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Abstract

An optical slab waveguide sensor is proposed. The structure of the
proposed sensor consists of three-layer dielectric slab waveguide with
conducting layers at the interfaces. The dispersion relation, sensitivity,
and power flow are derived for transverse electric (TE) and transverse
magnetic (TM) polarizations. Positive and negative surface conductivities
are considered at the substrate/film and film/cladding interfaces. The
enhancement of the sensing sensitivity of the effective refractive index to
any variation in the index of an analyte is shown for a wide range of the
surface conductivity. A sensitivity improvement of more than 150% is
found compared to the conventional slab waveguide sensor.

Compared to other waveguide sensors, the proposed sensor differs in that
the sensitivity can be controlled or adjusted without changing the
waveguide structure. It is resembles using the focusing in the microscope
to get clearer image of the specimen using the coarse and fine focus
adjustment. Adjusting the sensor's sensitivity can be done by changing

the surface conductivity using a transverse voltage.
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Chapter one

Review of Electromagnetic and Waveguide Theories

Introduction

The study of slab waveguide sensors requires a good understanding of
electromagnetic field theory and basics of slab waveguides. This chapter
consists of two parts, part I gives a review of electromagnetism and part 11
discusses the waveguide theory.

In part I Maxwell's equations and the constitutive relationships are presented.
The wave equation is then derived and the boundary conditions for the fields
at an interface between two media are studied.

In part II the solution of the wave equation derived in part I is used, along with
the boundary conditions, to derive the dispersion relations for both transverse

electric (TE) and transverse magnetic (TM) modes.

Part1
1.1 Electromagnetic Theory

The propagation of electromagnetic waves is fully described by Maxwell's
equations (ME's) and the constitutive relations sometimes called material
equations [1]. ME's describe the relation between the electric and magnetic
fields constituting the electromagnetic waves, while the constitutive equations

describe the interaction between those fields and media.
1.1.1 Maxwell's Equations

It was thought that electricity and magnetism were two separate forces. Until
the Scottish physicist and mathematician James Clerk Maxwell published a
four-part paper, "On Physical Lines of Force" between 1861 and 1862. In his

paper, he formulated a set of equations that connected previously unrelated



observations, experiments, and equations of electricity, magnetism,
and optics into a consistent theory. Maxwell's equations are four equations that
gather the work of Gauss, Faraday and Ampere in one theory, the theory of
classical electromagnetism, after correcting Ampere's law by adding the
displacement current.

Maxwell's equations can be written in many forms. There are the microscopic
and macroscopic forms. There are also the differential and integral forms. The

differential form of Maxwell's equations is given by

wE;%, (1.1)

vxi=P, 7. (12)
ot

v.D=p, (1.3)

VB=0, (1.4)

where Eand H are the electric and magnetic fields, respectively, Dand B are

the electric and magnetic flux densities, respectively, and p and J are the

electric charge and the current densities, respectively.

1.1.2 Constitutive Relations

The fields and flux densities in Egs. (1.1)-(1.4) are related to each other by the

constitutive relations.

For a linear, isotropic, homogeneous medium

D=¢F,

(1.5)


http://en.wikipedia.org/wiki/Electricity
http://en.wikipedia.org/wiki/Magnetism
http://en.wikipedia.org/wiki/Optics

B =i, (1.6)

J =oE, (1.7)

where ¢ and u are the electric permittivity and the magnetic permeability of

the medium , respectively, and o is the surface conductivity.

The permittivity and permeability of a medium can be written as

E=E,)E,, (1.8)

M= M, (1.9)

where ¢, is the permittivity of vacuum and equals 8.854x10™?F/m and ¢, is
the relative permittivity of the medium. g, is the permeability of vacuum and

equals to 47 x107" H/m and u, is the relative permeability of the medium.

For anisotropic material the permittivity and permeability take the forms of a

second rank tensor.

gxx gxy gxz ﬂxx ﬂxy ILIXZ
e=\¢, ¢, ¢,.| and L=, W, .| (1.10)
gZX gZy gZZ ﬂZX lley ﬂZZ

This is the most general form of both the permittivity and permeability of an
anisotropic material. This means that the x, y and z-components of the electric
flux and magnetic flux densities, Dand B respectively, depend on the x, y and

z-components of the electric and magnetic fields, Eand H, respectively.



1.1.3 Wave Equation

Taking the curl of Eq. (1.1) to derive the wave equation
_ 0 _
VXVXE=—;15(V><H). (1.11)

Substituting Eq. (1.2) into (1.11), taking into account non-conducting media

ie. J=0,

VxVxE:-yaazfz—yg%;E. (1.12)
Using the vector identity

VxVxE=V(V.E)-V’E. (1.13)
Substituting Eq.(1.13) into (1.12)

V2E - ue ‘Zf =v(V.E). (1.14)

For a source free isotropic medium V.E =0 from Eq. (1.3), so that Eq. (1.14)

becomes

0*FE

o -V (1.15)

V’E — e

Similarly, starting with Eq. (1.2) and following the above procedure we get

2=

ot*

V’H — e =0. (1.16)




Equations (1.15) and (1.16) are three dimensional equations where the

laplacian operator V? is given in rectangular coordinates b
p p g g M

o> o° o’
+ + .
ox® oy o0z’

V2= (1.17)

Equations (1.15) and (1.16) are called Helmholtz equations which have a
sinusoidal solution if the coefficient of the second term is positive and an
exponentially increasing or decreasing solution if it is negative.

The ideal notation for the electromagnetic wave which represents the solution

of the wave equation, is the phasor notation, i.e.

7 (7o) = ge e, (1.18)

where 7 is either £ or H, y, is the amplitude of the wave, k is the wave

vector and w is the angular frequency.

Applying the phasor notation to Maxwell's equations, we get

VxE =iouf (1.19)

VxH =—iwsE . (1.20)

Helmholtz equation for either £ or H becomes

2
(4

v%p—yga)zzpzvzw—v—zwzo, (1.21)

where v is the speed of light in the medium.



1.1.4 Boundary Conditions

During the propagation of electromagnetic wave from one medium to another,
it obeys some conditions at the interface between the two media. These are the
boundary conditions [1] which can be summarized as

1- The normal component of the magnetic flux is continuous across the

surface of discontinuity, i.e.
i, B, - B,)=0, (1.22)

where 7,, is a unit vector normal to the interface.
2- In the presence of a surface charge of density p, the normal component of

the electric displacement is discontinuous by p, i.e.
i, (D, -D,)=p. (1.23)

From the above equation it is clear that in the absence of the surface charge
the electric displacement is continuous.
3- The tangential component of the electric field is continuous across the

surface, i.e.
iy, % (E, —E,)=0. (1.24)

4- In the presence of a surface current of density J, the tangential component

of the magnetic field is discontinuous across the surface by J, i.e.

iy, (A, —H,)=T. (1.25)



The importance of the boundary conditions gets clear when dealing with

electromagnetic waves striking an interface between two different media.

1.1.5 Medium and Wave Parameters

All media are characterized by some parameters which give them their
physical properties. In the electromagnetic theory, the most important
parameters are the permittivity and permeability. In optics, media are basically
characterized by the refractive index, which is defined as the ratio of the speed

of light in vacuum to its speed in the medium.

n="<. (1.26)
v
Since ¢ = \/1_ and from Egs. (1.8), (1.9) and (1.21), the speed of light in
ol

any medium is given by v= . One may conclude that the refractive

C
VE M,

index is given by

n=&HU, . (1.27)

When light propagates through a medium and being absorbed, the medium is
said to be lossy. There is another parameter that should mentioned when
dealing with lossy materials. This parameter is the extinction coefficient
which 1s denoted by x [2]. The intensity of the wave will decrease
exponentially when propagating in such media. In this case the complex

refractive index (7) is introduced which is given by

W= ntik, (1.28)



where n is given by Egs. (1.26) and (1.27), while x is the extinction
coefficient.

As a result, both the permittivity and permeability are also complex, and
givenby € =¢, +ig,and = pu, +iy,.

It is worth to mention that the refractive index » and the extinction coefficient
x are not independent parameters, they are connected to each other by

Kramers-Kronig relations [2] which are given by

n(@) = 1+1PT%Q', (1.29)
T w —a
k(w) = —lPTMda)’ . (1.30)
T ‘o-ow

The P indicates that the integral is taken over the principal part.

It is clear that the parameters of a medium are closely related to the wave
parameters. The main wave parameters are the frequency v and wavelength 4,
from which we can get the angular frequency @ and the wave number £,

where @ =27zv and k =27/1.

The wave number in free space is given by

i (1.31)

where the ( denotes the parameter in free space. Consequently, we can get the
wave parameters in a medium if the wave free space parameters and its

refractive index are known

A= and k= nk, . (1.32)
n



As a result if the medium has a complex refractive index the wave vector will

also be complex.
1.1.6 Reflection and Refraction

In homogeneous and isotropic media electromagnetic waves propagate in
straight lines. But during its propagations in a medium, if the wave impinges
an interface with another medium, it might be completely reflected back in the
same medium, completely transmitted into the second medium or partially
reflected and partially transmitted. The situation depends on the parameters of
both media, specifically the refractive indices, and the angle of incidence, i.e.
the angle which the ray makes with the normal to the interface.

The first case is discussed in the next section while the second case is
discussed at the end of this section. The last case can be explained as follows.
Consider two adjacent dielectric media with the interface separating them in
the x-y plane. An electromagnetic wave with the electric field perpendicular to
the plane of incidence, TE polarized wave, is incident from medium I with

refractive index n, to medium II with refractive index », as shown in Fig. 1.1.

E, ® E

region (II)

Fig. 1.1 An electromagnetic wave incident at a plane interface.



In this case part of the wave is reflected back in the first medium and the other

part is transmitted into the second medium. Reflection obeys the following

laws:

1. The incident ray, the reflected ray and the normal to the

reflection surface at the point of incidence lie in the same plane.

2. The angle of reflection (6.) equals the angle of incidence.
3. The reflected and incident rays are on the opposite sides of the
normal.

While the refraction laws are:

1. The incident ray, the refracted ray and the normal to the

reflection surface at the point of incidence lie in the same plane.

2. The angle of the refracted ray (6,) is governed by Snell's law,
n,sin@, =n,sind, . (1.33)

The refraction occurs because the phase velocity of the wave changes, which
causes the change in direction. As a result, the wavelength is altered while the
frequency remains constant.

The reflection (r) and transmission (t) coefficients are given by Fresnel

equations
n; cos@, —n, cosd
_ 0 i L 1.34
"1 n; cos@, +n, coso, ( )
;o 2n; cos 0, (135)

TE — H
n,cos@. +n, coso,

n, cosd. —n, cos &
Foy = , (1.36)
n;cosd, +n, cosd,



2n, cos O,
toy = : ’ , 1.37
™ n. cos@ +n,cosb. (1.37)

where TE and TM denote transverse electric and transverse magnetic
polarizations respectively.

There is a special angle of incidence at which the wave is totally transmitted
1.e. there's no reflection. This angle is called Brewster's angle. For an interface
between two right-handed materials of positive refractive indices, Brewster
angle only exists for TM polarized waves. While if one of the media is a left-
handed material with negative index of refraction zero reflection can be found

for both polarizations [3]. Generally, Brewster angle is given by

cos’ 0, = Sl G I (1.38)
o i = 1 1,

cos’ 0, :M (1.39)
" gz/gi_gi/gz

1.1.7 Total Internal Reflection (TIR) and Evanescent Fields

Under certain conditions a wave striking an interface between two different
media is being totally reflected back into the first medium and 6, becomes
90, i.e. there is no transmission. This phenomenon is called total internal

reflection, and it takes place when the second medium is less denser than the

first medium, i.e. n >n,, and the angle of incidence is greater than a
particular angle called the critical angle (6. ), as shown in Fig.1.2. The critical

angle is given by

@:gm{ﬁj. (1.40)

AR



cladding n,

core n ‘
4 <0 =4 6, >0,

cladding n,

Fig. 1.2. Refraction of light at different angles including TIR.

TIR is a very important phenomena as it is the basic principle for operation of

waveguides of all kinds.

An important result of TIR 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 below

For 6, > 6., from Snell's law it can be shown that

2
cosd, =i | sin’ 6, —1. (1.41)

n;
The transmitted electric field is given by:
E, = E,, exp(—ik,(zcos, — ysin#,). (1.42)

So that,

2
E =E, exp(ikzyﬂsin Gi]exp(— k,z /n—lzsin2 6, —IJ. (1.43)
n, n,

'Y


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

As seen from Fig.1.3. and Eq. (1.43), the refracted wave propagates only

parallel to the surface and is attenuated exponentially in the second medium.

reflected beam

total internal
reflection

incident beam

Fig. 1.3. Evanescent wave in medium 2 after TIR.

Another aspect of TIR, is that the evanescent wave appears to travel along the
boundary between the two materials, leading to the Goos-Hénchen shift. The
wave makes a lateral shift along the interface and does not reflect back at the
same point it strikes the interface as shown in Fig. 1.4. The magnitude of the

shift depends on the polarization.

X A
n, > n,
77N n,
>
Z
n
Xs !

Fig. 1.4 Goos-Hénchen shift effect.

'Y



The explanation of this shift is that the incident light first penetrates the low-
index medium as an evanescent wave before being totally reflected back into

the high-index medium [4].

Part 11
1.2 Waveguide Theory

In this part, principles developed in part I are used to discuss the theory of
waveguides. In particular, the planar dielectric step index waveguide will be

studied. Dispersion relations will be derived for both TE and TM modes.

1.2.1 Introduction

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.

The first waveguide was proposed by J.J. Thomson in 1893, and was
experimentally verified by O.J. Lodge in 1894.

Optical waveguides utilize the TIR phenomena to confine and convey light.
There are many aspects to classify optical waveguides, they can be classified

according to:

1- Geometrical shape: planar, strip or fiber waveguides.

2- Mode structure: single-mode or multimode.

3- Refractive index distribution: step-index or graded-index.
4- Material: glass, polymer or semiconductor.

Light was first guided by Daniel Colladon, a 38-year-old professor at the
University of Geneva in 1841 [5,6]. He illuminated a barrel full of water from
one side, with holes in the other side of the barrel. Light was confined in the

water flowing from the holes instead of propagating in straight lines.
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1.2.2 Waveguide Structure

Fig.1.5. shows the structure of the basic dielectric step index waveguide,
which consists of three adjacent plane layers: a core (film), cladding (cover)
and substrate. The film is sandwiched between the cover and substrate and it

has the highest refractive index n,. The film thickness is thin and comparable
to the operating wavelength. While the substrate and cover are relatively thick
and have refractive indices n; and n_ respectively such that n,> n> n. . The

thickness of both cover and substrate is much larger than the wavelength so
that they are considered as semi-infinite media.

The change in the refractive index of the three layers is sharp.

X
cover/cladding
nC
V4
im k)
ny
p
n, substrate y

Fig. 1.5. Basic structure of the dielectric planar waveguide.

As mentioned above, light is confined in the core of a planar waveguide by
TIR at both film/cover and film/substrate interfaces as shown in Fig. 1.6. 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.
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Fig. 1.6. Light confinement in a planar waveguide by TIR.
1.2.3 Formulation of Waveguide Equations

The analysis of planar waveguide requires solving Helmholtz equation in the
three layers and applying the boundary conditions at each interface.

Consider again the waveguide shown in Fig. 1.5. The wave is supposed to
propagate in the z-direction. The waveguide is assumed to be infinitely

extended in the y-direction, so that there's symmetry in the field distribution in

this direction and imposes that % =0.

Expanding Eq. (1.1) in three dimensions using the phasor notation for the

harmonic waves, we get

~ A ~

i Jj k
o/ox 0oy 0/oz| = ~iuw(H i+H j+HK). (1.44)
E, E, E,

Let B be the longitudinal propagation constant, so ai =—if3, and using the
z

fact o 0 we get
oy

BE, =—ouH_, (1.45)

X

Y1



igE, + % ioun (1.46)
Ox
OE
— =—iouH_. (1.47)
ox
In a similar manner, expanding Eq.(1.2) gives
i ik
olox 8jdy 0)oz|=iea(Ei+E, J+E.K). (1.48)
H,  H, H,
We get
BH, =wcE,, (1.49)
iﬂHx+aHz =—iwcE , (1.50)
ox
oH
L =jwcE. . (1.51)
ox

1.2.3.1 Transverse Electric (TE) Modes

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 we have non-zero x and z-components

of the magnetic field. In other words, £, =E. =H, =0.

From Egs. (1.45), (1.47) and (1.50) we get

0’E
ox?

~+ky(n* =N*)E, =0, (1.52)
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where N =-= is the effective refractive index of the waveguide, and %, is the
0

wave number in vacuum. The solutions of Eq. (1.52) in the three layers is

given by

Ae "D x>d
E (x) =18, cos(a, x)+ B, sin(a ,x),0<x<d, (1.53)
Ce™",x<0

where A, B;, B, and C are constants to be determined, d 1s the film thickness

and
a, =k N> —n’, (1.54)
a, =k01/n; -N*, (1.55)
and

a, =k N> —n’ . (1.56)

Applying the boundary conditions for source free media we get the transverse
resonance condition, also called the dispersion relation, for the allowed modes

for TE polarization
a,d=tan”" y_+tan” y +mz, (1.57)

where m=0, 1, 2,... is the mode order and

V.= % and v, = % (1.58)
a, a,
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As can be seen from Eq. (1.57) there are discrete values of the longitudinal

wave vector S that satisfy the transverse resonance condition. These allowed

solutions are called modes.

1.2.3.2 Transverse Magnetic ( TM) Modes

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 we have non-zero x and z-components of the

electric field. In other words, H, =H_  =E, =0.

From Egs. (1.46), (1.49) and (1.51) we get

0’H

2
X

L k2 (n® =N*)H, =0. (1.59)

Solving the above equation in the three layers and applying the boundary

conditions we get the transverse resonance condition for TM polarization as

follows:
a,d=tan”' 6, +tan” 5, +mr, (1.60)
where,
a.g, aE,
o, = and S, = (1.61)
ae, a, €,

1.2.4 Power Considerations
Electromagnetic waves carry energy. At any point in space, the flow of energy

can be described by a power density vector P, which specifies both the power
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density and the direction of flow. The vector P is called Poynting vector and
is given by

P=ExH. (1.62)

Since P represents a physical quantity it should be real, so only real parts of
the three vectors in Eq. (1.62) should be considered. Moreover, it is more
convenient to deal with the average of the Poynting vector for time harmonic

fields as in Eq. (1.18).
_ 1% _ _
B, :?Idt[ReExReH]. (1.63)
0
Using phasor notation and Maxwell's equations, Eq. (1.63) yields [3]

B, =~ Re[*|E}1= - Re[* |H[]. (1.64)
20 T u 2w £

Eq. (1.64) is valid in a homogeneous medium. For an inhomogeneous medium
such as a waveguide as in Fig. 1.5. the power is distributed in the three layers.

The average Poynting vector is given by

B
4 (x)

P =i TRe[ [, ()| Mx, (1.65)

For TE polarization.

Consequently the power confined in the three layers is given by [7]

2
P, {%jj , (1.66)
ou )2,



2ai+al
Pf = ﬂ A_ S/ 5 ¢ d+ zas 5
o 2ou ) 2 a; a; +a;

p [P A a;+a]
=\ 20u ) 2a | o) +al )’

where
A2 — ])total
2 2 ?
a,+a
P L ld+ Y
20 2a; a, a,
Ptotal - R’TE + P/ﬂ‘ + RTE ?

and a,,a, and «, are given by Egs. (1.54-1.56).

(1.67)

(1.68)

(1.69)

(1.70)

Similar expressions can be obtained for TM polarization using the relation

1 7 2
jRe[%‘Hy (x)‘ Jdx.

—00

])tutal = 2a)

Y)Y

(1.71)



Chapter Two
Optical Waveguide Sensors

2.1 Introduction

The need for minute instruments (biosensors) to detect or predict diseases or
harmful substances has become a must. Intensive research has been conducted
on developing biosensors in the past few decades and have resulted great
improvements. Optoelectonics played an essential part in these improvements.
Especially optical techniques have proven interesting features for biosensing

due to the possibility of rapid, direct (unlabeled) detection [8].
2.2 Slab Waveguide Optical Sensors

Optical waveguides were primarily developed for telecommunication
purposes. 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. They were studying a waveguide with grating coupler and
discovered changes in coupling angles due to variations of humidity. Since
then waveguide sensor systems have been the subject to a large number of
investigations which led to an enormous advance in the field and many
techniques have been developed. In this dissertation, evanescent field sensing

will be studied.
2.2.1 Definition and Principle of Work

An optical biosensor is simply a device that forces light to interact with the
measurand (specimen) and then converts the light signal affected/perturbed by
the measurand into a readable electric signal, which carries the necessary

information about the measurand or the process under investigation.
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As mentioned before the guided wave inside the core is associated with an
evanescent field in the surrounding layers. This decaying field penetrates and
interacts with the cladding as shown in Fig. 2.1. Changing the refractive index
of the cladding will change the effective index of the guide. As a result the
coupled mode will be changed and can be realized by a change in intensity,

phase, polarization, frequency, emission or reflection [9].

“evanescent field
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Fig. 2.1. Schematic illustrating of an evanescent field penetrating the cover

and substrate layers.

Evanescent field sensing can be applied to several different transduction
approaches including evanescent fluorescence detection, monitoring of

refractive index changes or detecting spectroscopic shifts [8].

2.2.2 Advantages of Optical Sensors:
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Slab waveguide sensors have a wide range of applications, some of them can
be summarized as follows:

I- Detecting the existence and/or concentrations of dangerous gases and
liquids.

2- Sensing bacteria and viruses.

3- Monitoring biochemical reactions.

4- Sensing Explosives.

5- Monitoring humitdity.

6- Estimating blood glucose levels.

7- Industrial applications.

Optical slab waveguide sensors have very important characteristics which
make them more competitive than other sensing techniques [10-13]:
[ ] Rapid response.
Direct (unlabelled) detection.

u Immunity to electromagnetic interference.
| Small size/weight.
u Resistance to chemically aggressive and ionizing environments.

Easy to interface with optical data communication systems and
secure data transmission.
| High sensitivity.

[ ] Low cost.

2.2.3 Classification

Optical sensors can be classified from different aspects. For example they can
be classified according to the role of the waveguide into extrinsic or intrinsic
sensors [9]. In extrinsic sensors the waveguide is used to transport light to and
from the sensing region, i.e. sensing is done outside the waveguide. While in
intrinsic sensors, both transportation of light and sensing is done inside the

waveguide. Figure 2.2 shows the configuration of both types.
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A) Intrinsic Sensor

Measurand
Incoming light Outcoming light
Sensing area
B) Extrinsic Sensor
Incoming light Outcoming light
Measurand

Fig. 2.2. Illustration of the difference between intrinsic and extrinsic sensors.

Another way to classify optical sensors is the number of coupled modes used
in the sensing process into single mode and multimode sensors. The
waveguide in single mode sensors is very thin film with thickness comparable
to the operating wavelength. While in multimode sensors, the waveguide
thickness is much greater than the operating wavelength. H. Mukundan et. al.

[8], made a comprehensive review on both types.

Labeled or unlabeled sensing is another important aspect to classify sensors. It
is also called homogeneous or surface(inhomogeneous) sensing. Label free
sensors have the structure shown in Fig. 2.1., where the measurand is

homogeneously distributed on the sensor surface. While in surface sensors an
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additional thin layer is added above the core. It usually an affinity layer that
binds the measurnad to the sensor surface forming what's called an adlayer.
This layer is usually a fluorescent, enzymes, radioactive or other type of

materials. Fig. 2.3. shows a schematic for a surface sensor.
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Fig. 2.3. Schematic representation of a surface sensor.

Label free sensing enable numerous experiments and biochemical
investigations such as protein/protein or protein/small molecule binding [14].
It is essential in this case not to use a label since it may affect the interaction.
Label free sensing is related to the sample concentration or surface density,
instead of total sample mass. As a result, the detection signal does not scale
down with the sample volume [15]. Label free sensing saves resources and
time since it does not need further treatment.

The advantage of surface sensing is that it gives specificity and more
flexibility to the investigation of biochemical molecules resulting in an almost
limitless domain for the discovery and understanding of biochemical

interactions [16].
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Label-free detection removes experimental uncertainty induced by the effect
of the label on molecular conformation, blocking of active binding epitopes,
steric hindrance, inaccessibility of the labeling site, or the inability to find an
appropriate label that functions equivalently for all molecules in an
experiment. Label-free detection methods greatly simplify the time and effort
required for assay development while removing experimental artifacts from

quenching, shelf life, and background fluorescence[17].

2.2.4. Sensor Sensitivity

The effective index of the guided mode depends on the structure parameters,
1.e. the refractive indices of the three layers and the thickness of the guiding
layer. The evanescent field of the guided mode penetrates both the substrate
and cover layers. Any change in the cover index will change the effective
index of the guided mode, this is the sensing criteria. Mathematically the

sensitivity S of a homogeneous sensor is given by

N

n. .
on,

S 2.1)

For surface sensors the sensitivity is defined as the change of the effective

index due to the change in the adlayer's thickness 4, or refractive index n, as

[18],

N ors =N 2.2)
vy o,

Increasing the interaction of the evanescent field with the cover increases the
sensitivity. In other words, maximizing the field strength at the film/cover
interface and the penetration depth is the key to maximize the sensitivity [8].

For a specific detection or measurement using a slab waveguide sensor, the

sensitivity can be maximized by
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1- Proper choice of the film and substrate layers.

2- Proper choice of the coupled mode.

3- Proper adlayer might be added.

4- Adding extra layers.

5- Changing the magnetic or electric characteristics of the

waveguide, as will be seen in this thesis.

2.3 Previous Work

Evanescent field sensing has captured great attention due to its advantages.
Since the discovery of Teifenthelar and Lukosz, hundreds of researches on the
subject and many structures and techniques were introduced. It is now well
established and sensor systems have been developed and demonstrated by
numerous investigators. Studies on slab waveguide sensors have concentrated
on enhancing the resolution, miniaturizing the whole system, lowering the
cost, and mainly maximizing the sensor sensitivity.

H. Mukundan et al. [8] 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.

Two types of operation for metal-clad waveguides have been analyzed: peak-
type and dip-type operation were presented in details in Ref. [10]. The newly
discovered peak-type operation was obtained by use of thin claddings (a 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.
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An overview about a wide range of sensor transducers was presented in Ref.
[14]. The working principles and the peculiarities of each technology, e.g.,
concerning the set-up, sensitivity, sensor size or required sample volume are
discussed.

The recent progress in optical biosensors that use the label-free detection
protocol, in which biomolecules are unlabeled, was reviewed in Ref. [15]. 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.

Parruiaux et al. [19] derived analytically the conditions for maximum
sensitivity for both transverse electric (TE) and transverse magnetic (TM)
evanescent-wave step-index waveguide sensors. The analysis covered both
cases where the measurand is homogeneously distributed in the semi-infinite
waveguide cover, and where it is an ultrathin film at the waveguide-cover
interface. El-Agez et al. [20] have investigated the variation of the sensitivity
of optical slab waveguide sensors with the wavelength of the guided wave.
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. Taya et al. [21] proposed two pioneer sensors based on Fabry-
Perot resonator and fringes of equal thickness structure. Different from the
conventional slab waveguide sensors in which the sample interacts with the
evanescent field in the cladding layer, the proposed sensors in Ref 21 contain
the sample in the core layer. The first proposed sensor comprises a
piezoelectric material as a substrate with the driving potential difference as the
sensing probe for refractive index changes of the sample. The second sensor
comprises fringes of equal thickness structure with the number of fringes per
unit length is the probe for changes in the index of the sample. Skivesen et al
[22], analyzed metal-clad waveguides for sensor applications to achieve high

sensitivity for adlayer and refractive index measurements. Their optimization
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showed that it is possible for metal-clad waveguides to achieve a sensitivity
improvement up to 6 times compared to surface-plasmon-resonance sensors.
Taya et al. [23-26] proposed optical waveguide sensors in which one or both
of the surrounding media have an intensity dependent refractive index. In
these articles, an extensive theoretical analysis of slab waveguide sensors
comprising self-focusing and self-defocusing nonlinear media was presented.
The sensitivity was derived when the effective index is greater and smaller
than the refractive index of the guiding layer. The behavior of the sensitivity
with different parameters of the structure was presented. Closed form
analytical expressions and normalized charts were given to provide the
conditions for the maximum sensitivity of nonlinear sensors when the
measurand is homogeneously distributed in the

semi-infinite waveguide cover. 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.
Another class of optical waveguide sensors has been proposed with the so-
called reverse symmetry design [27-29]. In these structures the substrate has a
refractive index being less than that of the cladding medium. This design
offers deeply penetrating evanescent optical fields into the analyzed cover
sample. Therefore, the sensitivity has shown an improvement in the reverse
symmetry configuration. In Ref. 29, an extensive theoretical treatment of an
optical waveguide sensor consisting of thin dielectric film surrounded by an
aqueous cladding and an ideal nonabsorbing plasma substrate was presented.
The authors considered the case when the frequency of the guided light is
greater than the plasma frequency so that the refractive index of the substrate
1s less than unity. This structure provides a reverse symmetry configuration in
which the refractive index of the substrate is less than that of the cladding. The
sensitivity of the effective index of the proposed structure to changes in the
refractive index of the aqueous cladding was studied with different parameters
of the structure. The results showed considerable enhancement of the

sensitivity compared to the conventional optical waveguide structure with



normal symmetry using a glass substrate. The effect of the plasma substrate on
the Goos-Hanchen shift, on the effective index of structure, and on the power
flow in the waveguide structure was investigated.

Left-handed materials (LHMs) of simultaneously negative dielectric
permittivity € and magnetic permeability p have been studies in the field of
optical waveguide sensors [30-35]. 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 [30]. Planar
three-layer waveguide consisting of thin left handed material core layer was
investigated for sensing applications [32]. The sensitivity of the proposed
sensor to the changes in the refractive index of the cladding and the power
confinement factor in each layer were presented. It was found that the
sensitivity of the proposed structure is negative and critically dependent on the
frequency dependent € and p of the left handed material core layer. A four-
layer waveguide structure comprising a dielectric substrate, a metal layer, a
left-handed material (LHM) as a guiding layer, and a cladding was
investigated as a metal-clad waveguide sensor [34]. Fresnel reflection
coefficients were used to study the resonance dips at which the reflectance
minimizes. The simulation showed that the proposed structure has a
preference over the surface plasmon resonance structure since it gives much
sharper reflectance dip and can achieve considerable sensitivity improvement.
A symmetric three-layer slab waveguide with a left handed material as a
guiding layer was examined analytically for cover refractive index detection
[35]. The TM mode dispersion relation and the sensitivity of the proposed
waveguide were investigated. The sensitivity improvement compared with the
conventional three-layer waveguide sensor was approximately a factor of 6.
Previous researchers studied different structures of waveguide sensors, they
changed the properties of the layers (for example LHM or nonlinear material)

constituting the waveguide or added new layers (thin metal or LHM layers)
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and studied the effect on the sensitivity. In this thesis, another approach is
discussed. Changing the electrical characteristics of the waveguide and its
effect on the modal field is studied. This is done by adding a surface
conductivity at the interfaces of a dielectric waveguide i.e. the film/cover and
film/substrate interfaces, solving ME's for the new structure, and deriving the
dispersion relation and the sensitivity to variations of the cover's refractive

index.
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Chapter Three
Three-layer Slab Waveguide Optical Sensor with

Conductive Interfaces: TE case

In this chapter, three-layer slab waveguide structure is considered for sensing
applications. Surface charge is assumed at the substrate/film and film/cover
interfaces. The dispersion relation, sensitivity, power flow relations are
derived, plotted and analyzed.

3.1 Introduction

Khorasani et al. [36] presented a dielectric slab waveguide with conducting
interfaces. They studied the waveguide analytically for TE and TM modes.
They concluded that such a waveguide may be used as a modulator or a switch
by controlling a transverse voltage. They suggested that such a structure has
potential applications in the technology of integrated optical computing.

In this thesis another application is studied. A theoretical study of a similar
waveguide as an optical sensor is conducted. This chapter is dedicated to the
study of TE modes in such waveguide sensor. The dispersion relation,

sensitivity and the time-average power flowing in the three layers are derived.

3.2 Dispersion Relation
Fig. 3.1. shows a schematic diagram of the slab waveguide structure under
consideration. It consists of a thin film of high refractive index having

parameters (¢,, u,) and thickness d, deposited on a less denser substrate
with parameters (&,, u,), and a cladding at the top of the sensor with

parameters (¢,, w, ) which represents the sample to be tested.

Yy



Cover ELH,
(o2

R e A A a8

Film Eps My 1 d
—~ »
B Ny Ny Ay A ANy ANy AS Ny Ay A 7
(o2
Substrate Egs

Fig. 3.1. A schematic of three-layer slab waveguide with conducting

interfaces.

As mentioned in chapter 1, the only nonzero components of TE mode are

E,,H,  and H_. Rewriting Maxwell's equations in three dimensions, taking

into account the conductivity o on the two interfaces,

A~ A ~

i 7k
o/ox 8jdy 0)0z|=—iuaw(H i+ H, j+HFE), (3.1)
0 E 0
and
i ]k
o/ox 8jdy 0/oz|=iea(Ei+E,j+Ek)+o(Ei+E,j+Ek). (3.2)
H 0 H,

Eq. (3.1) gives
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o --LE . (3.3)

X a)ﬂ y
oo L% (3.4)
: iou Ox

whereas Eq. (3.2) gives

) OH_  OH,
(za)8+0')Ey: o (3.5)

Substituting Egs. (3.3) and (3.4) into Eq. (3.5) yields,

O°E 2
(iwe +0)E, =- ! =~ — ﬂ .- (3.6)
T iou Ox iou
From which the TE wave equation can be written as
azE)/ 2 2 .
P +(@ eu—p” —iouc)E, =0. (3.7)

The above equation is Helmholtz equation for TE polarized light in a slab
waveguide with conducting interfaces. It is clear that Eq. (3.7) reduces to Eq.

(1.52) when o =0. The solution of Eq. (3.7) in the three layers is given by

Ae "D x>d
E (x)=1B, cos(a,x)+ B, sin(a,x),0<x<d, (3.9)
Ce™",x<0

where A, B, B, and C are coefficients representing the wave amplitudes in the

three layers and the parameters «,, a, and «, have different forms from

those given be Egs. (1.54)-(1.56). They now have the forms
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a, = (f* —kn? +iop.o)"?, (3.9)

a, :(k(fn;—ﬂz—ia),ufa)l/z, (3.10)

and

a, = (B’ —kénf +ia),uS0')”2. (3.11)

Consequently, the nonzero magnetic field components can be written as

ief"‘(“d) x>d
M.
H (x)= _B L(Bl cos(a ,x)+ B, sin(a ,x)): 0<x <d, (3.12)
|l ' '
Ee“ “ix<0
My
"% gt x5 g
H.
1 |, .
H_(x) =——1——(=B;sin(a,x) + B, cos(a,x)): 0 < x <d . (3.13)
io|u,
% Ce 1 x <0
H

Applying the boundary conditions at x = 0 and x = d, the dispersion relation

can be derived as

a,d=tan”" y . +tan” y . +mz, (3.14)

where
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K oa,
Ve =—(F=—iwo), (3.15)
af /’lc
and
Hyoa,
Y sTE :_f(__la)o-)- (3-16)
af /Us

Again, y., and y . reduce to their values given by Eq. (1.58) when ¢ =0.

3.3 Sensitivity of the structure
For homogeneous sensing, the sensitivity of the effective refractive index to

the variation of the cover's index 1is given by Eq. (2.1), namely,

_oN

_%-

S (3.17)

To find a mathematical expression for §, the dispersion relation given by Eq.

(3.14) is differentiated with respect to N. We get,

-1
g = Hyn, d+ /uf2 1 L e L 12 Hy 4 Vere , (3.18)
IucacN 1+ 75TE aslus lufaf 1+ 7CTE ac‘luc af

where y_,, and y . are given by Egs. (3.15) and (3.16).

3.4 Power Flow

The time-average power flowing in the three layers of the waveguide is given

by Eq. (1.65). Making use of the three equations giving £ in the three layers

( Eq. (3.8)), we get
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0
P _iHCe“zdx: ¢, (3.19)
Za)ﬂ? —00 4a)ﬂﬁ‘a3‘
B =L fleeofar-—Lp, (3.20)
20)#(‘ d 4wﬂcac
and
d
P = P ,”Bl cosa x + B, sin afx‘zdx,

- 2ou,

0

P, = 4a’if d(Bl2 +B; )+aifcos(afd)sin(adeBf —B§)+ Bcfz sin(afd) (3.21)

The coefficients A, B;, B, and C are connected to each other through the

boundary conditions. It is found that

B =C, (3.22)
B, = ﬁ[“f _ ia)a]C, (3.23)
af ﬂs
and
A= {cos(afd)Jr ﬂ(as - ia)aj sin(afd)}c. (3.24)
« a, \ u «

The total power flowing in the proposed waveguide structure can be obtained

by summing the power in all layers

P

total

=P, +P +P,. (3.25)

The sensitivity of slab waveguides to any change in the index of the cover

layer is critically dependent on the fraction of total power flowing in the cover.
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3.5 Results and Discussion
In the following analysis the following parameters are used, He-Ne laser beam

of Ay = 632.8 nm is assumed to be guided in one of two types of films: the

first is an Si0,-TiO, film (WGI) with parameters & = 3.0625 and x,=1 (ny=
1.75) and the second is an Si3Ny film (WG2) of parameters ¢, = 4.0401 and

u,=1 (n,=2.01), the measurand is assumed to be water of parameters & =
1.77 and w,=1 (n. = 1.33) or air of parameters ¢, = 1 and g, =1 (n.= 1), and

pyrex glass substrate with 77s = 1.47 and p#=1 (& = 2.1609) for both

waveguides.
The dispersion relation given by Eq. (3.14) is solved numerically using a

MAPLE 9 code for the propagation constant #. When £ is obtained for a

waveguide configuration, the sensitivity of the effective refractive index to
any variation in the cover refractive index is calculated. Following the above
procedure Figs. 3.2-3.9 were plotted using four different values of o [36].

Fig. 3.2 shows the sensitivity of the proposed sensor for SiO,-TiO, guiding
film and water cladding. The solid line shows the behavior of the sensitivity
with the guiding layer thickness for the conventional three-layer slab
waveguide sensor with no conducting interfaces. There exists an optimum
value of the film thickness at which the sensitivity is maximum. This thickness
is slightly above the cutoff thickness at which the effective index is equal to
that of the substrate layer and the sensitivity is zero, because all the wave
propagates in the substrate and no evanescent field is present in the cladding.
Therefore, the wave does not feel any changes in the cladding index. For
thicknesses larger than the optimum thickness, the sensitivity decays due to
the high confinement of the wave in the relatively thick guiding layer and the

reduction in the evanescent tail.
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When conductivity is introduced at the substrate/film and film/cladding
interfaces, the sensitivity curve versus the film thickness has the same shape as
that of non conductive interfaces with a clear enhancement in the sensitivity,
specially at the optimum thickness. Moreover, as the conductivity o
increases, the maximum sensitivity increases and the curve peak gets sharper.
For o = 0, the maximum sensitivity is found to be about 23% whereas for

o =i50x10"/n, the maximum sensitivity becomes about 37%, which can be

considered a considerable enhancement. Another feature that can be observed
from Fig. 3.2 is the shift of the optimum thickness towards higher values as o

increases.
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Fig. 3.2 Sensitivity of the proposed waveguide structure versus film thickness
for the fundamental mode TE, and different values of o for £=3.0625 (SiO,-
Ti10,), £=2.1609, 4,=632.8nm and water in the cladding layer (e.=1.77).

The sensitivity versus the film thickness of SiO,-TiO, film is shown in Fig.
3.3 for air cover layer. The behavior of the sensitivity is exactly similar to that
of the water analyte structure with smaller values in the case of air cover. The
maximum sensitivity when o = 0 is 11% and it becomes 17% when

o =i50x10"/7n,. The sensitivity in this case is lower than that in Fig. 3.2
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Fig. 3.3 Sensitivity of the proposed waveguide structure versus film thickness
for the fundamental mode TE, and different values of o for £=3.0625 (SiO,-
T10,), £=2.1609, 4,=632.8nm and air in the cladding layer (e.=1).

To study the effect of changing the refractive index of the guiding layer on the
sensitivity, Figs. 3.4 and 3.5 are plotted for a guiding film with larger
refractive index, an SizNy film (g = 4.0401). It is obvious that the sensitivity
increased for both water and air claddings. Using a conductivity of

o =i50x10""/7,, in the water cladding case, gives a sensitivity of more than
47% for WG2 (Fig. 3.4) compared to 37% for WGI (Fig. 3.2). While using
the same conductivity for air cladding gives a sensitivity of about 22% for
WG2 (Fig. 3.5) compared to 17% for WG1 (Fig. 3.3). This increase in the
sensitivity between the two structures is a result of the difference n, - n; and
agreement with the work of other

not because of ny itself. This result is in

researchers [37].
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Fig. 3.4 Sensitivity of the proposed waveguide structure versus film thickness
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The sensitivity of the first mode TE, is now investigated for both waveguides.
Figs. 3.6 - 3.9 are plotted for water and air claddings for both WG1 and WG2
waveguides. Figure 3.6 shows the sensitivity versus the guiding film thickness
for Si0,-TiO, film and water analyte in the cladding whereas Fig. 3.7 shows
the same film with air analyte. The sensitivities of the Si;N,4 guiding film are
shown in Fig. 3.8 for water in the cladding and Fig. 3.9 for air in the cladding.
As expected, the sensitivity has lower values than those of the fundamental
mode TE,. The explanation for that is the film thickness is larger for TE; than
that of TE, which means the wave is more confined and the evanescent field in
the cladding is smaller for TE,. Increasing the conductivity still enhances the
sensitivity. For example, assuming a conductivity of o =i50x10"/7, using
WGI1 with water analyte increases the sensitivity up to about 20% compared
with 13.7% for o = 0 as illustrated in Fig. 3.6 which means an enhancement
of more than 45%. The values of S are still smaller when using the same
structure with air cladding (Fig. 3.7).

When using Si3N, as a guiding layer and water as an analyte the peak reaches

0.26 when o =i50x10""/n, compared to 0.17 when o =0 as Fig. 3.8 reveals.

Comparing Figs 3.6 and 3.8, there is an improvement in the sensitivity of

about 30% for o =i50x107" /5, due to using SizNy film instead of SiO,-TiO,

film. In a similar manner, Fig. 3.9 shows a sensitivity enhancement of 33% for

o =i50x10"/n, when compared to Fig. 3.7. Moreover, Figs. 3.6-3.9 still

show the same property of shifting the optimum thickness to higher values as

the surface conductivity increases.
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Fig. 3.6 Sensitivity of the proposed waveguide structure versus film thickness
for the first mode TE, and different values of o for £=3.0625 (Si0,-Ti0,),
€=2.1609, 4,=632.8nm, and water in the cladding layer (.=1.77).
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Fig. 3.7 Sensitivity of the proposed waveguide structure versus film thickness
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Fig. 3.8 Sensitivity of the proposed waveguide structure versus film thickness
for the first mode TE; and different values of o for £=4.0401 (Si3N,),
€=2.1609, 4,=632.8nm and water in the cladding layer (¢.=1.77).
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The most important feature of the proposed sensor is the sensitivity
enhancement in the presence of the conducting interfaces. It is obvious from
Figs. 3.2-3.9 that increasing the conductivity enhances the sensitivity. In Figs.
3.2-3.9, the calculations were restricted to charge densities in the range o = 0

to o =i50x10"/n,. In Fig. 3.10, the sensitivity of SisN, waveguide film and

water cladding structure is plotted versus the guiding layer thickness for a
wider range of o values. All features that have been seen in previous figures
are still observed in Fig. 3.10. It is also clear from the figure that increasing S
with o is not and an endless process. There exists something like a "saturation
limit" after which increasing o will not give a noticeable increase in the

sensitivity.

It can be seen from Figs. 3.2-3.9 that increasing the conductivity at
substrate/film and film/cover interfaces increases the optimum thickness at
which the sensitivity peaks exist. This is clear from the shift of the sensitivity
curves to the right towards larger values of film thicknesses. This shift
increases as the conductivity increases. However, the above discussion
regarding the limit is also applicable here, i.e. there exists a saturation value

of o after which the curve shift is negligible.
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Fig. 3.10 Sensitivity of the proposed waveguide structure versus film thickness
for the first mode TE, and high values of o for £=4.0401 (Si3N,), &=2.1609,
A, =632.8nm and water in the cladding layer (e.=1.77).

Figs. 3.2-3.10 were plotted for the proposed sensor using positive
conductivity. To complete the picture, Figs. 3.11-3.18 are plotted for the
sensitivity versus film thickness using a negative conductivity for the above
waveguide configurations. Fig. 3.11 shows the sensitivity of SiO,-TiO, film
and water analyte for TE, mode for negative values of the conductivity density
whereas Fig. 3.12 shows the same for air analyte. The behavior of the
sensitivity with the guiding layer thickness for Si3;Ny film is illustrated in Fig.
3.13 for water and Fig. 3.14 for air for the negative values of o .

It is clear from Figs. 3.11-3.14 that the addition of negative conductivity to the
interfaces of the sensor also increases the sensitivity. On the other hand,
increasing the negative conductivity shifts the optimum thickness towards
lower values and hence decreases the cutoff thickness. This makes a limit for
the amount of the surface charge that can be added specially when utilizing the
fundamental mode. As a result it is not possible to use high surface

conductivity.
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It is worth to investigate the dependence of the sensitivity on negative charge
density for higher mode orders. Compared to the fundamental mode, the first
mode occurs at lager thicknesses of the guiding film. Therefore the curve shift
towards thinner film thicknesses will keep both the optimum and cutoff
thicknesses at practically accepted values. Moreover, it is possible to consider
high values of negative charge at the interfaces to obtain relatively
considerable sensitivity enhancement. The sensitivities of TE; mode for WG1
and WG2 and both water and air analytes are shown in Figs. 3.15-3.18.
Significant sensitivity improvement can be seen in these figures compared

with Figs. 3.11-3.14.

For example, the addition of a conductivity of o =-il5x107/7, to the first

waveguide with water cladding, gave a sensitivity of about 0.337 compared to
0.137 for the normal sensor o= 0 (Fig. 3.15) which gives a sensitivity
enhancement of about 150%. While adding the same conductivity to same
waveguide with air analyte gives a sensitivity of about 0.135 compared to
about 0.067 when o= 0 (Fig. 3.16). This means an enhancement of more than
100%.

Fig. 3.17 shows the sensitivity versus the film thickness using different
negative values of o at the interfaces of WG2 with water as a cladding for

TE,. Using o =-i20x107" /7, gives a sensitivity of about 0.395 compared to

0.17 for the conventional sensor (o = 0). Moreover, the same charge density
for air at the cover layer (Fig. 3.18) gives a sensitivity of 0.184 compared to
0.089 for o= 0 . Again the sensitivity improvement is more that 100% in both

Cascs.
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Strange peaks in the sensitivity curves were obtained when using higher
negative conductivity as shown in Fig. 3.19. Very high values of sensitivity at
the optimum thickness were obtained in the figure for extreme possible values
of negative conductivity. These peaks need to be studied or experimented
carefully. If confirmed, it would be a tremendous enhancement in the

sensitivity.
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Fig. 3.19 Sensitivity versus film thickness for the first mode TE, and large
negative values of o for WGI and WG2 for air and water in the cladding

layer.

As mentioned earlier, the principle of optical sensors is that the evanescent tail
interacts with the cover. The larger the tail is, the more interaction with the
cladding occurs as a result greater sensitivity is obtained. Larger evanescent
field means more power flowing in the cladding. It is constructive to study the
time-average power flowing in the cladding for our proposed sensor. Using
Eq. (3.20), Fig. 3.19 is plotted for the power flowing in the cladding. It shows

a comparison between the time-average power for the proposed sensor for four
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different values of conductivity. When using conductivity (o =i5x107"/7,) the
time-average power flowing in the cover is two times larger than that of the
traditional waveguide. While using (o =i50x10"/7,) increased the power
flowing in the cover about ten times larger. It is concluded that the

enhancement of the sensitivity obtained in all previous figures is obviously

attributed to the increase of the power flowing in the cladding.
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Fig. 3.20 Power flowing in the cover versus film thickness for the fundamental
mode TE, and positive values of o for WGI: parameters &~=3.0625,

€=2.1609 and 4,=632.8nm and water in the cladding layer.
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Chapter Four

Three-layer Slab Waveguide Optical Sensor with

Conducting Interfaces: TM case

In this chapter, TM polarized light is assumed to propagate in a slab
waveguide with conducting interfaces. The structure is treated as an optical
waveguide sensor for homogeneous sensing applications.

resonance condition for TM modes is derived. Moreover, the sensitivity of the

Transverse

effective index to any variation in the index of an analyte is presented.

4.1 Dispersion Relation

The same three-layer waveguide structure shown in Fig. 3.1 is still considered.

The guided waves are assumed to have p-polarization (TM). The nonzero

components in TM mode are H ,,E, and E.. From Eq. (3.2),

and

E 1 OH,
*iwe+o ox

The y-component of Eq. (3.1) is given by

OE, OF

0z  oOx

4

—iuwH | =

4.1)

(4.2)

(4.3)

Substituting for £ and E. from Egs. (4.1) and (4.2) into Eq. (4.3) yeilds

00



2
0°H,
Ox?

+(0’eu—f° —iouo)H, =0. (4.4)

The last equation is the wave equation for TM polarized light is a slab

waveguide with conducting interfaces. The solution of Eq. (4.4) for A in the

three layers of the waveguide structure is given by

ae " x>d
H ,(x)=1b, cos(a x)+b,sin(a,x),0<x<d, (4.5)
ce™ ,x<0

where a, by, b, and ¢ are constants giving the wave amplitudes in the three
layers. They can be determined from the boundary conditions. The parameters

a,, a, and a are still given by Egs. (3.9)-(3.11).

In p-polarization, the electric field has two nonzero components. They can be

determined using Eqgs. (4.1) and (4.2).

if qe %D

lwe, +0

E (x)= _L(b1 cos(a,x) + b, sin(ex,x)):0 < x < d (4.6)
10)8/- +0 ’

x>d

lwg, +0o

E.(x) = —L (b, sin(a,x)+b, cos(a,x)):0<x<d . (47)
la)gf +0 ’ ’

The continuity requirement at the interfaces gives the following dipersion

relation

=h



a,d=tan” y, +tan” y . +mz, (4.8)

where,
a, iwe, +0 oa, ~
Ve = (——1—)(1-- ), (4.9)
a, ivs, +o iwe, + 0
and
a, iwe, +0 oa, ~
Vi = (———)(1—- ). (4.10)
a, ivs, +0 iwe, +0

It should be noted that all above equations reduce to equations in subsection

(1.2.3.2), when 0 =0.
4.2 Sensitivity

We are interested in the sensitivity of the guided mode to any changes in the
refractive index of the analyte. The sensitivity is still given by the change in
the effective refractive index of the guided mode due to any change in the

analyte index as in the TE case. Eq. (4.8) is now differentiated with respect to

on,

N to get
& ON

-1
and then the sensitivity is calculated as [Z’;\‘[j .

After tedious mathematical manipulations, the following equation has been
obtained for the sensitivity of the proposed structure when TM waves are

considered,
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n

C

S=— 7 2{ L —
ks N+ y iy, )(anc) H.

d N (anc/aC +oa, + aCUc/af) . (a,U,+oa, +aU,/a,) B ’
Vaf (I+ 7cer )(anc)z (I+ 7s2TM )(ans )2

(4.11)
where

V=iwe, +0,

U,=iws, +0-o0a,,
and
U, =iwe, +0—-oc,.
4.3 Power Flow
The time-average power flowing in the waveguide structure is given by Eq.

(1.71). Substituting for H (x) from eq. (4.5) into Eq. (1.71) we get,

P=g P flee| av= L, (4.12)
20.a, ° 4oe.
])C = ﬂ J"ae—a((x—d)‘zdxz ﬂ az’ (413)
chac d 4a)gcac
and
_ B ] . >
P, = 206, !‘bl cosa  x +b,sin afx‘ dx
= 4605 - [bl2 (afd + cos afd sin afd) - 1922 (cos afd sin afd - afd) +bb, sin? afd]
r%r

(4.14)
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where the coefficients a,b,,b, and c are related to each other through the

relations
- (1_ _oa, jc, (4.15)
a, iwe, +0
b, :&(l'wgf. +O']C ’ (4.16)
o\ ivs +0o
and
o (i
. _f[M](bl sinat,d b, cosa ). @.17)
a \iws, +o ‘ ‘

4.4 Results and Discussion

The same guiding films used in chapter 3 are still considered here to study the
effect of conducting substrate/film and film/ cover interfaces on the sensitivity
of the sensor using TM polarized waves. Moreover, the discussion still
considers two types of claddings air and water.

MAPLE 9 code was used to solve eq. (4.8) numerically to calculate the
propagation constant £. Then the sensitivity was calculated from Eq. (4.11)
and plotted.

Fig. 4.1 shows the sensitivity curves for film thicknesses above the cutoff
thickness for the first waveguide (WGI1) with water analyte, using the
fundamental mode TM, and positive surface conductivity. It is clear from the
figure that introducing a positive surface conductivity at the interfaces reduces
the sensitivity, in contrary to the TE case. For a conventional waveguide
(0=0) with film thickness d=225nm the sensitivity is 8.5% and when

introducing an interface conductivity o =i0.1x107/7, it decreases to 7.4%
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and decreases again to 6% when increasing the conductivity up to
g g y up

o =i03x107"/n,.
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Fig. 4.1 Sensitivity of the proposed waveguide structure versus film thickness
for the fundamental mode TM, and different values of o for £=3.0625 (SiO,-
Ti0,), £=2.1609, 1,=632.8nm and water in the cladding layer (e.=1.77).

In Fig. 4.2. the same conductivity values are applied to the same waveguide
(WGT1) using air as a cover, the sensitivity also decreases as o increases with
even smaller values at the same film thickness (d=225nm), which is attributed

to the ratio 2= . When o =0 the sensitivity is 8.1%, it decreases to 7% when
n,
/

introducing a surface conductivity of ¢ =i0.1x10" /7, and decreases again to

5.7% when increasing the conductivity up to o =i0.3x107/7,.
g Yy 0
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Fig. 4.2 Sensitivity of the proposed waveguide structure versus film thickness
for the fundamental mode TM, and different values of o for £=3.0625 (SiO,-
Ti10,), £=2.1609, 4,=632.8nm and air in the cladding layer (e.=1).

Figs. 4.3 and 4.4 show the sensitivity versus film thickness for WG2 for water
and air analytes, respectively for TMy mode. Both figures confirm the results
obtained in Figs. 4.1 and 4.2. The sensitivity decreases as o increases. The

sensitivity decreases from 9% when o =0 to 6.7% for o =i0.3x107" /7, when

using water in the cover (Fig. 4.3). While it decreases from 7.8% for o =0 to

5.6% when o =i0.3x107" /5, is added at the interfaces in the air analyte case

(Fig. 4.4).
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Fig. 4.3 Sensitivity of the proposed waveguide structure versus film thickness
for the fundamental mode TM, and different values of o for £=4.0401

(S13Ny), £=2.1609, 4,=632.8nm and water in the cladding layer (e.=1.77).
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Fig. 4.4 Sensitivity of the proposed waveguide structure versus film thickness
for the fundamental mode TM, and different values of o for £=4.0401

(S13Ny), €=2.1609, 4,=632.8nm and air in the cladding layer (e.=1).
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It is worth studying the effect of negative surface conductivity the
performance of the proposed sensor. Figures 4.5-4.8 were plotted for both
waveguides, using water and air in the cover, to study the behavior of the
sensitivity when using negative surface conductivity at the interfaces. The
results are in agreement with those obtained in the previous chapter in the case
of negative surface conductivity. Increasing the surface conductivity enhances
the sensitivity.

Figures 4.5 and 4.6 show the behavior of the sensitivity of WG1 for different
negative values of o. At SiO,-TiO, film thickness 200 nm and water
cladding, the sensitivity increased from 9.9% for ¢ = 0 to 17% when
employing conducting interfaces of o =-i0.2x1077 /7, giving an enhancement
of about 80% in the sensitivity. At the same film thickness and air cladding,
the sensitivity enhancement is 85%, where it increased from 10% for o =0 to

18.5% for o =-i0.2x107" /7, .
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0.00-
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Fig. 4.5 Sensitivity of the proposed waveguide structure versus film thickness

for the fundamental mode TM,, and negative values of o for £=3.0625 (SiO,-

Ti10,), £=2.1609, 4,=632.8nm and water in the cladding layer (e.=1.77).
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Fig. 4.6 Sensitivity of the proposed waveguide structure versus film thickness
for the fundamental mode TM, and negative values of o for £=3.0625 (SiO,-

T10,), £=2.1609, 4,=632.8nm and air in the cladding layer (e.=1).

The same results of Figs. 4.5-4.6 are obtained in Figs. 4.7-4.8 when using
WG@G?2 for both claddings. The only difference is the values of the sensitivity
are higher in the case of WG2 compared to WG1 which is attributed to the
difference ns- ny which is larger in WG2.
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Fig. 4.7 Sensitivity of the proposed waveguide structure versus film thickness

for the fundamental mode TM, and negative values of o for &=4.0401

(S13Ny), £=2.1609, 4,=632.8nm and water in the cladding layer (e.=1.77).
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Fig. 4.8 Sensitivity of the proposed waveguide structure versus film thickness
for the fundamental mode TM, and negative values of o for &=4.0401

(Si3Ny), €5=2.1609, 4,=632.8nm and air in the cladding layer (e.=1).
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The first mode TM; was examined in WG1 and WG2 with water as an
analyte. Figures. 4.9-4.12 are plotted to study the behavior of the sensitivity
for the first mode for positive as well as negative surface conductivities.

Figs. 49 and 4.10 show the sensitivity versus film thickness for both
waveguides assuming positive o . The results agree with results obtained in
Figs. 4.1-4.4, for the fundamental mode. It can be concluded that positive
surface conductivity at the interfaces reduces the sensitivity of the proposed

sensor for TM-modes.
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Fig. 4.9 Sensitivity of the proposed waveguide structure versus film thickness

for the fundamental mode TM, and different values of o for £=3.0625 (SiO,-
Ti10,), £=2.1609, A,=632.8nm and water in the cladding layer (e.=1.77).
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Fig. 4.10 Sensitivity of the proposed waveguide structure versus film thickness
for the fundamental mode TM,; and different values of o for £=4.0401

(S13Ny), £=2.1609, 4,=632.8nm and water in the cladding layer (e.=1.77).

Finally, the behavior of the sensitivity of TM; mode is investigated for WG1
and WGQG2 in the presence of negative surface conductivity at the interfaces.
Figures 4.11 and 4.12 show an improvement of more than 100% when

o =-i0.2x10"7/n,compared to o =0.
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Fig. 4.11 Sensitivity of the proposed waveguide structure versus film thickness
for the fundamental mode TM, and negative values of o for £=3.0625 (SiO,-

T10,), £=2.1609, 4,=632.8nm and water in the cladding layer (e.=1.77).
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Fig. 4.12 Sensitivity of the proposed waveguide structure versus film thickness
for the fundamental mode TM; and negative values of o for &=4.0401

(S13Ny), £=2.1609, 4,=632.8nm and water in the cladding layer (e.=1.77).
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Chapter Five

Conclusions

In this thesis, new slab waveguide optical sensor has been proposed. It consists
of three dielectric layers with conducting substrate/film and film/cover
interfaces. The conducting interfaces can be obtained either by a transverse
voltage or by depositing very thin metallic layers between the dielectric layers,
of thickness much smaller than that of the wavelength of guided light [36].
The structure has been analyzed for both TE and TM polarized light. The
dispersion relations were derived for both polarizations. Expressions for the
sensitivity were derived and plotted to study the effect of the surface
conductivity on the performance of the sensor, specifically on the sensitivity.
Moreover, the effects of positive and negative conductivities were studied on
both fundamental and first TE and TM modes. The main results can be

summarized as follows:
a) For TE polarized wave

An important advantage of the proposed sensor is the sensitivity enhancement
using TE polarized light when utilizing both positive and negative surface
conductivities. It was found that adding surface conductivity at the interfaces
of a dielectric waveguide increases the sensitivity. It was also noticed that the
behavior of the sensitivity of the conducting interface sensor versus the
guiding film thickness is identical to that of the conventional waveguide
sensor. This was clear from the shape of the sensitivity curves with the guiding
film thickness. Using positive as well as negative surface conductivities
enhances the sensitivity and makes the sensitivity curve sharper. Another
important feature is the saturation level, i.e., for each configuration there exists
a certain conductivity value after which there will be no sensitivity

enhancement. This was shown for both TE, and TE; modes. The main

19



difference between using positive and negative surface conductivities is that
increasing o shifts the sensitivity curve to the right, i.e. to larger film
thicknesses, for positive ¢ while the shift in the case of negative ¢ towards
smaller film thicknesses. This can be explained as an increase or decrease in
the cut-off thickness when using positive and negative conductivities,
respectively. Moreover, another difference was noticed for TE,, increasing
gives better results when using negative conductivity than using positive
conductivity. Higher values of sensitivity were obtained when utilizing TE,
mode and negative conductivity than using positive conductivity and TE,.
Extremely high sensitivity was obtained at high values of negative
conductivity and TE; mode as shown in Fig. (3.19). If this is confirmed, it

would be a breakthrough in the field.

b) For TM polarized wave

The proposed structure was studied using TM polarized light. The obtained
results were opposite to those obtained for TE polarized light in the case of
positive surface conductivity. The sensitivity of the proposed sensor was less
than that of the conventional waveguide sensor and reduces when increasing
o. When negative surface conductivity was used, the results came contrary to
the positive surface conductivity and agree with the TE case. The sensitivity of
the proposed sensor is greater than the sensitivity of the conventional sensor

and it increases as surface conductivity increases.

Future Work

In the future, the following points can be investigated:
- Metal Clad Waveguide (MCWGQ) structure with conducting interfaces
as an optical sensor.
- Peak-type MCWG as well as dip-type MCWG can be studied.

- Multi-layer structure with conducting interfaces as an optical sensor.
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Slab waveguide structure as a surface sensor for adlayer detection.
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