/gsin(konz cos 6), (5.28)

cos

U, = F(z) = cos(kynz cos8), (5.29)
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V, = g(z) = cos(konz cos 8), (5.30)

V,=G(z2) = i\/gsin(konz cos6), (5.31)
k 0) —Isin(k 0

(léo) :< 'cos.( 0Nz cos 0) sin(konz cos )) (g) (5.32)

0 —ipsin(kynzcos@)  cos(k,nzcosB)
Then the solutions may be expressed in the form
Cosﬂ —isinﬁi M M
MI[d]= T : no =150 12], (5.33)
' —ip,sinf,  cosp, My1 My,

where

I=3, By = mliﬂ, B2 = mziﬂ, By = 2"(”3“‘:”3 c0s8: 1 is the free space
0 0 0

wavelength, p; = \/560591, P, = \/ECOSHZ and p; = \/gcost%.
M1 H2 H3

where An is the change in refractive index of the third material layer due to introduction
or adsorption of any material and 61, 62 and 03 are the ray angles inside the layers 1, 2
and 3, respectively which related to the angle of incidence 0 by

1 1 1

2cin2 > 2cin2 > 2cin2 >
cos 6, = [1 — 2 90]2, cos @, = [1 = 90]2, cos 65 = [1 — 7= 90]2. (5.34)

n? n3 (ng+4n)2

The matrix M [d] in Eq. (1) is unimodular as |[M[d]| = 1.
For an N period structure, the characteristic matrix of the matrix is given by [47]

N _ [M11Uy_1(a) — Uy_p(a) My,Uy-1(a) M1 My
(M = M31Uy_1(a) M3,Uy_1(a) — UN—Z(a)] B [m21 mZZ]'

(5.35)

where
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M =

sin 87 sin 8 cos cos 1 sin B, sin
(COS,BI COS,BZCOS,Bg—pZ BisinBzcos Bz p3cosBisinBysinfz
P1 p2
p3sin 7 cos By sin ,83) (5 36)
P1 ’ '
My, =
. (sin 81 cos 35 cos cos 81 sin 8, cos cos 81 cos 35 sin sin 84 sin 85 sin
—l( B1 B2 Bs + Bysin B, Bs + B1 Bzsinf3  ppsin By sin B, sin B )’ (537)
P1 P2 pP3 P1Db2

My, = —i (pl sin f8; cos 3, cos B3 + p, cos B sin 3, cos B3 + p3 cos 1 cos 3, sin 3 —

P1ib3 sin ﬁl sin .82 sin .83) (5 38)
D2 ’ '
M, =
(COS B, cos B, cos B — P1Sinﬁ15;121ﬁ2 cosfs D2 COSﬁlj:ﬁz sinffz
p41 sin 4 cos B, sin B3
= ) (5.39)

Uy are the Chebyshev polynomials of the second kind

sin[(N+1)costa]

Uy(a) = Fa— (5.40)
[1-a?]2

where

a= %[Mn + Ma;]. (5.41)

The transmission coefficient of the multilayer is given by

t = 2Po (5.42)

N (M11+M12D0)Po+(M21+M3200)

and the transmissitivity for this structure can be written in terms of the transmission
coefficient as

T = |t]?, (5.43)
where
Do = Ny cos By = cos b, (5.44)
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where n, =1

5.3. Results and discussions

In Fig. 5.1, a schematic diagram of the photonic crystal structure under consideration is
presented. The photonic crystal basically comprises three layers with the parameters
n;=1.37, n=4.35, d1= 70 nm, d,= 70 nm, d3= 90 nm and N= 6 with two values of n; of
1.0 (air) and 1.33 (water).

Figures 5.2 and 5.3 show the variation of the calculated transmission for one-dimensional
ternary photonic crystal with the angle of incidence with air and water as analyte layers,
respectively. The figures reveal many interesting features. The most important feature is
the appearance of bands in which the transmission is close to unity. These bands are
separated by very narrow valleys where the transmission approaches zero. When the
index of refraction of the analyte layer (air in Fig. 5.2 and water in Fig. 5.3) changes, the
transmission profile undergoes an angular shift. In Fig. 5.2 the air refractive index is
assumed to change by An = 0.02, the angular shift is found to be A6 = 0.02 as can be
seen from the inset. In Fig. 5.3, when An = 0.01, the angular shift is A6 = 0.01.
Assuming a measurable angle of order 0.001, the resolution of the proposed one-

dimensional ternary photonic crystal sensor is considerably high.
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Fig. 5.2. Transmission versus the angle of incidence for one dimensional ternary photonic

crystal with different values of n3 for air as an analyte material.
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crystal with different values of n3 for water as an analyte material.

It is important to study the effect of number of periods of one dimensional ternary
photonic crystal on the transmission profile. The variation of the transmissivity with the
angle of incidence for different values of number of periods with air as an analyte layer
is depicted in Fig. 5.4. The calculations were conducted for periods of N=6, 8, 10 and 12.
As can be seen from the figure, the number of valleys in the considered 6; ranges is
independent of the number of the repetitive periodic layers. Moreover, the number of
bands is also independent of the number of periods but the number of ripple contained in

each band increases with increasing the number of periods.
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Fig. 5.4. Transmission from one dimensional ternary photonic crystal with the angle of
incidence with N=6 (a), N=8 (b), N=10 (c), and N=12 (d).

The transmission profile is explored further in Figs. 5.5 and 5.6 which show the
transmission spectrum versus wavelength for different values of nz with air and water as
analyte layers, respectively, at normal incidence of light. As is clearly seen there is a peak
shift towards larger wavelength as the refractive index of the analyte layer changes where
these transmission peak shifts are very easily detectable with existing optoelectronic
devices. Figures 5.5 and 5.6 show the transmission peaks at refractive index difference of
0.01. The solid transmission peak (centered at 1738.63 nm for air and at 1763.6 nm for
water) is for An = 0.00. The dash transmission peak (centered at 1739.31nm for air and
at 1764.6 nm for water) is for An = 0.01. The dot transmission peak (centered at
1739.99 nm for air and at 1765.6 nm for water) is for An = 0.02. The dash dot

transmission peak (centered at 1740.67nm for air and at 1766.6 nm for water) is for
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An = 0.03. It is found that this one-dimensional ternary photonic crystal exhibits narrow
transmission peak near photonic band edge, which shifts by 0.68 nm for air and 1.0 nm

for water for each refractive index change of 0.01.
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Fig. 5.5. Transmission peaks for one dimensional ternary photonic crystal with different

values of n3 for air as analyte material.
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Fig. 5.6. Transmission peaks for one dimensional ternary photonic crystal with different

values of ns for water as analyte material.
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CONCLUSION

In this thesis, a comprehensive analytical studies have been presented on two layer one

dimensional photonic crystal in which the first layer was considered to be the analyte

layer and the second layer was considered to be LHM, dielectric or metal for transverse

electric (TE) and transverse magnetic (TM) waves. The dispersion relations were

derived for both polarizations. Expressions for the sensitivity were derived and

plotted.

The main results can be summarized as follows:

1-

The second layer was considered LHM

The sensitivity increases with increasing the LHM layer thickness and peaks at an
optimum value of the thickness. For thicknesses beyond the optimum thickness,
the sensitivity decreases towards extremely low values for TE and TM modes.

For TE and TM modes, increasing the analyte thickness, the evanescent field in
the analyte medium is enhanced and so does the maximum sensitivity.

The sensitivity can be enhanced with decreasing the electron scattering rate (y)
for TE and TM modes.

It is possible for LHM photonic structure to achieve a sensitivity improvement of
412% for TE mode and 1056% for TM mode when compared to conventional

slab waveguide sensor.

When the second layer was considered metal (Nickel and Chromium)

The sensitivity of the photonic crystal which contains Ni and Cr metals can be
enhanced by decreasing the wavelength for TE and TM modes.

The sensitivity of the proposed sensor with (Ni) metal can be increased by
increasing the thickness of analyte layer but the sensitivity of the proposed sensor
with (Cr) metal can be increased by increasing the thickness of analyte layer untill
it reaches a maximum value at an optimum thickness, then decreases with further
increasing of d; for TE mode. The latter behavior was also observed for TM

polarization for Ni and Cr metals.
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3- When the second layer was considered a dielectric

e The sensitivity of the photonic crystal which contains dielectric layer increases
very sharply with increasing the thickness of dielectric layer and reaches a
maximum value at an optimum thickness of the dielectric layer, then decreases
very slowly with increasing the thickness of the dielectric layer beyond the
optimum thickness for TE.

e For TM mode, The sensitivity of the photonic crystal which contains dielectric
increases very sharply with increasing the thickness of dielectric layer and reaches
a maximum value at an optimum thickness of the dielectric layer.

e When the results of the structures comprising LHM, metals, and dielectric are
compared, it can be concluded that the highest sensitivity was achieved with
LHM structures.

Moreover, in this thesis, one dimensional ternary photonic crystals were investigated as
refractometric sensors for sensing very small refractive index change of an analyte
material. The transmission of an incident wave were studied in details using Fresnel
reflection coefficients. The transmission coefficient was plotted with the angle of

incidence and wavelength of incident light for air and water as analyte materials.

It was observed that a slight refractive index change in an analyte layer of the ternary

structure causes a sufficiently large transmission peak shift.
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