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A BSTR A C T

Optical sensing devices based on the excitation of surface plasma waves 

have been of much interest in recent years. In this thesis, the application of a 

number of surface plasma wave coupler structures as sensors is studied. The 

most commonly investigated structure consists of a thin metal film deposited 

on the base of a glass prism, in which the surface plasma wave propagating 

on the metal outer interface is excited by coupling from the evanescent field 

of light waves propagating in the prism. The surface plasma wave, which is 

largly distributed in the outer cladding, is shown to be a sensitive probe of 

variations in the refractive index of the metal film outer cladding. It is an­

alytically shown that the sensing performance of the resulting device can be 

improved by introducing a dielectric buffer layer between the prism and the 

metal film. Comparison of the sensitivity of the buffered structure with that of 

a dielectric waveguide prism coupler, which has been suggested as an alterna­

tive, shows that the buffered surface plasma wave prism coupler is somewhat 

more sensitive.

The excitation of surface plasma waves by the guided mode of a dielectric 

waveguide in a directional coupler structure, and the application of the resulting 

device as a sensor are also studied. The coupling mechanism is analysed using 

the coupled mode theory. Coupling into surface plasma waves in a planar 

geometry has been experimentally investigated. Comparison with a similar 

structure introduced by Kreuwel etal reveals that the sensitivity of the structure 

examined in this thesis is comparable with that of the Kreuwel structure, while 

fabrication of the former is expected to be easier, possibly implying that it is a 

more attractive choice.
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• Finally surface plasma wave directional couplers of fibre geometry are con­

sidered. A potential fibre geometry comprises of a D-shaped fibre with the 

metal film deposited on the flat surface of the fibre. Analysis of this structure 

shows that the significant difference between the lateral dimensions of the fibre 

core and the metal film has the effect of significantly broadening the coupling, 

hence degrading the device sensitivity. Modifications to this geometry in order 

to overcome this difficulty are suggested. Attempts to experimentally observe 

the coupling in the D-fibre surface plasma wave coupler have, however, failed. 

A number of considerations which may have contributed to this are also ana­

lytically investigated. A coaxial fibre geometry is suggested as an alternative. 

Coupling between the guided mode of the dielectric rod and the surface plasma 

mode on the metallic tube in this structure is qualitatively shown to be rela­

tively weak. Possible modifications which may enhance the coupling strength 

are also suggested. An important drawback associated with the coaxial geom­

etry is, however, expected to be the small overall diameter of the structure, 

which limits its practicality.
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C H APTER 1

IN TRO DUC TIO N.

Medical diagnosis, industrial process control, environment monitoring are 

all examples of many areas in which there is a pronounced need for fast, sensi­

tive and cheap sensing devices. This is partly due to the fact that conventional 

laboratory analysis of the complicated chemical processes involved in some ap­

plications is generally time consuming, which not only puts strains on the cost 

effectiveness but also in some cases makes the information obtained useless.

Optical sensing devices, partly due to the advances in fibre optic technology, 

have attracted much interest in recent years. This has led to the development 

of numerous optical sensing devices, which are based on either new techniques 

or on the revival of some old ones.

Both optical and non-optical sensing techniques have been extensively re­

viewed by a number of researchers [Nylander 1985]. Fibre optic sensors, which 

may be considered to form an important category of optical sensors on their 

own, have also been thoroughly reviewed [Giallorenzi etal 1982]. In this chapter 

a brief outline of some of the major optical techniques is represented. The ob­

jective here is not to produce a complete literature survey but to establish the 

ideas which have led to the interest in the devices examined in the remainder 

of this thesis.
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1.1 .Optical sensors.

An optical sensing device can generally be defined as a device which trans­

duces changes in a physical or a chemical parameter into an optical signal. 

Optical sensing devices can be made sensitive to a certain parameter by incor­

porating a material into the device, the optical properties (refractive index or 

extinction coefficient) or the thickness of which are sensitive to the parameter 

of interest. Some of the advantages of optical sensing devices over non-optical 

devices reviewed in the literature [Nylander 1985] are listed below.

1 ) Optical sensors are free of electrical interference.

2) Wavelength multiplexing in optical sensors enables simultaneous detec­

tion of a number of parameters by assigning each wavelength to a specific mea­

surement.

3) Optical sensors can be used in environments in which electrical sensors 

may be dangerous, for example in presence of explosive gases.

4) Optical sensors can generally be used in direct contact with aqueous 

environments.

Optical sensing devices studied in this thesis are based on the excitation 

of surface plasma waves, which have attracted much interest in recent years. 

Excitation of surface plasma waves can be achieved by either light reflectance 

techniques or by coupling from the guided mode of a dielectric waveguide in a 

directional coupler structure. In the following, sensing devices based on these 

two techniques are briefly described.
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l . l . l .L ig h t  reflectance techniques.

In a variety of optical sensing techniques, provided appropriate arrange­

ments are made, variations in optical properties in the vicinity of a surface, 

referred to as the active surface, and hence the parameters influencing these 

properties can be directly monitored by measuring the resulting variations in 

the intensity of the light reflected from this surface (or from another surface 

placed in proximity to the active surface). Such techniques are categorized as 

light reflectance techniques. A number of sensing devices based on this tech­

nique are described below.

a)Brew ster angle reflectometer sensors.

Brewster angle reflectometer sensors make use of the fact that the intensity 

of a p-polarized light reflected from an interface shows a minimum at the Brew­

ster angle (fig .l.l.l). Application of such a device as, for example, a biosensor 

is based on the fact that appropriate choice of the interface enables coating of 

the surface by specific antibodies, the immobolization of which results in an 

increase in the intensity of the reflected light at Brewster angle. When this 

surface is brought in contact with a solution containing an appropriate type of 

antigen (corresponding to the precoated antibodies), the antigens bind to the 

antibodies, resulting in a further increase in the minimum reflected intensity 

[Lundstrom etal 1983, Wehlin etal 1984]. The final increase in the reflected 

intensity can therefore be a good measure of the antigen-antibody binding, in 

effect detecting presence of the antigens in the solution.
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antibody-
antigen

fig. 1.1.1.Brewster angle reflectometry :at Brewster angle
P-polarized light shows a minimum in the reflectance 
the depth of which is very sensitive to the buildup of 
molecules of interest on the surface.
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b)Surface plasma resonance sensors.

An attractive light reflectance sensing technique is based on the excitation 

of surface plasma waves. Surface plasma waves, first observed by Otto[l968] 

and extensively studied by a number of researchers, are a special type of surface 

electromagnetic wave which propagate on a metal-dielectric interface with their 

field peaking at the interface and exponentially decaying away from it. Surface 

plasma waves have a large fraction of their power in the vicinity of the metal 

surface and in the dielectric medium. This makes them very sensitive to changes 

in optical properties on the surface of the metal, and is the basis of many sensing 

applications of surface plasma waves.

Devices normally employed to excite surface plasma waves consist of either 

a thin metal film deposited on the base of a glass prism, referred to as the 

Kretschmann geometry [Kretschmann 1970] (fig.l.1 .2 (a)), or a thick metal film 

separated by a dielectric (air) gap from the prism, referred to as the Otto 

geometry [Otto 1968] (fig.l.l.2.(b)). In both of these geometries at angles of 

incidence larger than the critical angle the incident light is totally reflected 

from the base of the prism and is thus of a decaying (evanescent) nature inside 

the spacing region between the prism and the metal-dielectric interface. The 

surface plasma wave on the metal-dielectric interface can now be excited by 

coupling from the evanescent wave of the incident* light. Maximum transfer of 

power into the surface plasma wave, as will be explained in chapter2 , occurs at a 

certain angle of incidence, when the propagation velocity of the surface plasma 

wave is equal to that of the evanescent wave. The excitation of surface plasma 

waves, due to the absorption associated with the metal film, now appears as a 

reduction in intensity of the light reflected from the base of the prism, resulting 

in a resonance dip in the reflected light intensity versus the angle of incidence
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.(a).

high index 
glass prism

metal film

surface plasma wave(SPW) 
supporting interface

T—  SPW supporting 
interface

—  metallic 
region

fig. 1.1.2.SPW prism couplers: (a) the Kretachmann 
geometry , (b) the Otto geometry.
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(fig.1.1.2). Excitation of surface plasma waves in this manner is commonly 

referred to as Attenuated Total Reflection (ATR).

The Kretschmann geometry is the arrangement commonly used in sensing 

applications. This is because introduction of the parameter to be measured 

into the spacing region of the Otto geometry, which is normally of an extremely 

small thickness (a few /xm), is not free of practical complications.

Operation of the surface plasma resonance sensing devices is based on the 

fact that changes on the metal surface, having a drastic impact on the propa­

gation velocity of the surface plasma wave, result in a substantial shift in the 

resonance.

Pockrand[1977] has reported detection of cadmium arachidate monolayers 

of thickness 26.8A formed on the surface of a silver film, using the Kretschmann 

geometry. The work by Pockrand has been extended by Yeatmann[l987] to a 

research on surface plasmon microscopy, in which very thin patterns formed on 

the surface of the silver film by, for example, deposition through a wire mesh are 

optically imaged using the resulting intensity variations of the reflected light.

Excitation of surface plasma waves using the Kretschmann geometry has 

also been employed by Leidberg etal[l983] to detect gas adsorbed by a thin 

layer of organic material formed on the outer surface of the metal film. The 

adsorption of the gas results in an increase in the thickness and the index of the 

polymer film. Leidberg etal have also utilized surface plasma wave excitation 

in this geometry in biosensing applications,in which binding of certain antigens 

to a layer of appropriate antibodies precoated on the surface of the metal film 

are detected by the resulting shift in the surface plasma resonance. A similar 

biosensor has also been studied by Flanagan[l984].
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c)D ielectric waveguide resonance sensors.

A purely dielectric analogy to the surface plasma wave couplers of fig.1 .1.2 

has been suggested by Mason[l988]. In this structure, represented in fig.1.1.3, 

the surface plasma wave supporting metal film is replaced by a dielectric waveg­

uide, the guided mode of which is excited in a similar manner by the incident 

light. This structure is referred to as the dielectric waveguide prism coupler. 

Excitation of the waveguide mode produces a resonant response which can be 

detected as a resonant dip in the intensity of the reflected light as a function 

of the incident angle, provided the dielectric waveguide is associated with a 

scattering loss mechanism. In the absence of an appreciable scattering loss the 

arrangement of fig. 1 .1 .4 is devised in which excitation of the waveguide mode 

is associated with a resonance dip in the intensity of the reflected light pass­

ing through polarizer P2 . This is achieved by aligning polarizer P i such that 

equal amplitudes of the polarizations parallel and perpendicular to the plane 

of the waveguide are included in the incident light. Since the waveguide is 

generally birefringent, excitation of, for example, the TM-mode of the waveg­

uide results in the corresponding polarization experiencing a phase shift of 360 

degrees through the resonance, while the orthogonal polarization is hardly influ­

enced. This results in a rotation by 90 degrees of the overall polarization of the 

reflected light relative to that of the incident light at the center of resonance. 

Therefore, alignment of polarisor P2 parallel to polarisor P i would result in the 

intensity of the reflected light passing through P 2 diminishing as the angle of 

incidence is scanned through the centre of the TM-mode resonance.

In the dielectric waveguide prism coupler used as a sensing device, it is 

the field of the waveguide mode which probes changes in the properties of the 

sensing medium. The field associated with the guided mode of a conventional 

dielectric waveguide is however generally confined to the core of the waveguide
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MgF2 (n= 1.38)

4Q0A t ZnS (n=2*34)

high index glass 
prism

dielectric spacing

dielectric waveguide 
core

air (n= 1.0) or aqueous solution (n= 1.33)

fig. 1.1.3.Dielectric waveguide prism coupler.

fig. 1.1.4.The arrangement used to detect excitation of the 
waveguide mode in the waveguide prism coupler 
in the absence of scattering loss.

1 4



with a very small fraction in the sensing cladding. This implies that incorpora­

tion of such a waveguide in the dielectric waveguide prism coupler sensor would 

result in a poor sensing device.

As described by Mason, the design of the dielectric waveguide can, how­

ever, be optimised by appropriate choice of materials used for the cladding and 

the core of the waveguide and the thickness of the core. This is to increase 

the fraction of the field in the outer cladding of the waveguide (the sensing 

medium). The indices and the thickness of the waveguide indicated in 

fig.1.1.3 correspond to one such case.

1 .1 .2 .Optical fibre sensors.

Advantages generally associated with optical fibre sensors can be summa­

rized as follows;

1 )  Optical fibre sensors can be configured in arbitrary shapes, which makes 

the corresponding sensing devices geometrically versatile.

2) Light propagates in optical fibres over extremely long distances. Fibre 

optic devices are therefore an attractive choice for remote sensing applications.

3) They have the potential to be made very cheaply.

A straightforward technique which can be used in combination with op­

tical fibres in sensing applications is light absorption. A configuration which 

uses this technique, suggested by Peterson etal[l980], is shown in fig. 1 . 1 .5. In 

this arrangement the ends of two optical fibres are inserted into one end of a 

cellulose tube, sealed at the other end, which is filled with polyacrylamide beads 

containing Ph sensitive phenol red, and polystyrene microspheres. Light from
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cellulose
tube

optical fibres

from the 
source 
to the 
detector

O : polyacrylamide beads+Ph sensitive 
phenol red.

o : polystyrene beads.

fig.1.1.5.A fibre optic Ph sensor, which uses partial 
absorption of light by the Ph sensitive 
phenol red.

evanescent field

fig. 1.1.6.Replacing a fibre cladding by an 
absorbing reagent selective to 
a chemical species forms a fibre 

optic sensor.
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a tungsten source, launched into one of the fibres, is scattered by 

polystyrene particles, with certain wavelengths being absorbed by the Ph indi­

cator. Absorption of light is now Ph sensitive, and hence is a measure of the Ph 

of a solution injected into the cellulose tube . The light scattered back down 

the other fibre is monitored at wavelengths 560nm corresponding to maximum 

absorption of light by the alkaline state of the Ph indicator and 600nm which 

is well removed from the absorption peak. The red light intensity can therefore 

be used as a reference. Variations in intensity of the green light (560nm) are 

shown to be a sensitive measure of the Ph over a range of 7.0 to 7.4, with a 

resolution of 0.01 Ph units.

Absorption of the light reflected at a surface, which as explained in section

1 .1 .1  can be used to monitor changes in optical properties on the surface, also 

form the basis of many optical fibre sensing devices. In an optical fibre which 

consists of a core surrounded by a cladding of lower refractive index, light 

propagates along the fibre as a result of total internal reflection at the core- 

cladding interface. Light also penetrates into the cladding by a distance which 

is normally a fraction of the optical wavelength. The penetration of the light 

propagating in the fibre forms an evanescent wave inside the cladding region. 

Replacing the fibre cladding by an absorbing reagent (fig. 1.1.6 ) which is, for 

example, selective to certain chemical species now forms an optical fibre senor, 

with the evanescent wave probing changes in the extinction coefficient of the 

reagent as a result of the species adsorption, causing a reduction in the intensity 

of the light remaining in the fibre. An advantage of such a device over devices 

described in section 1 .1 .1  is that the multiple reflection of the light at the 

fibre core interface, which now forms the active surface, increases sensitivity to 

reflectance changes. Ammonia sensors, using this technique, have been reported 

by Giulianni etal[1983].
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Advances in monomode optical fibre technology have led to the develop­

ment of another category of fibre optic sensing techniques based on optical fibre 

interferometers. Optical fibre interferometer sensors have been developed which 

can be used to sense parameters such as temperature, acoustic waves and mag­

netic fields [Giallorenzi 1982]. The arrangement shown in fig.1.1.7 is based on 

the Mach-Zehnder interferometry. In this arrangement a light beam is split 

with part of the beam transmitted using the reference fibre and the other part 

by the sensing fibre, which is exposed to the parameter of interest. The beams 

are then recombined at the output and on to a detector. The light propagating 

in the reference fibre is shifted by some phase modulation technique (e.g. a fibre 

stretcher [Jackson etal 1980]). The parameter of interest, influencing the light 

propagation in the sensor fibre, now results in a change of the phase difference 

between the two arms. The phase difference signal, which can thus be used to 

sense the parameter of interest, is now recovered at the output.

A practical difficulty associated with such optical fibre interferometer sen­

sors is that in order to expose the evanescent field of the sensor fibre guided 

mode to the sensing environment, this fibre is required to be stripped of its 

cladding. This results in the sensing fibre, which is required to be monomode, 

being too small to handle and possibly fragile. Moreover, isolation of the two 

arms results in a relatively bulky arrangement. To overcome these difficulties at­

tempts have been made to combine the two arms of the device in the same fibre. 

The cross-section of one such fibre arrangement, suggested by Attridge[l986], 

is shown in fig.1 .1 .8.

In this arrangement two monomode optical waveguides are placed in prox­

imity to each other, and combined into a single fibre. The inner waveguide 

represents the reference arm of the interferometer, while the exposed waveg-
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fig. 1.1.7.Mach-Zehnder fibre optic interferometer 
as a sensor.

□

sensing
waveguide

reference
waveguide

mode 3dB coupler sensitive 
strip cladding

fig.1.1,8.l1ach-Zehnder interferometer combined 
into a single fibre geometry.
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uide acts as the sensing arm. The light launched into the reference waveguide is 

partially coupled into the sensing waveguide using the first 3dB coupler, which 

is formed over the region indicated in fig. 1 .1.8 by proper design of the waveg­

uides and an appropriate choice of the outer cladding. The sensing is performed 

over the region covered with a material with a refractive index sensitive to the 

sensing parameter. The light in the sensing waveguide, having been influenced 

by the sensing parameter, is then recombined with the light remaining in the 

reference waveguide using an identical 3dB coupler near the output end.

1.1.3.Directional couplers as sensors.

A more simplified category of devices based on directional coupler arrange­

ments are envisaged by making the actual coupling mechanism sensitive to the 

sensing parameter. A general configuration which can be employed in such ap­

plications is shown in fig.1.1.9. In such an arrangement the sensing region is 

infact the region over which coupling between the two waveguides occurs. Ap­

propriate choice of the sensing waveguide outer cladding, the refractive index 

of which controls the coupling strength, allows its refractive index and hence 

the coupling mechanism to be sensitive to different sensing parameters.

In optical directional coupler sensors the sensing parameter is probed by the 

evanescent field of the guided mode of the sensing waveguide. The distribution 

of the field associated with the sensing waveguide, therefore, plays an important 

role in the sensitivity of the resulting device. Increasing the fractional field, or 

to be more precise the fractional power, in the sensing environment, as will 

be shown in details in later chapters, causes an improvement in the sensing 

performance of the device.
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fig.1.1.9.Directional coupler sensor.

Ag(380A)

dielectric
waveguide

fig. 1.1.10. Cross-section of the planar SPW directional 
coupler, studied by Kreuwel etal.

dielectric 
buffer layer

metal film

fig.1.1.1 1.Buffered surface plasma wave prism 
coupler.
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Since, a5 will be shown later, surface plasma waves have a large fraction 

of their field in the dielectric medium and in the vicinity of the metal surface, 

replacing the sensing waveguide of the directional coupler sensors by a surface 

plasma wave supporting metal film is expected to result in considerably more 

sensitive devices. In such a device, it is now the coupling from the dielectric 

waveguide mode into the surface plama wave which is sensitive to the sensing 

parameter. One such device has been reported by Kreuwel etal[l986]. The 

structure studied by Kreuwel etal is based on a planar geometry, the cross- 

section of which is shown in fig.1.1.10. It must also, in principle, be possible to 

devise surface plasma wave directional coupler sensing devices which are based 

on fibre geometries.

1.2 .Structure of the thesis.

In this thesis, an alternative ATR configuration to the Kretschmann geom­

etry is studied. This geometry, shown in fig.1.1.11, has already been introduced 

by Sarid etal[l982] in a study of nonlinear applications of surface plasma waves. 

It will be shown in chapter 2 that the introduction of the dielectric spacing 

layer between the prism and the metal film forming the alternative structure 

referred to as the buffered structure, is accompanied by a substantial increase 

in the sensing performance of the device.

Chapter 3 deals with the analysis and application of purely dielectric direc­

tional couplers as sensors. This is followed by a detailed analysis of the coupling 

mechanism between a dielctric waveguide and surface plasma waves in a surface 

plasma wave directional coupler (chapter 4).

The device examined by Kreuwel etal is of an unusual structure due to the 

presence of a high index aluminum oxide layer between the dielectric waveguide

2 2



and the metal film, the need for which has not been explained by Kreuwel etal. 

A more direct and simpler planar surface plasma wave directional coupler is ex­

perimentally studied in chapter 5. The basic differences between this structure 

and the one examined by Kreuwel etal are also presented in chapter 5.

Finally a number of fibre surface plasma wave couplers are introduced and 

studied in chapter 6.
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C H A P T E R  2

SU R F A C E  P L A S M A  W AVE P R IS M  C O U P L E R S  A S  S E N S O R S

In this chapter, following a general background to surface plasma waves, ex­

citation of surface plasma waves using the Kretschmann geometry (fig.1.1.2(a)), 

which is the most commonly used arrangement in sensing applications, and the 

application of the resulting device as a sensor are described. Analysis of this 

structure reveals that increasing the sharpness of the surface plasma resonance, 

which is expected to result in a more sensitive device, can be achieved by in­

creasing the metal film thickness. Increasing the thickness of the metal film 

more than a certain value is, however, shown to be accompanied by a reduction 

in the depth of the resonance, which in turn may be considered a drawback.

Introduction of a dielectric layer between the prism and the metal film is 

subsequently shown to overcome the above constraints on the sensitivity of the 

device. The resulting device (fig. 1.1.11), referred to as the buffered geometry, is 

shown to possess a superior overall sensitivity in certain applications.

Finally the sensing performance of the buffered surface plasma wave prism 

couplers relative to that of a dielectric waveguide prism coupler(fig.1.1.3), which 

has been suggested as a contender to surface plasma wave sensors, is briefly 

discussed.

2.1 .General background.

Maxwell’s Equations describing an electromagnetic wave travelling in an 

isotropic and non-magnetic medium, with the relative permittivity (e), yield

2 4



the following scalar wave equation \ M a r c u s e l Q 1 2 ^ ^ \

V 2rp +  u 2p 0€0erjj =  0 (2.1.1)

where tp can be an electric or magnetic field component, with assumed time 

dependance of e x p ( j u t ) .

For waves travelling in the z-direction;

ip =  ip e x p ( - j / 3 z ) (2.1.2)

The wave equation can now be written in the following form;

d 2tp d 2ip . 2 o 2 \  i «+  +  (eA;0 — (3 )ip — 0
d x 2 d y 2

where

k% =  u 2n 0e0

(2.1.3)

(2.1.4)

and /? =  propagation constant.

Consider the wave travelling parallel to the interface between two semi­

infinite media, labelled (l) and (2), as shown in fig.2.1.1(a), with x  <  0 and 

x  >  0 defining the two media.

Since there is no structural variation in the y-  direction, ie =  0, equation

(2.1.3) can be written in the following form;

d 2ip 0
J 3L +  K l l ,  =  0 (2.1.5)

where v  =1 or 2, corresponding to medium (l) or (2), and;

K l  =  M 2  -  D 2) (2.1.6)

The solutions of equation (2.1.5) can be described by the following expression;

ip„ =  A v e x p [ j K v x) (2.1.7)
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X.(a).
medium( 1)

medium(2)
z

fig.2.1.1 .Schematic representation of the interface 
between two semi-infinite media (a), and 
the field profiles corresponding to the light 
partially reflected from the interfaced), 
totally reflected from the interfaced), and 
the non-radiative surface mode(d)
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Assuming both fi and e2 to be real quantities, corresponding to lossless dielec­

tric materials, three different ranges of solution can be considered, correspond­

ing to the following situations;

(1) /?2 <  e i k § and e2^o : this range of solutions correspond to K \  and 

K 2  both being real (equation (2 .1 .6)), resulting in oscillatory fields in both 

medium(l) and (2). The diagram in fig.2 .1 .1 (b) is a schematic representation of 

the field corresponding to this range of solutions, which can describe a situation 

in which light incident from, for example, medium(l) is partially reflected from 

the interface, with the remainder refracted through.

(2) <  Ci /sq and /?2 >  £2&o: this results in K i  being real with K 2  purely 

imaginary, describing an oscillatory field in medium(l) and a decaying field in 

medium(2). The corresponding field is schematically shown in fig.2.1 .1 (c). This 

solution represents the incident light, from medium(l), being totally reflected 

from the interface.

(3) P 2 >  £1^0 and £2A;q : this condition leads to both K 1 and K 2  being 

imaginary and hence the field decays in both media, as shown in fig.2 .1 .1 (d).

The electromagnetic waves represented by conditions(l) and (2) are re­

ferred to as radiative modes, while the one represented by condition(3) is called 

a non-radiative mode. In the following section, a more detailed analysis of the 

non-radiative modes reveals that these modes can only be of TM-nature and 

generally propagate on metal-dielectric interfaces. The electromagnetic waves 

corresponding to such modes are referred to as surface plasma waves.

Assuming one of the media, for example medium(2), to be a metal implies 

that e2 and /? are complex. In such a case K i  and K 2  are generally complex.

2 7



The category to which the corresponding solution belongs is now determined 

by the relative magnitudes of the real and the imaginary parts of K i  and K 2 .

2.1 .1 .Surface plasma waves on a metal-dielectric interface.

Omitting the time and 2-dependence (as will be the case all through the 

following analysis, unless otherwise stated), the fields of a TE-polarized non- 

radiative mode travelling parallel to the interface of fig.2.1.1(a) are described 

by the following expressions;

x > 0 :

E y =  A 1 e x p { j K i x ) (2 . 1 .8)

-P
H x — A i  e x p ( j K i x )  

up o
(2 .1 .9 )

H z =  A i  e x p ( j K i x )
U/lQ

(2 . 1 . 10 )

x <  0 :

Ey =  A 2 e x p ( - j K 2x) (2 . 1 . 1 1 )

H x — A 2 exp(  j K 2x ) 
U{10

(2 .1 .1 2 )

H z -  A 2 exp(  j K 2 x )
OJflQ

(2 .1 .13)

Applying the boundary conditions (ie. continuity of the tangential fields across 

the interface, in this case E y and H z ), results in the following eigenvalue equa-

tion;

II1̂\ (2 .1 . 14)

or;

e i k l  -  (32 =  e2k l  -  p 2 (2 .1 .15)
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This equation has no solution, eliminating the possibility of the non-radiative 

mode being of a TE polarized nature.

The field components associated with a TM-polarized non-radiative mode, 

are described by the following expressions;

x  >  0 :

Hy =  B i  e x p ( j K i x ) (2.1.16)

Ex =  -@—B i  e x p ( j K i x )
U>€ 1

(2.1.17)

Ez =  ^ - B i  e x p { j K i x )
U 6 1

(2.1.18)

x < 0 :

Hy =  B 2 e xp{ —j K 2x) (2.1.19)

Ex = B 2 exp{  j K 2x ) 
u e 2

(2 .1 .20)

Ez = B 2 exp{  j K 2x ) 
u e 2

(2 .1 .2 1)

Applying the boundary conditions (continuity of the Hy and Ez components) 

results in the following eigenvalue equation;

_£i_ _  _f2_
ATi "  K 2

This equation can be rearranged into the following;

( A )2 =  6 1 6 2

k 0 £1 +  ^2 *' £1 +  £2‘ i ( r r r )  = *2(7^7)£1 -r £2

(2 .1.22)

(2.1.23)

Assuming both media to be dielectric, implies their permittivities to be positive 

and real, resulting in and (gi^ gaj being smaller than unity. From equa­

tion (2.1.23),(*”)will now be less than both £1 and e2 . Therefore, from equation 

(2 .1 .6), it is concluded that K i and K 2 are both real. This corresponds to 

condition (l), describing a radiative mode.
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However if, for example, £2 is a negative real quantity and larger, in mag­

nitude, than ci, from equation (2.1.23), ^  will be positive and greater than 

ci. Using equation (2.1.6), K i  will now be purely imaginary. Since £2 is neg­

ative, again from equation (2.1.6), it is concluded that K 2 will also be purely 

imaginary. This situation describes a non-radiative mode.

In conclusion, the following is a necessary condition for the presence of a 

non-radiative mode on the interface;

e2 < 0

M  >  £1 (2.1.24)

Most metals meet the above requirements for the material of medium (2) over 

a wide range of frequencies including the visible spectrum [Ordal etal 1983]. 

Non-radiative modes propagating on a metal-dielectric interface are referred to 

as surface plasma waves (modes). It is important to note that, since metals 

absorb light, their permittivities are complex quantities. This results in /?, 

K i  and K 2 also being of a complex nature. Analysis, however, reveals that K \  

and K 2 have imaginary parts which are significantly larger than their real parts. 

This implies that the surface plasma fields are generally decaying in both media, 

representing non-radiative modes. Since the fields associated with non-radiative 

surface plasma modes are maximum at the interface and exponentially decay 

away from the interface these modes can be referred to as being propagating 

on the interface. It is important to note that a complex propagation constant, 

(3 =  j3r +  j / 3 i , results in the following field variations in the ^-direction;

e x p ( - j 0 z )  =  e xp{ —j 0 r z)  e x p ( 0 { z )  (2.1.25)
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where /?» turns out to be a negative quantity and hence e xp(P i z )  defines the 

loss associated with the surface plasma wave. In other words, the loss asso­

ciated with surface plasma waves is determined by the imaginary part of the 

propagation constant Pi.

The generation of the surface plasma waves can be described qualitatively 

by the fact that the normal electric field component of the TM-light, E x , gen­

erates charge dipoles on the surface of the metal, which can be considered to 

consist of a plasma of quasi-free electrons. Generation of these charge dipoles 

is schematically represented in the following diagram;

metallic medium

The oscillation of the dipoles now propagates along the interface as a surface 

plasma wave. The above description of surface plasma waves verifies that, since 

TE-light does not possess an electric field component perpendicular to the 

metal interface, it can not generate the charge dipoles, and hence surface plasma 

waves cannot be of a TE-nature.

It is notable that dielectric materials can also have a negative dielectric 

constant in the vicinity of their absorption band. Fig.2.1.2, reproduced from 

Boardman[l982j shows dielectric constants of two dielectric media (schematic). 

From this diagram it is concluded that, when the two media are placed adjacent 

to each other forming an interface, medium(l) is the surface active medium
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fig.2.1.2.Schematic representation of dielectric constants 
ci(u) and ^(w) of two dielectric materials. Condition (2.1.23) 
is satisfied in the frequency windows shown in bold.

(a) z (b) z

fig.2.1.3.Schematic representation of the H y profiles of 
(a)surface plasma modes on a thick metal film 
(the modes on the two interfaces are isolated) 
and (b)surface plasma modes on a thin metal film 
(the modes on the two interfaces interact).
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(negative permittivity) in the lower frequency window indicated by a bold line, 

while medium(2) is the surface active medium in the high frequency window.

2.1 .2 .Surface plasm a waves on a m etal film.

A metal film, surrounded by dielectric media, consists of two metal- 

dielectric interfaces, on either of which surface plasma waves can exist. Provided 

the metal film is sufficiently thick, fast decay of the fields of each mode inside 

the metal, implies that the two modes are essentially independent of each other. 

This is schematically shown in fig.2.1.3(a). However, as the film thickness is 

reduced to less than a certain value (approximately 1000A in the case of silver 

at a wavelength of 0.633f im) ,  the two modes of the isolated interfaces start to 

interact, as shown in fig.2.1.3(b). The resulting composite modes, as will be 

shown later, have symmetric and antisymmetric field distributions.

The field components associated with surface plasma waves on a metal 

film, which as explained for the case of surface plasma waves on a single metal- 

dielectric interface, are of a TM-polarized nature, can be described by the fol­

lowing expressions;

x  >  d :

Hy =  A i  e x p ( j K i x ) (2.1.26)

P
E x =  A i e x p ( j K i x )  

u e i
(2.1.27)

E z =  A l e x p ( j K i x )
C

(2.1.28)

—d <  x  <  d :

A 2 e x p ( j K 2x) +  B 2 e x p [ —j K 2x) (2.1.29)
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(2.1.30)E x =  ~^—[A2 e x p ( j K 2x)  +  B 2 e x p ( - j K 2x)\  
we 2

E z =  ^ - [ A 2 e x p [ j K 2x)  -  B 2 e x p ( - j K 2x)\  (2.1.31)
W£2

x  <  —d  :

H y =  A 3 e x p ( - j K 3x) (2.1.32)

0
E x =  A 3 exp[  j K 3x ) 

we 3
(2.1.33)

E z =  A 3 exp(  j K 3x )
W£3

(2.1.34)

Applying the boundary conditions, at x  — d  and x  =  —d, results in the following 

eigenvalue equation;

(e2 K \  +  €i K 2) (e3-^2 +  £2-^3) +  ( 2̂ ^ 1  — ^^.E2)[e3K 2 — €2K 3) e xp  ( 2 j K 2d) =  0

(2.1.35)

Analysis performed, at a wavelength of 0.633/im, for a 300A silver film sur­

rounded by dielectric materials of refractive index 1.45, shows that equation 

(2.1.35) has two solutions, corresponding to a symmetric and an antisymmet­

ric field distribution. This is shown in fig.2.1.4. The metal is considered to 

have a refractive index; nm =  0.066 +  j ’4.0, corresponding to that of silver at

0.633/zm[Johnson and Christy 1972].

The symmetric mode corresponds to a propagation constant with a smaller 

imaginary part. This is-due to the fact that the symmetric mode has a smaller 

fraction of its total power inside the metal. For the example of fig.2.1.4, the 

symmetric mode has approximately 7 percent of its total power inside the metal­

lic region compared to 24 percent in the case of the antisymmetric mode. The 

symmetric mode, which thus propagates over a longer distance before diminish­

ing, is referred to as the long range mode, with the antisymmetric mode referred 

to as the short range mode.

3 4



n=1.45 n=U 5 n=1.45 n=1.45

fig.2.1.4.The field profiles, real(H y ) ,  corresponding to the long 
range (symmetric) and the short range(anti-symmetric) 
surface plasma modes on a thin metal film.
(wavel ength=0.633 ja m).
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2.2 .Surface plasma wave prism couplers and their application as

sensors.

In the Kretschmann geometry, at angles of incidence larger than the critical 

angle, the field associated with the incident light is evanescent (decaying) inside 

the metal film. This evanescent field has a propagation velocity (V p ) along the 

base of the prism, which is determined by the angle of incidence (9) and the 

refractive index of the prism (rip) using the following expression.

VP  =
u

k o n p  s i n ( 6 )
(2.2.1)

The maximum transfer of power from the incident light into the surface plasma 

wave propagating on the metal outer interface, which perturbs the evanescent 

field, occurs at angle 0 r at which the propagation velocity of the evanescent 

field equals that of the surface plasma wave, which is defined as;

( V p ) s p w  =  -T- (2.2.2)
H r

where /?r is the real part of the propagation constant of the surface plasma 

wave.

This leads to the following condition;

^  =  n p  s in ( 0 r ) * (2.2.3)
ko

where, jrj is referred to as the effective index of the surface plasma wave. The 

surface plasma wave and the evanescent field of the incident light are said to be 

phase matched under this circumstance.

From equation(2.2.3), it is concluded that in order to excite the surface 

plasma wave by the incident light, the prism refractive index, np, is required 

to be larger than the effective index of the surface plasma wave, jrj. Now, since
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Reflected Intensity vs Incident Angle

fig.2.2.1.Reflectivity versus the angle of incidence
corresponding to the Kretschmann geometry 
shown above, and for different values of n

s
(wavelength=0.633 ji m)
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Reflected Intensity vs Incident Angle

fig.2.2.2.Formation of a thin layer of thickness &.t and 
refractive index of 1.43 on the outer surface 
of the metal film causes an appreciable shift 
in the SP resonance.(wavelength=0.633 |im)
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the effective index of the surface plasma wave propagating on a metal-dielectric 

interface is always larger than the refractive index of the dielectric medium, the 

surface plasma wave on the metal-prism interface, has an effective index larger 

them rip,and hence cannot be excited by the incident light propagating in the 

prism.

The excitation of the surface plasma mode on the metal film outer interface 

appears as a dip in the reflectivity (from the prism base) versus the angle of 

incidence curve. This is shown in fig.2.2.1. The reflectivity is calculated using 

the plane wave analysis by Hansen[l968]. The dip in the reflectivity curve 

is referred to as the surface plasma resonant dip, with the angle of incidence 

0 r , corresponding to the minimum in the reflectivity curve, referred to as the 

resonant angle.

Application of such a surface plasma wave coupler as a sensing device is 

based on the fact that variations in the refractive index, n s, of the outer cladding 

of the metal film, referred to as the sensing medium (or sensing cladding), are 

associated with changes in the effective index of the surface plasma mode. From 

equation (2.2.3), it is clear that any change in the effective index of the surface 

plasma mode would now result in a shift in the resonant angle, 0r . This is 

also shown in fig.2.2.1. The shift in the resonant angle can thus be used to 

deduce the values of changes in ns, and hence the-values of the variables which 

influence n s . This can be implemented by either measuring the corresponding 

shift in 9r or, as described by Nylander[l983], by fixing the angle 6  somewhere 

in the middle of one of the slopes of the resonance curve and measuring the 

resulting variations in the intensity of the reflected light as n s  is varied.

The curves of fig.2.2.2 show that formation of a 200A adlayer of refractive 

index 1.43 on the outer surface of the metal film, which is surrounded by an
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aqueous medium (index=1.33), results in a substantial shift in the resonance 

dip. This suggests that the Kretschmann surface plasma wave coupler also has 

the potential to detect presence of thin adlayers formred on the surface of the \ 

metal.

Fig.2.2.3 shows a practical arrangement in which the metal film is deposited 

on a glass substrate, with the glass substrate brought in optical contact with the 

prism using a liquid of appropriate refractive index (the refractive index of the 

prism, contact liquid and the glass slide are nearly the same). The incident light 

now impinges on the glass slide- metal interface, reflects from this interface and 

emerges from the other side of the prism. The need for this arrangement arises 

from the fact that silver films tarnish upon exposure to atmosphere for a long 

time. This limits the life time of surface plasma wave sensors. Deposition of the 

silver film on the glass slide, however, allows fabrication of samples of the silver 

film in large quantities and at a relatively cheap cost.

high index 
glass prism

glass.slide 
substrate

fig.2.2.3.In a practical arrangement the metal film deposited 
on a glass slide is brought in contact with the prism 
using a matching liquid of appropriate index.
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The performance of a surface plasma wave coupler as a sensor is obviously 

a function of the sensitivity of the effective index of the surface plasma wave, jgj, 

to changes in n s .  The effective index of the surface plasma wave can, however, 

be approximated by;
Pr P in  1 +  P sns
—  ■
ko P t

(2.2.4)

where

Tii =refractive index of the metal 

n s  =refractive index of the sensing medium 

Pi = power in the metal 

P s  =  power in the sensing medium

P t  =total power

From (2.2.4), the following is deduced;

_  n i d P i  n s  d P s  P s

d ( n s )  P t  9 n s  P t  9 n s  P t
(2.2.5)

But, for small changes in n s ,  ad̂ y  and can be neglected, resulting in

the following approximate equation;

dn s Pt
(2.2.6)

An important conclusion drawn from equation (2.2.6) is that the sensitivity of 

^  (or 0 r ) to n s  is a function of the fractional power distributed in the sensing 

medium. The effective index of the surface plasma mode propagating on the 

outer surface of the metal film in the Kretschmann structure, which has a very 

large fraction of its power confined to the metal film outer interface and inside 

the dielectric sensing cladding, is thus expected to be extremely sensitive to



variations in n s -  This suggests the possibility of devising very sensitive sensing 

devices based on the excitation of surface plasma waves using a Kretschmann 

structure. The strong confinment of the surface plasma power to the metal 

surface is shown in fig.2.2.4, which shows the surface plasma mode magnetic 

field intensity ( \Hy \2) profile of the corresponding surface plasma mode.

It is also obvious that increasing the sharpness of the surface plasma res­

onance in such a sensing device enables measurement of smaller shifts in the 

resonance as a result of variations in n s ,  hence improving the sensing perfor­

mance of the device.

Analysis shows that increasing the thickness of the metal film, which in 

fact defines the separation between the prism and the surface plasma wave sup­

porting metal interface, results in an increase in the sharpness of the resonance. 

This is shown in fig.2.2.5. Increasing the separation thickness further than a 

particular value, 560A in the case of silver and at a wavelength of 0.633/xm, is 

however realised to result in a reduction in the depth of resonance. This is also 

shown in fig.2.2.5, and has been explained in the following manner.

Proximity of the high index prism to the surface plasma mode, propagating 

on the outer metal-delectric interface, causes radiation of this mode into the 

prism, resulting in a loss mechanism represented by /?/, where is in fact 

the modification to the imaginary part of the surface plasma wave propagation 

constant due to its pertubation by the prism.

Analysis shows that in order to obtain a maximum depth of resonance, ie 

zero minimum in the reflectivity, the radiation loss, /?j, is required to be equal
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Field Intensity Profile

X=0.633>im

fig.2.2.4.The field intensity profile (|HJ2) of the SPW propagat­
ing on the outer surface of the metal film in the 
Kretshmann geometry.
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Reflected Intensity vs Incident Angle

A=0.633>im

fig.2.2.5.Increasing the metal film thickness in the Kretschmann 
geometry sharpens the resonance, but for values of t 
larger than 560A it also reduces the resonance depth.
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to the inherent loss associated with the surface plasma wave, P i . This can be 

achieved by adjusting the thickness of the metal film which influences both Pi  

and Pi. This condition for the case considered so far, corresponding to a silver 

film at a wavelength of 0.633/zm, results in an optimum thickness of 560A.

The reduction in the depth of resonance, which results in a weaker contrast 

between the maximum and minimum values of the reflected light intensity, may 

be considered as a drawback. This is because a large contrast would result in 

apparently more pronounced variations in the intensity of the reflected light as 

a result of changes in the sensing medium, which is generally the basis of sensing 

operation of this structure. It should, however, be noted that in most practical 

situations a maximum contrast, manifested by a maximum depth of resonance, 

is n o t  essential. One application in which the contrast may play a significant 

role is the surface plasma microscopy [Yeatman 1987], in which the intensity 

variations may be required to be visually detected. In this work, however, for 

the sake of consistency, the sensing performance of devices based on different 

structures corresponding to the maximum depth of resonance are compared.

A technique devised here to overcome the above difficulty is to introduce a 

dielectric layer, referred to as the buffer layer, between the prism and the metal 

film (fig.1.1.11), which enables the sharpness of the resonance to be increased 

by increasing the thickness of the buffer layer. The possible resulting loss in the 

depth of resonance, due to the reduction in the radiation loss (/?/), can now be 

compensated for by adjusting the thickness of the metal film, which adjusts the 

inherent loss of the surface plasma mode, /?»•, accordingly. In other words, for 

each value of the buffer thickness an optimum metal thickness exists for which 

Pi and Pi are identical and hence maximum depth of resonance is obtained.
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Fig.2 .2 .6 (a) shows the reflectivity curve corresponding to a buffered geom­

etry. The thickness of the buffer layer and the silver film are represented by 

and 2̂ j respectively. The two resonance dips correspond to the long range and 

the short range surface plasma modes on the metal film, both of which, in this 

case, can be excited by the incident light. The long range mode, associated 

with a sharper resonance, is of more interest. The sharper resonance associated 

with the long range surface plasma mode is due to the fact that the width of the 

resonance for large values of buffer thickness, which is a requirement for a sharp 

resonance, is predominantly determined by the inherent loss, /?». Therefore, the 

long range mode, associated with a smaller value of /?»•, corresponds to a sharper 

resonance.

The magnetic field intensity profiles corresponding to the two surface 

plasma modes of the structure of interest, shown in fig.2 .2 .6 (b), reveal that

in contrast to the short range mode, the long range mode is largly distributed
A,

around the interface between the metal and the dielectric medium with the 

lower refractive index. The long range mode is therefore expected to be more 

sensitive to changes in the refractive index of this medium. This suggests that

^jn the case of an as/ymetric metal film, in order to secure the long range mode
J  ix

as the mode which is more sensitive to changes in the sensing medium, the 

sensing medium is required to be of a lower refractive index than the buffer 

layer. This requirement is satisfied in the example given here, which may corre­

spond to certain applications. One such application is biosensing in which the 

sensing cladding is of an aqueous nature (n=1.33), with the buffer layer being 

a magnesium fluoride (n=1.38) layer.

The long range resonance dips for a number of buffer layer thicknesses are 

shown in fig.2 .2.7(a). It is clearly shown that as the buffer layer thickness (£*) 

is increased, the resonance tends to become sharper. The curves in fig.2.2.7(b)
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2.2.6(a)
Reflected Intensity vs Incident Angle
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Field Intensity Profile.

Field Intensity Profile

fig.2.2.6.Reflectivity versus angle of incidence correspond­
ing to the buffered geometry(a), and the 
corresponding field intensity profiles(b). A=0.633jim
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(<S ) Reflected Intensity vs Incident Angle

( b )  Reflected Intensity vs Incident Angle

fig.2.2.7.(a)Increasing the thickness of the buffer layer 
sharpens the resonance,but may also reduce the 
resonance depth.(b)The depth of resonace can 
however be restored by adjusting the metal 
film  thickness. A=o.633pm
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confirm that any loss in the depth of resonance, as a result of increasing $1 , can 

be retrieved by adjusting the thickness of the metal film f a ) .

From the field intensity distributions of the surface plasma mode of 

the Kretschmann structure (fig.2.2.4) and that of the buffered structure 

(fig.2 .2 .6 (b)) it is apparent that the long range surface plasma mode of the 

buffered geometry is distributed slightly more evenly around the two interfaces 

of the metal film. This characteristic, which is due to the fact that the surface 

plasma wave supporting metal film of the buffered geometry possesses a more 

symmetric index profile, suggests that the fractional surface plasma power in 

the sensing medium of the buffered geometry is slightly less than that of the 

Kretschmann geometry. This is confirmed by the curves of fig.2 .2 .8, in which 

the fraction of the surface plasma power confined to a region of thickness A t  

of the sensing cladding adjacent to the metal interface, for both geometries are 

plotted as a function of A t .  Therefore, since the sensitivity of the effective index 

of the surface plasma mode to variations in the refractive index of the sensing 

medium (725) is determined by the fractional surface plasma mode power in the 

sensing cladding (equation(2 .2 .6)), sensing devices based on the Kretschmann 

structure may be expected to be of a superior performance.

The reflectivity curves of the two geometries and the corresponding shifts in 

the resonant dips as a result variations in n s  are shown in fig.2.2.9. These curves 

confirm that in the Kretschmann geometry, a larger shift in 0r occurs as a result 

of the same change in n s -  However, it is also apparant that the improvement 

in the sharpness of the resonance, as a result of introducing the buffer layer, 

may be expected to make detection of smaller changes in n s  possible, implying 

a more sensitive device.
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The % of SPW power in a region of thickness a  t of the 
sensing cladding adjacent to the metal surface of the 
Kretschmann (— ) and the buffered(— )geometries.
(Buffered geometry: t buff =9000A<1 =350A)

W
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Reflected Intensity vs Incident Angle

fig.2.2.9.Influence of variations in n s on the reflectivity
curves of the buffered geometry of fig.2.2.7(---- )
and the Kretschmann geometry of fig.2.2.1(------).

(Buffered geometry: t ^  r9000A, t A -350A)
buffer Ag
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To analytically compare the overall sensing performance of the two geome­

tries, the sensitivity is defined by 7- 7— , where A n mi n is the minimum change 

in 715 required to shift the resonance angle by a complete half power bandwidth. 

Fig.2.2.10, shows -7—̂—  as a function of At, where At defines the thickness of, 

for example,an adlayer formed on the metal film outer surface. The continuous 

and the broken curves correspond to the Kretschmann and the buffered ge­

ometries, respectively. The thicknesses of the constituent layers of the buffered 

structure are also shown in this figure.

Fig.2.2.10 clearly shows that the buffered geometry is associated with larger 

values of , suggesting that this geometry may form the basis of a superior

sensing device.

From fig.2.2 .10 , it is also concluded that the sensing performance of the 

buffered structure may be further improved by increasing the thickness of the 

buffer layer. However it should be noted that for a buffer layer of thickness 

larger than 10000A, to maintain maximum depth of resonance, the silver film 

is required to be thinner than 300A. Silver films of such thickness may be of 

a relatively poor surface quality [Sennet and Scott 1950]. Surface roughness, 

present on the surface of very thin silver films, is however expected to result 

in scattering loss which would result in broadening of the surface plasma wave 

resonance and hence degrading of the sensing performance of the device. It may 

also be noted that for films of less than 60A in thickness the optical properties 

of, in effect, silver islands, which significantly differ from those of continuous 

films, do not satisfy condition (2.1.24) which is necessary for presence of surface 

plasma waves on a metal-dielectric interface (the real part of the silver permit­

tivity measured by Inagaki etal[l986] for films of thickness less than 60A is a 

positive quantity).
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200

fig.2.2.10.The sensitivities of the buffered(—) and the 
Kretschmann(-----) geometries.
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The above considerations put a practical limitation on the extent to which 

the performance of a buffered surface plasma wave coupler can be improved by 

increasing the buffer layer thickness.

It should also be noted that in certain applications it may be desired to 

detect formation of very thin adlayers on the metal outer surface while the outer 

cladding is formed by the ambient air [Pockrand 1978]. Under this circumstance 

the effective index of the surface plasma mode on the metal film outer interface,

which probes the build up of the adlyer, will exceed the refractive index of the
h

ambient air (approximately 1.0) by only a small amount, and hence will be less 

than the refractive index of the buffer layer (1.38). This implies that at the angle 

of incidence at which this surface plasma mode is excited, the light incident on 

the prism- buffer layer interface no longer totally reflects from this interface, 

and in fact refracts through into the buffer layer. The buffered structure, now, 

behaves like a Kretschmann structure. In other words, in such applications 

the concept of the buffered structure is meaningless, and the surface plasma 

resonance can no longer be sharpened by adjusting the buffer layer thickness.
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2.3.C om parison  w ith the dielectric w aveguide p rism  coupler.

In the dielectric waveguide prism coupler of fig.1.1.3, the proximity of the 

high index prism to the dielectric waveguide allows the existence of electro­

magnetic fields in the guiding layer over a range of incident angles. Stronger 

perturbation of the waveguide mode by the prism, realised through thinner 

spacing layers, results in a broadening of this angular range. Conversely, for an 

isolated waveguide (ie. infinite spacing layer thickness) the resonance would be 

replaced by a delta response, corresponding to the guided mode of the isolated 

waveguide. From the above argument it is apparent that, theoretically, the 

sharpness of the waveguide resonance can be made infinitely sharp.

In surface plasma wave couplers, however, the sharpness of the surface 

plasma resonance is limited by the inherent loss of the surface plasma wave.

It is the possibility of increasing the sharpness of the waveguide resonance 

in the above manner which is suggested to enable fabrication of superior sensing 

devices based on the dielectric waveguide prism couplers [Mason 1988].

The major drawback with the dielectric waveguide prism coupler is the fact 

that the field associated with the waveguide mode (which is probing the sensing 

cladding) of a conventional waveguide is mainly confined to the guiding region 

(core), with very little field in the sensing cladding. Mason suggests that the 

fractional field in the sensing cladding and in the vicinity of the

core-cladding interface can be significantly increased by increasing the index 

difference between the core and the claddings and reducing the thickness of the 

core substantially. One such structure consists of a 400A Z n S  (n=2.43) layer as 

the core, in which more than 30 percent of the propagating power is distributed 

in an aqueous sensing cladding with the other cladding being M g F 2 (n=1.38).
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However, increasing the fractional field in the above manner is realised to 

result in the effective index of the waveguide mode to be extremely sensitive to 

variations in thickness of the dielectric guiding layer. This is explained with the 

help of the field representation of an optimum waveguide (fig.2.3.l(a)) compared 

to that of a conventional waveguide (fig.2.3.1(b)). For the conventional waveg­

uide the strong confinement of the field well inside the guiding layer makes the 

effective index of its guided mode somewhat insensitive to thickness variations. 

While in the case of the optimised waveguide strong perturbation of the field 

by the guiding layer boundaries make it very sensitive to thickness variations.

The waveguide thickness sensitivity limits the sharpness of the waveguide 

resonance attained using the waveguide prism coupler by causing the incident 

light to couple into the waveguide mode at slightly different positions on the 

structure and at different angles of incidence, resulting in a broader resonance. 

Mason suggests that thickness variations limit the angular width of the waveg­

uide resonance for an optimum waveguide in a waveguide prism coupler to
(a)

nearly 0.2 degrees [Mason 1988]

The angular width of the surface plasma resonance in the buffered geometry 

of the example in fig.2.2.7 is clearly comparable to the above value. It should 

also be noted that the surface plasma waves on the metal film of the buffered 

surface plasma wave coupler are not so susceptible to variations in the metal 

film thickness. For example, in the case of the optimised waveguide, a thickness 

variation of 1A results in a shift of 0.001 in the mode index of the dielectric 

waveguide, while such a thickness variation results in a change of only 0.0000007 

in the surface plasma mode index on a 300A silver film surrounded by materials 

of refractive indices 1.38 and 1.33. This is due to the fact that in the case of
■ rr

the assymetric metal film of the buffered structure examined here, the surface

/\
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.(b).

fig.2.3.1. Schematic representation of the
field associated with an optimized 
dielectric waveguide(a), and that 
of a conventional waveguide(b).
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plasma field is strongly confined to a single metal interface (the outer interface 

of the metal film).

In conclusion:

1) the width of the surface plasma resonance in the buffered geometry 

is comparable to that of the dielectric waveguide resonance in the dielectric 

waveguide prism coupler.

2) the fraction of the surface plasma resonance in the buffered surface 

plasma coupler (more than 45 percent) is larger than that of the optimised 

waveguide (30 percent).

It may, therefore, be concluded that the buffer surface plasma wave coupler 

is a more attractive sensing device compared to the dielectric waveguide prism 

coupler.

2.4. Conclusions.

The analysis and discussions in this chapter show that, as envisaged by 

other researchers, surface plasma wave prism couplers have enormous potential 

as sensing devices. As an illustration of the sensitivity of devices based on the

surface plasma wave prism couplers -coverage of the silver film of the buffered
,<X

structure of fig.2.2.7 (with t^g =  300A and t i uj j er =  10000A) with an adlyer of 

thickness of 20A and index of 1.45(corresponding to ,for example, an antibody- 

antigen layer) can easily be detected.

It has also been shown that the fact that a significant increase in the 

sharpness of the surface plasma resonance in the Kretschmann geometry is 

associated with an appreciable loss in the depth of resonance hinders possible
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improvements to its performance. Introduction of a buffered surface plasma 

wave prism coupler, however, enables increasing the sharpness of the surface 

plasma resonance without loss of the resonance depth.

A contender to surface plasma wave prism couplers as sensors is the waveg­

uide prism coupler, which enters the contest in virtue of its extremely sharp 

resonance, which compensates for its smaller fractional power in the sensing 

medium. However, considerations in section 2.3 show that the angular width 

of the surface plasma resonance in the buffered geometry is comparable to that 

of the waveguide resonance, while the buffered surface plasma wave coupler en­

joys a larger fractional power distribution in the sensing medium, giving it a 

superior overall sensitivity.

From a practical point of view, since fabrication of the Kretschmann struc­

ture merely involves deposition of a single metallic layer on the base of the 

prism, devices based on this structure may possibly be the most commercially 

feasible of the structures considered in this chapter. This is further justified 

by taking into account that, as described by other researchers, devices based 

on the Kretschmann structure can still detect extremely small changes on the 

surface of the metal.
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C H A PT E R  3.

DIRECTIO NAL CO UPLERS AS SE N SO R S.

A number of optical sensing devices based on coupling of light between the 

guided modes of two dielectric waveguides in a directional coupler structure have 

been recently devised. Application of a coaxial optical fibre directional coupler 

geometry as a sensing device has been recently reported by Attridge etal[l985]. 

At present Cozens and Yi[l988] of Imperial College are investigating sensing 

devices based on an optical directional coupler comprising of two rectangular 

dielectric waveguides combined into a single fibre geometry.

As shown in the following diagram, a conventional optical directional cou­

pler consists of two parallel dielectric waveguides placed in proximity to each 

other. The overlap of the fields of the guided modes of the two waveguides, 

now, results in the transfer of power, or coupling, between waveguide modes.

sensing medium(n )

----------- ---------------------------------------------- guide(2)

g u i d e ( 1 )

fig.3.1.The cross-section of a conventional directional 
coupler.

Since the coupling is a function of the parameters of the structure, in­

cluding, for example, the refractive index n s ,  such a directional coupler can 

be employed to deduce n s ,  or changes in it, and hence the values of variables 

which influence n s .
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An exact analysis of the directional coupler structure reveals that the struc­

ture as a whole supports two normal modes, which possess symmetric and anti­

symmetric field profiles [Yariv 1985]. The presence of the normal modes can 

be explained by the fact that as the two waveguides, each supporting a sin­

gle guided mode, are brought into proximity to each other, the fields of the 

individual waveguides interact, resulting in two composite modes which are 

of symmetric and antisymmetric nature. Transfer of power between the two 

guides can now be considered as the interference between the normal modes 

of the structure. A directional coupler, therefore, resembles an interferometer, 

with the two waveguides representing the arms of the interferometer, virtually 

occupying the same space.

‘In the following analysis, the structure is treated as a combination of the 

two individual waveguides. It is then possible to define a coupling mechanism 

between the individual guided modes. This analysis is based on the coupled 

mode theory described by Marcuse[1972]^b\

The formulation in section 3.1, upto equation (3.1.27) is of a general form, 

allowing for presence of loss. However, for simplicity and in order to establish 

a general understanding of the basic principles of the coupling mechanism, the 

examples considered in this chapter correspond to the case of lossless dielectric 

directional couplers of a slab geometry.

3.1. Coupled m ode theory.

Consider a directional coupler consisting of the waveguides (1) and (2). The 

squares of the refractive indices of guides(1) and (2) have the profiles shown in
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figures 3.1.1(a) and 3.1.1.(b), and are described by functions n \ ( x )  and n 2 (x),  

defined below;

f ni

n l i x ) =  \ n\

n 3

{ n 2

n%(x) =  < n;

n\

x  <  Xi

x i  <  x  <  x 2  (3.1.1)

x  >  x 2

x  <  x 3

X3  <  x  <  X4  (3.1.2)

X4  <  x

The square of the refractive index of the structure as a whole, n 2  (x) Represented 

in fig.3.1.1(c), can now be described by the following expression;

n 2 (x) =  [ n \ ( x )  -  n§) +  (n|(x) -  nf) +  n \  (3.1.3)

which is defined by;

( n %

n\

2 < ~ ' - '  n 2n 2 {x) =

n.

\ n S

x  <  Xi

Xi <  X <  x 2

X2  <  X <  x 3

X3 <  X  <  x 4

X4 <  X

The field components of the guided mode of each guide in isolation are 

described by the following expressions;

E u =  Ev[x ,  y) e x p j ( u t  — (3uz) (3.1.4)
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fig.3.1.1 .The square of the refractive index profile 
of: (a) guide (1), (b) guide (2) and (c) the 
whole structure.
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H u =  H u ( x , y ) e x p j { w t  -  j3uz)  (3.1.5)

where (3V =  propagation constants of the isolated guided modes, u  =  angular 

frequency, and v  =  1 or 2, corresponding to guides(l) and (2) respectively.

The above fields satisfy Maxwell’s Equations in the following form;

V t x E „ -  jf3u ( Z  x E u) +  j u p o H v =  0 (3.1.6)

V t x jHu — x H u) -  j u e o n l ( x ) E „  =  0 (3.1.7)

V* defines the transverse part of the operator V and Z  is a unit vector in the 

Z-direction.

Provided the two guides are not too close to each other, their proximity does 

not influence their individual guided modes significantly. The total fields, to a 

first approximation, can now be described by a superposition of the individual 

fields, in the following manner;

E  =  A i [ z } E i  +  A 2 ẑ ) E 2  (3.1.8)

H  =  A l { z ) H l +  A 2 {z ) H 2  (3.1.9)

where allowance for variations with 2 is included in terms of A  1 (2) and ^ 2 (2).

Substituting equations (3.1.8) and (3.1.9) into Maxwell’s Equations, results 

in the following;

[Vt x E ,  -  j M Z  X £i)]Ai +  ̂ { Z  X E t )

+[V t x E 2  -  3  f c { Z  x E 2 ) ] A 2  +  x E i )
a z

JUJ[XqA i H  1 +  j u  P 0A 2H 2 — 0  ( 3 . 1 . 1 0 )
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[Vt x H t -  ] fh(Z  x +  ^ ± ( Z  x H J

+[Vt x H 2 -  j02(Z x H2)]A2 +  x H2)

—j u €q n 2 ( x ) A i E i  — ju jeon 2 ( x ) A 2 E 2  =  0 (3.1.11)

Using equations (3.1.6) and (3.1.7), and substituting for n2(rn), the above equa­

tions are reduced to the following;

x Ei)  +  Z  x E2) =  0 (3.1.12)
a z  a z

and

—jcjeo(^l(x) “  n z ) A i E i  — ju)eo(n 2 (x) — =  0 (3.1.13)

To remove time dependance, the scalar product of (3.1.12) with H  ̂ and (3.1.13) 

with are taken. The negative superscripts indicate that (3 and co are replaced 

by —(3 and — u .  The resulting equations are subtracted and integrated over an 

infinite cross- section, resulting in the following;

f~J"j*tl E r ' x  Hl) ~ Hr ‘ x  £l)1
+  ̂ l i ^ r  • (Z X Ha) -  H r • (Z x E2)\

—3 {jje o [n \ (x )  ~  m§) A iE ~ [E i  — J w e o ( n \ ( x )  — n 2 ) A 2 E i  E 2 } d x  d y  =  0 (3.1.14)

From definition (3.1.1), it is clear that n 2 (x) — n 2  is non-zero only inside the 

region defined by the core of guide(l). In this region n 2 (x) — n 2  is equal to 

n 2  — n 2. Similarly, from (3.1.2), n 2 (x) — n 2  is non-zero inside the core and in 

the outer cladding of guide(2), for which n 2 (x) — n 2  equals n 2  — n 2  and n | — n2, 

respectively. Equation (3.1.14) can therefore be written in the following form;
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r oo r oo m

j - J - J ~ d r [ E T ' x f f l ) "  H : ' x ^ l)1

+ ^ l - ® r  • x -Ha) -  -H7 ' (2  x E 2) } } d x d y

n Z 4  /* o o  p o o

A iE ~ [E id x d y  +  {n% — n|) / / A iE ^ E id x d y

:j J —ooJ X*

a
X 3

E 2 d x d y }  =  0 (3.1.15)

Field components in this expression are ascribed orders of magnitude, ac­

cording to their relative size, in the following manner. E i  or H i (and E^ or 

JĴ ") in the region x i  <  x  <  x 2 (ie in the region defined by the core of guide(l)) 

and E 2 or H 2  (and E% or H^ ) in the region x $  <  x  <  X4  (ie the region defined 

by the core of guide(2)) are considered to be zero order terms. Outside the above 

regions they are all of first order. Therefore the E ^ E i  term in X3 <  x  <  X4 , 

and X4 <  x  <  00 regions are of second order. Comparing orders of all the terms, 

and consequently are expected to be of first order. E i  • ( Z  x  H 2) is 

also a first order term, because wherever E i  is of zero order, H 2  will be of 

second order and vice versa. Therefore £̂ L[E ± • (Z  x # 2) — • ( Z  x E 2 )\

is a second order term. Neglecting all the second order terms in (3.1.15), the 

following equation is obtained.

A Ji |
=  j C i A 2 e x p j ( ( 3 1 -  (32 ) z (3.1.16)

where

(nl  -  "D  fT p J x ?  E ;  • E 2dxdy

1 ~  W£° I Z J Z a  *  ■ (E i  +  H :) d x  dy

Multiplying (3.1.12) and (3.1.13) by and E 2  respectively, and following the 

same procedure as above, the following expression, describing variations of A 2  

with z  in terms of A i  is obtained.

- =  j C 2A Lexp-j( /3 i - P 2)z (3.1.18)
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where;

("2  -  n l )  E -2 • E i d x  d y  +  (rtf -  n§) £ 2 E xd x d y

2 ~  W£° f Z J Z ,  % ■ (4 “  x H 2 +  E 2 x  H ^ )d x  dy
(3.1.19)

Note that • E i, in the £4 <  x  <  00 region, has not been neglected. This 

is because E 2  may be considered to be a zero order term in the vicinity of the 

core of guide(2), resulting in the product of E 2 and E \  being a first order term 

in this region.

C l and C2, defined by (3.1.17) and (3.1.19), represent the strength of 

coupling between the guided modes of the two waveguides, and are referred to 

as the coupling coefficients. Equations (3.1.16) and (3.1.18) are the so called 

coupled wave equations, and by introduction of the wave amplitudes, ie;

a v =  A u e x p (—j f i z )  (3.1.20)

can be written in the following form.

da,\
—  =  - j P i a L +  j C i a 2  (3.1.21)

dan
— —J@2 a 2  +  J ^ 2 ^ 1  (3.1.22)

Assuming that light is initially launched into guide(l), imposes the following 

initial conditions;

a i(0) =  1

a2(0) =  0

Using the above conditions, the following solutions for equations (3.1.21) and 

(3.1.22) are deduced;

a i ( z )  =  e x p - j  { c o s [ K z )  +  J s i n { K z ) \  (3.1.23)A ZJti.

f \  ( P l + @ 2 ) z t 3 C 2  • ,  r s  M  / o  o . Na 2 (z) =  e x p - j ----- ------ [-^r- s i n { K z ) \  (3.1.24)
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where
A 0 „ 1/2

K  =  l ( - £ - ) 2 +  C t C2j (3.1.25)

and

A/? =  0 i  — (32  (3.1.26)

The power carried by guide (i/) [u= 1 or 2) can generally be expressed by the 

following expression;

P » (z )  = - r e a l { J  J  A u { z ) E u x A l ( z ) H * d x d y }

or
1 /• oo r oo

Pi^) =  A l/{ z ) A * { z ) - r e a l { J  E v X

Since f  E„ x  H * d x d y  is independant of z, the general characteristics of P v [z)  

is simply described by A u ( z ) A * ( z ) .

To simplify the analysis, both guides are considered to be lossless. The 

impact of loss on coupling is left to be illustrated in the following chapter. 

Using (3.1.20) and (3.1.24), the following expressions, describing the power in 

the two guides, are derived;

P 2 (z) s i n 2 C[ 1 +  ( M ) a]1/3»

[i +  ( M ) 2]1/2

Pi(z) =  1 -  P 2 (z )

(3.1.27)

(3.1.28)

where C  =  \ J C \ C 2  Equation (3.1.27) clearly indicates that coupling between 

the two guides is of a periodic nature. The distance between a maximum in one 

guide and the next maximum in the other guide is called the beatlength. This 

actually defines the length over which maximum power is transferred from one 

guide to the other, and is described by the following relationship;

2C [1 +  ( # ) 2]1/2
(3.1.29)
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From expression (3.1.27) it is also obvious that complete transfer of power 

occurs, only if Aj3 =  0. In this case the two guides are said to be phase 

matched. The beatlength corresponding to A/? =  0 is labelled L b , and is equal 

to £̂7. Equation (3.1.27) and (3.1.29) suggest that, as A/3 is increased, both 

the extent of power transfer and the beatlength are reduced. This is shown in 

fig.3.1.2, which represents the power in guide(l) normalized to the input power, 

P i, versus for different values of A/?.

Fig.3.1.3 represents Pi as a function of the mismatch represented by 

for an interaction length equal t o  L b -

The phase mismatch required for no power transfer into guide(2), is desig­

nated as A/?o, and corresponds to the following;

C [ l  +  l ^ - ) 2 ] / 2 L B = x  (3.1.30)

where L b  =  and hence:

A p o  =  V l 2 C  (3.1.31)

From equation (3.1.31) it is concluded that reducing the coupling strength, 

C, results in a smaller A/?o, hence making the coupling curve of fig.3.1.3 sharper. 

It is clear that a sharper coupling curve implies that Pi is more sensitive to 

changes in A/3. The influence of C on the sensitivity of Pi to changes in A ft  

can alternatively be explained by the fact that, as C is reduced, becomes 

more significant, and hence, from equation (3.1.27), changes in A/? will have a 

more significant impact on P2, and hence Pi. In contrast, if C is very large, P2, 

and subsequently Pi become insensitive to small changes in A/?-a large A/3 is 

required to affect Pi or P2 appreciably.
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fig.3.1.2.
The normalized power in guide (1) as a function of Z /L^  
for different values of the mismatch.

Fig.3.1.3.
The normalized power in guide(1) as a function of 
the mismatch represented by ( Ap/2C Y. Z = L •

V D
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It is important to note that, expression (3.1.29) suggests that a reduction 

in C is associated with an increase in the beatlength. Reducing the coupling 

strength can practically be achieved by increasing the separation between the 

two guides.

3.2. O peration o f directional couplers as sensors.

In this section two modes of operation for the directional coupler as a sens­

ing device are envisaged. The performance of the device and ways of improving 

its performance are then analytically investigated.

In the directional coupler of fig.3.1, varying the refractive index of the 

outer cladding of guide(2), 715, causes the propagation constant of guide(2), 

/?2* to change, with no significant influence on that of guide(l), P i .  Therefore 

variations in A/? can be implemented by changing n s .  Monochromatic power in 

guide(l), P i, having travelled through the interaction region, now varies with 

n s  as shown in fig.3.2.1. The interaction length is again considered to be equal 

to L b - The approximately linear parts of this curve, shown in bold , can now 

be used to deduce changes in ns by monitoring the corresponding variations in 

P i, and hence the device can be employed as a sensor monitoring parameters 

which influence 715. This mode of operation, in which monochromatic light is 

launched into guide(l), is referred to as the monochromatic mode. Also, since 

the variations in n s  are probed by the guided mode of guide(2) this guide is 

referred to as the sensing guide, with guide(l) referred to as the input guide.

It is clear that, in this mode of operation, increasing the sharpness of the 

coupling curve would enable detection of smaller changes in 715 , hence resulting 

in a more sensitive device. A sharper coupling curve, in effect, implies an 

increase in the magnitude of changes in P 2  (or A/?) as a result of changing 715,
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which as explained for the case of surface plasma waves in chapter2 (equation

2.2.6), can be increased by increasing the fraction of the sensing waveguide 

mode power in the sensing medium.

Surface plasma waves propagating on metal films, as explained in chap- 

ter2, have a significant fraction of their total power distributed in the dielectric 

claddings of the metal. Therefore replacing guide(2) in the directional coupler 

of fig.3.1 with a surface plasma wave supporting metal film, brings about the 

possibility of devising a somewhat more sensitive device, based on the excitation 

of the surface plasma waves by the guided mode of the input guide (guide(l)).

A drawback with he monochromatic mode of operation of directional cou­

plers as sensors is that variations in P \  can only be used to measure values of 

n s  which correspond to the linear slopes of the coupling curve. This detectable 

range of values of n s  is however reduced as the device is made more sensitive 

by increasing the sharpness of the coupling curve. To overcome this difficulty 

the device can be operated in a broadband mode, ;

The broadband mode of operation is based on the fact that, since the 

interacting guides are very likely to have different dispersion characteristics, 

the transfer of power between the guided modes can be controlled by varying 

the wavelength of operation.

The dispersion characteristics of two dielectric waveguides are shown in 

fig.3.2.2(a)(page 76 ). At a certain frequency u mi corresponding to a wave­

length Am, the two dispersion curves intersect, implying that the waveguides 

are phase matched (A/? =  0). Provided the interaction length equals the beat- 

length, L b , all the light initially launched into the input guide couples into the 

guided mode of the sensing guide. As u  (or A) is changed to say u i (orAi), 

the mismatch A/?i results in a reduction in the extent of the transferred power.
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Therefore, the power out of the input guide varies with the wavelength as shown 

in fig.3.2.2(b).

Now, changing the refractive index n s ,  as explained before, causes the 

propagation constant of the sensing guide to change, with little influence on that 

of the input guide. This results in a shift in the phase matching wavelength 

(Am), as shown in fig.3.2.2(a) and (b). The value of the shift in the phase 

matching wavelength is therefore a measure of changes in n s ,  and can be used 

to deduce values of parameters influencing 715. It is clear that since in this mode 

of operation, the two waveguide modes can be phase matched by adjusting the 

wavelength of operation (independent of the value of n s ) ,  the detection range 

of the device is not limited as in the monochromatic mode.

It is also clear that as the P i  versus A curve is sharpened, the number of 

resolvable wavelengths, and the corresponding indices, is increased, enabling 

detection of smaller changes in n s -  Therefore, in the broadband mode of op­

eration, the sharpness of the coupling curve again plays a significant role in 

determining the sensitivity of the resulting sensing device.

One technique of increasing the sharpness of the P i  versus A curve would 

be to increase the thickness of the separation between the two waveguides. 

This, however, is accompanied by an increase in the beatlength, L b - In order 

to maintain maximum transfer of power between the two waveguides, the in­

teraction length is now required to be equal to L b - Therefore, increasing the 

separation between the two waveguides must be accompanied by an increase 

in the interaction length, in some instances to an impractically long length. 

For example, reducing the half power bandwidth of the directional coupler of 

fig.3.2.2(b) to1QA must be accompanied by an interaction length of larger than
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Dispersion curves(a),and power in guide(1) 
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12cm. Maintaining the uniformity of the structure over such a long length is 

not free of practical difficulties.

Alternatively as shown in fig.3.2.3, increasing the angle, 0 , between the 

two dispersion curves, causes a larger mismatch (A/?2 compared with A/?i) as 

a result of the same frequency change Aw, hence implying a sharper coupling 

curve. A large value of 0 , however, implies that the interacting waveguides have 

very different dispersion characteristics.

Examining dispersion characteristics of dielectric guiding structures reveals 

only small differences between them. Optical properties of metals, however, vary 

much more than those of dielectric materials with wavelength. Therefore the 

dispersion curve of the surface plasma wave, excited on the surface of a metal, 

is expected to significantly differ from that of the guided mode of a dielectric 

waveguide. In other words the angle between the dispersion characteristics of 

a surface plasma wave and the guided mode of a dielectric waveguide is likely 

to be large.

From the above argument, it can be concluded that sensing devices, based 

on coupling of the guided mode of a dielectric waveguide into a surface plasma 

wave are expected to be associated with sharper variations in Pi as a function 

of wavelength, implying a more sensitive device.
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fig.3.2.3.lncreasing the angle between the dispersion curves of 
guides (1) and (2) results in a larger mismatch ( AP* 
compared to &P2 ) as a result of the same frequency 
change, ie. a sharper coupling curve.
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3 .3 .Conclusion

Following the formulation of coupling in a directional coupler structure, 

basic principles of coupling between the guided modes of two lossless dielectric 

waveguide in a directional coupler structure have been established.

Monochromatic and broadband modes of operating directional coupler 

structures as sensing devices have also been described.

From the analysis and discussions in this chapter, it can be concluded that 

the sensitivity of directional coupler sensing devices, whether operated in the 

monochromatic or the broadband mode, is expected to significantly improve by 

replacing the sensing guide, by a surface plasma wave supporting metal film.

These improvements are due to:

(1) the large distribution of the surface plasma wave power in the sensing 

medium.

(2) the dispersion characteristic of the surface plasma wave, being signifi­

cantly different from that of a dielectric waveguide.

The resulting directional coupler is referred to as a surface plasma wave 

directional coupler, and is the main topic of investigation in the remainder of 

this thesis.
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C H APTER 4

SURFACE PLASM A WAVE DIRECTIO NAL COUPLERS

AS SENSO RS.

In this chapter coupling between the guided mode of a dielectric waveguide 

and the surface plasma waves on a metal film in a surface plasma wave direc­

tional coupler is analytically studied. A basic surface plasma wave directional 

coupler arrangement is schematically represented in fig.4.1. This structure is 

analogous to the dielectric directional coupler of fig.3.1, with the sensing guide 

replaced by a surface plasma wave supporting metal film.

In this structure, it is the coupling between the guided mode of the dielec­

tric waveguide and the surface plasma wave which is controlled by variations 

in n s , forming the basis of the sensing application of the resulting device, with 

the surface plasma wave field probing the sensing medium.

The coupling formulation is again a general one, irrespective of the shape 

of the geometry involved. The examples considered, however, correspond to the 

simplified case of a planar (slab) geometry.

The basic difference between the surface plasma wave directional coupler 

and the purely dielectric directional coupler of the preceding chapter, is the 

significant loss associated with the surface plasma wave. The impact of loss on 

coupling is illustrated in section 4.1. In section 4.2, some design considerations,

8 0



sensing medium(ns )
silver film

input guide

fig.4.1.Schematic representation of the surface 
plasma wave directional coupler.

n2(x)

n

X3 X 4

fig.4.1.1.The square of the refractive index 
profile of the surface plasma wave 
directional coupler.
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to improve the performance of the surface plasma wave directional coupler as a 

sensor, are described.

4 .1 .Coupling betw een the guided m ode o f a dielectric waveguide 

and surface plasm a waves.

The square of the refractive index profile of the surface plasma wave di­

rectional coupler can be representd by the schematic diagram of fig.4.1.1. The 

square of the refractive indices of the dielectric waveguide, the metal film, and 

the structure as a whole are represented by n 2 [ x ) i n ^ x )  and n2(x), respectively, 

where ra2(x), n ^ x )  and n 2 [x) are described by expressions (3.1.1), (3.1.2) and

(3.1.3) of chapter3.

Equation (3.1.15) of chapter3, corresponds to a general case, and hence is 

also applicable to the lossy case of the surface plasma wave directional coupler. 

It is quoted here for reference;

n °° A  A

' { E  x  H l )  ~  H r  ‘ { E  x  E l ) ]

dA2{ E i  • (Z  x H 2) -  H ~  ■ ( Z  x E 2) ] } d x d y
d z

a
Xi

A i E ^ E i d x  d y

n Xl
A 2 E ~ [E 2d x  d y

■i

a oo
E± E i d x d y }  =  0

4

(4.1.1)

Despite E i  and E L being first order terms in the x^ <  x  <  x± region, (n2 —
OO X  4

n 2) f  f  E ^ E i d x d y  is not neglected here. This is due to the fact that n2,
—000:3

representing the permittivity of the metal, has a large real part relative to n 2 ,
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and n 2 — n 3 ° f  an appreciable magnitude. Neglecting all other second

order terms, as in chapter3, results in the following equation;

d A i
d z

where

and

C i  — — OJ€q

■ Kao —

=  j C i A 2  e x p ] ( P i  -  0 2) z  +  j K aaA t

K  ~ »§) IZJX7 E ~ E 2 d x d y  

fZJZo $ ■ &  x H t  +  A x  H l ) d x d y

( n j - n i ) f r j xx; S r - S Ldxdy

f Z J - o o  2  ■ ( # r  X A . +  I . X  H ^ d x d y

(4.1.2)

(4.1.3)

(4.1.4)

Equation (3.1.18), describing variations of A 2  with z, in terms of A lt  and 

equation (3.1.19), describing C 2,retain their general form described in chapter3;

d A 2

d z
=  ] C 2 A i exp  - j(/3 i -  0 2) z (4.1.5)

where

(n| -  n%) f r j ; :  E 2 ■ E Ldx dy +  (n | -  n|) ^2 ~ ^ i d xd V

fZJZo $ ' (4" x H 2  + E 2 x  H i) d x  dy
C 2  — —U£q-

J-.J-co -2 • ( E 2 X H 2 +  E 2 X H ^ ) d x d y
(4.1.6)

The permittivity of the metal film, n§, and hence the propagation constant of 

the surface plasma wave supported by the metal film, /?2, and consequently Ci, 

C 2  and K aa are all complex quantities.

Introduction of the wave amplitudes (equation (3.1.20) of chapter3), results 

in the following coupled wave equations;

d&i
dz =  ~ j {Pl ~  K aa) a i  +  j C La 2

da 2  

d z
=  - j 0 2 a 2  +  j C 2a i

(4.1.7)

(4.1.8)
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Assuming that light is initially launched into the dielectric waveguide, im­

plies the following initial condition;

<h (0) =  1

a2(0) =  0

Imposing the above conditions, the following solutions for equations (4.1.7) and 

(4.1.8) are obtained;

l ~ 3 {P i ~  K aa  +  @2)z  f (Tjr \ 3 (/?2 +  P i ~  ^ a o )  . , Ts  Ma i  [z) =  e x p ----------- ------------ \ c o s ( K z ) ---------- ——------- - s m ( K z ) }
2 K

(4.1.9)

CL 2(z) =  exp  — 1— s i n ( K z ) }  (4.1.10)

where;
K  =  [(f t  K a a  f e )2 +  CiC2]1/2 (4.1.11)

These expressions are very similar to the expressions (3.1.23) to (3.1.24), 

describing the amplitudes in the two dielectric waveguides of a purely dielectric 

directional coupler. The only apparent difference is that the propagation con­

stant of guide(l), /?i, is replaced by, /?i — K aa. This suggests that K aa defines 

the perturbation of the waveguide mode by the metal film , resulting in its 

propagation constant to be modified by an amount equal to K aa.

The power carried in the waveguide and by the surface plasma wave are 

again described by A u • A u*, where v = l  or 2, corresponding to the waveguide 

or the surface plasma mode.

Assuming;

=  K r "b 3 Kaai

and;

P 2 — P r  +  3 P t
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and using the following equation;

A v — a v e x p ( j (3uz)

The power carried by the waveguide mode (PL) and the surface plasma mode 

(P2) can be described by the following expressions;

P i ( z )  =  e x p ( - K aaiz)  e x p ( + P i z ) \ c o s ( K z )  +  s i n ( K z ) \
2 xv

(4.1.12)
C  2

P2(z) =  e x p { - K aaiz )  e x p ( + f i i z )  ^ s i n ( K z )  | (4.1.13)
i \

In the above expressions, | c o s [ K z )  +  s i n [ K z ) \  and \1^ L s i n ( K z )|2,

represent the oscillatory nature of the coupling, while the term, e x p ( —K aa{z)  , 

represents the absorption of the guided mode of the dielectric waveguide, due to 

the proximity of the metal film, and exp(/?;z), represents the attenuation asso­

ciated with the surface plasma wave (note that /?t- is a negative quantity). The 

attenuation terms result in a decay of Pi and P2, as a function of z , which is 

superimposed on their oscillatory behaviour. This is shown in fig.4.1.2, which 

represents Pi as a function of z .  The corresponding parameters of the slab 

dielectric waveguide and the metal film are also shown in this figure. It is im­

portant to note that Pi and P2, here, and in all the proceeding analysis and 

diagrams, are normalised to the initial power in the dielectric waveguide, Pi(0).

The curve in fig.4.1.2 corresponds to the phase matched condition, which 

in this case is described by the following relationship;

AP r  =  r e a l [ ( / 3 l  -  K a a ) -  p 2 ] =  0

Considering that the propagation constant of the waveguide mode is replaced 

by, P i  — K aay the above definition of the phase matching condition agrees with 

the one stated in chapter3.
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The normalized power in the dielectric waveguide as a 
function of the interaction length for strong coupling 
(thin separation) posses an oscillatory nature.

The normalized power in the dielectric waveguide versus 
the interaction length (z) for weak coupling.
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The oscillatory nature of the coupling results in a beatlength, defined as 

in the case of the purely dielectric coupler. On the other hand, the decaying 

nature of the coupling results in a decay length, defined as the length over which 

P i  (z) diminishes to ^ of its initial value. Using equation (4.1.12), the decay 

length is hence defined by the following expression;

decay length =  n , L.—

As the separation between the waveguide and the metal film is increased, 

the perturbation of the waveguide mode by the metal, K aat and subsequently 

K aai is reduced, until for a separation thickness of larger than a particular value 

K aai becomes significantly smaller than /?t-, in which case the decay length be­

comes very nearly equal to ^ . The decay length will now be independant of 

the thickness of the separation. Since an increase in the separation thickness 

is also accompanied by a reduction in the coupling strength, and hence the 

beatlength, increasing the separation thickness further than a particular value 

results in the beatlength, which defines the periodicity of Pi (2), becoming larger 

than the decay length, which is now of a fixed value (^7). For the case where 

the beatlength is appreciably larger than the decay length, the oscillatory na­

ture of coupling disappears altogether, causing variations of P i ( z )  with z  to be 

of a purely decaying nature. This is shown in fig.4.1.3, and implies that the 

waveguide mode power coupled into the surface plasma wave does not couple 

back into the waveguide mode.

Pi versus z  for a number of Aj3r values are shown in fig.4.1.4. The curves 

in this figure reveal that introducing a mismatch, ie. Af3r ^  0, results in a 

slower decay of Pi (2). This is due to the smaller transfer of power into the 

surface plasma mode.
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The normalized power in the dielectric waveguide as a 
function of z for different values of mismatch. 
Variations in A0 are implemented by varying values
of n .s
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' Similar to the case of the purely dielectric directional coupler, the variations 

in A/?r can be implemented by changes in the refractive index of the outer 

cladding of the metal film, n s -  This leads to the possibility of employing the 

surface plasma wave directional coupler as a sensor, to monitor variations in 

n s -  P i  as a function of n s, for different values of the interaction length, z, are 

shown in fig.4.1.5.

An interesting feature of the curves shown in fig.4.1.5 is that as z is in­

creased, the flat part of the P i  verses n s  curve is lowered. This is due to the 

absorption of the waveguide mode by the metal film in the absence of coupling, 

represented by e x p ( —k aai z )- The influence of K aa on the coupling depth is 

illustrated in fig.4.1.6, in which the coupling curve corresponding to K aa =  0 

is compared with that corresponding to K aa ¥=■ 0* The flat part of the coupling 

curve corresponding to K aa =  0 clearly corresponds to Pi =  1 .0.

To illustrate the overall impact of loss on the coupling mechanism in the 

surface plasma wave directional coupler, both K a a i  and P i  are set to zero. The 

corresponding coupling curve together with a curve corresponding to K a a i  and 

P i  7̂  0 are shown in fig.4.1.7(a). The elimination of p i  and K a a i  has clearly 

resulted in a significantly sharper coupling curve, and a larger coupling depth 

(or contrast). It has also resulted in coupling being of an oscillatory nature, 

which is apparent from the presence of the side lobes in the corresponding 

coupling curve. This is also confirmed in fig.4.1.7(b), which shows an oscillatory 

variation of Pi as a function of z  for the lossless case and a decaying coupling 

characteristic for the case where loss is not omitted.

In conclusion, the loss associated with the metal film, manifesting itself 

in terms of K aai and /%, results in a reduction of the coupling depth and also
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n
s

fig.4.1.5.The normalized power in the dielectric waveguide 
versus ns for different values of the interaction 
length (z;.
------ :z= 1 mm
-------:z=5mm
------- :z= 12mm
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fig.4.1.6.Influence of K on the coupling depth (contrast). 
Interaction length is 12mm.

------- :K *0
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4.1.7(a)
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(b)

fig.4.1.7.Impact of loss on coupling:(a)the coupling curves 
corresponding to pi and Kaa=0(— ) and jtO (~-), 
(b)the corresponding P versus z curves.
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broadening of the coupling curve. Both of these proerties are undesirable, as 

far as sensing devices based on directional coupler structures are concerned.

Transfer of the waveguide mode power into the surface plasma wave, as a 

result of changing the wavelength of operation (broadband mode of operation), 

is represented by the coupling curves of fig.4.1.8. Variations in the refractive 

index of the sensing medium, 715, are shown to result in a shift in the matching 

wavelength (Am), which is the basis of the sensing application of the directional 

coupler in this mode of operation.

4.2.D esign considerations.

From the discussions presented in this chapter and chapter3 it can be con­

cluded that the performance of the resulting sensing device can be improved 

by;

1) Minimizing the loss associated with the surface plasma mode, which 

results in an increase in the sharpness of the coupling curve.

2) Increasing the fractional surface plasma wave power in the sensing 

medium, which increases the sensitivity of the surface plasma wave propagation 

constant to variations in n s •

In the remainder of this chapter, a number of design considerations to 

improve the sensing performance of the device are discussed.
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fig.4.1.8.Normalized power in guide (1), , versus the
wavelength of operations , for different values 
of n^ and for an interaction length of 4.5cm.

----------- n =1.417
----------  n  ̂ = 1.42
----------  n = 1.423s
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4.2 .1 .Choice o f the m etal

The choice of the metal is determined both by the magnitude of the imag­

inary part of its permittivity, which determines the loss associated with the 

surface plasma wave propagating on its surface, and its stability upon exposure 

to the atmosphere.

Silver, due to the small imaginary part of its permittivity, is expected to 

be a suitable choice. However, silver tarnishes upon prolonged exposure to 

atmosphere. A clearly visible tarnish takes several days to be formed on a thin 

(approximately 300A thick) silver film. The tarnishing is due to the formation 

of a sulphide layer, A g 2 S , on the surface of the silver [Burge etal 1969].

Formation of an A g^S  layer, which differs significantly in its optical prop­

erties from pure silver (nAg7 s —2.5-j0.4 [Burge etal 1969]), behaving like a lossy 

dielectric material, implies that the surface plasma wave propagates on the 

A g  — A g 2 S  interface, with its power confined in the vicinity of this interface. 

Therefore, a certain fraction of the surface plasma wave power would now be 

distributed inside the A g 2 S  layer, as schematically shown in the following dia­

gram, causing a reduction in the fraction of the power which probes the sensing 

medium, hence reducing the device sensitivity.

sensing medium

Ag
Dielectric
waveguide

fig.4.2.1 .The SP field is partially distributed inside 
the sulfide layer.
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Gold is another choice, which is extremely stable in atmosphere. However 

its permittivity has a relatively large imaginary part[Ordal etal 1983].

Therefore, silver, due to the imaginary part of its permittivity being small 

and the fact that at room temperature it tarnishes at a very slow rate (measur- 

ments by Burge etal[1969] suggests that silver sulphide is formed at an initial 

rate of 0.6A per hour on the silver film, until a thickness of 2A is reached after 

which the growth rate drops to 4A per day), is thought to be stable enough for 

the fabrication of prototype devices, and hence is considered to represent the 

choice of the metal in this work.

4.2.2. Choice of the surface plasma mode.

As explained in chapter 2, a metal film can support two surface plasma 

modes of symmetric and antisymmetric field distributions, referred to as the 

long range and short range modes, respectively. Coupling into the long range 

mode, corresponding to a smaller loss (/?;), is expected to be sharper. This 

implies that, as far as sensing application of the surface plasma wave directional 

coupler is concerned, coupling into the long range mode is of more interest.

In most practical cases, the metal film has an asymmetric index distribu­

tion. For instance in the case of biological sensors, the sensing medium typically 

has a refractive index nearly equal to that of water (1.33), while the index of 

the other dielectric cladding generally belongs to a range of indices appreciably 

larger than that of water.

As shown in fig.4.2.2, the introduction of an asymmetry results in an uneven 

distribution of the surface plasma field across the dielectric-metal-dielectric lay­

ers. A large fraction of the field associated with the long range surface plasma

9 7



.(a).
n=1.45 n=!A5 n=1.45 n-1.45

fig.4.2.2.Field profiles corresponding to the symmetric and anti­
symmetric surface plasma modes of (a) a symmetric 
metal film, (b) an asymmetric metal film.
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mode is now concentrated in the vicinity of the interface between the metal and 

the dielectric medium with the lower refractive index.' The opposite is the case 

for the short range mode. This is due to the fact that the long range mode has 

a smaller effective index.

Therefore, to ensure the concentration of the long range mode around the 

metal-sensing medium interface, which makes coupling into this mode more 

sensitive to changes in the index of the sensing medium, the device is required 

to be designed such that the sensing medium is represented by the cladding of 

the smaller refractive index. In the case of biosensors, as mentioned earlier, this 

requirement is inherently met.
)

It should also be noted that comparison between the the long range surface 

plasma field profile of the symmetric metal film with that of the asymmetric 

film (fig.4.2.2) also suggests that increasing the asymmetry, resulting in the long 

range surface plasma mode being shifted more into the cladding of lower refrac­

tive index, is expected to improve the sensitivity of the propagation constant 

of this mode to variations in the refractive index of the sensing medium.

4.2.3.Thickness of the m etal film.

Analysis shows that reducing the thickness of the metal film results in a 

decrease in the loss associated with the long range surface plasma mode. This 

is shown in fig.4.2.3. A reduction in the metal film thickness is thus expected 

to result in a sharper coupling curve.

However, reducing the thickness of the metal film is also accompanied by 

a reduction in the fraction of the long range surface plasma mode power in the 

sensing medium. This is shown in fig.4.2.4, which represents the fraction of
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the long range mode power in a sensing region of thicness A t  versus A t ,  for A'
K

different values of the metal film thickness. This implies that surface plasma 

wave directional coupler sensing devices which incorporate thicker metal films 

are expected to be more sensitive.

The sensitivity of the device, which as explained earlier can be determined 

by the sharpness of the coupling curve, is now expressed by the inverse of the 

half power bandwidth, (An5 )BW, .

The overall influence of the metal film thickness on the performance of the

device is shown in fig.4.2.5, which represents --- as a function of the metal

film thickness. In the analysis performed to compute (A n s)BW., variations in 

the metal film thickness are accompanied by adjustments to the refractive index 

of the core of the dielectric guide and the thickness of the separation between 

the waveguide and the silver film , to ensure the phase matching index and 

the strength of coupling at this index to be maintained for different values of 

the metal film thickness. This is an essential step to eliminate the possibility 

of these parameters affecting the sharpness of the coupling curve, as the metal 

film thickness is varied.

The curve of fig.4.2.5 reveals that an increase in the thickness of the metal 

film results in an overall broadening of coupling, hence reducing the sensitivity 

of the device. This indicates that, as the metal film thickness is varied, the loss 

associated with the surface plasma wave is the dominant factor in determining 

the sensitivity of the device.
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Increasing the thickness of the metal film results in a reduction 
in the sensitivity of the SPW directional coupler as a sensor, 
where sensitivity is defined in terms of the couling sharpness (An) •
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4 .3 .Conclusions.

In this chapter the impact of loss on coupling in a directional coupler struc- .

ture has been established. The strong loss associated with the surface plasma 

waves has been shown to result in the coupling to be of a purely decaying na­

ture, unless for strong coupling situations. It has also been shown that the loss 

results in a reduction in the contrast as well as the sharpness of the coupling 

curve (Pi versus n^), both of which are undesirable as far as the sensing perfor­

mance of the resulting device is concerned. However, despite these drawbacks, 

the very large fraction of the surface plasma wave power in the sensing medium 

is thought to make sensing devices based on the surface plasma wave directional 

coupler an attractive choice.

Silver, in virtue of the small imaginary part of its permittivity, is expected 

to be the most suitable choice of metal. However, for a commercially feasible 

device instability of silver upon exposure to atmosphere may give rise to de­

grading of the device performance over a long period of time. Gold, due to its 

stability in atmosphere may be considered as an alternative. However, surface 

plasma waves propagating on a gold film are expected to be associated with 

larger attenuations, which result in broader coupling curves. Therefore, it may 

be concluded that since the device may be used as a disposable kit, or may 

be stored under vacuum conditions when not in use, silver may be a suitable 

choice.

It has also been shown that in order to ensure that the sensing medium is 

being probed by the long range surface plasma mode, which is associated with 

a smaller loss and hence a sharper coupling curve compared to the short range 

mode, the device is required to be designed such that the metal film sensing 

cladding has a refractive index lower than that of the other cladding.
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The coupling (Pi versus n^) curve has also been shown to be made sharper 

by reducing the thickness of the metal film.
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C H A PTER  5

A  P L A N A R  W AVEGUIDE SURFACE PL A SM A  WAVE
\

D IR EC TIO N A L CO UPLER.

In this chapter, coupling in a planar waveguide surface plasma wave direc­

tional coupler, operated in the monochromatic mode, is experimentally investi­

gated. This coupler consists of a slab dielectric waveguide on which a thin silver 

film is deposited . The silver film is separated from the core of the waveguide 

by a dielectric cladding layer.

P-polarized laser light is launched into the core of the waveguide using 

a high index prism (input prism), as shown in fig.5.l(page10&). The transfer 

of power from the waveguide mode into the surface plasma wave, supported 

by the silver film, can now be implemented by varying the refractive index of 

the outer cladding of the silver film, n s -  The value of corresponding to 

the maximum transfer of power is referred to as the phase matching index. 

The power remaining in the waveguide mode is coupled out of the waveguide 

using another high index prism (output prism), and can now be monitored as 

a function of n s -

Continuous variation of n s  can be achieved by heating a liquid, the refrac­

tive index of which is temperature sensitive, placed on top of the silver film, 

forming its outer cladding. This liquid is referred to as the matching liquid. 

However, heating this medium in isolation is not feasible, and is very likely to 

influence the optical properties of the constituent layers of the dielectric waveg­

uide, which, as will be discussed later, are selected to be made of polymers, 

the refractive indices of which are generally temperature sensitive. An obvious 

alternative would be to vary n s  by simply replacing the matching liquid. To



eliminate the tedious task of replacing this medium at small increments, and 

over a wide range of indices, which in fact may turn out to be unsuccessful, a 

relatively accurate knowledge of the range of indices in the vicinity of which 

the waveguide mode and the surface plasma wave are phase matched, is now 

required. This in turn requires prior knowledge of the optical properties and 

thicknesses of the constituent layers of the structure.

In addition, monochromatic operation of the directional coupler as a sensor 

may require phase matching of the waveguide mode and the surface plasma wave 

in the vicinity of a certain value of 715. For instance, in biosensing applications, 

in which the binding of a certain type of antigens to appropriate antibodies, 

precoated on the outer surface of the metal film, are to be detected, the antigens 

are generally introduced into the system by an aqueous solution, which will now 

form the ambient medium. To detect the antigen-antibody binding, which in 

effect varies the thickness and the refractive index of the adlayer (previously 

made up of the antibodies), the phase matching is required to occur in the 

vicinity of the refractive index of the ambient aqueous medium, or the formation 

of the antigen-antibody adlayer would not result in an appreciable change in the 

intensity of the light remaining in the waveguide. To satisfy such application 

requirements, a relatively accurate design of the structure is required, which is 

again based on a prior knowledge of the optical properties of the constituent 

layers of the structure.

The literature on optical properties of polymers reveals the presence of 

some discrepancies in the measured values of the optical properties of these 

materials, e.g. n pmma =  1.498[Masonl988](6) and 1.486 [Swalen etall977]. As
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appreciated by Webber and McCarthy[1975], the literature on optical properties 

of silver also reveals significant discrepancies. For example the permititivity of 

silver measured by Schulz[1954] are significantly different from those by Hage- 

man etal[l975] (Ordal etal[1983]). Such discrepancies may be attributed to the 

different measurement techniques used, or the influence of the conditions under 

which the films are deposited, which vary from operator to operator and plant 

to plant, some of which may be the pressure and nature of the residual gases 

in the deposition chamber, the temperature and cleanness of the substrate on 

which the films are deposited, the type of the boat from which the material is 

evaporated, and the rate of deposition.

From the above it may be concluded that the values ascribed to optical 

properties of polymers and metal films in the literature are not reliable, sug­

gesting that these values are required to be measured independently,

Tien etal[l972] suggest a technique of measuring the refractive index and 

thickness of a polymer film by exciting the guided modes of such a film of 

several/zm in thickness formed on top of a substrate, by coupling from light 

incident on the base of a high index prism placed on top of the film and sepa­

rated from it by an air spacing. This work and a number of similar techniques 

described by other researchers [Ding etal 1983, Mason 1987] led the author to 

devise the structure shown in fig.5.2, referred to as a prism-waveguide- metal 

structure, in which the normal modes of the dielectric waveguide-metal (silver) 

combination can be excited by the light incident on the base of the prism. The 

information obtained regarding the propagation constants of the normal modes 

of the structure can now be used to experimentally deduce the value of the

107



input prism output prism (n = 1.72)

high index glass prism (n = 1 .72)

dielectric cladding (n =  1 .4 9) 
dielectric core (n =  1.59 ^

dielectric cladding (n =  1.49) 
SPW supporting metBl 
-matching liquid

dielectric
fig.5.2,The prism-waveguide-silver structure. waveguide
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phase matching index for any particular surface plasma wave directional cou­

pler structure with great ease, eliminating the need for the more tedious task 

of measuring optical properties of the constituent layers of the structure.

The prism-waveguide-metal structure can also be used to check if the di­

rectional coupler design satisfies the requirements of the specific application of 

interest, such as the phase matching index lying in a certain range of values.

It should also be noted that fabrication of the prism-waveguide-silver ar­

rangement involves no further steps than that of the surface plasma wave direc­

tional coupler structure of interest, making the application of this arrangement 

for the above purpose attractive.

The application of the prism-waveguide-metal structure, to derive the phase 

matching index is described in the following section. This is followed by sec­

tions on fabrication of the surface plasma wave directional coupler (5.2) and 

the experimental observations (5.3). Finally the basic differences between the 

structure examined in this chapter and a similar structure devised by Kreuwel 

etal[l986], together with the possible advantages and disadvantages of the two 

structures are briefly discussed in section 5.4.

5.l.P rism -w aveguide-m etal structure.

The combination of the dielectric waveguide and the silver film supports 

two normal modes involving the long range surface plasma mode. The curves 

in the fig.5.1.1 represent the manner in which the effective indices of the iso­

lated modes and those of the normal modes of a surface plasma wave directional 

coupler vary with n s -  From these curves it is apparent that the value of n s  cor­

responding to the isolated modes having identical effective indices (ie. the phase
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1.55

1.41 1.43 n 1.45 1.47 1.49
fig.5.1.1. s
The effective indices of the isolated modes (---) and
the normal modes (----- ) of a directional coupler
structure as a function of n^{X =0.633yum).
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matching index), in fact, corresponds to the minimum difference between the 

effective indices of the normal modes. This suggests that the prism-waveguide- 

metal arrangement, in which the normal modes of the structure can be excited 

by the incident light, may be employed to deduce the phase matching index by 

comparing the effective indices of the normal modes as a function of n s .

It is important to note that the proximity of the prism to the waveguide- 

silver combination modifies the effective indices of the normal modes. This 

can influence the value of n s  which corresponds to the minimum difference 

between normal mode effective indices, causing it to be different from the phase 

matching index in the structure of fig.5.1. The influence of the prism can 

however be reduced to a negligible value by increasing the thickness of the 

separation between the prism and the structure.

Excitation of the normal modes of the waveguide-silver structure by the 

incident light in the prism-waveguide-metal arrangement is similar to that of 

the surface plasma waves in the surface plasma wave prism couplers of chapter2. 

At certain angles of incidence, the normal modes of the waveguide-silver com­

bination propagate with the same velocity as that of the evanescent field of the 

incident waves, resulting in coupling from the evanescent field into the normal 

modes. Due to the absorption of the silver film, the excitation of these modes, 

which are partially distributed in the metallic region, appears as resonance dips 

in the intensity of the reflected light versus the angle of incidence.

The curves in fig.5.1.2 represent the reflectivity from the base of the prism 

as a function of the angle of incidence, for different values of n^. The reflectiv­

ity curves are computed using the analysis by Hansen[l968]. The indices and
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thicknesses of the layers of the corresponding structure are also shown in this 

figure. The choice of indices of the dielectric waveguide core and claddings and 

the thickness of its core ensures that the waveguide supports a single mode.

The effective indices of the normal modes can now be defined by the fol­

lowing relationship;

=  n p s i n ( 9 r ) (5.1.1)
ko

where, defines the effective indices of the normal modes, with n p and 9r 

representing the refractive index of the prism and the corresponding angles of 

resonance, respectively.

For an index of n s  =  1.42 , two nearly distinct resonance dips are obtained, 

each*of which corresponds to one of the normal modes of the coupler structure. 

As n s  is increased, the two dips get closer, until for values of n s  lying in the 

1.44 <  n s  <  1.45 region they appear to coincide. Further increase of n s  causes 

the two dips to depart again.

From the curves of fig.5.1.2 it is concluded that 1.44 <  n s  <  1.45 defines 

a region at which the difference between the resonance angles corresponding to 

the two normal modes, and hence (from equation 5.1.1) the difference between 

the corresponding effective indices, approaches its minimum value. The phase 

matching index is therefore expected to lie in this range of values.

The reflectivity curves of fig.5.1.2 also indicate that the position of one of 

the resonance dips is very slightly influenced by the variation in n s -  Also, the 

field intensity profile at n s  =  1.47, and at the resonance angle 9r =  61.979°, cor­

responding to this resonance (fig.5.1.3(a)), reveals that the mode corresponding 

to this resonance is mainly confined to the dielectric guiding region. Taking the 

above considerations into account, and considering that variations in are
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Fig.5.1.3.(a)Field intensity profile (|Hy| Corresponding to the 
waveguide resonance, and (b)that corresponding to 
the surface plasma resonance.
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generally expected to have a negligible influence on the effective index of the 

dielectric waveguide mode, from this point on the normal mode corresponding 

to the above resonance is referred to as the waveguide resonance.

For completeness, we refer to the other resonance dip as the surface 

plasma resonance. The field intensity profile corresponding to this resonance 

(i9r =  63.096° at n s  =  1.47), shown in fig.5.1.3(b), which reveals that the corre­

sponding mode is mainly confined to a region in the vicinity of the metal film, 

resembling a surface plasma mode, justifies this terminology.

Finally, consider the waveguide surface plasma wave directional coupler of 

fig.5.1, with its constituent layers having the same indices and thicknesses as 

those of the prism-waveguide-metal structure of fig.5.1.2. The normalized power 

out of the dielectric waveguide, P i, as a function of n s ,  and for an interaction 

length of 200/xm, is shown in fig.5.1.8.

From this diagram it is clear that maximum transfer of power from the di­

electric waveguide into the surface plasma wave, corresponding to the minimum 

in the coupling curve, occurs at approximately ns=1.45, which is very nearly 

identical to the phase matching index deduced from the reflectivity curves of 

the prism-waveguide-metal structure. This confirms the validity of deducing the 

phase matching index from the reflectivity curves of the prism-waveguide-metal 

structure.

5.2 .Fabric at ion.

Among numerous techniques of integrated optics waveguide fabrication re­

viewed by Tamir[l979], spin coating of polymer films appears to be the most 

suitable. This is due to the fact that virtually nonabsorbing, nonscattering films

115



s

fig.5.1.8.The normalized power in the waveguide, P
versus n . 1

s

116



of very smooth surface can be easily and quickly fabricated using this technique. 

The polymer films are, however, not very robust, deteriorate over a long time 

upon exposure to atmosphere and ultraviolet light, and can be attacked by a 

variety of solvents. These difficulties can however be partially overcome by cov­

ering the polymer with a thin layer of a robust material, such as magnesium 

fluoride.

Polystyrene (refractive index approximately equal to 1.59) and pmma (re­

fractive index approximately equal to 1.49) are suitable materials for the core 

and the cladding regions of the waveguide, respectively.

Thin polymer films can be fabricated from solutions by a number of tech­

niques, namely the horizontal flow method which involves covering the substrate 

with the polymer solution and then bringing it to a vertical position to drain 

off the excess solution, doctor blading in which the solution is spread over the 

substrate by moving a knife edge along the substrate, and spinning a few drops 

of the solution placed on the substrate [Swalen etal 1977]. Spinning which is 

expected to allow a more accurate control of the film thickness and results in 

more uniform films is the technique employed here.

In this work polymer films are deposited by spinning a solution of polymer 

with Xylene (boiling point=140 degrees centigrade) as the solvent, which is 

diluted to produce films of the required thickness.

The subsequent layers of the guiding structure can be spun on top of each 

other. To protect each layer against the solvent in the solution from which the 

subsequent layer is produced, each layer is hardened by baking it at 160° C  for 

30 minutes prior to spinning of the proceeding layer.
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Initial attempts to spin a layer of pmma on top of polystyrene films have, 

however, failed. This is thought to be due to the relative softness of the 

polystyrene film, despite the baking process, which makes it prone to attacks 

by the solvent of the solution from which the pmma layer is spun. The profile of 

the structures formed by spinning polystyrene on top of a pmma layer and that 

formed by attempting to spin a layer of pmma on top of the resulting pmma- 

polystyrene combination are shown in figures 5.2.1(a) and 5.2.1(b), respectively. 

These profiles are measured using Talystep.

(a) (b )

fig.5.2.1 .(s)Profile of a ps layer deposited on top of a pmma layer, 
and (b) that corresponding to a layer of pmma formed on 
top of a ps layer, spinning of pmma on top of the ps film 
has damaged this layer leaving a very non-uniform film.
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Fig.5.2.l(b) clearly indicates enormous irregularities caused as a result of 

spinning the pmma solution on top of the polystyrene.

The above difficulty is found to be overcome by glow discharging the 

polystyrene layer in oxygen, which is thought to harden the polystyrene, al­

lowing the formation of the pmma layer without any appreciable damage to the 

polystyrene.

The thickness of the spun polymer films is found to be mainly sensitive to 

the speed with which the spinning is performed, and the concentration of the 

polymer in the solution from which the films are spun. The thickness of the 

films can be increased by reducing the spinning speed or alternatively increasing 

the concentration of the polymer in the solution. The latter technique is found 

to be more effective, enabling control of the film thickness over a wider range 

of values. However, spinning of a very concentrated solution results in films 

of poor surface quality. This is due to the evaporation of most of the small 

quantity of the solvent in a short time and prior to the termination of the 

spinning process, which results in spinning of a nearly hardened material, hence 

producing non-uniform films. To overcome this difficulty, a substantial increase 

in the concentration of the solution (in order to increase the thickness of the 

resulting film) has to be accompanied by an increase in the boiling temperature 

of the solvent, which would result in the slow evaporation of the solvent, hence 

avoiding spinning of a hardened material.

Another important observation is that the termination of the spinning pro­

cess with a significant amount of the solvent present, causes non-uniformities 

in the resulting films, especially near the perimeter of the substrate. This is 

due to the deformation of the still ’wet’ film, containing a large amount of the 

solvent, as a result of the solvent surface tension.
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In summary, as the concentration of the polymer in the solution from which 

the films are spun is varied to control the thickness of the resulting films, the 

boiling temperature of the solvent is required to be adjusted accordingly, or 

non-uniform films may be produced.

A thin film formed on a reflective substrate, such as a polished silicon 

wafer, appears coloured provided its thickness is comparable to the wavelength 

of visible light. The colour of the film, which is due to constructive interference 

of the multiply reflected white light at the corresponding wavelength, is realised 

to be sensitive to small thickness variations, and in general non-uniformities of 

such a film. This characteristic, which has already been employed by Sandstrom 

etal[l985] to detect adsorption of monomolecular organic films as thin as 7A on 

a silicon dioxide layer, is used here for a quick inspection of the surface quality 

and thickness variations of the polymer film. Since the colour of the films 

change from red to blue as a result of thickness change of 250A, film uneveness 

of order of lOOA, which is only a few percent of the required thicknesses, is 

easily detectable.

Very uniform pmma and polystyrene films, examined using the above tech­

nique, are produced from diluted solutions of solid polymers in Xylene. In both 

cases the concentration of the polymer in the solution is optimised to produce 

uniform films. The films fabricated in this manner are extremely reproducible.

Subsequent formation of pmma (0.32/i), polystyrene(0.28/Lt) and pmma(0.32/z) 

layers, which form the dielectric waveguide, with the polystyrene layer glow 

discharged in oxygen and all the layers baked as explained earlier, produces a 

structure with an overall thickness of very nearly 0.92f im ,  which is equal to the 

sum of the thicknesses of the individual layers. In the same manner, subsequent
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layers of pmma are spun on top of each other to produce an overall pmma layer 

of any required thickness.

Finally, to eliminate any possible contamination, the solutions are filtered 

through a 0.22f im  microfilter immediately prior to the spinning process.

Having produced the dielectric waveguide in the above manner, a silver film 

of the required thickness can now be vacuum deposited on top of this structure 

over any required length (the length over which the silver film is deposited 

defines the interaction length), using an Edward vacuum deposition system. 

The silver films are produced from evaporation of a 99.9 percent silver powder, 

at pressures of less than 1 x 10~5 mmHg. The thickness of the silver films is 

monitored during the deposition process using a crystal thickness monitor.

5.3.Experim ental observations.

The structure to be examined is fabricated on a high index glass slide, in the 

manner described in the preceding section. The glass substrate is then brought 

in optical contact with a high index prism using a liquid of an appropriate 

refractive index (di-iodomethane, with a refractive index of 1.74 at 0.633/x), 

as shown in fig.5.3.1. The final pmma layer is composed of three separate 

depositions, each 0.32( im  thick.

The arrangement shown in fig.5.3.2 is used to monitor the intensity of the 

reflected light as a function of the incident angle, 0.

The matching liquid (a silicone based oil) is placed on top of the structure. 

Following the measurements with a certain matching liquid, the liquid is washed 

away using trichloroethane, and replaced by a liquid of different refractive index. 

This procedure is followed while the sample is still in position.
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fig.5.3.1.The prism-waveguide-metal structure fabricated on 
a high index glass slide and brought in contact with 
a high index prism.

metal structure

fig.5.3.2.The arrangement used to measure the intensity 
of the reflected light as a function of the angle 
of incidence.
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The reflected light intensity versus the angle of incidence, measured for 

different values of n^, are shown in fig.5.3.3. At n s  =  1.417 two distinct 

resonance dips, corresponding to the two normal modes of the structure, are 

observed. Adjustment of n s  brings the two dips closer to each other, till at 

a range of values of n s  between 1.427 and 1.441 they nearly coincide. The 

phase matching index, therefore, lies in the 1.427 <  n s  <  1.441 region. A 

clear increase in the depth of the waveguide resonance in this range of values of 

n s  is also observed, confirming an increase in the power transferred from the 

waveguide mode into the strongly attenuated surface plasma mode.

Following the deduction of the range of values of n s  in which the phase 

matching index lies, attempts are made to examine the coupling using the 

waveguide surface plasma wave directional coupler, shown in fig.5.1. Simul­

taneous fabrication of this structure and the prism- waveguide-metal structure 

of fig.5.3.1 ensures that both structures are produced under identical conditions.

In summary, the general characteristics of the computed reflectivity curves 

of fig.5.1.2 are observed in the experimental curves of fig.5.3.3. However, the 

range of indices in which the phase matching index lies(1.427 <  n s  <  1.441), is 

realised to be different from that deduced from the theoretical reflectivity curves 

(1.44 <  n s  <  1.45). This confirms presence of inaccuracies in the theoretical 

model, which may be due to uncertainties in the asssumed values of the optical 

properties of the constituent layers, taken from the literature or in the value of 

the thickness of the silver film
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' Monochromatic light is launched into the guided mode of the dielectric 

waveguide using the input prism, and having travelled through the interaction 

region, it is then coupled out of the waveguide using the output prism. Di- 

iodomethane is again used to make optical contact between the prisms and the 

dielectric waveguide.

To protect the polymer, which is attacked by di-iodomethane and possibly 

the matching liquid, a thin layer of magnesium fluoride ( M g F i )  is deposited on 

the top surface of the polymer structure, every where apart from where it is 

already covered with silver.

An important consideration in the feasibility of employing magnesium flu­

oride as a protective layer is that the stress in magnesium fluoride films may 

cause formation of cracks in the resulting structures. This effect may be partic­

ularly pronounced when M g F 2 is deposited on top of relatively soft materials 

such as polymers. It was in fact observed that a M g F 2 film of a few 1000s 

of A  in thickness can not be totally removed once deposited on a 0.3/zm  thick 

polystyrene film, even when boiled in Xylene. This is despite the fact that hot 

Xylene is expected to dissolve polystyrene and hence remove the polystyrene 

film together with the magnesium fluoride overlayer. This suggests that the 

stress in M g F 2 film has actually partially pulled the polymer apart during the 

deposition process, allowing deposition of M g F 2 on the glass slide substrate 

and subsequently totally surrounding the polymer in some parts, preventing 

any contact between the Xylene and polystyrene.

The stress in M g F 2 films is however known to be reduced as the film 

thickness is reduced. Therefore, the formation of the cracks may be avoided by 

restricting the thickness of the M g F 2 films.
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M g F z  films of 1000A in thickness deposited on the polymer waveguide 

structure do not show any sign of cracks, when observed using an optical micro­

scope of Xl50 magnification. Contact with di-iodomethane for approximately 

60 minutes, however, results in formation of clear cracks. This is thought to 

be due to the presence of minute cracks on the fresh film which are porous 

to di-iodomethane, allowing di-iodomethane to reach and attack the polymer, 

hence increasing the size of the cracks. However, microscopic examination of 

magnesium fluoride films of approximately 500A in thickness deposited on the 

polymer structure shows no sign of any cracks even following contact with di- 

iodomethane for more than 24 hours. A 500A thick M g F 2 film is thus cc^sidered K  

to be an effective protective layer.

Initial examination of the waveguide surface plasma wave directional cou­

pler reveals that, even in the absence of the silver film, light launched into the 

guided mode of the dielectric waveguide, having travelled a distance of less than 

0.8cm, is virtually totally diminished in intensity. This, if not restricting the 

practicality of the device, makes replacement of the matching liquid on the in­

teraction region, which is located between the two prisms, difficult. The loss 

of the waveguide power in the absence of the silver film is attributed to the 

scattering loss associated with the waveguide, which may have occurred as a 

result of the following defects in the structure; __

(1) Despite the precautions taken, the surface of each constituent layer 

of the dielectric waveguide is possibly attacked by the solvent in the solution 

from which the subsequent layer is produced, causing irregularities on the in­

terfaces between the layers, resulting in the scattering of the light propagating 

in the structure. This effect can be minimised by reducing the number of the 

constituent layers.
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A single thick and uniform layer of pmma can be spun from a more con­

centrated polymer solution, which contains a solvent of relatively high vapour 

pressure. The choice of the solvent with higher vapour pressure prevents the 

nearly total evaporation of the solvent prior to the termination of the spin­

ning process, which would result in fabrication of a non-uniform film. Uniform 

pmma films of thickness as large as 1.06\ i m  have been fabricated from a solution 

consisting of 10 percent pmma in Cellusolue Acetate solvent, spun at a speed 

of 4000 revolution per minute for 25 seconds. The relatively long duration of 

the spinning process is realised to be necessary to avoid ’wet’ films, described 

earlier. Such a thick pmma layer can clearly replace the three 0.32p m  thick 

pmma layers, which form the top dielectric cladding of the structure.

(2) The glow discharge of the polystyrene layer may have not been long 

enough to effectively protect this layer against attacks by the solvent of the 

solution from which the subsequent pmma layer is produced. This would result 

in an anomalous poly sty rene-pmma interface, giving rise to a scattering loss 

mechanism.

To quantitatively examine the scattering loss the same arrangement as in 

fig.5.3.2 is used to measure the reflectivity as a function of the incident angle, 

in the absence of the silver film. In this case, assuming the polymers to be 

lossless, the presence of any resonance dip corresponding to the excitation of 

the waveguide mode, would be a direct result of the scattering loss associated 

with the dielectric waveguide. The depth of this resonance would now be a 

measure of the scattering loss.The impact of the glow discharge duration on the 

scattering loss can thus be monitored, by comparing the waveguide resonance 

depths corresponding to a number of samples, in which the polystyrene layer is 

glow discharged for different lengths of time.
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The waveguide resonances corresponding to polymer guiding structures, 

consisting of a single top pmma layer of thickness 1.06fim^ with the polystyrene 

layer glow discharged for different lengths of time and in the absence of the silver 

film, are shown in figure 5.3.4, which represents the reflected light intensity 

versus the angle of incidence, for two such samples, with the corresponding 

glow discharge durations as indicated. A significant reduction in the depth of 

the waveguide resonance, and hence the corresponding waveguide scattering 

loss is obtained by increasing the glow discharge duration. This confirms the 

importance of the glow discharge duration on the scattering loss.

The prism-waveguide-metal structure, consisting of the single 1.06^ pmma 

layer, is then fabricated, with the polystyrene glow discharged long enough to 

minimise the scattering loss. The corresponding reflected light intensity versus 

the angle of incidence curves, measured for different values of n s ,  are shown in 

fig.5.3.5. The expected features are clearly observed, with the phase matching 

index lying in the vicinity of n s  =  1.446.

Examination of the corresponding waveguide surface plasma wave direc­

tional coupler in the absence of the silver film shows that the light launched 

into the waveguide mode propagates over a distance longer than 1.5 cm. This 

is a clear improvement over the previous structure.

The silver film is 400A in thickness, and is deposited over a length of 

approximately 200f im ,  which is equal to the theoretically computed interaction 

length, required in order to obtain a significant coupling depth.

Deposition of the silver film over such a short length is achieved using 

the masking arrangement described as follows. In this arrangement, a fibre of 

200/zm in diameter is used as a spacer between two cover slips. The cover slips 

are then secured in place using a liquid glue. The fibre is removed prior to the
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fig.5.3.^Intensity of the reflected light versus the angle 
of incidence in the absence of the metal film 
and for different glow discharge durations.

---------- :glow discharged for 10 minutes at an
average current of 60 mA &. a voltage 
of 1.5KV.

----------- :glow discharged for 20 minutes at the
same current and voltage.
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fig.5.3.5.
The measured reflected intensity (R) as a function 
of the angle of incidence and for different values
ofn . x=o.633ums
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setting of the glue. The cover slips are then placed in contact with the polymer 

structure, masking all of its area apart from the exposed 200/zm region on which 

the silver film is to be deposited.

The 500A thick magnesium fluoride protective layer is then deposited all 

over the structure except where it is covered with the silver film. The silver 

film is masked during the magnesium fluoride deposition, by simply covering it 

with a fibre of 150/xm in diameter.

The refractive index of the outer cladding of the silver film is varied by 

placing matching liquids of different refractive index over the interaction re­

gion. The intensity of the light out of the dielectric waveguide measured for 

different values of n s  is shown in fig.5.3.6. It should be noted that in the above 

measurements, the intensity of the light out of the waveguide is normalised to 

its value corresponding to the situation where no matching liquid is placed over 

the interaction region, ie. n s  ~  1 .0.

5 .4 .Conclusions.

The above observations confirm the presence of a coupling mechanism be­

tween the guided mode of the dielectric waveguide and the surface plasma mode 

in the planar surface plasma wave directional coupler of interest.

It has also been shown that the range of values of n s  which include the 

phase matching index can be deduced using the prism-waveguide-metal arrange­

ment. The prism-waveguide-metal arrangement can therefore be used to check 

if the phase matching, corresponding to any particular design, occurs at the 

required value of n s ,  satisfying the requirements of the specific application of 

interest. This eliminates the need to rely on an accurate theoretical model which
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fig.5.3.6. s
The measured power remaining in the waveguide
versus n  ̂ , normalized to the power corresponding
n s = 1-0 - A=0.633}im
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would be based on a more tedious task of measuring the optical properties of 

the constituent layers.

A comparison of the experimental coupling curve of fig.5.3.6 with the theo­

retical curve shown in fig.5.1.8, however, reveals that the phase matching index 

(1.446) turns out to be quite close to its theoretically predicted value (1.45). 

It should be noted that in the structure of fig.5.3.1, which consists of a larger 

number of layers (3 layers of pmma forming the spacing between the waveguide 

core and the silver film), a larger difference between the experimental and the 

theoretical phase matching indices is obtained (theory; 1.45, experiment; 1.435). 

This confirms the validity of using the prism-waveguide-metal arrangement in 

certain structures, in which the uncertainties in properties of the constituent 

layer may be more significant.

A significant discrepancy between the experimental coupling curve of 

fig.5.3.6, and the corresponding theoretical curve (fig.5.1.8) is that the former is 

found to be substantially broader. This may be attributed to the inbaccuracy 

of the assumed optical properties of the constituent layers of the theoretical 

model, which would result in inaccuracies in the field distributions and hence 

coupling strength. Also the silver film permittivity may possess a larger imagi­

nary part than the value assumed for it in the theoretical model, resulting in a 

broader coupling curve.

The broadness of the coupling curve implies that the device is not partic­

u la r  sensitive to small changes in n s -  For example, a change of 0.001 (1.475- 

1.474) in n s  is accompanied by a change of just over 3 percent in intensity of 

the output light.
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The sharpness of the coupling curve can, however, be increased by weak­

ening the coupling. This may be achieved by increasing the thickness of the 

separation between the waveguide and the silver film. However, a substantial in­

crease in the separation thickness may require subsequent spinning of a number 

of pmma layers to form the separation. This, as explained earlier, is expected 

to be accompanied by an increase in the scattering loss.

Another parameter of the structure which influences the strength of cou­

pling is the thickness of the dielectric waveguide core. This has the following 

opposing effects on the strength of coupling;

1 ) Increasing the thickness of the waveguide core results in a larger con­

centration of the waveguide field inside the core, causing an increase in the 

effective index of the waveguide mode and hence a faster decay of the waveg­

uide evanescent field in the spacing layer, described by e x p ( —7 a;), where 

7  =  ( ( e f f e c t i v e  i n d e x ) 2  — (nspacing)2)1/2. This result in weaker perturbation 

of the waveguide mode by the silver film, which reduces the coupling strength.

2) An increase in the core thickness is also accompanied by an increase in 

the perturbation of the surface plasma field by the dielectric waveguide, which 

tends to increase the coupling strength.

However, analysis reveals that the coupling strength is predominantly de­

termined by the perturbation of the waveguide mode by the silver film rather 

than that of the surface plasma mode by the waveguide. Therefore, increas­

ing the thickness of the waveguide core has the overall effect of reducing the 

coupling strength and hence increasing the sharpness of the coupling curve.

A similar surface plasma wave directional coupler has been described by 

Kreuwel etal[l986]. The cross-section of this structure is shown in fig. 1.1.10
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(chapterl). The major difference between this structure and the structure ex­

amined in this chapter is the inclusion of an extra high index dielectric layer 

(AI 2 O 3 ) between the dielectric waveguide and the silver film. In the remainder 

of this chapter the significance of the A l 2O z  layer, which has not been dis­

cussed explicitly by Kreuwel etal, together with the possible resulting merits 

and disadvantages are discussed.

As explained in chapter4, in a surface plasma wave directional coupler, 

excitation of the long range surface plasma mode (accompanied by a smaller 

loss) is associated with a sharper coupling curve cony/pared to that of the short 

range surface plasma mode, resulting in a more sensitive device. This leads to 

the following design requirements;

1) The waveguide mode is required to couple into the long range surface 

plasma mode.

2) The long range surface plasma power is required to be mainly distributed 

around the interface between the metal film and the sensing cladding, or the 

coupling into the long range mode will be somewhat insensitive to variations in 

the refractive index of the sensing cladding, resulting in a poor sensing device.

In the structure examined by Kreuwel etal, for an outer cladding of refrac­

tive index 1.44 or 1.45 (indices at which coupling between the waveguide mode 

and the surface plasma wave has been achieved in the experiments performed 

by Kreuwel etal), in the absence of the A l 2Oz  layer the long range surface 

plasma mode turns out to be mainly confined in the vicinity of the silver-inner 

cladding interface. This is shown in fig.5.4.1, which shows the field intensity 

profiles corresponding to both the long range and the short range surface plasma 

modes propagating on the metal film in this structure. The coupling into the
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the long range SP mode and (b) the 
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Field Intensity Profile

fig.5.4.2.Field intensity profile corresponding to the long range 
surface plasma modern presence of the Al^O^layer. 
The A^C^layer causes the long range mode to be 
mainly confined to the metal film outer interface.

X=0.633)1m
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long range surface plasma mode would now be somewhat insensitive to varia­

tions in the refractive index of the outer sensing claddding. Introduction of the 

AI 2 OZ layer, however, causes the long range surface plasma mode to be mainly 

confined to the silver film outer interface (fig.5.4.2), resulting in a significant 

increase in the sensitivity of coupling into the long range mode to variation in 

the refractive index of the sensing cladding.

Another possible function of the AI 2 O 3  layer is that this layer allows tun­

ing of the long range surface plasma mode and any of the waveguide modes 

(the waveguide supports 4 TM guided modes [Kreuwel etal 1986]). Tuning of 

the surface plasma mode and a specific waveguide mode may be desired be­

cause, for example, the field of the waveguide fundemental mode, having the 

largfest effective index, is mainly confined to the core with little field present 

in the claddings. This implies small perturbation of this mode by the silver 

film, resulting in weak coupling and hence a sharper coupling curve. It may, 

therfore, be of advantage to tune the surface plasma mode and the fundemental 

waveguide mode in the vicinity of the index of the sensing cladding.

To examine the influence of the AI 2 O 3  layer on the tuning process in more 

detail, the equivalent prism-waveguide-metal structure, shown in fig.5.4.3, can 

be used. The reflectivity curves corresponding to the TM polarized incident 

light at a wavelength of 0.6328f im  are shown in fig.5.4.4. The resonance dips in 

this curve correspond to the excitation of the waveguide and the surface plasma 

modes. The correspondence of the resonance dips to the waveguide and the long 

range surface plasma modes can be established using the corresponding field 

intensity profiles (fig.5.4.5). From the field profiles, it is clear that the resonance 

dips at resonance angles 66.468°, 65.777°, 64.633° and 63.090° correspond to 

the waveguide modes with increasing mode numbers, respectively, while the
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Fig.5.4.3.The prism-waveguide-metal structure corresponding 
to the structure examined by Kreuwel.

Reflected Intensity vs Incident Angle

fig.5.4.4.The reflected intensity versus the incident angle 
corresponding to the structure of fig.5.4.3.

X=0.633)Jim
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Surface plasma mode.

fig.5.4.5.The field intensity profiles corresponding to the 
waveguide modes and the long range SP mode.

1 4 2



resonance dip at the resonance angle of 63.809° corresponds to the long range 

surface plasma mode.

uide mode of interest axe phase matched provided their corresponding resonance 

dips coincide. The proximity of the surface plasma resonance and the third or­

der waveguide mode resonance(fig.5.4.4), therefore, implies significant coupling 

between this waveguide mode and the surface plasma mode.

The curves in fig.5.4.6 indicate that variations in the thickness of the AI 2 O 3  

layer, results in the surface plasma resonance being shifted closer to the third 

order mode, suggesting that the surface plasma mode can be tuned to any 

required waveguide mode by adjusting the AI 2 O 3  layer thickness.

The AI 2 O 3  layer, having a refractive index of approximately 1.76, also re­

sults in the silver film being highly asymmetric. This results in isolation of 

the surface plasma modes propagating on the two silver-dielectric interfaces, 

which now resemble surface plasma modes propagating on the single interfaces. 

Therefore, the long range surface plasma mode in the Kreuwel structure is 

expected to be more sensitive to changes in the refractive index of the outer 

sensing cladding compared to the long range surface plasma mode in the struc­

ture examined by the author, which is more evenly distributed in the vicinity 

of the two silver film interfaces. The curves of fig.5.4.7, which show the long 

range surface plasma fractional power in a region of thickness A t  of the sensing 

cladding adjacent to the metal film outer surface as a function of A t  for both 

structures, confirm this. From these curves it is apparent that more than 90 

percent of the power associated with the surface plasma mode of the Kreuwell 

structure is distributed in the sensing medium, compared to just over 60 percent 

in the case of the structure examined in this chapter.



Reflected Intensity vs Incident Angle

fig.5.4.6.Reflected intensity versus the angle of incidence
for A^Ojlayers of thickness 0.15 jim (-----) and
0.2nm(-----), showing the significance of this
parameter in tuning the SP mode with any of the 
WG modes.
A=0.633jim
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A t(A)

fig.5.4.7.The fractional SP power in a sensing region of thickness 
At corresponding to the Kreuwel structure(— and the 

structure examined in this thesis (:---- ).
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Analysis, however, shows that the long range surface plasma mode in the 

Kreuwel structure also has a larger fraction of its power inside the metal, im­

plying that the surface plasma mode, in this case, is associated with a larger 

loss (larger /?;). The imaginary part of the long range surface plasma mode 

propagation constant in the Kreuwel structure is computed to be 3 times larger 

than that of the long range surface plasma wave in the more symmetric struc­

ture of fig.5.1.8. A larger /?;, as explained in chapter 4, is expected to result in 

a broader coupling curve and hence a less sensitive device.

To compare the overall sensitivity performance of the Kreuwel structure 

with the structure examined in this chapter, a design of the latter, shown in 

fig.5.4.9, is considered in which the strength of coupling and consequently the 

coupling depth is identical to that of the Kreuwel structure. From the curves 

produced by Kreuwel etal (fig.5.4.8), it may be concluded that, at a wavelength 

of approximately 0.58/xm, in order to reduce the attenuation of the waveguide 

mode, due to coupling into the surface plasma mode, from 80 percent to nearly 

0 percent, the refractive index of the sensing cladding is required to be varied 

by a value in the region of 0.01 (1.45-1.44: note that the curves corresponding 

to smaller increments are not present in the report by Kreuwel etal, and it is 

possible that smaller changes in the sensing cladding index can cause such a 

change in the attenuation), which is comparable to 0.009 (1.460-1.451) in the 

structure of fig.5.4.9. This suggests that a sensing device based on the Kreuwel 

structure is not particularly more sensitive. It should however be noted that the 

structure examined by the author is expected to be generally easier to fabricate, 

which in view of its sensitivity being comparable to that of the Kreuwel device, 

may make it a more attractive choice.
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fig.5.4.8.Attenuation of the waveguide mode, due to 
coupling into the SPW, in the Kreuwel 
structure(Kreuwel etal 1986).
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s
.5.4. 9. Attenuation of the waveguide mode due to coupling into

the SPW, as a function of n , for the structure shown,
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which is of the type of directional coupler examined in 
this chapter. The separation thickness is adjusted such 
that the coupling strength in this structure and that 
examined by Kruwel are identical.
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C H A PT E R  6

FIB R E  SURFACE PL A SM A  WAVE D IRECTIO NAL  

CO UPLERS A S SENSO RS.

In this chapter a number of fibre surface plasma wave directional coupler 

and the possibility of employing them as a sensing device are studied.

Coupling between the guided mode of an optical fibre and surface plasma 

waves has been widely used in recent years [Parriaux etal 1981, Grauchmann 

etal 1983, for example]. The need for in-line fibre polarizers has risen from the 

fact that the insertion of bulk polarizing elements, such as planar surface plasma 

wave .polarizing geometries [Wright etal 1979], into a fibre line is accompanied 

by a considerable fibre-planar waveguide coupling loss. A commonly used in­

line fibre polarizer configuration based on excitation of surface plasma waves 

consists of a D-shaped fibre, the cladding of which is partially removed to expose 

the evanescent field of the fibre mode. A thick metal film is then brought 

in proximity to and separated from the flat surface of the fibre by a spacing 

dielectric layer of appropriate refractive index. The cross-section of such a 

geometry is shown in fig.6 .1.1. With respect to the metal film, we can now 

define TM and TE polarized modes for the fibre, with the TM mode having its 

electric field perpendicular to the metal film and the TE mode representing the 

orthogonal polarization. Strong coupling of the fibre TM mode into the surface 

plasma mode can be achieved by a proper choice of the spacing layer refractive 

index, which results in the effective index of the fibre TM mode equaling that 

of the surface plasma mode on the metal-spacing layer interface. The TM mode 

is now associated with a significantly larger attenuation compared to the TE 

mode which is unable to excite the strongly attenuated surface plasma wave.
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fig.6.1.1 .The cross-section of the fibre SPW polarizor.

D-fibre

the sensing medium
thin metal film

fig.6.1.2.D-fibre SPW coupler as a sensor.
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It has also been suggested that any slight mismatch between the fibre 

TM mode and the surface plasma mode, due to deviation from the optimum 

refractive index of the spacing layer, can be compensated for by adjusting the 

spacing layer thickness, which results in modification of the effective indices of 

the fibre mode by the silver film and that of the surface plasma mode by the 

fibre core. The attenuation of the fibre TM mode relative to that of the TE 

mode is referred to as the extinction ratio, which is a quantitative measure of 

the polarizer performance. Another important parameter is the attenuation 

of the preferentially transmitted TE mode, referred to as the insertion loss, 

which is required to be minimized. In-line polarizers with extinction ratios in 

excess of 45dB and insertion losses less than ldB have been reported using such 

a fibre configuration [Grauchmann etal 1983]. An important consideration in 

fibre polarizers has been the fact that the spacing layer is required to be of a 

small thickness (a few tenth of a /Am), serving the following purposes;«

1) A thin spacing layer results in tight coupling between the fibre mode 

and the surface plasma mode, hence causing the coupling to be very broad, 

eliminating the need for a tight phase matching of the fibre and the surface 

plasma modes.

2) In order to allow for any deviation from the optimum refractive index 

of the spacing layer to be compensated for by adjusting the thickness of the 

spacing layer, there is a need for strong perturbation of the interacting modes 

by each other, which necessiates a thin spacing layer.

In this chapter, application of a similar fibre structure as a sensing device 

is studied, in which a thin metal film is deposited directly on the flat surface 

of the fibre. The resulting device, referred to as a D-fibre surface plasma wave 

coupler in this thesis, is schematically shown in fig.6.1.2. In this structure, the
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phase matching between the fibre mode and the surface plasma wave is achieved 

by adjusting the refractive index of the metal film outer cladding. The resulting 

device can therefore be employed as a sensor, detecting changes in the refractive 

index of the outer cladding. An important difference between the sensing fibre 

surface plasma wave coupler and its polarizing counter part is that in the former 

the coupling is required to be narrow, or the resulting device will not be of a 

high sensing performance. This in turn implies that there is a need for accurate 

control of the phase matching conditions.

The literature on fibre surface plasma wave couplers shows a lack of an ex­

tensive theoretical analysis. In this chapter, a somewhat more detailed analysis 

of the structure is presented, which takes into account the fact that the metal 

film,* due to its very large lateral dimension, can in fact support a near contin­

uum of surface plasma modes, which in this structure, due to the significant 

difference between the lateral dimension of the fibre core and that of the metal 

film has a significant impact on the shape of the coupling curve.

Attempts made to observe the corresponding coupling curve predicted by 

this model have however failed. A number of discrepancies and considerations 

which may have attributed to these unsuccessful attempts are briefly outlined 

and their impacts on the coupling analysed.

The analysis performed in this chapter also gives rise to certain implications 

regarding the fibre polarizers, which are discussed in section 6.1.5.

Finally an alternative fibre structure, based on a coaxial fibre geometry is 

suggested and qualitatively studied.
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6.1 D-fibre surface plasma wave coupler.

The D-fibre surface plasma wave coupler, shown in fig.6.1.2, consists of a 

D-fibre, studied by Dyott and Schrank [1982], with the surface plasma wave 

supporting metal film deposited on the flat side of the fibre.

The elliptical core of the fibre can support two guided modes, with their 

transverse electric fields polarized along the major and the minor axes of the 

core, referred to as the odd (TE) and even (TM) modes, respectively.

A useful property of the D-fibre is that, when placed on a flat surface or 

held from one end, the fibre tends to bow with its flat side on the outside. This 

is due to the difference between the thermal expansion coefficients of the core 

and the cladding materials, which causes a strong stress to be developed in the 

fibre during its fabrication[Dyott and Schrank 1982]. This property can now be 

used to align the fibre in a desired orientation, allowing deposition of the silver 

film on its flat surface.

The combination of the elliptical core and a large difference between the 

indices of the core and the cladding of the fibre (n corc =  1.4873 and n ciadding =  

1.4523) results in a strong birefringence[Dyott and Schrank 1982], ensuring 

negligible intermodal (TM-TE) coupling.

6.1.1.Approxim ate analytical m odel.

In this section coupling between the guided mode of the fibre and the 

surface plasma mode on the outer surface of the metal film deposited on the flat 

surface of the fibre is to be analysed using the coupled mode theory described in 

chapters 3 and 4. This analysis requires a knowledge of the field configurations 

of the fibre mode and that of the surface plasma mode. However, an exact
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analysis of the field configuration of the guided mode of the elliptical core of 

the fibre is a tedious task. To simplify the analysis, the elliptical core of the 

fibre is approximated by a slab waveguide of the same refractive indices, as 

shown in fig.6.1.3(a).

The thickness of the slab waveguide core can now be adjusted such that 

the propagation constant of the fibre and the slab waveguide TM modes are 

identical at the wavelength of interest. This implies that the transverse field 

of the the slab waveguide, now, quite accurately follows that of the fibre mode 

along the y= 0  axis.

The field of the slab waveguide mode, however, laterally extends to infinity, 

while the confinement of the fibre core in the y-direction implies that the field 

associated with the fibre mode is laterally confined. To allow for this discrepancy 

the field associated with the slab waveguide is assumed to be terminated at 

positions corresponding to the lateral edges of the fibre core. In other words, 

the slab waveguide field is considered to have the following y- dependances;

1 for —t/i <  y  <  t/i (fig.6 .1.3(a))

M y )  =  \ (6 .1.1)

0 for y  <  —t/i and y  >  y i

The transverse dependance of the fields associated with the surface plasma 

wave supporting metal film of the D-fibre surface plasma wave coupler is now 

assumed to be identical to that of the fields associated with the surface plasma 

wave propagating on a laterally infinite metal film. However, since the metal 

film is also laterally confined, this time to the region defined by the flat surface
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fig.6.1.3.Modelling of the fibre elliptical core by a dielectric 
slab waveguide(a), and the laterally confined metal 
film by a laterally infinite metal film(b).
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of the fibre, the following y-dependance for the fields associated with the surface 

plasma wave can be defined.

for -7/2 < y < 2/2

0 2  (y) = (6 .1.2)

0 for y < -7/2 and y > y2

where 2t/2 defines the lateral dimension of the metal film (fig.6.1.3(b)).

In summary, the fields associated with the fibre mode and the surface 

plasma wave propagating on the metal film are modelled so as to possess the 

same transverse dependances as the fields associated with the laterally infi­

nite slab waveguide and metal film, respectively, with the lateral dependances 

described by equations (6 .1 .1 ) and (6 .1 .2).

Including the above lateral dependances into the expressions describing the 

coupling coefficients ((4.1.3) and (4.1.6)), results in the following;

r  0 i(y)02 (y)dy f yi dy 7/1
C l  =  C i i x y - ^ Z  , ; T v y  =  T - r  =  C i ( x ) -/ “ i>l(y)dy I - l J y V2

and

O 2 —  C 2 \ X ) ---- -jrs5 J .-----  —  x )~ ry i— 7“  —  ^ 2 [ x )

(6.1.3)

(6.1.4)SZo f-lvi dy
where C i ( x )  and C^rr), in fact, represent the coupling coefficients correponding 

to the laterally infinite waveguide and metal film.

From the above expressions it can be concluded that the difference between 

the lateral dimension of the fibre core and that of the metal film has resulted 

in a reduction in the magnitude of C 2  by a factor equal to hence causing 

an overall reduction in the strength of coupling.
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The power remaining in the fibre core in the structure of fig.6.1.2 can now 

be computed using expressions (4.1.12) and (4.1.13) of chapter 4.

An important consideration overlooked in the above analysis is that due 

to its large lateral dimension (approximately 50 £tm), the metal film can sup­

port a near continuum of surface plasma modes, which can be represented by 

rays propagating in different directions, parallel to the z-y plane, as shown in 

fig.6.1.4.

The rays representing the surface plasma modes can now be assumed to 

propagate in the corresponding directions with identical propagation constants, 

which are approximately equal to the propagation constant of the surface plasma 

mode propagating on a laterally infinite metal film of the same thickness. This 

propagation constant is designated as /?oo.

The ray propagating in the z-direction represents the fundamental mode 

with other modes, propagating at angles to the z-direction, representing higher 

order modes.

To study the implications of coupling into a near continuum of surface 

plasma modes, let us consider the ray propagating at an angle 0 n to the z- 

direction (fig.6.1.5).

The ray propagate in this direction with a phase periodicity A„, where;

and;

A« =
27r

[ P r e a l ) {

(6.1.5)

(/?rcai)oo =real part of
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fig.6.1.4.Representing the near continuum of surface 
plasma modes by rays propagating in 
different directions.

fig.6.1.5.The ray propagating at angle 0n to the 
z direction,
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Parameters (As)n and (Atf) can also be defined, which represent the phase 

periodicities in the z- and y-directions, respectively, described by the following 

expressions;

(A,)» =

(A„)» = - 7

COJi(0„)

A-

(6.1.6)

(6.1.7)
s m ( 6 n )

The surface plasma modes propagate in the 2 —direction with a propagation con­

stant represented by (/?z)n, the real part of which is described by the following 

expression;

[Prealz)n —
27T

(A.)„
(6 .1.8)

Using equations (6.1.5),(6.1.6) and (6.1.8), we can write;

(Prealz)n — { P̂rcal'j oo (6.1.9)

This leads to the following definition for the mismatch between the fibre mode 

and this surface plasma mode, which can be generalized to all surface plasma 

modes.

A P n  —  ( P r e a l g ^ n  P f i b r e  —  { P r c a l )  oo COS^^) P f i b r e  (6.1.10)

where pfibre represents the propagation constant of the fibre mode.

For simplicity, the damping associated with all the surface plasma modes 

is assumed to be represented by the imaginary part of P o o { P i ) -

The rays propagating at angle 0n to the 2 —direction also give rise to a 

standing wave in the y —direction, the periodicity of which is represented by 

(Ay ) n . (Ay)„  now determines the lateral dependance of the fields, which can 

thus be represented by the following relationship;

fe(y) =  A e x p ( j -  27|~ y) +  A e x p { - j  y )
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(6 .1 .1 1 )



where *02 (2/) represents the lateral dependance of the field.

The coupling coefficients, and hence the coupling strength, corresponding 

to each surface plasma mode can now be evaluated using the general expressions

(4.1.3) and (4.1.6).

The field lateral dependances, which vary for different surface plasma 

modes, cause variations in the strength of coupling into different surface plasma 

modes. The impact of the variations in the lateral field dependances of the sur­

face plasma modes on the coupling strength can be expressed in the following 

manner.

From equations (6.1.7) and (6.1.11) it is apparent that for low order surface 

plasma modes, corresponding to small values of 6 n, (Ay)„ is large and may be 

considerably larger than the lateral dimensions of the fibre core. This implies 

that, as shown in fig.6.1.6, the lateral variations corresponding to the low order 

modes, over the width of the fibre core, are negligible, resembling that of the 

fundamental surface plasma mode. Therefore, the overlap of the lateral depen­

dances of the fields associated with the fibre mode and the lower order surface 

plasma modes and hence the strength of coupling into these modes are very 

nearly identical to that of the fundamental surface plasma mode.

As 9n is increased, corresponding to higher order modes, (Ay)n is reduced, 

resulting in more pronounced field lateral variations, as shown in fig.6.1.7. In 

the case of the higher order modes for which (Ay)n is equal to or less than 

the width of the fibre core, the overlap of the lateral dependances of the fibre 

and the surface plasma fields decreases in magnitude significantly, causing a 

considerable reduction in the coupling strength.
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fundamental mode

O low order mode

fig.6.1.6.The SPW field lateral dependences 
corresponding to low order modes

are nearly identical to that of the 
fundamental mode, with a lateral 
phase periodicity significantly 
largerthan the lateral dimension 
of the fibre core.

fig.6.1,7.The phase periodicity of lateral

o

dependences of high order SP 
modes may be comparable to 
the lateral dimension of the 
fibre core.

1 6 0



The presence of a near continuum of surface plasma modes implies that, 

when operating the D-fibre surface plasma wave coupler as a sensor, as the 

index of the metal film outer cladding, tzs, is varied, at each value of n s  

greater than or equal to (7is)pm ((n s)pm defines the value of n s  at which 

the fibre mode is phase matched with the fundamental surface plasma mode) 

there exists a surface plasma mode which is phase matched with the fibre mode 

((/?fundamental)real cos(9n) =  (3fibre)- This is because for these values of n s  the 

real part of the propagation constant of the surface plasma fundamental mode 

is larger than or equal to the propagation constant of the fibre mode. A value 

of 0 n can hence be defined which satisfies the phase matching condition.

However, increasing n s  is also accompanied by a reduction in the strength 

of coupling into the surface plasma modes. This is due to the following consid­

erations;

1) Increasing n s  results in an increase in /?oo, which determines the trans­

verse distribution of the fields associated with the surface plasma modes, causing 

the fields to be more confined to the metal film in the x —direction, resulting in 

a smaller overlap of the fields in this direction.

2) For these values of 725, phase matching occurs between the fibre mode 

and higher order surface plasma modes, for which, as explained earlier, due to 

the more pronounced lateral variations of the fields, the strength of coupling is 

reduced.

Having evaluated the coupling coefficients, the power remaining in the fibre 

mode normalized to the power initially launched into the fibre mode, can be 

computed using equations (4.1.12) and (4.1.13). The curves of fig.6.1.8 show 

the normalized power versus n s  for the previous model in which the metal film 

was assumed to support a single surface plasma mode (the fundamental mode)
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The coupling curves corresponding to the D-fibre SPW 
coupler, when coupling into a continuum of SP-modes is
taken into account(— ), and when the the metal film is 
considered to support a single (fundamental) mode(— )

fig.6.1.9 .The cross-section of an alternative D-fibre SPW 
directional coupler, in which the discontinuty of 
the metal film results in lateral confinement 
of the metal film deposited on the surface closest 
to the fibre core

1.50
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together with the coupling curve corresponding to the case where coupling into 

a near continuum of surface plasma modes is considered. These curves clearly 

indicate that taking into account the effect of coupling into a near continuum 

of modes has resulted in a significantly broader coupling curve.

As far as sensing applications of such a device are concerned, the significant 

increase in the broadness of the coupling curve degrades the sensitivity of the 

device.

One technique which may be envisaged to sharpen the coupling curve and 

hence improve the sensing performance of the device would be to devise a fibre 

structure shown in fig.6.1.9, in which the fiat surface is discontinuous. In such 

a geometry, the transverse electric field of the fibre TM-mode is parallel to the 

metal film deposited on the vertical walls of the surface of the fibre. This implies 

that surface plasma modes cannot be excited on these regions of the metal film 

by the fibre TM-mode, resulting in the metal film deposited on the flat surface 

closest to the fibre core, in effect, being laterally confined to the width of this 

region, and hence unable to support a near continuum of surface plasma modes.

6.1.2.D esign .

The following design of the D-fibre surface plasma wave coupler is based 

on its monochromatic mode of operation at a wavelength of 0.633\im. The 

refractive indices of the core and the cladding of the D-fibre and the propagation 

constant of its guided modes are supplied by the manufacturers; ncore =  1.4873, 

nciadd = 1.4523 and , — 1.4621. The thickness of the equivalent'Ko'TM- mode

slab waveguide, is then derived by adjusting its value such that the waveguide 

mode effective index equals that of the fibre TM-mode.
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Fig.6.1.1 Q(pageV7 0) represents the effective indices of the equivalant waveg­

uide and the long-range surface plasma modes as a function of ns  and for dif­

ferent metal film thicknesses. It is clear that for silver films of thickness larger 

than 350A, the phase matching index tends to be quite close to, if not less 

than, 1.40, which is the lowest refractive index attainable in the experiments 

performed.

Also, as discussed by Sennet and Scott [1950], depending on parameters 

such as the rate of deposition, silver films of less than a critical thickness tend 

to be discontinuous, consisting of isolated islands of silver. Even for thicknesses 

larger than the critical thickness, despite the fact that aggragates forming the 

film start to merge, there are still very distinct gaps present on the surface of 

silver films [Sennet and Scott]. The most immediate implication of a discontinu­

ous film is that its optical properties are expected to differ significantly from the 

values deduced from the literature, which correspond to continuous and uniform 

films. This could result in significant inaccuracies in our theoretical analysis.

From the data produced by Sennet and Scott it can be concluded that for 

a deposition rate of approximately 10A per second, which is the rate employed 

by the author, the critical thickness turns out to be just over lOOA. However, 

they suggest that silver films are required to be as thick as 250A before their 

surface is free of any appreciable roughness.

The above considerations lead to the conclusion that the silver film thick­

ness is required to lie in a region of 250 to 350A.

The interaction length, defined by the length over which the fibre is covered 

with the silver film, and the separation between the fibre core and the silver 

film are very closely linked. The combination of these two parameters deter­

mines the depth and the sharpness of the coupling curve (Pi versus ns  curve).
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Analysis shows that a separation thickness of 2 /zm with an interaction length 

of 1 cm results in the minimum value of Pi being nearly zero, corresponding to 

a considerable contrast between the maximum and minimum value of Pi.

6.1.3.Fabrication.

The first step in fabrication of the D-fibre surface plasma wave coupler is 

to adjust the thickness of the gap between the core and the flat surface of the 

fibre to a required value. This is accomplished by partially removing the fibre 

cladding using a solution containing hydrofluoric acid (HF), which dissolves the 

cladding material. This process is referred to as ’etching’, and is performed at 

a constant temperature of 30°C.

The fibre is thoroughly cleaned prior to the etching process. The cleaning 

process involves; wipping the fibre using a lens tissue wetted in acetone (this is 

to remove large contaminations, such as dust particles), washing the fibre in an 

ultra-sonic bath using a high quality detergent ’micro soap’ diluted in distilled 

water, followed by distilled water, and Iso-Propyl Alcohol (IPA) (these steps 

are to remove smaller contaminations). Finally the fibre is cleaned in an IPA 

reflux, which removes small organic contaminations.

To calibrate the etching process, the thickness of the gap between the fibre 

core and its flat surface is measured by observing the cross-section of the etched 

fibre for different etching durations, using a Scanning Electron Microscope. The 

cross-section of an etched fibre is shown in fig.6.1 .11 .

The flat surface of the fibre is observed to be slightly deformed and curved 

in the region immediately above the fibre core. This is due to the fact that the 

core is surrounded by a depressed cladding which is etched at a faster rate than 

the outer cladding. This implies that the metal film deposited on the fibre can
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The effective indices of the fundamental SP-mode 
(for different metal film thicknesses ) and the fibre TM- 
mode as afunction of n .

fig.6.1.1 I.The SEM micrograph of the cross-section of an 
etched D-fibre.
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no longer be considered as a perfectly flat slab. This effect is however neglected, 

considering that the curvature on the etched fibre is shallow.

Following the etching process, the silver film is thermally deposited under 

vacuum condition on the flat surface of the etched fibre. To allow deposition 

of silver on the flat surface of the fibre, the fibre is laid on a curved metallic 

substrate. The natural curvature of the fibre now follows that of the substrate, 

with the fibre oriented with its flat surface on the outside and exposed to the 

evaporated silver.

Thickness calibration of a crystal monitor for the silver film deposited si­

multaneously on a flat glass slide, placed adjacent to the fibre and at the same 

distance from the evaporation source, is used to determine the thickness of the 

silver film on the fibre.

6.1.4.Experim ental observations.

In this section coupling between the fibre TM-mode and the long-range sur­

face plasma mode in the D-fibre surface plasma wave coupler is experimentally 

investigated.The device is operated in the monochromatic mode. A matching 

liquid is placed around the interaction region of the fibre. To phase match 

the waveguide mode and the surface plasma wave propagating on the silver film 

outer interface, the matching liquid, the refractive index of which is temperature 

sensitive, is heated. The experimental arrangement is shown in fig.6.1 .12.

The natural orientation of the fibre is used to align the input end of the 

fibre (the end in which the laser light is launched) such that the minor axis of 

the fibre core is parallel to the electric field component of the linearly polarized
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fig.6.1.12. The experimental arrangement.
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fig.6.1.13.The power remaining in the D-fibre core of 
the D-fibre SPW coupler, measured as a 
function of n . A=0.633jim
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input light. This ensures sole excitation of the fibre TM mode. Microscopic ex­

amination of the fibre end, while placed in position, using an Olympus travelling 

microscope reveals that the above alignment technique is quite accurate.

The interaction region of the fibre is surrounded by the matching liquid 

by passing it through a narrow groove cut in a copper block, which is then 

filled with the matching liquid. The copper block is placed on top of a heating 

element, used to heat the matching liquid. The temperature of the matching 

liquid is measured using a thermocouple arrangement, and is converted into 

changes in the refractive index.

Mode strip oils (refractive index of roughly 1.46) are placed near both ends 

of the fibre to shed any light possibly propagating in the fibre cladding. The 

photo-detector and the thermocouple outputs are connected to the Y - and X -  
inputs of the chart recorder.

The device is fabricated to the design specifications of section 6.1 .2, ie. 

with a 2/zm thick separation between the core and the flat surface of the fibre, 

and a silver film of thickness of nearly 300A deposited over 1cm of the etched 

region of the fibre.

The measured intensity of the light emerging from the output end of the 

fibre, corresponding to the TM-mode of the fibre, versus the refractive index of 

the matching liquid is shown in fig.6.1.13.

Despite covering a range of indices between 1.4 and 1.43, which is expected 

to cover the coupling range, only a gradual increase in intensity of the light 

emerging out of the fibre is observed.
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6.1.5.D iscussions and conclusions.

The lack of the predicted coupling curve in the experimental observations 

of the preceding section may be due to the presence of discrepancies between 

the D-fibre surface plasma wave coupler and the assumed theoretical model.

These discrepancies can be possibly attributed to the considerations men­

tioned and discussed in the following subsections.

1. U ncertainties in the indices o f the fibre core and cladding.

It is very likely that the theoretical model used to compute the propagation 

constants of the fibre modes, which assumes the fibre core to be an ellipse with 

a step index profile, is far from accurate. It is in fact known that the core index 

is depressed in the middle and it is possible that it has a graded index profile. 

To allow for these uncertainties the refractive index assumed for the fibre core 

in the coupling analysis performed is adjusted.

Analysis show that an uncertainty of nearly 1 percent in the above param­

eter can result in a shift of 0.012 in the matching value of 715, corresponding to 

the fibre mode and the fundamental surface plasma mode being phase matched. 

Such a discrepancy would result in the above value of ns  being 1.396, account­

ing for the lack of the leading edge of the coupling curve in the experimental 

index range.

2. U ncertainties in the assum ed value of the silver film perm ittiv­

ity.

As discussed in chapter 5, the literature on optical properties of silver films 

reveals a very wide range of values ascribed to the silver permittivity. Therefore,
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an independent measurement of the permittivity of the deposited silver film is 

thought to be a prudent step.

As described by Chen and Chen[l98l], excitation of surface plasma waves 

on the silver film using a Kretschmann configuration, described in chapter 2, 

can be used to measure the optical properties and thickness of the silver film. In 

this technique, these properties can be deduced by fitting a theoretical surface 

plasma resonance curve to the measured curve. Here a similar technique is used.

A computer program is written, which evaluates three main characteristics 

of the surface plasma resonance curve of the Kretschmann geometry, namely 

the position, depth and the width of the resonance. These characteristics are 

computed as a function of the real and imaginary parts of the silver film per­

mittivity (er and e,). Fig.6.1.14 shows a set of three curves for values of er and 

e»-, which correspond to the measured depth, width and position of resonance.

Assumed thickness of the silver film, based on Talystep measurements, is 

then adjusted such that the three curves intersect at the same point. The values 

of er and e» and the silver film thickness corresponding to this point correspond 

to a theoretical surface plasma resonance which very closely fit the measured 

curve. This is shown in fig.6.1.15. The silver permittivity measured using this 

technique turns out to be -16.5+j0.9, which lies in the range of values given 

in the literature, with the corresponding film thickness being 320A (instead of 

300A measured using Talystep).

The coupling curve of a D-fibre surface plasma wave coupler with a separa­

tion thickness of 2.0fim and a silver film of 320A in thickness with a permittivity 

of-16.5+j0.9 and an interaction length of 1cm is shown in fig.6.1.16. From these 

curves it can be concluded that the measured thickness and permittivity of the 

silver film cause the matching value of ns  to shift from 1.408 to 1.404. Such a
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fig.6.1.14. '
Computed values of c r  versus c  ̂ corresponding to the measured 
values of the depth of resonance(DR), width of resonance(WR) and 
the angle of resonance(AR), for the metal film thicknesses(t) 
of 300 and 320A (wavelenath=0.633 m).

The theoretical SP resonance curve based on values of the silver 
film permittivity and thickness derived from fig.6.1.14 closely 
fit the experimental curve(+).
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fig.6.1.16.The coupling curves corresponding to the metal permittivity of 
-16.5-H0.9 and thickness of 320A (— ) and that corresponding to
-16.0+j0.53 and 300A(-------), ie the previously assumed values
(wavelenqth=0.633 m).

fig.6.1.17.The silver film profile, showing a surface 
roughness of nearly 10A peak to peak.
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small shift in the value of (ns)pm. on its own does not however account for 

the lack of the predicted coupling curve in the experimantal observations.

3 .Surface roughness o f the silver film.

Examination of the surface profile of a silver film deposited on a glass 

substrate using Talystep reveals the presence of surface roughness of more than 

10A (peak to peak) on the top surface of the silver film. This is shown in 

fig.6.1.17.

However, Talystep in the mode of operation used in these measurements is 

not particulary sensitive to longitudinally feist varying variations on the surface 

of the film. Therefore, a more pronounced undetected surface roughness may 

be present. Moreover it is possible that due to slight misalignment of the fibre 

during the deposition process, the deposition of the silver on the fibre occurs at 

an oblique incidence. This is expected to result in a more pronounced surface 

roughness.

The influence of surface roughness can be analysed by modelling the surface 

roughness as a thin surface layer, referred to as the roughness layer, comprising 

of metallic regions and the voids formed as a result of the rough surface.

The permittivity of the roughness layer can now be calculated using the 

Maxwell-Garnnet theory[Kovacs and Scott 1977]. According to the Maxwell- 

Garnnet theory the effective permittivity of the roughness layer is a weighted 

average between the silver permittivity and that of the voids, and is described 

by the following equation;

_  €p[em.(l +  2q) +  2ejp(l — -,g)]
[ f m ( l  — q) +  £d  (2 +  g)]
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where ee =the effective permittivity, ep =permittivity of the dielectric con­

stituent, em =permittivity of the metallic constituent and q = the volume frac­

tion of the metal constituent.

The curve shown in fig.6.1.18 represent the coupling curve corresponding 

to a D-fibre surface plasma wave coupler with a roughness layer of 10A in 

thickness. The q value is taken from a report by Kovacs and Scott[l977].

From the above curve, it is concluded that the surface roughness of this 

magnitude results in the phase matching index to be approximately 1.392, which 

lies outside the experimental range of indices, accounting for the lack of the 

coupling dip in the experimental observations.

4.Formation of silver sulphide on the silver film.

Formation of silver sulphide on silver films, as explained in chapter4, is 

generally expected to occur at a very slow rate. The process of silver sulphide 

formation may however be speeded up as a result of raising the temperature of 

the surroundings, as is the case in the experiments performed.

Formation of a layer of silver sulphide, as expalined in chapter 4, may have 

a substantial impact on the coupling of the fibre mode into the surface plasma 

mode.

The formation of a silver sulphide layer can be detected by measuring the 

reflectivity of the silver film which is reduced as a result of the silver sulphide 

formation. The reflectivity measurements on a number of identical, thick and 

opaque silver films, which are heated to different temperatures for different
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fig.6.1.18.
The coupling curve, assuming a roughness layer of thickness 
10A on the metal film(— ), with q=0.9(Kovacs and Scott[1977]) 
and that corresponding to the initially assumed parameters(— )
A=0.633pm
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lengths of time, are performed using a spectrometer. The corresponding reflec­

tivities as a function of wavelength are then compared to that of an untreated 

sample which is exposed to atmosphere for a very short length of time.

The reflectivity measurements are shown in fig.6.1.19. It is clear from these 

curves that the sample has to be heated to a very high temperature (150 de­

grees centigrade) for a long time (6 hours) before any appreciable reduction 

in its reflectivity is observed. The reflectivity of samples heated to 60 degrees 

centigrade over an hour (the temperature to which the surrounding of the D- 

fibre was heated in the experiments of section 6.1.4), are realised to be only 

slightly worse than the fresh film, and are more reflective than samples exposed 

to atmosphere for 24 hours. However, according to Burge etal [1969], a silver 

sulphide layer of approximately 6A in thickness is expected to be formed on a 

sample exposed to atmosphere for 24 hours. Heating the silver films surround­

ings to 60 degrees centigrade is therefore expected to have caused formation of 

a silver sulphide layer of thickness less than 6A.

The coupling curve corresponding to the D-fibre surface plasma wave cou­

pler, with a 6A thick layer of silver sulphide formed on the silver film is shown 

in fig.6.1.20. The formation of the silver sulphide layer has caused the match­

ing value of n s to be shifted from 1.404 to 1.401. This shift on its own can 

not however explain absence of the leading edge of the coupling curve in the 

experimental observations.

Sum m ary.

From the above discussions it may be concluded that a combination of 

the above uncertainties can cause the value of n s at which the fibre mode and 

the fundamental surface plasma mode are phase matched to shift to a value 

less than 1.40. Under these circumstances, the leading edge of the coupling
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fig.6.1.19.Reflectivity from the surface of silver 
films versus wavelength measured for 
samples heated to different temperatures 
for different durations.
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curve would be absent from the experimental curves, implying a mere grad­

ual decrease in the intensity of light emerging out of the fibre as 715 is decreased. 

They also result in a reduction in the depth of coupling, causing the decrease in 

the output light intensity to appear more gradual. Moreover the discrepancies 

due to the roughness of the silver film are based on the measured roughness of 

the silver film deposited on a glass slide. The surface roughness of the silver 

film deposited on the etched fibre may, however, be more pronounced, due to 

possible roughness of the etched fibre, resulting in larger discrepancies.

6.1.6.A  brief discussion on in-line fibre polarizors.

Broadening of the coupling curve of the D-fibre surface plasma wave coupler 

as a result of coupling into a continuum of surface plasma modes suggests strong 

attenuation of the fibre TM-mode compared to the TE-mode over a wide range 

of values of the refractive index of the metal outer cladding, ns.  Analysis of 

section 6.1.2 shows that for a device with a separation thickness of 1.3^m an 

extinction ratio of 50dB per centimetre is achieved over a range of values of ns  

between 1.405 and 1.450.

The in-line fibre polarizors studied in the literature are generally of sig­

nificantly smaller separation thicknesses. This would imply an even broader 

coupling curve. The broadness of the coupling curve suggests that a very pre­

cise phase matching between the fibre mode and the surface plasma modes is 

not an essential requirement in order to obtain a large extinction ratio. Re­

search on a number of polarizers described in the literature, in which relatively 

large extinction ratios have been obtained in the absence of a precise tuning 

mechanism, justifies this argument. For instance, Dyott etal[l987] have fabri­

cated polarizers with extinction ratios of nearly 20 dB per centimeter, by simply
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coating the flat surface of a D-fibre with a thick layer of indium. They have 

attributed the large extinction ratio to phase matching attained by formation 

of a thin layer of indium oxide between the fibre and the indium layer, which 

may be considered as an unlikely cause of a precise tuning, particularly in view 

of the authors mentioning that this assumption is not based on a knowledge of 

the optical properties of indium oxide.

6 .2 .Coaxial fibre surface plasma wave coupler.

In this section an alternative fibre surface plasma wave coupler of a coaxial 

geometry is qualitatively analysed. Dielectric coaxial fibre directional couplers 

have been fabricated and employed as sensing devices in the department in 

which the author has been fulfilling this research. A surface plasma wave fibre 

coupler can be devised by replacing the dielectric tube in this structure by 

a metallic tube. The resulting structure is schematically shown in fig.6.2.1 . 

Under appropriate conditions, the guided mode of the dielectric rod is expected 

to phase match and hence couple into a surface plasma mode supported by the 

metallic tube.

The dielectric rod, can be analysed using the weakly guiding approximation 

[Marcuse 1974]. This analysis is based on the assumption, valid in practice, that 

the core and the cladding have very nearly equal refractive indices.

The analysis by Marcuse suggests that the fields of the H E u  mode of the 

rod are essentially transverse, with the Ex component vanishing. This mode is 

therefore effectively linearly polarized.

To qualitatively examine the surface plasma modes supported by the metal­

lic tube, the metallic tube might be considered as a flat metallic slab wrapped
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fig.6.2.1 .Schematic representation of the coaxial fibre SPW 
directional coupler.

.(a).

o

fig.6.2.2.Transformation of a metal slab (a) into 
a metallic tube (b), together with the 
expected vectorial representation of 
the corresponding fields.
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around an axis. This is schematically shown in fig.6.2.2. The transformation of 

the metal slab into the tube geometry is expected to result in the transverse elec­

tric field component, E Xi of the surface plasma modes supported by the metallic 

slab to be transformed into the radial field component,#,., of the surface plasma 

modes supported by the metallic tube. It can therefore be postulated that the 

# r-field components, are pointing away from point 0 \  in all directions, as shown 

in fig.6.2.2(b). This implies that the E y and ^-com ponents are of the vectorial 

form shown in fig.6.2.3.

The strength of coupling between the guided mode of the dielectric rod 

and the surface plasma waves on the metallic tube is defined by the coupling 

coefficients expressed by equations (4.1.3) and (4.1.6) of chapter4. Transforming 

these expressions into the cylindrical coordinates results in the following;

2 ttoo
(nf -  n%) f  f  E L ■ E 2rdrd<f>

C, = -weo --------- — ------------------------  (6-2-1)
/  /  +  Hx)rdrd<f>

— oo — oo

271-00

( n §  -  n i ) f  / E 2 • E ird rd (f>

=  - " 6 o ------- 7 — ------- ;-------- ;-------------  (6 .2 .2 )
/  /  z  • (#2 x H 2 +  E 2 X H 2 )rdrd<f>

where E± and E 2 represent the electric fields of the dielectric rod and the surface 

plasma modes respectively. The scalar product Ei  • E 2 is defined by;

E L • E 2 — E xl • E x 2 +  E yi • E y2 +  E z\ • E Z2 (6.2.3)

where ( ^ i ) ’s and (E v)'s are the transverse and (Ez)'s the longitudinal field 

components. The linear polarization of the guided mode of the rod eliminates 

the terms involving the product of the ^-com ponents.
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fig.6.2.3.The vectorial representation of the transverse 
fields of the SPW on a metallic tube resulting 
from the radial fields shown in fig.S.2.2.
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Therefore, we can now write the following;

Ei  • E2 — Ey 1 • Ey2 +  Ez 1 • Ez2 (6 .2 .4)

We can also write;

2 n  00 it 00 2 7 r  00J j  E y i  • E y 2 rdrd(j> =  J j  E y i  • E y2 rdrd4>  +  J j  E y i  • E y 2 rdrd(f> (6.2.5)
0  — OO 0  — OO 7T — OO

However, the symmetry assumed for the electric fields of the surface plasma 

wave on the metallic tube (fig.6.2.3) implies that;

7r oo 2ir ooJ J E y i  • E y 2 rdrd(f) =  — J J E y i  • E y 2 rdrd<j> ( 6 .2 .6 )

0  — OO 7T — OO

Substituting (6.2.6) into (6.2.5) results in the following;

27T ooJ J Eyi • E y2 rdrd<f) =  0 (6.2.7)
0 —  oo

Therefore, the only term left in the numerator of Ci is the term involving the 

product of the ^-com ponents.

However, the ^-com ponents of the guided mode of a dielectric waveguide 

are generally significantly smaller than the other field components. In fact 

they are generally omitted from the coupling analysis. This suggests that Ci 

is generally expected to be of a small magnitude. In a similar manner C2 can 

be shown to be a small quantity. The coupling between the guided mode of 

a dielectric rod and the surface plasma wave on a metallic tube is therefore 

expected to be relatively weak.

To enhance the coupling strength the gap between the rod and the metallic 

tube can be reduced. However, a reduction in the gap thickness may result in
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the overall diameter of the structure, which is mainly determined by the rod 

diameter and the gap thickness, being unreasonably small.

The tedious analysis of the surface plasma waves on a metal tube, to verify 

the validity of the above assumptions, is not performed in this work. Instead 

the simplified case of a metallic rod is examined here, the fields of which, in 

view of the metallic rod being a special case of the metallic tube (with 0 inner 

diameter), is expected to behave in a similar manner to that of the metallic 

tube.

. Ashley and Emerson [1974] have solved the eigenvalue equation describing 

the surface plasma modes on a metallic rod, for an aluminum rod of radius 

80A, and at a wide range of frequencies. They have considered the case of a 

perfect metal by neglecting the imaginary part of its permittivity. Although 

this eliminates the loss associated with the surface plasma mode, it produces 

useful information regarding the general characteristics of the corresponding 

field components. Ashley and Emerson have not however illustrated the manner 

in which the field components behave, which is of interest here. It is,therefore, 

necessary to derive the expressions describing the fields. The field characteristics 

can then be examined by substituting the propagation constants of the surface 

plasma modes, computed by Ashley and Emerson, in the field expressions. The 

field expressions are derived in the following manner.

It is convenient to perform the analysis on such geometries in the cylindri­

cal coordinates. Transformation of the general wave equation into cylindrical 

coordinates, results in the following equation;

-  7»2^  =  0
r~ o<p~

186
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Where:

ip =longitudinal field components, E z or H Z)

7» =  (P2 ~  e*k02) 1/2,

and i =  3 or 4, corresponding to the metallic or the dielectric region re­

spectively.

The variables of (6.2.8) can be seperated by introduction of;

ip =  AF(r) exp{ju<p) (6.2.9)

Note that the expj(wt — (3z) has been omitted from the field expressions. Sub­

stituting (6.2.9) into (6.2.8), transforms the wave equation into the following;

d?F 1 dF
+ + ^  = °dr2 r dr (6 .2 .10)

This equation is a well known differential equation, solutions of which are 

Bessel functions of the second kind, I  and K.  Defining the field components 

by Iu inside and K u outside the metallic region, guarantees proper behaviour 

of the fields, which are to decay away from the metal-dielectric interface and 

with their peak value at the interface, representing non-radiative surface plasma 

modes.

The longitudinal field components of the surface plasma modes supported 

by the metallic rod axe thus described by the following expressions;

r < a3 :

E z =  A Iv { ^ r )  exp(jv<p) (6.2.11)

H z = B I u{~fZr) exp(jv<p)
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r > a3 :

E z = C K u{^Ar) exp{ju4>) (6.2.13)

Hz =  DKv{^̂ r) exp{ju(f)) (6.2.14)

The radial and the angular field components, E r and can now be described 

in terms of the longitudinal components.

Applying the boundary conditions, ie. continuity of the z- and the <f>- 

components across the interface, results in the following eigenvalue equation;

f  K ( w) . I ' M ,, I 'M  nl Kl(w) i  /  fly \ 2f w2 ~  “ 2|2 (e,o n \
wKu(w) ulv (uy'‘ulv{u) n2 wKv{wy ' kon3 u2w2 ^

where ’prime’ represents differential of the function with respect to r, and;

u  =  1 3 ^ 3

w  =  7404

This equation, although expressed in a different form, can be shown to be 

equivalent to the eigen value equation derived by Ashley and Emerson.

Ashley and Emerson have shown that the metallic rod supports a large 

number of surface plasma modes, depending on the diameter of the metal rod. 

Interpolating the propagation constants from the dispersion curves produced 

by Ashley and Emerson, the corresponding longitudinal and subsequently ra­

dial and angular field components are evaluated. The transverse electric field 

components, E x and Ey, can now be computed in terms of the above field 

components.

Table 6.2.1 contains the transverse electric field components of the lowest 

order surface plasma mode, as a function of the angular coordinate, <̂ , evaluated 

at the surface of the metal rod (r =  03), and at a wavelength of 0.62\im. Figures
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E X
0 0.0827 0

n/4 0.0585 0.0585

n/2 0 0.0827

3n 14 -0.0585 0.0585

ft -0.0827 0

5 tt /A -0.0585 -0.0585

3n/2 0 -0.0827

7n/4 0.0585 -0.0585

.Table.6.2.1.The transverse electric field components of SPWs 
supported by an aluminum rod, evaluated at r=a. 
(a=80A c =-7, A =0.62 jim, n =1.0)

cladding

fig.6.2.4.The vectorial representation of the Ex ,Ey 
and E f components of the SPW supported y 
by a metallic rod (based on the values in 
the above table).

1 8 9



6.2.4 shows a schematic vectorial representation of the transverse electric fields 

at the surface of the metallic rod, based on the data of table 6.2.1, which possess 

a similar symmetry to that shown in fig.6.2.3. Analysis of a number of higher 

order surface plasma modes supported by the metallic rod indicates that they 

possess field symmetries similar to that of the lowest order mode.

The design of the coaxial surface plasma wave coupler can however be 

modified in such a way as to increase the coupling strength. One such design 

would be to make the rod and the tube non-concentric, as shown in fig.6.2.5(a). 

The uneven coupling strength in such a geometry now results in the following;

7r oc

I I
0 0

» 2 tt oo

Eyi •  Ey2drd(f) ^ J  J  Eyi- Eŷ drdcf)
7r 0

(6.2.18)

Hence;
2 r t  oo 

/ /
Eyi • Eyirdrd<j> ^  0 (6.2.19)

0 — oo

This implies that the terms in the coupling coefficient expressions, which include 

the product of the E y components are non-zero, hence enhancing the coupling 

strength.

Replacing the metallic tube with a semi-tube, as shown in fig.6.2.5(b), also 

results in expression (6.2.19), again enhancing the coupling strength.

Conclusions.

The discussions on the coaxial surface plasma wave fibre coupler has shown 

that coupling between the guided mode of the dielectric rod waveguide and the 

surface plasma waves on the metallic tube is expected to be weak, imposing 

limitations on the practicality of this structure. A number of alternative coax­

ial geometries, in the form of a non-concentric coaxial structure or a coaxial
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fig.6.2.5.The cross-section of alternative coaxial SPW 
couplers envisaged to increase the coupling 
strength.
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structure comprising of a metallic semi-tube, have been suggested, in which the 

asymetry of the structure results in an increase in the coupling strength.
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C H A PTER  7

CONCLUSIONS.

Surface plasma wave sensing devices based on Attenuated Total Reflection 

and directional coupler configurations have been investigated in this work. In 

the following, conclusions drawn from the theoretical analysis and the experi­

mental observations presented in this thesis are outlined.

7.1.Surface plasma wave prism couplers (ATR configurations)

Introduction of a dielectric buffer layer into the Kretschmann ATR con­

figuration, commonly used in sensing applications, has been shown to result in 

a somewhat more sensitive device, which may now be more sensitive than the 

rival dielectric waveguide prism coupler suggested by Mason. The high sensi­

tivity of devices based on the resulting structure (buffered structure) is based 

on the fact that very sharp resonances can be achieved using this structure.

From a practical point of view sensors based on the Kretschmann geometry, 

which have a relatively high sensing performance, and are easier to fabricate 

(involving smaller number of layers), may be a more attractive choice.

It has also been suggested that it is possible to fabricate surface plasma 

wave prism couplers by depositing the silver film on a soda glass substrate in 

large quantities, which can then be mounted on a prism using the arrangement of 

fig.2.2.3, making the possibility of inexpensively manufacturing sensing devices 

based on this technique feasible.
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7.1.1.A lternative m ode of operation.

Surface plasma wave prism couplers can alternatively be operated by fixing 

the angle of incidence and varying the wavelength of the incident light. In this 

mode of operation the intensity of the reflected light possesses a resonant re­

sponse as a function of the wavelength of operation, with the minimum reflected 

intensity corresponding to the so called phase matching wavelength at which 

the evanescent field of the incident light and the surface plasma wave propagate 

with identical propagation velocities. Variations in the refractive index of the 

sensing cladding and parameters influencing it now cause a shift in the phase 

matching wavelength. This is the basis of the sensing operation in this mode.

In principle the broadband operation of the device could also be used to 

determine the refractive index profile of a dielectric adlayer formed on the outer 

surface of the metal film. This is because the decay of the evanescent field of 

the surface plasma mode can now be scaled by the wavelength of the incident 

light. Also, assuming the adlayer to have a step refractive index profile, it is 

possible to determine both the refractive index and the thickness of the adlayer 

by examining the surface plasma resonances at two different wavelengths.

7.2.D irectional surface plasm a wave couplers.

Monochromatic and broadband modes of operation for directional couplers 

as sensors have been described. The monochromatic mode has the advantage 

of involving a simpler detection mechanism, while in the broadband mode the 

fact that phase matching is achieved by adjusting the wavelength rather than 

the refractive index of the outer (sensing) cladding, relaxes the constraints on
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the accuracy with which the index of this cladding is required in order to phase 

match the interacting waveguides.

Surface plasma wave couplers, due to the large fraction of the surface 

plasma power in the sensing cladding and the dispersion of the surface plasma 

modes significantly differing from that of dielectric waveguides, are expected to 

be associated with significantly larger sensitivities compared to purely dielectric 

directional couplers.

Monochromatic mode of operation of a planar surface plasma wave direc­

tional coupler has been experimentally investigated in this work. A comparison 

of this structure with a more complicated structure studied by Kreuwel etal sug­

gests that the two structures have comparable sensitivities, while the structure 

examined in this work may be more practical in view of its simpler configura­

tion.

7.2.1.Fibre surface plasm a wave couplers.

In this work two different fibre surface plasma wave couplers, referred to as 

the D-fibre and coaxial surface plasma wave couplers have been studied. Anal­

ysis of the D-fibre surface plasma wave coupler has shown that the considerable 

difference between the lateral dimensions of the metal film and the fibre core in 

this geometry results in significant broadening of the coupling curve, degrading 

the sensing performance of the resulting sensing device. Modifications to this 

geometry in order to sharpen the coupling curve have been suggested. Attempts 

to observe the expected coupling characteristics have however failed. A number 

of possible explanations for this have also been presented.
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Coupling into surface plasma waves in a coaxial fibre geometry has been 

qualitatively shown to be weak, making employment of this geometry in sens­

ing application , due to to its very small dimensions required to enhance the 

coupling strength, impractical. Alternative coaxial geometries, in the form of 

non-concentric coaxial fibres or with the metal film being a semi-tube, have 

been suggested which may overcome this difficulty.

7.3 .General remarks.

Of surface plasma wave coupler structures discussed in this thesis the prism

couplers, which are thought to be the easiest to fabricate, are possibly the most
/

attractive choice. Devices based on fibre feometries, enjoying advantages gener­

ally associated with fibre optic sensors, such as remote sensing, are also thought 

to be promising. The alternative coaxial geometries (fig.6.2.5), despite the en­

hance coupling strength, are expected to be still of relatively small size. This 

may imply that, from a practical point of view, devices based on this geometry

are not particularly feasible. The modifie D-fibre geometry (fig.6.1.9) may, how-
/\

ever, be worth considering. This geometry-with the discontinuity present on its 

flat surface-can possibly be fabricated by etching a twin cored fibre (fig.7.1(a)) 

all through its exposed core. Provided the material from which the exposed 

core is made of dissolves in the etching solution at a substantially faster rate 

compared to the surrounding cladding material, the etching will produce the 

geometry shown in fig.7.1(b), whic/resembles the required geometry.

It should be noted that, a significant drawback with surface plasma wave 

devices is that silver films, which are suggested as the most suitable choice of 

the metal, are not particularly stable in atmosphere. The silver film may be 

protected by a thin layer of a robust material. This would, however, result in
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Fig.7.1 .(a)The unetched twin cored fibre, (b) the 
etched twin cored fibre, resembling the 
fibre geometry of fig.6.1.9.
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partial distribution of the surface plasma power in the protective layer, which 

degrades the sensing performance of the device. The protective layer would, 

therefore, be required to be as thin as possible. Another important difficulty 

is that noble metals such as silver generally have a poor adhesion to glass 

substrates, and can thus be damaged under relatively severe cleaning conditions. 

This suggests that surface plasma wave devices are not particularly robust. To 

overcome this difficulty the metal film can be deposited on a thin layer of the 

metal oxide precoated on the glass substrate, to which the metal has a better 

adhesion.
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