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Abstract

Propagation of electromagnetic waves in linear and nonlinear media

has received an increasing attention from researchers in the optoelectronics

field.

A great attention is nowadays paid to optical waveguide sensors
because they offer many advantages such as: small size, low price, safe

when used in aggressive environments and mechanically stable.

Many theoretical studies concerning analysis of dispersion equations
were introduced for many planar waveguide structures, and some authors

have proposed scaling rules and universal dispersion analysis.

Homogeneous sensors are mainly used in concentration
measurements while surface sensors are used in detecting of adsorbed

layers .

The type of waveguides mostly used in chemical and medical
sensing is the planner optical waveguide structure with normal asymmetry

(i.e. the substrate refractive index being greater than that of the cover ).

Sensitivity of measuring the physical or chemical quantities
appearing in the cover region depends on the strength and distribution of
the evanescent field in that cover. Sensitivity optimization requires suitable
choice of the guiding layer thickness and the materials from which sensor
layers are constructed, so that the sensor may exhibit its maximum

sensitivity .



Scientists have proposed various types of these sensors and
theoretically analysed them and suggested solutions for constructing highly

efficient sensors.

In this thesis, we investigate nonlinear waveguide sensors when the
guiding layer is a Left- Handed material (LHM) for both transverse electric
(TE) and transverse magnetic (TM) waves. We consider the case when the
analyte homogenously distributed in the cladding, i.e., homogenous
sensing. The proposed structure consists of a left-Handed material (LHM)
as a guiding layer sandwiched between a linear substrate and a nonlinear

cover with an intensity dependent refractive index.

The dispersion relation of the proposed structure is derived and the
sensitivity of the effective refractive index to variations in the refractive
index of the cladding is obtained. The condition required for the sensor to
exhibit its maximum sensitivity is presented. The variation of the
sensitivity with different parameters of the structure is studied and
explained. The power flow through the sensor layers is also considered
because the fraction of total power flowing in the covering medium is
related to sensitivity.

With respect to planar optical waveguide sensors, the main remarks

gained from our investigations can be summarized as follows:

* There is a close connection between the fraction of total power
propagating in the covering medium and the sensitivity of the sensor. In
most cases, they may be regarded as nearly identical thus the enhancement
of the fraction of total power flowing in the cladding is essential for sensing

applications.

il



* As the nonlinearity of the cladding increases, the wave crest is displaced
towards the cladding and as a result the sensitivity of the optical waveguide

sensor 1s enhanced.

* Cladding to film permittivity ratio should be as high as possible but
substrate to film permittivity ratio should be as low as possible to increase
the evanescent field tail in the cladding and to reduce it as possible in the
substrate. The inversion of the conventional waveguide symmetry is
strongly recommended if possible. In some cases it is not possible

especially when the analyte is air.

il
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SUMMARY

For the last two decades, planar optical waveguides have been
studied intensively as sensor elements [1-4]. Optical sensors utilize the
modification of chemical measurands to optical properties such as
intensity, phase, frequency and polarization of an input optical signal.
Optical chemical sensors have immunity to electromagnetic interference,
have no danger of ignition, field resistant, small size, safe when used in
aggressive environments and mechanically stable [5,6]. Moreover, optical
sensors based on integrated optics (IO) add some other advantages as a
better control of the light path by the use of optical waveguides, a higher
mechanical stability and a reduced size [7]. Such kinds of sensor are useful

for highly sensitive analysis and monitoring of hazardous environments.

A waveguide sensor is an evanescent field sensor for which the
waveguide mode is the sensing feature. The guided electromagnetic field of
the waveguide mode extends as an evanescent field into the cladding and
substrate media and senses an effective refractive index of the waveguide.
The effective refractive index of the propagating mode depends on the
structure parameters, e.g., the guiding layer thickness and dielectric
permittivity and magnetic permeability of the media constituting the
waveguide. As a result, any change in the refractive index of the covering
medium results in a change in the effective refractive index of the guiding
mode. The basic sensing principle of the planar waveguide sensor is to
measure the changes in the effective refractive index due to changes in the

refractive index of the covering medium.

The essential part of a waveguide sensor consists of a hi gh refractive

index waveguiding film sandwiched between a substrate and the sample



medium to be analyzed, sometimes called the "analyte". In most cases the
substrate is a solid material, which has a refractive index lager than that of
the analyte. Such a sensor is called normal symmetry sensor. For the sake
of power enhancement in the covering medium and hence sensitivity
enhancement, sensors of reverse configurations were introduced [8,9] for
which the refractive index of the substrate is chosen to be less than that of
the analyte. The recent introduction of reverse symmetry waveguides has

resulted in high sensitivity sensors.

Optical evanescent wave sensors have been widely used for various
purposes such as humidity sensing [10,11], chemical sensing [6,12],

biochemical sensing [13,14] and biosensing [15].

O. Parriaux et al. [16-20] presented an extensive theoretical analysis
for the design of evanescent linear waveguide sensors and derived the
conditions for the maximum achievable sensitivity for both transverse
electric (TE) and transverse magnetic (TM) polarizations. R. Horvath et al.
[8, 9, 15] demonstrated the design and implementation of a waveguide
sensor configuration called reverse-symmetry in which the refractive index
of the aqueous cladding is higher than that of the substrate material. The
reverse symmetry waveguide has been tested for bacterial and cell
detection and it showed a considerable high sensitivity compared with the
conventional waveguide sensor. Optical waveguide sensors utilizing
surface plasmon resonance (SPR) phenomenon have been studied [21-23].
SPR sensor consists of a four layer structure: a substrate, a guiding layer, a
metal layer, and the analyte as a cladding. SPR sensors have been found to
have relatively high sensitivity in chemical and biological sensing due to
the strong localization of the electromagnetic field. Another type of optical

sensors based on an Anti-Resonant Reflecting Optical Waveguide



(ARROW) was presented [24,25]. ARROW sensor generally includes four
layers or more. The simplest one comprises a substrate, a film, a first
cladding, and a second cladding. In these waveguides the field is confined
by two cladding layers on either side of the film form high -reflectivity
Fabry-Perot mirrors. M. Shabat et al. [26-28] have investigated the
sensitivity of nonlinear waveguide structure where one or more of the

layers of the waveguide structure are considered to be nonlinear medium.

The main aim of this thesis is to propose novel planar optical
waveguide sensors utilizing a new type of metamaterials called Left-
Handed Materials with simultaneously negative electric permittivity and

negative magnetic permeability.

This thesis is divided into five chapters starting in chapter one with a
basic introduction to electromagnetic theory, concepts of planar
waveguides, and fundamental equations required for analyzing slab

waveguides.

In chapter two we investigate history, properties, and applications of
Left-Handed Materials. We also explore the basic effect of optical

waveguide sensor. A three-layer conventional linear sensor is presented.

In chapter three TE polarized waves in a Left-Handed material as a
guiding layer surrounded by a nonlinear clad and a linear substrate are
presented for sensing application with a focus on the sensitivity of the
sensor. The variation of the sensitivity with different parameters of the
structure is plotted and explained. The optimum structure that corresponds

to the highest sensitivity is also provided.



In chapter four p-polarized waves (TM) are considered to flow in the
same waveguide structure presented in chapter three. The sensing
sensitivity is derived and plotted with different structure parameters. Power
flow through the waveguides layers and its relation with the sensitivity is

presented.

At the end of the thesis, chapter five presents conclusion remarks for
the whole work.



CHAPTER ONE
BASIC WAVEGUIDE EQUATIONS

This chapter is intended to establish the fundamental concepts and
the basic background of guided waves. It also presents the basic equations
needed to analyze optical slab waveguide structure. A brief review of
Maxwell's equations, wave equation, total internal reflection, and power
considerations is given. The concepts of TE and TM polarizations and

waveguide modes are also presented.

1.1 Introduction:

The analysis of dielectric waveguides requires the understanding of
electromagnetic field theory in dielectric media. Maxwell developed the
electromagnetic theory of light and the kinetic theory of gases. Maxwell's
successful interpretation of electromagnetic field resulted in four field
equations that bear his name. Maxwell's equations predict the existence of
electromagnetic waves that propagate through space at the speed of light ¢
[29,30]. The discovery of electromagnetic waves has led to many practical
communication systems, including radio, television, radar, and
optoelectronics [31]. On the conceptual level, Maxwell unified the subject
of light and electromagnetism by developing the idea that light is a form of

electromagnetic radiation.

Electromagnetic waves are transverse waves. They are generated by
time-varying currents and charges. Once created, these waves continue to
move with a finite velocity independent of the source that produced them.

They carry energy and momentum and hence can exert pressure on a

surface.



1.2 Maxwell's Equations:
The governing equations for the electric and magnetic fields are well
known over a century ago. Before Maxwell began his work in the field of

electromagnetic theory, these equations are written as [29-31]:

fE‘ .dl=emf = —JS‘% . ds (Faraday's law) (1-1)
ﬂgH' Ldl=1, = J.J' .ds (Ampere's law) (1-2)
I s

§D' . ds=Q,,. =[p,dv (Gauss's law) (1-3)
igB' .ds=0 (conservation of magnetic flux) (1-4)

where E' is the electric field intensity, H' the magnetic field intensity, D'
the electric flux density or electric displacement vector, and B' the
magnetic flux density. The parameter p, is the volume charge density and J'
is the electric current density. The notation used above, E', H',... denotes
general time varying fields. We will use the notations E, H, ... later for the
complex vector fields that are function of space coordinates only. The flux
densities D' and B' and the current density J' are related to the fields E' and
H' by the constitutive relations. For linear, isotropic and homogeneous

media, the constitutive relations are given by:

D'=¢E, B=pH', J'=cE, (1-5)
where ¢, p and o 1is the dielectric permittivity, the magnetic permeability

and the conductivity of the medium respectively.

Eq. (1-2) represents Ampere's law for time-invariant currents. To be valid
for time-varying currents, we must replace J' in it by (J'+ 6D% t) [29,30], so

that the generalized form of Ampere's law has the form:



' _ ' @ -
fH.a’l_g(JJr > ).ds (1-6)

This 1s the fundamental contribution of Maxwell, which can be
interpreted as follows: the displacement current produces a magnetic field
according to the same law as normal current.

Egs. (1-1), (1-3), (1-4), and (1-6) are called Maxwell's equations in integral
form. Recalling Stokes's and the divergence theorems: for any vector A, we

have:
§A cdl = .[ VxA .ds (Stokes's theorem) (1-7)
1 N

and

§§A .ds= J'V . A dv (divergence theorem) (1-8)

Applying Stokes's and the divergence theorems to Maxwell's
equations in integral form given by Egs. (1-1), (1-3), (1-4) and (1-6), we

get Maxwell's equations in differential form which can be written as:

vxp=-2 (1-9)
ot
V x H‘:J‘+@ (1-10)
ot
V.D'=p, (1-11)
V.B'=0 (1-12)



We can specialize Maxwell's equations for the type of media we will
be faced with when treating dielectric waveguides [31]. For charge free

lossless media, where p, and J' vanish, Maxwell's equations have the form:

VXE':—% (1-13)

V=2 (1-14)
o

V.D'=0 (1-15)

V.B'=0 (1-16)

To derive the wave equation of E' we take the curl of Eq. (1-13) and

make use of the constitutive relation B'=pH', we get:

VxVxE'=-n ovxH (1-17)
Ot
Using the vector identity
VxVxA=V(V.A)-V’A (1-18)

and considering Eqgs. (1-14) and (1-15) and the constitutive relation

D'=¢ E', we obtain a plane wave equation in a homogeneous medium as:

O°E'
ot’
Taking the curl of Eq. (1-14) and then substituting Eqs. (1-13) and

VE'—p € =0 (1-19)

(1-16) leads to the wave equation for H' similar to (1-19) as:

=0 (1-20)



1.3 Time Harmonic Fields

Suppose that we have fields that vary sinusoidally in time as [31]:

E'(x,y,7,1) = Re(Ee’™) (1-21)
H'(x,,2,¢) = Re(He’™) (1-22)
D'(x, y,z,¢) = Re(De’™) (1-23)
B'(x,y,z,t) = Re(Be’™) (1-24)

Where o is the angular frequency.

We are now able to work directly with space coordinate-dependent
vectors E, H, D, and B.

To write Maxwell's equations for time harmonic fields which called
sinusoidal steady state Maxwell's equations, we take the explicit derivative

of B' and D' with respect to time. Eqgs. (1-13) — (1-16) can be rewritten as:

VxE=—jouH (1-25)
VxH= jocE (1-26)
V.E=0 (1-27)
V.H=0 (1-28)

Egs. (1-25) to (1-28) represent Maxwell's equations for time harmonic
fields in free charge lossless media.
Taking the curl of Egs. (1-25) and (1-26), we get Helmholtz

equations,
VE+o’neE=0 (1-29)

VH+o’ne H=0 (1-30)



Egs. (1-29) and (1-30) are called Helmholtz equations or wave equations

for time harmonic fields.

1.4 Theory of Waveguides:

The simplest optical waveguide structure is the step-index planar
slab waveguide. The slab waveguide, shown in Fig. 1-1, consists of a high-
refractive index dielectric guiding layer, sometimes called the film,
surrounded by two lower-refractive index materials. The slab is infinite in
extent in the yz plane, but finite in the x direction. The refractive index of
the film, n; must be larger than that of the cover material (cladding), n.,
and the substrate material, 7,, in order for total internal reflection to occur
at the interfaces. The refractive index of the cladding is always less than
that of the substrate, a case which is called the conventional case. When the
cladding and the substrate have the same refractive index, the waveguide is
called symmetric; otherwise the waveguide is called asymmetric. The
symmetric waveguide is a special case of the asymmetric waveguide. The
slab waveguide is clearly an idealization of real waveguides, because real

waveguides are not infinite in width [32].

X

A

Cover (Cladding)
X ne

Film (guiding layer)
ny t

v

Substrate

ng

y

Figure 1.1. Planar slab waveguide consisting of a thin film of thickness #
and refractive index n; sandwiched between cover and substrate

materials with indices 7. and n;.

-10 -



1.4.1 Total internal reflection:

An important physical process in guided wave optics is total internal
reflection. An understanding of the topic of total internal reflection of an
incident wave at a plane dielectric boundary gives one important physical
insight into the operation of a dielectric waveguide. The principle of optical
confinement into a waveguide is based upon the phenomenon of total
internal reflection [33]. To illustrate the concept of total internal reflection
we consider an obliquely incident wave upon a boundary going from a

denser medium of refractive index », to a less dense medium of refractive

index n, as shown in Fig. 1.2.

Figure 1.2. Transmission of alight beatn going froma denser medium of refractive
index »; to a rarer medium of index np

Total internal reflection will occur at certain angles of incidence greater
than an angle known as the critical angle. The angle of transmission 02 is
related to the angle of incidence by Snell's law [33,34]:

Sin(Gl) k _0) IJ,282 _n_2

Ay
sin0,) &k o u e

(1-31)

kzz_n

Where n

= % is the propagation constant

-11 -



We here consider nonmagnetic materials for which u; = u, = u,. For
n; > n, as we increase ¢; we will reach an angle 6, = 6, where 6, = /2, that

1S:

sin(@,) =2 (1-32)

n

For angles of incidence greater than @, total internal reflection
occurs, i.e., no propagating wave in medium 2 and hence the wave will be
totally internally reflected in medium 1. The light beam, once it is totally
internally reflected, is trapped and confined in the guiding layer. This case

corresponds to a guided mode of propagation [35].

1.4.2 Basic equations

Consider the general waveguide structure shown in Fig 1.3. Our
purpose in this section is to develop the mathematical model that will
enable us to analyze and design a waveguide structure. This general model
can be applied to obtain the "modes" in a dielectric slab waveguide and in a
round optical fiber. A mode is an allowable field configuration, for a given
waveguide geometry, that satisfies Maxwell's equations (or the derived
wave equations) and all of the boundary conditions of the fields.

Our wave optics model will yield a complete description of the
fields, that is, expressions for the amplitude and components of the

propagation vector of the fields associated with a mode.

We will assume that our design objective is to create a dielectric
waveguide that propagates energy in a given direction. We define the
longitudinal axis of our waveguide as the z axis and design it such that

energy is propagating in the guide in the z direction with a longitudinal

-12 -



propagation constantp (B is the longitudinal component of propagation
vector k). We will assume that the permittivity (x,y) does not depend on

z but can vary with x and y. This special case of an inhomogeneous
medium in which ¢ is independent of one space coordinates is an excellent

representation of an optical fiber.

Sl(xayz €,

N4

Figure 1.3. An arbitrary-shaped waveguide structure in which the z-axis serves as the
longitudinal axis.

The expanded form of Eq. (1-25) gives;

OF

ok & =—jouH,
oy Oz
OE. OF

r_ 2 —_jouH 1-33
o = oA, (1-33)
OF

- —%Z—JWMHZ
ox oy

OH

oH, -—2=joeE,
oy oz
OH. OH

* == jock 1-34
0z  Ox JOE Ly ( )
OH

r o, = joe E,
ox oy

- 13-



For time harmonic fields, the electric and magnetic fields can be written as:
E(x.y.z.t)=[E, (x.y)d, +E, (x.y)d, +E.(x,y)d. Je /P (1-35)

H(x,y,z,0)=[H, (x,y)d, +H, (x,p), +H, (x,y)d,le”’ P (1-36)

The derivatives with respect to z can be evaluated explicitly. After
substituting these derivatives into Eqs. (1-33) and (1-34) and rearranging
we can write the transverse components (E,, E,, H, H,) in terms of the
longitudinal components (£, H.). The result takes the form:

oH OF

— _.j z z _
E= ol men T p T (1-37)

S0 (1-38)
X

Ho=— 0T (1-39)

H (B ngaEz) (1-40)
rT o’sp— B ox

The waves in the slab waveguide will be traveling in the z- direction.
The guide is infinitely extended in the y direction. As a result of this infite

extension, there is no variation in the field distributions in the y direction
[31].

Mathematically the limitation imposed by the waveguide symmetry

can be expressed as %z 0. Then Egs. (1-37) to (1-40) can be rewritten as:

g __ —JB (5Ej (1-41)
T oelep-pr\ ox

- 14 -



P Jjou (GHZJ (1-42)

' ole n—p>\ ox
jou OH
E = - 1-43
"o’ M—BZ( Ox j (1-43)
—joe OFE
H, = - 1-44
y Q)ZSH—BZ( ax j ( )

1.4.3 Modes of planar slab waveguides:

There are different types of field patterns or configurations inside a
waveguide. Each of these distinct field patterns is called a mode. There are
two important modes in the analysis of slab waveguides.

1. When E, =0 and H_ #0, this solution corresponds to a transverse

electric wave (TE).

2. When E, #0 and H, =0, this solution corresponds to a transverse

magnetic wave (TM).

1.4.3.1 Transverse electric field (TE)
For TE waves, E, =0 and H, #0. Using Egs. (1-41) to (1-44) to
find the nonzero field component. Only three components exist for TE

modes: E), H,, and H.. The electric and magnetic field can be written as:
E(x,2) =[E, (x)a, Je ¥ (1-45)

H(x,2)=[H (x)a, + H, (x)d,]e " (1-46)

and Helmholtz equation given Eq. (1-29) can be modified to have the form:

0°E
8x2y +(@’pe-B*)E, =0 (1-47)
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The nonzero components of the magnetic field as a function of E,

can be written as:

H="PE (1-48)
(O}
i OF
=L (1-49)
®u Oox

1.4.3.2 Transverse magnetic field (TM)

For TM waves, H. =0 and E_ # 0. The nonzero field components for

this mode are H,, E|, and E.. The electric and magnetic field can be written

as:
E(x,2) =[E,(x)d, + E.(x)a ]e ™ (1-50)
H(x,z):[Hy(x)dy]e_"'BZ (1-51)
In this case, the wave equation (Helmholtz equation) for H is similar

to Eq. (1-47) with H, replaces E,.

E. and E| can be written in terms of H, as:

E=P n (1-52)
m e
_ i OH

==L — (1-53)
We Ox

- 16 -



1.4.4 Power Considerations
A useful concept for characterizing electromagnetic waves is the
measure of power flowing through a surface. This quantity is called

Poynting vector, defined as:

S=E'x H' (1-54)

It represents the instantaneous intensity (W/m?) of the wave. The
Poynting vector points in the direction of power flow, which is
perpendicular to both E and H fields. The time average intensity for a

harmonic field is often given using phasor notation [32]:

(S) =%Re[E x H*], (1-55)

where Re is the real part and H* is the complex conjugate of H. The
total electromagnetic power moving into a volume is determined by a
surface integral of the Poynting vector over the entire area bounding the
volume.

Thus, for TE modes we have:

8)=5elE

"0 (1-56)

In a similar manner for TM waves

2

(8)=-"|n,

" Joes

g (1-57)

z

For a multilayer waveguide, the power flowing through the structure

can be evaluated using:
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dx ; for TE waves

total

B T\Ey ()
and

I‘H ol

x ; for TM waves
o €(x)

total -
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CHAPTER TWO
OPTICAL SENSING AND METAMATERIALS

In this chapter we present an overview of materials with negative
electric permittivity and negative magnetic permeability. The differences
between theses materials and natural materials are discussed. The non-
communication application of optical slab waveguides as optical sensors is

also presented.

2.1 INTODUCTION

Materials with simultaneously negative permittivity € and negative
permeability p are called Metamaterials (MTMs). These materials are not
naturally occurring materials but were made by composing an array of
metallic wire and split ring resonators. A substantial amount of research
has been made in different phases for both fundamental electromagnetic
and practical applications of these unusual materials in different frequency
ranges from radio to optical frequencies. Unusual electromagnetic
phenomena of MTMs had been predicted theoretically by Veselago such as
reversals of Doppler shift and the Vavilov-Cerenkov effects, reversal of
radiation pressure to radiation tension, and negative refraction [36]. All of
these phenomena are direct results of the group velocity inversion of
electromagnetic waves propagating in such media. For this reason,

Veselago named the MTMs as left handed material (LHM).
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2.2 OPTICAL SENSING

One of the most important applications of planar waveguides is
waveguide sensors. Sensing is performed by the evanescent field in the
covering medium [16,23]. The effective refractive index of a waveguide
structure depends on film thickness and refractive indices of both film and
surroundings. Thus if the chemical or biological changes result in changing
the effective refractive index, then the new properties give information
about the refractive index of the analyte or the thickness of the adsorbed
layer. Sensing process is then the measure of change in effective index due
to either changes in cover refractive index or adding an ultra-thin film on

surface of the guiding film.

Optical sensor is the noncommunication application field where
integrated optic technology is expected to play an increasing role and
where it is already successful commercially [17]. The type which is most
currently used is the slab structure with a step-index profile. The sensing is
performed by the evanescent tail of the modal field in the cover medium.
This sensing operation consists of measuring the change of the effective
index of a propagating mode when a change of refractive index takes place
in the cover. The waveguide characteristic equation or/and a calibration
allows the retrieval of the index change from the measured change of the
effective index. The sensitivity of the measurement of physical or chemical
quantity present in the cover depends on the strength and the distribution of
the evanescent field in the cover. The main design task is therefore to find
the waveguide structure which maximizes the sensitivity on the quantity to
be measured. The analysis differs somewhat if the measurand is
homogeneously distributed in the cover (afterwards refered to as
homogeneous sensing) or it is an ultra thin film at the waveguide—cover

interface (surface sensing). The two cases are illustrated schematically in
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Fig.2.1. It 1s assumed hereafter 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 or bubbles. So
far, planar evanescent-guided wave sensors have mostly been used for the
detection of ultrathin biological molecular layers immobilized on the
surface of a guiding layer (surface sensing ). Such a sensing scheme is
currently the subject of keen interest in pharmaceutical such as
imunoassays. It is also of interest in chemical sensing schemes where the
opto-chemical transducing mechanism involves an ultrathin surface layer.
The sensitivity in such a configuration, illustrated in Fig.2.1(b), is related to
the squared field magnitude at the waveguide-cover interface. Optimizing
the sensor sensitivity requires a suitable choice of the waveguide and

substrate index n y and ng, respectively, as will as the waveguide

thickness f relative to the wavelength A, which maximize the squared
modal field at the surface. Evanescent wave sensing of a chemical or
physical quantity which is homogeneously distributed in the semi-infinite
waveguide cover (homogeneous sensing) refers to a different
electromagnetic condition. The sensitivity is now related to the integral of
the squared evanescent field in the cover material. This sensing scheme is
used in concentration monitoring, for measuring traces of chemicals by
means of a thick selective membrane, and, more generally, for measuring
all physical/ chemical quantities whose variation corresponds to a change

of index.

Optical sensing, in general, i1s any method by which information that
occurs as variations in the intensity, or some other property, of light is
translated into an electric signal. This is usually accomplished by the use
of wvarious photoelectric devices. In one method, known as optical

character recognition, a computer is given the capability of “reading”
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printed characters. Reflected or transmitted light from the character strikes
an array of photoelectric cells, which effectively dissect it into light and
dark areas. By analysis of these areas the computer is able to recognize the
character, with some tolerance for less than perfect and uniform printing.
Optical sensing is also used in various pattern-recognition systems, e.g., in
military reconnaissance and astronomical observation; it is also used in

photographic development, to enhance detail and contrast.

evanescent field
/ cover Ne

t | ____,> Wavegulde n z

substrate Ng

(a)

r— ——— — S

evanescent field

cover Ne |

h=eeeweral y, |

Waveguide j | 1

supstrate Ng

(b)
Fig. 2.1. Schematic representation of (a) slab waveguide homogeneous sensor and
(b) surface sensor.
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2.2.1 Uses and applications

Planar optical waveguide sensors are used in many aspects: detecting
and measuring the thickness of any layers such as metals, metal
compounds, organic, bio-organic, enzymes, antibodies and microbes. They
are also used in measuring concentrations of liquids and detecting small

traces in chemicals.

One of the important uses of such sensors is in radiation dosimeters
and protective masks or clothing when they can readily identify and give
scanning data about any change in exposure or lack in protection. They are
of great benefit in detecting drug vapors. More specifically, planar optical
sensors are also used in any chemical, biological or physical processes
accompanied with changes in strength and distribution of the evanescent

field strength.

2.2.2 Homogeneous sensing

If the properties are homogeneously distributed in the waveguide
cover, then the process of detecting changes of these properties is called
homogeneous sensing.

Here sensitivity is defined as the change in the effective refractive

on,

Ce 171,

index through the cover medium, S =

c

2.2.3 Surface sensing

If changes of optical properties are due to adsorption of some
molecules that construct an ultra-thin film on surface of the guiding thin
film, then the process of detecting the adsorbed molecules is said to be

surface sensing.
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In such configurations, the sensor consists of a guiding film over
which sets a sensing layer. Electromagnetic waves propagating along the
sensing element are attenuated due to the additional adsorbed film or
analyte concentration.

Mathematically, surface sensing is defined as the change of effective

on

refractive index with respect to change in adlayer width, S =< [17].

ow
2.2.4 Sensor modeling and sensitivity optimization
For commercial sensors to be efficient to practical applications, a
sensor must accomplish these properties: small size, low price, optical,
mechanical and chemical stability, design flexibility that enables higher
complexity on one chart and sensitivity as high as possible. Planar

waveguide sensors are the choice.

To maximize sensitivity, appropriate choice of sensor layers and
waveguide width must be realized so that changes in the effective refractive
index are maximum. The wave guiding film is to some extent arbitrary but
its width 1s of great importance. This means that the main task in designing

sensors is to find out the waveguide width that maximizes sensitivity.

2.3 Metamaterials

A metamaterial (or meta material) is a material that gains its
properties from its structure rather than directly from its composition. The
first metamaterials were developed by W.E. Kock in the late 1940's with
metal-lens antennas and metallic delay lenses. The metamaterial term is
most often used when the material has properties not found in naturally-
formed substances. The term was coined by Rodger M. Walser of the
University of Texas at Austin in 1999, and he defined the term as follows

in 2002: macroscopic composites having a manmade, three-dimensional,
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periodic cellular architecture designed to produce an optimized
combination, not available in nature, of two or more responses to specific

excitation.

Metamaterials are of particular importance in electromagnetism
(especially optics and photonics), where they are promising for a variety of
optical and microwave applications, such as new types of beam steerers,
modulators, band-pass filters, lenses, microwave couplers, and antenna

radomes.

In order for its structure to affect electromagnetic waves, a
metamaterial must have structural features at least as small as the
wavelength of the electromagnetic radiation it interacts with. In order for
the metamaterial to behave as a homogeneous material accurately described
by an effective refractive index, the feature sizes must be much smaller

than the wavelength.

Metamaterials usually consist of periodic structures, and thus have
many similarities with photonic crystals and frequency selective surfaces.
However, these are usually considered to be distinct from metamaterials, as
their features are of similar size to the wavelength at which they function,

and thus cannot be approximated as a homogeneous material.

A Russian physicist, V. G. Veselago in 1968, theoretically predicted
several extraordinary electromagnetic phenomena of materials with
simultaneously negative permittivity and permeability [36], which were a
sign change of group velocity, reversals of the Doppler and the Vavilov-
Cerenkov effects, negative refraction, and a reversal of radiation pressure
to radiation tension. However, his ideas were forgotten until the
experimental verification was made by Shelby et al. in 2001 [37] because

these exotic materials were thought not to exist in nature at all. This
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experimental verification of simultaneously negative permittivity and
permeability ignited the present explosive research worldwide in various
phases for both fundamental electromagnetic phenomena and practical
applications of these unusual materials in various frequency ranges from
radio to optical frequencies. Usually, these materials are called
metamaterials (MTMs ). Although the term MTM has not been strictly
defined yet, it is generally admitted to refer to an artificially designed
electromagnetic structure with unusual electromagnetic properties that are
rarely found in nature. “Meta > is a Greek prefix meaning “beyond, ” so
MTMs can be understood as materials that exhibit an extraordinary
electromagnetic response . In the MTMs , the directions of the electric field
(E), the magnetic field (H), and the wave propagation vector (k) obey the
left-hand rule instead of the right-hand rule in ordinary dielectric materials,
so MTMs are also commonly refered to as left-handed materials (LHMs)
.The reversals of the phase and the energy propagations in MTMs due to
the left- handedness lead to backward wave propagations with opposite
directions of the phase and the group velocities , i.e., negative phase
velocity or negative group velocity. Since refraction is reversed when
electromagnetic waves are incident on LHM, they are also called materials
with negative refractive index or negative index media. As explained
above, LHMs are media with simultaneous negative permittivity and
permeability at a given frequency, so they are also called double-negative
media. Due to the double negative property, the electromagnetic wave

propagations along these exotic media are quite extraordinary.

2.3.1 Negative refractive index
The main reason for investigating metamaterials is the possibility of
creating a structure with a negative refractive index because this feature is

not a available in natural materials. Almost all materials encountered in
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optics, such as glass or water, have positive values for both permittivity ¢
and permeability p. However, many metals (such as silver and gold) have
negative € at visible wavelengths. A material having either (but not both) ¢

or | negative is opaque to electromagnetic radiation.

Although the optical properties of a transparent material are fully

specified by the parameters € andp, in practice the refractive index # is
often used. n may be determined from the relation »n=./en. All known
transparent materials possess positive values for € and p . By convention the

positive square root is used for .

However, LHMs have ¢ < 0 and p < 0; because the product eu is
positive, n is real. Under such circumstances, it is necessary to take the
negative square root for n. Physicist Victor Veselago proved that such

substances can transmit light [36].
Metamaterials with negative n have numerous startling properties:

« Snell's law (n; sinB; = n, sinB,) still applies, but as n, is negative, the
rays will be refracted on the same side of the normal on entering the
material.

« The Doppler shift is reversed: that is, a light source moving toward
an observer appears to reduce its frequency.

o Cherenkov radiation points the other way.

« The time-averaged Poynting vector is antiparallel to phase velocity.
This means that unlike a normal right-handed material, the wave

fronts are moving in the opposite direction to the flow of energy.

For plane waves propagating in such metamaterials, the electric field,
magnetic field and Poynting vector (or group velocity) follow a left-hand

rule.
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2.3.2 Theoretical models

Left-handed materials (LHMs) were first introduced theoretically by
Victor Veselago in 1968 [36]. J. B. Pendry [37] was the first to theorize a
practical way to make a left-handed metamaterial (LHM). Pendry's initial
idea was that metallic wires aligned along propagation direction could
provide a metamaterial with negative permittivity (¢<0). Note however that
natural materials (such as ferroelectrics) were already known to exist with
negative permittivity. The challenge was to construct a material that also
showed negative permeability (u<0). In 1999, Pendry demonstrated that an
open ring (C-shape) with axis along the propagation direction could
provide a negative permeability. In the same paper, he showed that a
periodic array of wires and rings could give rise to a negative refractive

index.

The analogy is as follows: Natural materials are made of atoms,
which are dipoles. These dipoles modify the light velocity by a factor n (the
refractive index). The ring and wire units play the role of atomic dipoles:
the wire acts as a ferroelectric atom, while the ring acts as an inductor L
and the open section as a capacitor C. The ring as a whole therefore acts as
a LC circuit. When the electromagnetic field passes through the ring, an
induced current is created and the generated field is perpendicular to the
magnetic field of the light. The magnetic resonance results in a negative

permeability; the index is negative as well.
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CHAPTER THREE
CHARACTERISTICS OF TE OPTICAL WAVEGUIDE
SENSORS USING LEFT-HANDED MATERIALS

In this chapter, an extensive theoretical analysis of a novel
waveguide structure as an optical sensor is carried out. The waveguide
sensor structure considered here consists of a Left-Handed material (LHM)
as a guiding layer sandwiched between a linear substrate and a nonlinear
cladding with an intensity dependent refractive index. The sensitivity of the
proposed optical waveguide sensor is derived. The variation of the
sensitivity with different parameters of the waveguide structure is studied.
The condition needed for the sensor to exhibit the maximum sensitivity is
also discussed. This condition allows the designer to find the right
dimensions of the proposed structure. Experiments with the above concepts

could be demonstrated and carried out for future versatile sensors.

3.1 Introduction:

Optical waveguide sensors are considered as a rapidly growing field
of research. Integrated optical waveguides are widely used for designing
optical sensors which are very important mainly because of their miniature,
high sensitivity, small size, immunity to electromagnetic interference and
low price [5,6]. Homogeneous sensing is mainly used in concentration
monitoring, measuring traces of chemicals and studying all physical and
chemical properties that change in accordance with changes in refractive
indices [17]. The type of waveguides currently used in biochemical and
medical sensing is the planar optical waveguide structure.

One of the first applications of the Left-Handed materials (LHMs)
was reported by Pendry [38], who demonstrated that a slab of a Left-
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Handed material (LHM) can provide a perfect image of a point source. A.
Grbic et al [39] verified by a simulation the enhancement of evanescent
waves in a transmission-line network by using a Left-Handed material

(LHM).

3.2 Mathematical Evaluations
3.2.1 Characteristic Equation

The structure of our waveguide sensor is presented in Fig. 3.1 where
the waveguide film is embedded into a linear substrate and a nonlinear
cover with an intensity dependent refractive index whose dielectric

function [40-43] of the electric field is expressed as:

Nonlinear dielectric cladding

=g, +0,‘Ey 2,(x > 0)

€

nl

Guiding layer metamaterial
Film ,(— <x <0)

g, ,H, bothnegative

s
Il
I

o~

v

linear dielectric substrate
(x < —t)

Fig.3.1 :The waveguide structure under consideration

2
€, =€, +oc‘Ey‘ (3-1)
where o =g e cn, 1s the nonlinearity constant, ¢ the speed of light

and n,_1s the nonlinearity coefficient [41].

-30 -



The guiding film (f) of thickness () fills the region —# <x <0and the
two dielectrics substrate and cladding fill the regions x <— and x >0,
respectively. The waves are assumed to propagate along the z axis and

guiding surfaces are parallel to the yz plane.

The electric field for TE waves propagating in the z-direction is

expressed as:
E =(0,E,,0)e’ ") (3-2)
where B =k n,

Helmholtz equation takes the form:

O’E
PYE +(uew’ =BHE, =0 (3-3)

We assume the cladding and substrate to be non magnetic materials

K .=u, =u, where p_=1 is the relative permeability .

Equation (3-3) in the three layers can be written as:

0’E
a—zy‘—koz(ne2 -n)E, +ak E; =0,(x ~0); cladding (3-4)

X

°’E
2 +koz(mnf2 —nez)Ey2 =0, (—t <X <0); film (3-5)

Where m = with u, and p, are the guiding layer and free space
Mo

permeabilities respectively.
2

E
P» 2 —ko(n] —n))E, =0, (x <—); substrate (3-6)

For the sake of simplicity we consider:

[ [ 2 2 2
qc - ne _nc ’qs - ne _nS P = mnf _ne
n

We solve Helmholtz equations in the three layers to get " E y " in

each layer [41].
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_ |2 q. -
£ ‘J; coshlig, (e g 0 G7)

where x, is a constant related to the power propagating in the

waveguide. More specifically, the field peaks at x = x, [41].

E, =B, cos(k,px)+C,sin(k,px), (-t <x <0) (3-8)

E, =D, explk,q,(x +1)], (x <~t) (3-9)

The electric field at the clad-film interface is obtained by substituting x =0

in Eq. (3-7), we get E, =E (x =0)= \/7 which can be
cosh(koqc ,)

2

2
written as: %zqﬁ (1-tanh*(k,q,x,)) , where o Eq is called clad-film

interface nonlinearity or optical power density at the interface.
Making use of Eqs.(1-48) and (1-49), we can calculate the nonzero

components of the magnetic fields.

kn k 2
H, ="fef, =t F o (3-10)
1o uo | Va cos [ . (x +x0)]
k k .
H, =% p 2B cos(k,px)+C, sin(k,px)] (3-11)
H® H®
kn, k,n,D,
H, =="*E, =="texplky,(x +1)] (3-12)
L H®
i OE,  —jk, [2
_ ] Y1 _ ] 2
21_'Hﬁ) . HOmo\[zg--qcsech[koqc(x+x0)]tanh[k0qc(x+x0)] (3-13)
J OBy, _ jkp .
H, = = [-B, sin(k ,px ) +C, cos(k ,px )] (3-14)
mup oOx  mpo
i OE,  jkgD
H, =L S exple g, (x +1)] (3-15)
Lo Ox LL,®
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Applying the Boundary conditions at x =0 and x =—¢. The

tangential components £, and H, are continuous. The continuity of £,

gives:

2 q

— < =B 3-16
\/; cosh[kg.x,] ° (3-16)
B, cos(k,pt)—C, sin(k pt)=D, (3-17)

The continuity of H_ gives:
—ﬁq Zsech(C)tanh(C)=LC, (3-18)
o m

P : _
%[Be sm(kopt)+Ce cos(kopt )J =q,D, (3-19)

where C=k,q.x,
With some mathematical treatment and rearrangement of Eqgs. (3-16)

to (3-19) we obtain the characteristic equation;

k,pt =tan™'(mx )+ tan"'(mx_ tanhC)+ N T (3-20)

where x | =q—s, X, =q—", and N =0,1,2, ... 1s the mode order
p p

It's straight forward to show that x. and »,can be written in terms of x; as:

2
s o2(a.—-m)+(a. —a,) _ as, +mx;
X =x , n, =g, |—% 3-21
© (a, —m) ©NVTN 14x?2 3-21)
2 2
n n
where a, =—5 and a, =—-.
n; n;

3.2.2 Evaluation of the Sensitivity

In homogeneous sensing, sensitivity (S) is defined as the rate of

change of the modal effective index (ne) with respect to the change of the

cover index [27,28],1.e. § = on, :

on

4
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Applying this to the characteristic equation given by Eq. (3-20) and

after some arrangements, the sensitivity can be expressed as:

g \/Zdlﬂ-xf (Hm+tanh(C))
- 2
X \Ja, +mx; (1+mzxc2 tanh® (C ))[Te+ (1+XS) +Ge] (3-22)

m x, (1+m2x3)

Where;

m—a,
H, =k e, rx? (1-tanh’C) (3-23)
T, =k,pt =tan”'(mx )+tan”' (mx_ tanhC )+ Nn (3-24)

G - H,  +tanhC (1+xf)
‘ _xc(1+m2xftanh2C) (3-25)

If the covering medium 1is linear, then tamh (C )equals 1 and

equation (3-22) will coincide with the published results given in literature
[17].
3.2.3 The condition of maximum sensitivity

In designing sensors, we seek to bring the sensor to its maximum
sensitivity provided a certain configuration. That is at a given configuration

of constant ¢ ,e,and g , the condition for maximum sensitivity is

achieved when the derivative of S with respect to the guiding layer

thickness ¢ vanishes [17,27]. Differentiating Eq. (3-22) with respect to x,

6S oS ox,
o ox, ot

N

and using the identity =0 to obtain the condition of

maximum sensing sensitivity. For the sake of simplicity we define :

X, XX
P=kyx,p {w = —ﬁ} (3-26)
c =1—tanh’C (3-27)
6, =0 [1-2C tanhC | (3-28)
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m +meGB +m tanhC (ox, /x)

= 3-29
g 1+m’x] 1+m’xtanh’C (3-29)
H,  +tanhC (1+xf) H,  +tanhC (1+xf)
G, = T A= (3-30)
()cC +m“x ] tanh C) X0
X, 0r —ryr
Y =% (3-31)
¢ =1+m’xtanh’C (3-32)
o="""% 333
"a (3-33)
r,=H, +tanhC (1+x) (3-34)
r,=c, +tanhC (2x o)+ (1+x)op (3-35)
=@ +2m> > tanhCop +3m’ tanh’ Cox x, (3-36)
xC
2x H1+m’x )= (1+x 2 )(1+3m°x ]

2
2 2.2
X (1+m xs)

The condition now can be written as:

\/Z a +mx’x ¢o, \/1+x3(51+06)+(1‘1m+tanhC)oaxs |
\/1+Xcz (3-38)

JaJ1+x2(H, +tanhC)[,/ac +mx’x 0B, +G3B3j| =0

Where ;

+G, (3-39)

B, =&+62 +y (3-40)
m

X dmwx
By =+a, +mx’r, p ZAMOY, (3-41)
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3.2.4 Power flow within the three layers

The energy flux of the guided-wave modes per unit length is given
by Eq. (1-58). Applying the power expression given by Eq. (1-58) to the
solutions of Helmholtz equation in the three layers given by Egs. (3-7) to
(3-9).

Carrying out this integration, one can finally have:

 =22P [ _tanhC] (3-42)
OO
Py =
2 in(2k ,pt 2 in(2k,pt
nk, ) B, t—sm( o) +Ce t+sm( o) + B.C. sin® (k,pt )
20mp, | 2 2k,p 2 2k,p k,p
(3-43)
nD’
P =T (3-44)
dopex  p
Where ;
B, = \Eq_c (3-45)
o coshC
m |2 ,
C, =——,|—q/ sechC tanhC (3-46)
p Va
D, =B, cos(kypt )—C, sin(k,pt ) (3-47)

The total power through the three-layer structure is given by:

ptotal =
2 2 2
Te |2y, ko JB. LG w. + B G2 pry b+ e (3-48)
o, | o 2m | 2 2 k,p 4x p
where ;
y,=1—tanhC (3-49)
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_ sin (2k ,pt )

X_=t———F—= 3-50
o (3-50)
in( 2k pt

x+:t+m (3-51)
2kop

For sensing applications, the most important parameter is the fraction
of total power flowing in the cladding which is given by :

X
prl
— 08

Poa | x.p k, | B} C’? BC, ., D} (3-52)
Vit Tex +—x, +—<sin’ (kopt ) p +
o 2m | 2 2 k,p 4x . p

C

3.3 Results and Discussion

The mathematical argument above constructs a complete set of
equations capable of determining all of the parameters needed for the
sensor to exhibit its maximum sensing sensitivity. Given the asymmetry
parameters a.and a, and substituting for x, from Eq. (3.21), then Eq. (3-38)
turns to be a function of x. only and is easily solved. Substituting these
values in the characteristic equation Eq. (3-20), we can compute the
waveguide widths ensuring maximum sensitivity. The values of these
maxima are calculated through substituting the last values in the expression
of the above sensitivity Eq. (3-22). Plotting these results against a.and a; a
designer ends with a 3D chart from which all parameters required for
maximization of such sensors may be derived [17,27,28].

Although expressions above are valid for any order of TE modes, the
discussion to follow is restricted only to the fundamental mode (N =0)
which has the highest sensitivity[10].

A typical way to proceed is as follows:
The cover material is chosen according to the proposed usage of the

sensor thus giving the refractive index n. The choice of substrate
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(consequently #y) is controlled by cost requirements, mechanical stability
and temperature. As for the guiding material, chemical and optical
stabilities are considered. Thus the optogeometrical parameters a, and a.
are determined. The designer will look at the chart representing x; as a
function of a, and a. to find the value of x, which provides the highest
sensitivity. Introducing the solution found for x, into Egs. (3-21) to find
the optimum normalized parameter x. and effective index (7,).The optimum
guiding layer thickness is obtained by substituting these values into the
dispersion relation given by Eq. (3-20). Substituting these values into Eq.
(3- 22), the maximum sensitivity achievable is calculated.

A computer program was generated using maple 9 to solve the
characteristic equation for the effective refractive index and to calculate the
sensitivity. This enables us to plot the results and to study the variation of
the sensitivity with the different parameters of the structure.

In Figs. 3.2 and 3.3 the sensitivity of the proposed sensor was plotted
versus the asymmetry parameter a.. It is clear that the sensitivity increases
with increasing a.. This is a normal behavior since the sensing operation is
performed by the evanescent optical field extending from the thin guiding
film into the nonlinear covering medium. To obtain high sensitivity, it is
essential to get as much of the optical power as possible to propagate in the
nonlinear cladding medium. In this sense, increasing a. will enhance the
power fraction flowing in the cladding. The optimum geometry is expected
to be obtained by the so called reverse symmetry waveguides [9,15]. In
principle, this configuration allows most of the optical power to present in
the covering medium which is contrary to the conventional waveguide
geometry, where typically less than 10% of the total power is present in the
cladding medium [44]. Despite this fact, we will keep assuming that our

system has the normal symmetry because it is the case of most practical
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cases and our interest here is dedicated to the effect of nonlinearity on the
sensitivity. A comparison between the proposed sensor and the three-layer
linear sensors is shown in Fig. 3.3. As can be seen the proposed

sensor 1s recommended for large values of a..
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Figure 3.2. Sensitivity versus the absolute value of the asymmetry parameter a. for the

proposed optical waveguide sensor.
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The behavior of the sensitivity with the absolute value of the
asymmetry parameter a, is opposed to that with a.. Fig. 3.4 shows that the
sensitivity of the proposed waveguide configuration decreases with
increasing a,. As a, increases the evanescent field in the substrate is
enhanced thus the part of field in the cladding is reduced. As a result, the

sensitivity of the optical sensor decreases.

=
w

[e=]
na
S Y ) I

0.25

0.18

Sensitivity (8)

=)
%

0.05

111

[=]
1

TTTTTTTTTITTTITT T T I T T TTIT I TTTITTTITTITTTT
045 05 0565 06 085 07 075

Abslute value of asymmetry parameter

a

s

Figure 3.4. Sensitivity versus the absolute value of the asymmetry parameter a, for the

proposed optical waveguide sensor.

Figure 3.5 shows the 3D representation of the condition of maximum
sensitivity given by Eq. (3-38) from which the designer can extract the
information required to build the optimum structure of the proposed

waveguide structure as illustrated at the beginning of this section.
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Normalized effective refractive index (x;)

Figure 3.5. Normalized effective refractive index x; versus a, and a. ensuring maximum

sensitivity for homogeneous sensing.

In Fig. 3.6 the sensitivity of the proposed sensor is shown as a
function of the absolute value of m where u,, = mu,. As can be seen, for

small values of |m| the sensitivity approaches zero due to the high

confinement of the guided mode in the guiding layer. In the other limit, all
the power of the mode propagates in the substrate. Consequently, the
sensor probes the substrate side only and the sensitivity of the effective
refractive index to variations in the index tends to zero. Betw een these two
limits, there is a maximum in the sensitivity curves representing an
optimum where a relatively large part of the total mode power propagates

in the cladding.
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Figure 3.6. Sensitivity of the proposed sensor versus the absolute value of m where w,, =

mu, for different values of a. and a; =-0.67.

The variation of the sensitivity with the term tanh C which arises
from the nonlinearity of the cladding is plotted in Fig. 3.7. As the term
tanhC goes to unity in Eq. (3-20), we obtain the well known characteristic
equations for linear waveguides [16]. Fig. 3.7 shows the sensitivity to have
its minimum value as tanhC goes to one, the linear cladding. Thus we
conclude an optical sensor with nonlinear cladding can enhance the

sensitivity of conventional linear sensors.

-4 -



Sensitivity (S)

TTTTTTTTTITTITTIT I T TITTITTITTITTITTITTITTITT T
0.2 03 04 0.5 06 07 0.8 0.9

The non linearity term (tanhC)

Figure 3.7. Sensitivity of the proposed optical waveguide sensor versus tanhC.

Fig. 3.8 verifies the close connection between the fraction of total
power propagating in the cover medium (P./P,,;) and the sensitivity of the
sensor. In most cases, they may be regarded as nearly identical to the
theoretical consideration thus the enhancement of the fraction of power

flowing in the clad is essential for sensing applications.
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The fraction of total power flowing in the cladding. (P./Pyy.1)

Figure 3.8. Sensitivity of the proposed optical waveguide sensor versus the fraction of

total power flowing in the cladding.
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Fig. 3.9 shows the sensitivity of the proposed sensor as a function of
clad-film interface nonlinearity for a. = -0.65,a; = -0.75.. The sensitivity
increases with increasing the clad-film interface nonlinearity. This behavior
is attributed to the following considerations: as the nonlinear coefficient o
increases for self-focused nonlinearity case the permittivity of the cladding
increases hence the fraction of total power flowing in the cladding is
enhanced. Moreover as the squared field magnitude at the clad-film
interface (it represents the intensity at the clad-film interface) increases the
evanescent tail in the cladding increases and the sensitivity of the sensor

also increases.
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Figure 3.9 Sensitivity versus the clad-film interface nonlinearity for a. = -0.65,
as =-0.75.

Finally the resulting sensitivity curve as a function of the permittivity
of the LHM as a guiding layer is shown in Fig. 3.10. There is an optimum
value of ¢ at which the fraction of total power flowing in the nonlinear

cladding is maximum and the sensitivity of the optical waveguide sensor is

also maximum.
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CHAPTER FOUR
HOMOGENEOUS TM NONLINEAR WAVEGUIDE
SENSORS USING LEFT - HANDED MATERIALS

This chapter is devoted to nonlinear p-polarized waves propagating
in a waveguide structure as an optical sensor. Here we consider the
structure discussed in chapter three with a different light polarization.
Sensitivity of this configuration is discussed and the condition required to
maximize the sensing sensitivity is determined. The fraction of total power

flowing in the covering medium is shown to be related to sensitivity.

4.1 Dispersion equations

To deduce the dispersion equation, we must first solve Helmholtz equation
and determine the form of the fields in each layer of the proposed sensor.
The sensor under consideration is a thin metamaterial film sandwiched
between a linear substrate and a nonlinear cover with an intensity
dependent refractive index. The guiding film fills the region — <x <0and
the two dielectrics substrate and cladding fill the regions x<-t and x>0
respectively. Waves propagate along the z-axis and the guiding surfaces are
fabricated parallel to the yz-plane. A schematic diagram of this sensor is

shown in figure 4.1.
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Nonlinear dielectric cladding

2
e, =¢,+a' ‘Hy (x> 0)
x =0
Guiding layer metamaterial
Film (-t <x <0)
e, ,H, both negative
X =— >,

linear dielectric substrate
(x < —t)

Fig.4.1 :The waveguide structure under consideration

The magnetic and electric fields of TM waves propagating in the z-

direction are expressed as:

E =(E,,0,E, )e’ ) (4-1)
H :(O,Hy ,O)ej(m"ﬁz) (4-2)
where 3 =k n,

For the case under consideration Eq. (1-47) can be written as :

O°H , s
6x2y +(p80) -B )Hy:O (4-3)
We have confined our attention to p-polarized waves propagating in

a thin film that exhibits no nonlinearity. The covering medium has an
2

intensity-dependent dielectric constant ¢, of Kerr-typee =g, +OL‘E

where a is the nonlinear constant and ¢, is the linear part of the permittivity.
To solve the nonlinear wave equation for the nonzero magnetic field

component /,, one can write ¢,; as [45,46] :
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€

J=etal|H, \2 (4-4)

Where a'=al/g.c 2802, where ¢ 1s the speed of light in vacuum,
g, 18 free space permittivity.

Equation (4-3) in the three layers takes the form :

0’H
- F—kg(nl-nl)H, +a/kiH) =0.(x ~0) (cladding)  (4-5)
X

O°H,
8x22 +ko(mn} —nl)H, =0, (= <x <0)  (film) (4-6)
2
. 2 —kl(n] —nf)Hy3 =0, (x <-t) (substrate) (4-7)
X

We recall the parameters ¢., g,, and p given by:

_ [ 2 _ [ 2 [ 2
q. =N, —n. .4, =0, —ng ,p= mnf —-n,

Exact solutions of Egs. (4-5) to (4-7) are given by:

2 q .
H, = [|— ‘ 0) (cladd -
1 NS cosh[koqC (x +x0)}’ (x - 0) (cladding) (4-8)

H, =B, cos(k,px )+C, sin(k,px), (=t <x <0) (film) (4-9)

Hy3 = Dmekoqs (xr+t) , (x <—t) (substrate) (4-10)

The nonzero components of the electric field can be obtained using

Egs. (1-52), (1-53). They are given by:
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k.n 2 q.
E = 0""e \/: c _
" gg0Val cosh| kg, (x +x,)] (¢-1D)
kon,
E, = [B cos(k,px )+C sm(kopx)] (4-12)
€€, ®
Ex3 kn, ko p o kogs (x+) (4-13)
€,€,0
kg 2
E, =—— qcsech[koq x +x, ]tanh[koq X +X )] (4-14)
g joNa
E, =———— kop ——|[-B,, sin(k,px ) +C,, cos(k,px )] (4-15)
? €€ J®
E.. _ k. es ) (4-16)

€,8,JO
Matching the tangential components of Eand H At x =0, andx = -7,
we get:

\/ch sechC =B, (4-17)
o

B, cos(k,pt)—-C, sin(k,pt)=D, (4-18)
ko \F < ¢.sechC tanhC _k—pcm (4-19)
€€ J® VO €o€,JO
p s

g_[ »sin(k pt)+C, cos(k,pt)]=-—=D,, (4-20)
i €5

With some mathematical treatment of these relations, the following

dispersion relation is obtained as :

k,pt =tan™ [x—sj +tan™' [x_c tanhC j +Nm (4-21)
a, a

c

Where N is the number of modes.
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4.2 Evaluation of the sensitivity
Differentiating the dispersion relation given by Eq. (4-21) with
respect to n, to obtain an expression for the sensitivity of the sensor. As a

result we get:

\/7\/1+x {aH +a, tanhC + 2x tanhC[T acﬂ

g . (4-22)
x_ \a, +mx’ (af+x tanh C)( +T, +Tcm)
Where:
H, =k p(1-tanh’C) (4-23)
af x S x
T, =tan [ . j+ tan [—CtanhC ] +Nrn (4-24)
a, a,
) (1 +x; )
T, =—F7—3 (4-25)

2 2
xs(as +xs)

. _ach+actanhC(1+xf) 426
o xc(ac,2+xcztanhzc) 0

4.3 The condition of maximum sensitivity

Given a configuration of constant ¢ ,e,and ¢ , the condition of

maximum sensitivity means what is the optimum thickness of the guiding
layer at which the sensitivity of the proposed optical waveguide sensor has
the highest value. This condition is achieved when the derivative of S with

respect to ¢ (the film width) vanishes [17,27,28] or as = a5 ox, =0

ot ox, ot
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Applying this methodology to Eq. (4-22) we get :

\/me/ac +mx39d][ 1+x2j,+ jllmivz]_
+X,

\/Z 1+xfj1[\/ac +mxx Oy, +dld2} =0

where

ptnafots- 2

x, l+x]

c

c =1-tanh’C, 6 =da’+x’tanh’C

a, [XCGB +tanhC 2% )

X

C

V= a’ +x’tanh’C

ax, (asz +xf)(2xs)—as (1+x52)(asz +3xf)
Y, = xz(a2+x2)2
Vs = xceilzg;gzgS

c

g,=a.0, +2a, tanhC (ox, )+a, (1 +xf)6[3
g,=aH, +a tanhC (1+x62)

xS

g, =a’o=+2x tanhC (cB )+3tanh’C (wx x )

X

c

2
Jji=aH, +a, tanhC +2(m —ac)tanhCE1 a 2}
+x;
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(4-28)

(4-29)

(4-30)

(4-31)

(4-32)

(4-33)

(4-34)

(4-35)

(4-36)



j2:

_ 2
ac,+acf +4(m —ac)tanhC ( (stz)z _{2(m acz)xc :|GB (4-37)
1+x;

dl :Tm +T¥m +Tcm (4-38)

Y, =y, +y, +y, (4'39)

x Omox
d,=\a, +mx g, +F——= (4-40)
\a, +mx;

4.4 Power flow within the layers for TM modes
For TM-waves, the energy flux per unit length is given by Eq. (1-59).
Using Egs. (4-8) to (4-10), the power flow through each layer can be

obtained as follows :

P =P [ _tanhC] (4-41)
OE €0
2 2
Ptk JBuy  Cuy  BaCu o (ko) (4-42)
2wee, | 2 2 k,p
2
p——lLu (4-43)
4(’0808sxsp
Where :
2
B, = \/:’qc sechC (4-44)
a
—x’p |2
C, =——,/—sechC tanhC (4-45)
a Vo
and
D, = % [B,, sin(k,pt)+C,, cos(k,pt)] (4-46)

X

N

-52.-



The total power in the whole structure is given by:

Ptotal =

2 2 2 4-47
% x"p,y1+ ko ) B, x7+C’”x++B’”C’” sin® (k,pt) +—D’" ( )
g, | €0 2e, | 2 2 k,p 4e x . p

The fraction of the total power flowing in the cladding is given by:

X
Cp,)’1
e €.a
Boa | x,p k, |B? C: B,C, ., D (4-48)
Y+ X_ 4+, +—m=msin® (kopt ) p+—2—
.0 2g, | 2 2 k,p 4e x p

4.5 Clad-Film interface nonlinearity

2
o

In chapter three, was defined as the clad-film

interfacenonlinearity. In a similar manner we can define for TM modes

o'H?

2

magnetic field at the clad-film interface (x = 0). In homogeneous

“as clad-film interface nonlinearity, where H, represents the

sensing procedure, the material to be detected is uniformly distributed
in the covering medium. As a result we will be concerned with clad-
film interface nonlinearity. The magnetic field H, is obtained by

substituting x = 0 in Eq. (4-8), we get:

H, 4-49
\/7 coshC ( )

Equation (4-49) can be written as:

vHOZ 5
> =g2(1-tanh’C) (4-50)
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One can substitute for tanh C from Eq. (4-50) into Eq. (4-22) to
obtain an expression for the sensitivity of the proposed sensor as a

function of the clad-film interface nonlinearity.

4.6 Results

The argument above offers a set of equations sufficient for
determining all the parameters needed to design the sensor and bring it to
its maximum sensing sensitivity. This can be achieved as follows:
given the asymmetry parameters a. and as one can substitute for x. from Eq.
(3-21) into the condition of maximum sensitivity given by Eq. (4-27) to end
with a function of x, only thus having the optimum value of x;.

Substituting these values in the characteristic equation, we can
compute the waveguide widths ensuring maximum sensitivity. The values
of these maxima are calculated through substituting the last values in the

expression of sensitivity. The surface x; (a,,a.) is shown in Fig. 4.2.
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Figure 4.2. Normalized effective refractive index x; versus a, and a. ensuring maximum

sensitivity for homogeneous sensing.
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Fig. 4.3 and Fig. 4.4 show the variation of the sensitivity of the
proposed waveguide sensor with the asymmetry parameter a. and with the
asymmetry parameter a, respectively. The sensitivity increases with
increasing a. and decreases with increasing a,. This behavior is attributed to
the power considerations. Increasing a. and decreasing a; enhance the
power fraction flowing in the cladding medium which Ileads to

enhancement of the optical sensitivity of the sensor.
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Figure 4.3. Sensitivity versus the absolute value of the asymmetry parameter a. for the

case of TM waves, for different values of a, ( -0.6, -0.75).
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Figure 4.4. Sensitivity versus the absolute value of the asymmetry parameter a, for the

case of TM waves, for different values of a. (-0.55, -0.7).

The variation of the sensitivity of the proposed sensor with ‘m‘ is
shown in Fig. 4.5. As can be seen, for small values of ‘m‘ the sensitivity

approaches zero due to the high confinement of the guided mode in the
guiding layer. In the other limit, all the power of the mode propagates in
the substrate. Consequently, the sensor probes the substrate side only and
the sensitivity of the effective refractive index to variations in the index
tends to zero. Between these two limits, there is a maximum in the
sensitivity curves representing an optimum where a relatively large part of

the total mode power propagates in the cladding.
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Figure 4.5. Sensitivity of the proposed sensor versus the absolute value of m where w,, =

md,.

In Fig. 4.6 and Fig. 4.7 we study the variation of S with the nonlinear
term arising from the nonlinearity of the cladding (tanhC) and with the
fraction of power flowing in the cladding respectively.

As tanhC approaches one, the linear cladding case, the sensitivity
goes to its minimum values. The relation between S and P./P,. 1s a
straight line emphasizing the fact that the high degree of confinement in the

guiding layer in the case of sensing applications is not recommended.
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Figure 4.6. Sensitivity of the proposed optical waveguide sensor versus tanhC.
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The sensitivity of the proposed nonlinear sensor versus the clad-film

' 2
interface nonlinearity ¢ f” is shown in Fig. 4.8. The sensitivity increases

with increasing the clad-film interface nonlinearity. As mentioned in
chapter 3, as the clad-film interface nonlinearity increases the evanescent

tail in the cladding increases and the sensitivity of the sensor is enhanced.
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Figure 4.8 Sensitivity versus the clad-film interface nonlinearity
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CHAPTER FIVE
CONCLUSION

The main purpose of this thesis was to propose new structures of
optical waveguide sensors. We have presented comprehensive analytical
studies on nonlinear optical waveguide sensors when the guiding layer is
made of a Left-Handed material. A nonlinear cladding and a linear
substrate were considered. Moreover, we investigated s-polarized waves
(TE) and p-polarized waves (TM).

With respect to planar optical waveguide sensors, the main remarks

gained from our investigations can be summarized as follows:

e There is a close connection between the fraction of total power
propagating in the covering medium and the sensitivity of the sensor.
In most cases, they may be regarded as nearly identical thus the
enhancement of the fraction of total power flowing in the cladding is

essential for sensing applications.

e As the nonlinearity of the cladding increases, the wave crest is
displaced towards the cladding and as a result the sensitivity of the

optical waveguide sensor is enhanced.

e The sensitivity increases with increasing the clad-film interface
nonlinearity since increasing the nonlinear coefficient a will enhance
the permittivity of the cladding. Hence the fraction of total power
flowing in the cladding is enhanced. Moreover as the squared field
magnitude at the clad-film interface increases the evanescent tail in

the cladding increases and the sensitivity of the sensor also increases.
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e (ladding to film permittivity ratio should be as high as possible but
substrate to film permittivity ratio should be as low as possible to
increase the evanescent field tail in the cladding and to reduce it as
possible in the substrate. The inversion of the conventional
waveguide symmetry is strongly recommended if possible. In some

cases it is not possible especially when the analyte is air

e For small values of |m the sensitivity approaches zero due to the

high confinement of the guided mode in the guiding layer. For high
values all the power of the mode propagates in the substrate.
Consequently, the sensor probes the substrate side only and the
sensitivity of the effective refractive index to variations in the index
tends to zero. Between these two limits, there 1s a maximum in the
sensitivity curves representing an optimum where a relatively large
part of the total mode power propagates in the cladding. The
optimum value of p for the Left-Handed Material is found to be near

the free space permeability.
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FUTURE WORK

The following thoughts are assumed to be put to research in the
future:

o The study of nonlinear reverse asymmetry for it is reported that this
configuration has promising properties. A sensor with a. higher than a;
will be considered and the analysis carried out in this thesis will be
shifted to this configuration.

e Analytical study of (all nonlinear) sensing pads, i.e. sensors with all
layers being nonlinear special interest will be paid to the case of
uniform field profile

e A more intensive point of view on the relation between power flowing
in the sensor layers and its response will be set to test.

e An approach to more realistic metallic waveguide sensors will be set to

research, a case when the current density J is considered.
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