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Abstract

A study of the principles, fabrication and behaviour of a range 9f optical sensor
platforms based on evanescent wave mnteractions is presented. The platforms utilise a
range of sensing techniques including absorption, fluorescence quenching and surface
plasmon resonance. The absorbance-based platforms employ sol-gel-derived planar
waveguides and grating couplers to launch light into guided modes, the evanescent
fields of which can interrogate a sensing layer. A detailed characterisation of these
integrated optic devices is presented. Two platforms employing few-mode and multi-
mode waveguides, respectively, are described and applied to the detection of gaseous

ammonia and carbon dioxide.

A fluorescence-based sensor platform which utilises the anisotropy of fluorescence
emitted near an interface is also presented. The platform consists of a planar waveguide
coated with a sol-gel-derived fluorescent layer. A substantial amount of the analyte-
sensitive fluorescence is captured by guided modes in the planar waveguide. This
configuration is described in detail and 1s applied to the detection of gaseous oxygen as
a proof of principle. Finally, work leading to the development of a fibre optic probe
biosensor based on surface plasmon resonance is presented together with its application

to the detection of red blood cells.

In summary, this work highlights the feasibility of combining evanescent wave
interactions and sol-gel technology to fabricate miniature sensor platforms which may

be applied to the detection of a wide range of target analytes in a reliable and cost

effective manner.
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Chapter 1 Introduction

1.1 Introduction

The word 'sensor’, which is derived from the word senfire meaning to perceive,
describes a device that is capable of continuously measuring the value of a physical
parameter, or the concentration of a chemical or biochemical species. There are many
different types of sensors' ranging from mechanical, electrical, thermal, electrochemical

to optical devices, which 1s the type investigated in this thesis

Integrated optics is a relatively new technology that is concerned with the fabrication of
miniature optical components that can perform a variety of optical functions®”.
Integrated optic components such as planar waveguides, grating couplers and diffractive
optic elements may all be used to redirect, propagate and shape an optical beam as
required by an application. It is expected that integrated optic components, due to their
relative ease of fabrication, low cost and high performance, will with time, replace a

large proportion of electronic components in many applications ranging from the ever-

expanding field of telecommunications to areas such as sensing and process control.

In this thesis, attempts are made to integrate these two diverse technologies using the
sol-gel process and thus produce a range of integrated optic sensor platforms which may
be applied to the detection of chemical entities using the well understood optical
phenomena of analyte-sensitive absorption and fluorescence. The aim of this chapter 1s
to briefly introduce all topics dealt with in this work. More detailed discussions are

provided in the relevant chapters.

1.2 Optical Sensors

Optical sensors are devices which use light and changes in light to detect certain

physical, chemical or biological parameters™> Optical sensors may employ a wide



range of optical phenomena as sensing mechanisms. Two of the most important
techniques for chemical and biological parameters are absorption and fluorescence
Typically, in absorption-based chemical sensors the target analyte either directly
absorbs incident radiation or alters the absorption properties of an indicator compound
in proportion to its concentration. In a typical fluorescence-based sensing technique, the
target analyte induces or quenches fluorescence of an indicator compound in proportion

to its concentration.

The main competition to optical gas sensors comes from both semiconductor and
electrochemical sensors. However, both of these families of devices suffer in terms of
specificity, poisoning and long-term stability. With appropriate design optical sensors

can overcome some of these problems.

Optical Chemical sensors offer a number of advantages over other sensor types:

1. The primary signal is optical, and therefore is not subject to electrical
interference.
2. Optical sensing processes are generally reversible and thus the analyte is not

used up in the detection mechanism.

3. Optical sensors do not present a significant risk of sparking, and are therefore

suitable for use in potentially explosive areas e.g. mining and petroleum

industries.
4. Analysis may be performed 1n real-time
5 Optical sensors are generally smaller 1n size and simpler in configuration than

amperometric cells and hence facilitate the development of small, portable

devices.

However, optical sensors are not without their limitations such as:



1. Ambient light can mterfere with the detected signal. Therefore, optical sensors
must either be used in dark conditions, covered with an optical isolation layer or

use lock-in detection techniques.

!

2. There is a lack of suitable light sources particularly in the UV and IR regions of

the spectrum.
3. There is a lack of selective indicators for many analytes of interest.

4. Sensors with indicator phases may have limited long-term stability due to

photobleaching or washout.

However, despite these limitations, optical sensors are becoming an increasingly

attractive means of sensing for a wide range of properties

1.3 Evanescent Wave Sensing

As radiation propagates along a waveguide, an amount extends a short distance beyond
the guiding medium and into the surrounding media of lower refractive index, as shown
in figure 1.1. This radiation is referred to as the evanescent field®’, and decays
exponentially with distance from the waveguide boundaries. Evanescent fields are
characterised by a parameter known as the penetration depth that is defined as the

distance 1nto the surrounding media that the power has dropped by a factor of ¢™'.

The evanescent field may be employed as an optical sensing mechanmism, and can be
used 1n two distinct approaches. Firstly, the evanescent wave can interact directly with
the analyte if the interrogating wavelength coincides with an absorption band of the
species. Such direct spectroscopic evanescent wave sensors are of particular interest in

the infrared spectral region, where many species absorb strongly Alternatively, an



intermediate reagent, which responds optically, e.g. by fluorescence or absorption
change, to the analyte, may be attached to the waveguide and thus be interrogated by the
evanescent field of a guided wave. In general, reagent-mediated evanescent wave

sensors are the more common because they provide greater sensitivity than direct

spectroscopic devices.

Power

Waveguide
Evanescent field

<« Power Confined
within Waveguide

Propagating Radiation

e

Substrate

Figure 1.1  Evanescent Fields of Guided Modes

Optical waveguide-based sensors which employ evanescent wave sensing techniques

exhibit a number of favourable properties, some of which are listed below:

1. No coupling optics 1s required in the sensing region, because the interrogating

light remains guided.

2. It is possible to control the penetration depth of the evanescent field into the
sensing media and thereby optimise device performance to suit a particular

application.

3. The technique can provide enhanced sensitivity over conventional bulk-optic

approaches For example, waveguide-based evanescent wave absorption devices



are more sensitive than bulk-optic attenuated total reflection (ATR) crystals by

virtue of the greater number of reflections peér unit length.

4 By coating discrete areas of the waveguide, there is the possibility of carrying

out fully- or quasi-distributed sensing.

5. Greater control over interaction parameters such as interaction length, sensing

volume and response time is possible.
However, they also have a number of associated disadvantages including the following:

1. In coated optical waveguide sensors fouling of the sensor may be a problem 1f

the evanescent field is not fully contained within the coating

2. The relative sensitivity compared to bulk absorption is lower due to the small

fraction of power typically carried in the evanescent field.

It is also possible to employ direct absorption waveguide-based sensors in which the
sensing reagent is immobilised directly into the waveguide core thus facilitating direct
interrogation of the sensing reagent by the propagating mode. This technique ideally
provides higher sensitivity than its evanescent wave counterpart due to increased
interaction lengths. However, 1n reality such a configuration is not feasible due to the
high densification temperatures required to produce waveguides (500 C) and the lower

temperatures at which pyrolysis of the sensing reagents occur.

1.4 Optical Waveguides

An optical waveguide’ 1s a dielectric structure that transports energy at wavelengths in
the visible or infrared portions of the electromagnetic spectrum. There are generally

considered to be two main types of optical waveguide. The first and most commonly



used is the well-known optical fibre® An optical fibre generally consists of three
regions as shown in figure 1.2. The central region, which is known as the core, 1s

surrounded by the cladding, which in turn is surrounded by a protective jacket.

Cladding (ncladding) Protective Jacket

Core (ncore) \ /

: "
R . v
N IRAOCd

Propagating Radiation

Figure 1.2 Optical Fibre

In order to allow the fibre to support propagating modes of radiation it is necessary for
the core to have a higher refractive index than that of the surrounding cladding. Total
internal reflection of the light at the core - cladding interface may then occur provided

that the beam propagation angle is greater than the critical angle 0, such that

n
Sin ec — cladding [1 ) 1]
n

core

Fibre optics are extremely useful in a wide range of applications due to their flexible

nature and thetr low propagation losses (dB/km)

The second type of dielectric waveguide is commonly referred to as the planar
waveguide™!®, This device, which has a planar geometry as illustrated in figure 1.3,
consists of a thin (0.25um — 10um) dielectric film of high refractive index (1.51 —
1.7) which is deposited on a lower refractive index substrate (1.43 — 1.51). A

superstrate layer is optional depending on the application. As with the optical fibre, light



propagation occurs by total internal reflection at the boundaries of the thin guiding
layer. A more detailed description of the operation of a planar waveguide is provided in

chapter three.

Propagating Radzation

Waveguiding Layer

Substrate

Figure 1.3  Planar Dielectric Waveguide

The losses in planar dielectric waveguides are usually much higher than those of an
optical fibre but are typically < 1 dB/cm. Such high propagation losses restrict the use
of planar waveguides to operations where guiding only occurs over a short distance.
However, the planar waveguide also exhibits many favourable characteristics. Its planar
geometry ensures compatibility with the planar technology of integrated circuits (IC's),
allowing for the production hybrid opto-electronic devices. Other advantages of the

planar waveguide are its small dimensions, ease of production and ease of handling

1.5 Waveguide Input Couplers

Efficient coupling of a light source into a thin-film optical waveguide is a problem for
many integrated-optic designs. The difficulty is to maintain efficient coupling of the

light into the waveguide with minimal alignment difficulties. Many different coupling



techniques'' have been utilised to this end. In this section the three main coupling

techniques for launching light into planar waveguides are presented.

1.5.1 End-face Couplers

The most basic technique employed to launch light into a guided mode in a waveguide
is end-fire coupling which, as shown 1n figure 14, typically involves focusing the
incident radiation onto the end-face of the waveguide. For efficient coupling the width
of the beam must be comparable to the waveguide thickness. In principle, this method is
almost 100% efficient. However, in reality this is not the case because normally the end-
face of the waveguide is not ideal. Moreover, many waveguides are of the order of
microns and lower in thickness and therefore require critical alignment of the incident
radiation and the lens. Due to these highly restrictive conditions, end-fire couplers have

been rarely employed for general integrated-optics applications.

Propagating Mode Waveguide
- —
m—— - |
e
~_7_ R e
Incoming Radiation \
Focusing Lens T

Substrate

Figure 1.4  End-fire Coupling into a Planar Waveguide

1.5.2 Prism Couplers



Prism couplers are a popular laboratory choice for the launching of light into thin film
waveguides. The principle of operation is as follows: a plane wave is incident upon the
face of the prism as shown in figure 1 5. The beam enters the prism and is totally
internally reflected. Upon total internal reflection, an evanescent wave 1s set up in the
air gap below the prism Below the air gap is the waveguide into which coupling is
desired. The waveguide can typically support one or more propagating modes which
have corresponding evanescent fields that extend upwards into the air gap. These
evanescent fields can interact with each other and thus energy from the prism mode can

be transferred to the waveguide mode by optical tunnelling.

Prism coupling is a very efficient technique (80% for input coupling). However, it has a
number of drawbacks First, the width of the air gap between the prism and the
waveguide is critical, and any shift in this dimension alters the coupling efficiency.
Second, since the prism is detachable, reproducibility from experiment to experiment is
a problem. Finally, the prism needs to have a high refractive index to facilitate total
internal reflection, and also needs to be of high optical quality. Therefore, they are
usually quite expensive. Due to such drawbacks prism coupling is rarely employed
outside of laboratory situations and 1s certainly not compatible with mtegrated optic

applications.

Incident Radiation

Prism Coupler

Waveguide

Propagating Radiation /
Substrate



Figure 1.5  Prism Coupling mnto a Planar Waveguide

1.5.3 Grating Couplers

There exists an alternative coupling technique to the two methods described previously.
The technique can provide relatively high efficiency, easy alignment and a high level of

repeatability. The method in question is grating coupling.

Grating couplers are simply perturbations on the surface of a waveguide, as shown in
figure 1.6, which can relax the phase match condition required for coupling between an
incident beam and a waveguide mode. They may be fabricated by a variety of methods
which range from the highly accurate but expensive technique of reactive ion etching to
the low cost technique of embossing a negative image of a surface relief master grating

onto the surface of the waveguide.
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Figure 1.6  Grating Coupling into a Planar Waveguide

Radiation incident upon the grating is diffracted and at a certain angle of incidence of
the incident beam, the propagation constant of one of the diffracted orders in the
waveguide region matches the propagation constant of a guided mode and energy
transfer to the guided mode occurs. The coupling conditions for launching light into a

guided mode of effective index neff are described by the well-known grating equation
. mA\
N —n,sina = N [1.2]

where neg is the effective index of the guided mode, n, is the refractive index of the
medium through which the radiation is incident, a is the angle of incidence, m is the
diffraction order, A is the wavelength of the incident radiation and A is the grating

period

The main advantages of grating couplers are that they are compact and stable in nature.
In addition, due to their planar nature, they are easily integrated into many different
geometries with which prism and end-face couplers are not compatible. The mam
drawback of grating couplers is that they are not as efficient as prism couplers due to the
large fraction of incident energy transmitted through the structure. Furthermore, due the
multiple diffraction orders generated by gratings there can be substantial loss of power
to higher non-coupling diffraction orders. However, it is possible to increase grating
coupler efficiency by employing asymmetric (blazed) gratings which can be design to

increase the power in couphing diffraction orders.
Finally, an alternative technique to coupling radiation into waveguides is to deposit a

thin high index overlayer waveguide onto a polished optical fibre and to evanescently

couple radiation from the fibre modes to waveguide modes'?.

11



1.6 The Sol-Gel Process

The sol-gel process'*'* is a technique which may be applied to the production of glasses
and ceramics at low temperatures by the hydrolysis and condensation of organic
precursors. The technique can be used to fabricate optical fibres, thin films and bulk
monoliths. The preparation of such materials using the sol-gel technique generally
involves the use of a metal alkoxide precursor, water, a solvent and a catalyst. These
basic ingredients are mixed thoroughly to achieve homogeneity on a molecular scale.
Hydrolysis and condensation reactions lead to the formation of a viscous gel, which is
an amorphous porous material containing liquid solvent in the pores. From this gel one
can produce thin films which can be either porous or densified in structure. The former
are produced by curing a thin sol-gel-derived film at low temperatures (typically <
100°C), while the latter are fabricated by curing at elevated temperatures (typically >
400°C). This indicates that the sol-gel process has great flexibility and could be used for
a variety of applications. Porous sol-gel derived thin films can be used as sensing layers
by physically entrapping an analyte-sensitive reagent in the pores. It is also possible to
fabricate sol-gel-derived planar waveguides by densifying thin films produced from a
sol-gel with an appropriately high index of refraction at high temperatures. Integrated
optic components such as grating couplers, which are used to launch light into guided
modes of a waveguide, may also be produced using the sol-gel method, by embossing a
thin film. In this thesis the application of the sol-gel process to the production of

waveguide based sensor devices will be discussed.

1.7 Surface Plasmon Resonance

1516 is an optical-electrical effect that may be used as

Surface Plasmon Resonance (SPR)
a refractometric-based sensing mechanism to detect for a broad range of chemical and

biological species. The principle of operation of SPR is the transfer of energy carried by

12



photons of light to electrons in a thin metal layer (-50 nm), as shown in figure 1.7. This
results in a decrease in the intensity of the guided signal. The wavelength (or incident
angle) of light at which energy transfer occurs is dependent on the type of metal

employed and the refractive indices of the surrounding media.

Metal Film Surface Plasmon

Propagating Radiation

Figure 1.7  Surface Plasmon Resonance.

Surface plasmon resonance is a non-specific sensing technique. However, it is possible
to use advanced chemical and biological techniques to make the mechanism specific.
For example, by attaching to the sensor a molecule that exhibits an affinity only to the
target analyte it is possible to detect the target analyte by the mass change undergone at
the metal film interface upon binding. These molecules may be an antigen and antibody,
a DNA probe and complementary DNA strand or an enzyme and its substrate. The
change in mass at the metal surface which manifests itself as a refractive index change
produces a shift in the resonant wavelength (or angle) of the incident light. The size of

the shift is proportional to the quantity of the analyte in the sample. Because of the

13



specificity of the binding mechanism between the target and immobilised molecules, no

other molecules in the sample can be mistakenly measured by the sensor.

There exists a wide range of metals that may be employed to produce SPR such as gold,
silver, indium, sodium, copper and aluminium. The main requirement is that the metal
must have conduction band electrons capable of resonating with light of the appropriate
wavelength. However, some of the metals that may be employed to produce SPR are
impractical due to price (indium), reactivity (sodium), broad SPR response (copper,
aluminium) and tendency to oxidise (silver). Therefore, gold is usually the metal of

choice.

Some areas of application of the surface plasmon resonance sensing technique include
medical diagnostics, environmental monitoring, antibiotic monitoring and real time

chemical and biological production process monitoring.

1.8 State of the Art

There 1s ncreasing interest in the field of integrated-optic (bio)chemical sensors. A
great deal of research has been carried out into the production of low-loss waveguides
for use in these devices. Ion exchange has been a widely employed technique to produce

waveguides for sensor applications for many years'’. Najafi et al.'® !

proposed a novel
sol-gel technique for the production of planar, ridge and channel waveguides. A thin
film (microns) of a photosensitive sol is deposited on a substrate an‘d selectively cured
using UV radiation to produce low-loss waveguide structures. Saavedra et al. reported a
method for the production of sol-gel-derived planar waveguides®® which they later
employed in a pH sensor configuration®', The waveguides were fabricated by depositing
a sol-gel-derived thin film on an appropriate substrate followed by desification at high
temperatures (500°C) The waveguides were low-mode in nature and exhibited low

propagation losses. The pH sensor configuration employed prism coupling to launch

light into guided modes whose evanescent fields interrogated a pH sensitive layer

14



coated on the waveguide surface. The device exhibited good response to pH within the
range 4 to 9. Further work by this group reports a grating-coupled waveguide-based
device for the detection of gaseous iodine22 The device exhibited excellent response to
gaseous iodine with a limit of detection of 100 ppb. However, the grating couplers
employed to couple light into and out of the waveguides were fabricated using reactive
ion etching, which is both a complicated and expensive technique. Many other less
complex techniques for the production of grating couplers have been reported in the
literature. For example, in 1986 Lukosz et al. described a simple technique for
imprinting (embossing) a negative image of a surface relief grating in a sol-gel-derived
waveguide using a pneumatically operated piston. The resultant couplers were of a high
quality and exhibited high coupling efficiencies. Choquette et al.24 also employed the
embossing technique to produce high quality grating couplers for planar waveguide
optical sensors. In this work a small drop of UV curable epoxy was placed onto the
waveguide surface and pressed against a master grating and cured by exposure to UV
radiation. The gratings produced exhibited coupling efficiencies of the order of 18%.
Roncone et al.” also described a low cost embossing technique which produced high
quality grating couplers on planar waveguides. Saavedra et al.26 reported a novel
configuration of waveguide coupler capable of launching a 70 nm bandwidth of incident
radiation into a planar waveguide. The coupler comprised a double-parallel grating

assembly and a prism.

Much theoretical research into the optimisation of grating coupling to waveguides has
been reported in the literature. Parriaux et al.Z7 analysed a silicon-based step-index
waveguide with a corrugation at its surface and established the conditions for maximum
coupling. Li et al.282 studied planar waveguide-grating couplers to determine the effect
of grating length, incident beam size, beam focusing and coupling length on the input

coupling efficiency.

Many integrated optic sensors based on the aforementioned techniques have been
reported in the literature. Choquette et al.3 employed a planar waveguide ion-selective
sensor. The device employed embossed grating couplers to efficiently couple light to

and from guided modes. A potassium-sensitive layer deposited on the waveguide

15



surface was interrogated by the evanescent fields of the modes The device showed
excellent response to potassium ions with a limit of detection of 0.05 mM K" observed.
Burgess et al *' also developed a planar waveguide sensor for liquid phase absorption
measurements The waveguide comprised a thin film of tantalum pentoxide deposited
on a glass substrate with a pair of diffraction gratings etched into the substrate surface
Finally, Wolfbeis et al * presented a study on the detection of gas phase ammonia by
means of integrated optical components. Light was launched into guided modes of an
ion-exchange waveguide using the end-face coupling technique described in section
1.5.1. The sensing layers consisted of Bromocresol Green or Bromophenol Blue
indicators immobilised in silicone. Limits of detection of less than 1 ppm were observed

with a dynamic range of 1 to 200 ppm.

1.9 Objectives and Structure of Thesis

The main objective of the work presented in this thesis was the development of generic
integrated optic sensor platforms that may be applied to the detection of chemical or
biological analytes. The sensors, which were to be fabricated using state of the art sol-
gel technology, were to employ guided wave technology and utilise well-known
absorption- and fluorescence-based sensing techniques. Finally, the devices had to be
miniature, compatible with mass production and possibly disposable in nature. The
development of an optimised technology to fabricate both sol-gel-derived waveguides
and grating couplers will be presented. These integrated optic components then will be
incorporated 1nto a series of sensor platforms which may be applied to the absorbance
and fluorescence-based detection of a range of target analytes. Finally, a surface
plasmon-based sensor employing optical fibres will be demonstrated and applied to the

detection of biological entities.

The structure of the thesis is described in the following paragraphs.
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Background information on all the important concepts addressed in the thesis is
provided in chapter one. The sol-gel process and 1ts application to the production of a
wide range of components from reagent-doped sensing layers to photosensitive
materials which may be used to produce integrated optic devices is discussed in chapter

two.

Chapters three to six describe the theory, fabrication and characterisation of sol-gel-
derived planar waveguides and grating couplers, which are key components in the
proposed sensor platforms The application of commercially available software to

provide valuable information on device operation and optimisation is also described.

The absorption- and fluorescence-based sensor platform configurations investigated are
presented in chapters seven and eight. Application of the various configurations to the
detection of gaseous ammonia, carbon dioxide and oxygen is also described in this
section of the thesis. It should be noted at this point that sensors response curves are
plotted in arbitrary units In reality, sensor output signals of the order of volts with
changes due to the presence of a target analyte from hundreds of millivolts to volts

being observed.

A separate, unrelated project is also presented in this thesis in chapter nine. The project
involved the development of a probe-type biosensor that employed surface plasmon
resonance technology. The device configuration and principle of operation is described

in detail. The sensor is then applied to the detection of antibodies and red blood cells.

Finally, in chapter ten the presented work is summarised and possible future work and

developments are discussed.
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Chapter 2 The Sol-Gel Process

2.1 Introduction

The sol-gel process is a material fabrication technique, first reported in 1846 by a
French chemist M. Ebelmanl which may be applied to the production of high purity,
homogenous gels, glasses and ceramics . The preparation of such materials by the sol-
gel process generally involves the use of metal alkoxides, which undergo hydrolysis and
condensation polymerisation reactions to produce three-dimensional structures

consisting of Si-O-Si molecules.

One of the primary advantages of the sol-gel technique is that it enables the production
of glasses at temperatures, which are significantly lower than those used by
conventional melting techniques. Such low temperatures facilitate the production of
materials whose compositions may otherwise not be obtained by conventional means
due to volatilisation, high melting temperatures or crystallisation problems. The
versatility of the sol-gel process also facilitates the production of a wide variety of
optical materials such as glass, fibres, monoliths and thin films, which can be both
porous and densified in structure, and which may be used to fabricate numerous optical

components3.

In this chapter the basics of the sol-gel processes used in the Optical Sensors Laboratory
at Dublin City University will be discussed. The effect on the sol-gel structure of
important parameters such as sol pH and ratio of water to alkoxide precursor will also
be addressed. This section will also describe how it is possible to control the sol-gel
structure by using organically modified precursors, to fabricate structures known as
organically modified silicates (ORMOSILS). Fabrication of sol-gel-derived sensing
layers by physically entrapping sensing reagents into the sol-gel structure will be

addressed. Modification of the refractive index of the sol-gel by the addition of metal
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alkoxides other than the traditional silicon based precursors and the fabrication of
photosensitive sols will also be discussed briefly. Finally, deposition of sol-gel-derived

thin films onto substrates using the dip-coating technique will be presented.

2.2 The Basic Sol-Gel Process

A sol is a colloidal suspension of solid particles in a liquid. A gel is an interconnected
rigid network with pores of submicrometer dimensions and polymeric chains whose
average length is greater than one micron®. In a typical sol-gel process the main
ingredients required to produce these materials are a metal alkoxide, water, a solvent
and a catalyst. The metal alkoxide is also known as a precursor and typically consists of
a metal element surrounded by various ligands One of the most common precursors
employed in the sol-gel process’ is tetracthoxysilane (TEOS, Si(OC,Hs)s). This simply
consists of a central silicon atom surrounded by four ethoxy groups. Other types of
precursors known as organoalkoxysilanes, which contain one or more organic ligands
may also be used. An example of such a precursor is methyltriethoxysilane (MTES,
CH3(C,Hs0)3S1). One of the primary functions of the solvent is to act as a
homogenising agent because water and alkoxysilanes are immiscible It is possible to

avoid the use of such an agent if sonication is employed

The basic ingredients of the sol-gel process are mixed together and hydrolysis and
polycondensation of the metal alkoxide precursor occurs resulting in the formation of an
interconnected rigid network known as a gel This gel may then be subjected to a
temperature programme, which controls the densification process and thus the physical
characteristics of the resultant material. If the liquid within the gel 1s removed by simple
evaporation then the produced structure is known as a xerogel, while if the liquid is
removed above its critical temperature and pressure then it is known as an aerogel®. It is
possible to fabricate either sol-gel-derived thin films by coating the gel onto substrates

or monoliths by casting it in a mould.
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2.2.1 Hydrolysis and Condensation

A typical sol-gel is fabricated by the hydrolysis and polycondensation of organometallic
compounds79. The first step in the sol-gel process is hydrolysis and is shown in
equation 2.1. The hydrolysis reaction replaces alkoxide groups (OR) on the precursor

with hydroxyl groups (OH) by the nucleophilic attack on silicon atoms by oxygen.

=Si- OR + HO o =Si- OH + ROH [2.1]

The condensation reactions, which are shown in equations 2.2 and 2.3 occur via a
nucleophilic condensation reaction and produce siloxane bonds, Si-O-Si, along with

by-products of alcohol (ROH), or water.

sSi-OR +HO-Si=o0 =Si-0-Si=  + ROH [2.2]

=Si-OH + HO-Si= 0. sSi-0-Si= + H20 [2.3]

The alcohol itself is an important component in the sol-gel process because it
participates in the reverse reactions shown in equations 2.1 and 2.2. In the sol-gel
process the condensation reactions continue to build up long polymeric chains of Si-O-
Si molecules which with time interlink to become a three-dimensional network which is
known as a gel. The physical characteristics of this gel network depend upon the size of
particles and extent of cross-linking prior to gelation. The gelation time tgis defined as
the point in time at which the sol can support a stress elastically. Experimentally, the
point of gelation is marked by a sharp increase in the viscosity of the sample due to an

increased number of interconnected particles.

2.2.2 Ageing and Drying

Ageing is the term used to describe the process whereby after the ingredients have been

mixed the sol is left at elevated temperature so as to accelerate the hydrolysis and
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condensation process. The ageing process serves a number of purposes. Aging for sols
used to produce monoliths is different to that of a sol being used for deposition of thin
films A monolithic sol may be aged before or after gelation and the main aim to is
produce a gel which 1s strong enough to withstand the stresses encountered during the
drying stage For coating sols, the main function of aging is to increase the viscosity of
the solution by accelerating cross-linking of polymers to ensure that dip-coating is

possible.

Liquid / Vapour
meniscus flat

Pore liquid
Sohd phase

a) Initial condition b) Constant rate period

Empty Pores

(@R Semi-empty pores

c) Falling rate period

Figure 2.1  Drying stages of the sol-gel process®

A drying process is essential for the removal of excess liquid from the interconnected
pore network. The drying process may be divided into distinct stages®. The first stage 1s
known as the constant rate drying period since the rate of evaporation per unit area is
independent of time. In this stage the fabricated gel network is deformed by the large

capillary forces and the structure shrinks by an amount equal to the volume of liquid
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that evaporates and the liquid — vapour interface remains on the outside surface of the
structure as can be seen 1n figure 2.1b. The second stage which is referred to as the
falling rate period occurs when the gel network stiffens due to shrinkage and the
evaporating liquid moves the menisci into the interior of the structure and leaves air-
filled pores near the surface of the structure. The falling rate period is illustrated in

figure 2.1c.

One of the major disadvantages of sol-gels is that they are liable to crack during the
second drying period due to some pores emptying before their neighbours. Such a
scenario may be prevented by employing a number of different techniques. Ageing a gel
before drying has the effect of strengthening the network and thus reducing the
possibility of cracking. Also surfactants or drying control chemical additives (DCCA)
may be included in the recipe to prevent cracking occurring. Surfactants reduce the
interfacial energy and thereby decrease the capillary stress while DCCA’s produce gels
that are harder and have a larger and more uniform pore size which helps to reduce

cracking

2.3 Factors Affecting the Sol-Gel Process

2.3.1 Influence of pH of Sol

The pH value of the starting solution is one of the more important parameters in the sol-
gel process because it determines whether the process is acid or base catalysed Acid
catalysis is usually associated with fast hydrolysis and relatively long gel times Acid
catalysis produces structures with a fine network structure of linear chains with pore
sizes < 2 nm. On the other hand, base catalysis gives slow hydrolysis but the gel times
are faster due to faster condensation rates”. Under basic conditions more dense colloidal
particles are formed with larger pores. For silica, starting solutions of pH < 2 are acid
catalysed while solutions of pH > 2 are base catalysed, due to the fact that the isoelectric

point of silica (the pomnt at which the electron mobility and surface charge is zero)
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occurs at approximately pH = 2. This pH value then defines the boundary between acid

and based catalysis in silica sol-gel processes

The dependence of the gel time of sols catalysed by HCI on the starting solutions pH
value'? is clearly illustrated in figure 2.2, where the gel time is equal to 1 / average
condensation rate. It can be seen from this plot that the overall condensation rate is
minimised between pH values of 1.5 — 2.0 and maximised approximately at a pH value

of 4.

Average Condensation Rate (1/gel time)

pH

Figure 2.2  Condensation rates for TEOS as a function of pH'

2.3.2 Influence of the Ratio of Water to Precursor (R Value)

The R value of a sol is defined as the molar ratio of water to silicon alkoxide precursor.
Thus 1s another very important parameter of the sol-gel process because water is used in
the hydrolysis reaction and evolved in the condensation reaction Therefore, the amount
added to the initial solution can strongly influence the structure of the resultant gel.
Theoretically an R value of 2 is sufficient for complete hydrolysis and condensation to

occur’. However, as a direct consequence of the formation of intermediate species and
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reverse reactions in the sol-gel process, the hydrolysis and condensation reactions
generally do not go to completion under these conditions. Therefore, R values greater
than 2 are commonly utilised to ensure that hydrolysis is completed before condensation
and drying occur. For acid catalysis an initial increase in the R value of a sol will result
in a decrease 1n the gel time at a given pH up to a certain point beyond which the
increasing water concentration starts to dilute the sol resulting in increased gel times.

Such a phenomenon is illustrated in figure 2.3.

Gel Time (Days)
s

R

Figure 2.3  Gelation Time as a function of R value’

2.4 Ormosils

Standard alkoxide (such as TEOS) based sol-gels have hydrophilic surfaces, which are
covered with hydroxyl groups, which allow the adsorption of water molecules. This
however is not always a desired characteristic and certain applications require the
surface of a sol-gel material to be hydrophobic. This requirement necessitates the
removal of the hydroxyl groups from the surface of the structure. Many techniques for

the removal of hydroxyl groups have been mvestigated, the most important ones being

28



thermal dehydration and chemical modification. For thin films thermal dehydration is
not a feasible option due to cracking of the structure at elevated temperatures and hence
chemical modification is the more commonly employed technique Chemical
modification involves the combination of organic and inorganic precursors resulting in
the formation of materials, which have properties intermediate between those of glasses
and polymers. Such materials are referred to as organically modified silicates or

ORMOSILS.

The use of a modified precursor, which has one or more non-hydrolysable organic
groups attached to the silicon atom allows organic components to be incorporated into a
sol-gel material. A typical example of a modified silicon alkoxide precursor is
methyltriethoxysilane (MTES, CH;3(C,Hs0);S1), in which a methyl group replaces one
of the ethoxy groups This methyl group 1s bonded to the silicon atom through a non-
hydrolysable covalent bond and has a substantial effect on the surface properties of the
sol-gel structure. The use of ORMOSILS results in the replacement of surface

hydroxoyls with methyl groups which gives rise to hydrophobic surfaces.

Ormosils also have some very interesting properties, which distinguish them from
standard inorganic matertals. The addition of an organic component to a sol-gel
structure enables the fabrication of crack-free sol-gel derived thin films of up to 2 pm in
thickness. This 1s substantially greater than the maximum crack-free thickness of 0.5
pum obtamned for films prepared using standard silicon alkoxide precursors such as
TEOS®. 1t is also possible to control the porosity of sol-gel derived material by
carefully controlling the type and concentration of the organic groups'®. Typically, the
hybrid organic-inorganic gels are less porous and more dense in nature than the standard

inorganic gels'

2.5 Entrapment of Sensing Reagents

Sol-gel technology offers a wide range of advantages as an immobilisation technique

for chemical reagents 1n optical sensor applications'®. One of the primary advantages is
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that it is a low temperature process. Consequently, organic and biological molecules
with poor thermal stability, which otherwise may not be immobilised into glass, may
now be encapsulated. The impregnated reagents are accessible to gases and liquids for
sensing applications due to the struture porosity. Among the other advantages is the fact
that the fabrication process for the production of sol-gel-derived glass and doped sol-gel
derived glasses is simple, versatile and inexpensive and the fabricated glass matrix is
transparent down to wavelengths of 250 nm making it suitable for use in
spectrophotometric and spectrofluorimetric applications. Another advantage of the sol-
gel encapsulation technique is that it is quite easy to immobilise polar organic analyte-
sensitive reagents into conventional hydrophilic sol-gels. However, the solubility of
these reagents is himited on encapsulation mnto sol-gel environments of a reduced
polarity In a hydrophilic sol-gel fabricated using a standard silicon alkoxide precursor,
hydrogen bonding between the dye and the surface hydroxyl groups is high. Upon
reducing the silanol group population (as in case for ormosils) the alkyl groups which
reside on the surface do not interact with the polar dyes. Additionally it 1s often
desirable to control the protonated / deprotonated dye population. For the detection of
acid species, the dyestuff has to have a large deprotonated population, which may
interact with environmental protic species to effect a sensor reaction. In the acid
environment of micro-porous sol-gel fabrication the deprotonated dye population 1s
reduced by dye — silanol group interactions. This problem has been overcome by the use
of phase transfer reagents co-extracted with the dye. Such reagents facilitate the

incorporation of the deprotonated polar dye into an ormosil matrix.

The application of doped sol-gel-derived thin films for the detection of a range of
analytes such as metal ions, gases such as oxygen, ammonia and carbon dioxide and pH
change has been demonstrated by many research groups world-wide'’>'®. One of the
sole drawbacks of the immobilisation technique is that there is a certain amount of
leaching out of the entrapped reagent from the matrix'’. However, it is possible to
overcome such problems by covalently binding the reagent to the matrix or employing

matrices with extremely small pore dimensions
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2.6 Refractive Index Modification

There are many applications in optical technology, which require control of component
refractive index. One such area of interest 1s the fabrication of thin films, which may
function as planar waveguides for transmission of information or sensing applications
The sol-gel process 1s 1deally suited to the production of high quality defect free thin
films. However, completely densified silica thin films only have refractive indices of
about 1.46. Such a thin film while of high enough quality usually has too low a
refractive index to be considered for the application of planar waveguides since the
majority of substrates used in planar waveguide structures have indices of refraction of
greater than 1.46. Thus the sol-gel derived thin film could not function as a planar
waveguide when coated on such substrates. However, it is possible to fabricate high
refractive index sol-gel derived thin films by incorporating different metal alkoxide

precursors into the traditional silicon based sol-gel recipe®.

Titania (TiO,) has a much higher refractive index than silica (SiO,). Incorporation of
titania into a sol-gel matrix would result in an increase in the refractive index of the
structure. This may be realised by incorporating titanium metal alkoxide precursors into
silicon based sol-gel recipes®2. It is important to maintain anhydrous conditions during
the sol-gel process when using titanium alkoxide precursors. This is due to vastly
different hydrolysis rates for silicon alkoxide and titanium alkoxide precursors. If an
abundance of water were present, it would result in titania and silica rich sites
throughout an inhomogeneous glass. The amount of titanium precursor added will
determine the refractive index of the resultant sol-gel and of any thin films fabricated.
Thin films of a high refractive index sol may be deposited on substrates, densified at
elevated temperatures and used for a variety of applications, such as planar dielectric

waveguides for light transportation and chemical sensing®.

2.7 Photosensitive Sols

Photosensitive sol-gel-derived hybrid glasses are rapidly becoming popular for the

production of integrated optical components®?® Upon exposure to ultraviolet radiation
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these novel materials densify as a result of photoinitiated polymerisation of monomeric
species entrapped within the matrix. Photo-mask technology allows for selective
exposure of regions of the material and may be used to produce integrated optic

components such as ridge waveguides, splitters and gratings.

The typical photosensitive sol ingredients are a silicon alkoxide with a vinyl moiety, a
vinyl monomer, a solvent, a catalyst and a photoinitiator, which promotes
polymerisation of the vinyl monomer For fabrication of integrated optical devices, a
thin film of the photosensitive material is deposited onto a substrate. The film may be
prebaked at elevated temperatures prior to UV exposure to harden the films sufficiently
to prevent adhesion to the photomask during photoimprinting. Samples are then placed
in contact with a mask of the desired profile and exposed to ultraviolet radiation. This
initiates polymerisation of the vinyl groups contained within the thin film as well as
forming long chain polymers from the vinyl pendant groups on the silicon alkoxide sol-
gel precursor. Therefore, covalent bonds are formed between the glass and polymer
species in the bulk material resulting in the formation of a coherent hybrid network.
Subsequent washing with alcohol removes any monomeric species from the unexposed
areas leaving only UV photopolymerised regions of the film. The devices are then

postbaked at elevated temperatures to promote hardening.

2.8 Dip-Coating Process

Thin films may be deposited on planar substrates by a number of different deposition
techmques. However, by far the two most popular are dip-coating and spin-coating.
Both of these techmques have the ability to deposit thin layers of very precise
thicknesses. Dip-coating is primarily the technique used in this work for the deposition
of thin films for sensing and waveguiding applications, and this technique will now be

discussed in more detail.

The dip-coating technique may operate in two distinct modes- firstly, by maintaining the

sample at a fixed position and drawing the liquid away at a constant rate and secondly
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by maintaining the liquid at a constant position and removing the sample. The former is

the technique employed in this work.

122 may be divided 1nto five separate stages immersion, start-

The dip-coating process
up, deposition, drainage and evaporation. With volatile solvents such as alcohol,
evaporation normally accompanies the start-up, deposition and drainage steps The

entire dip-coating process is illustrated in figure 2 4.

L et !

I { ‘*’T TL"

Immersion Start-up Deposition
& Drainage
T T
| | - —
A [
o O
Drainage Evaporation

(Constantly occurring)

Figure 2.4  Example of Stages in Dip-coating process

As the sample 1s immersed in the liquid and withdrawn, the inner layer of deposited
liquid moves 1n tandem with the substrate while the outer layer returns to the container
The film thickness is related to the position of the dividing border between the upward
moving and the downward moving layers. In the dip-coating techmque there are a
number of forces, each in competition with one another which determine the position of
the streamline and hence the film thickness. They are: (1) viscous drag upward on the

liquid due to the relative movement of the substrate and the liquid container; (2) force
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due to gravity; (3) surface tension; (4) inertial force of the boundary layer liquid arriving

at the deposition region, (5) the disjoiming or conjoimng pressure.

The relationship between film thickness and dip speed for Newtonian fluids is shown in

the following equation?’
12
t = 0.944(N_ )" [gj (2.4]

where t is the film thickness, U is the dip speed, n is the liquid viscosity, N, is the
capillary number, p 1s the density of the solution and g is the acceleration due to gravity.
If, as is the case with the sol-gel derived materials, the viscosity and density of the
sample remain constant then the film thickness 1s proportional to the square root of the

withdrawal speed

The dip-coating apparatus used throughout this research was computer controlled and is
illustrated in figure 2.5. The substrate 1s held rigidly above a moveable platform
supporting the sol container The mechanism employed to move the platform is a
threaded bar rotated by a computer controlled DC motor. When the substrate 1s
immersed in the liquid, the platform is lowered at a constant speed thus depositing a

thin film on the substrate.

The quality of the resultant thin films is very much dependent on the smooth removal of
the liquid container and as a result the entire dip-coating apparatus is housed in a
draught free chamber. It is also crucial to minimise vibrations during the dip-coating

procedure by ensuring no contact is made with the apparatus
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Figure 2.5  Dip-coating apparatus

Another commonly used thin film deposition technique is spin coating®®*!. This
technique involves the deposition of thin films by centrifugal draining and evaporation.
The liquid to be deposited is placed at the centre of the substrate and the entire device is
rotated at the required rate resulting in the uniform spreading out of the deposited liquid

into a thin uniform film. However, this technique was not employed during the course

of this work.

2.9 Conclusion

In conclusion, the sol-gel process, a technique for the production of gels, glasses and
ceramics has been described in detail. The technique offers a number of advantages over

conventional fabrication techniques when applied towards the production of optical

components, some of which are discussed below
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(1)  The sol-gel process is a low temperature application with operating temperatures
for the production of sol-gel-derived glasses in the range 25°C (for porous glass) to 500
°C (for densified glass). Such relatively low temperatures compare extremely
favourably with the high temperatures required for the production of glasses by

conventional melting techniques.

2) The basic ingredients in the sol-gel process are commercially available low

grade, low cost chemicals.

(3)  The sol-gel process is extremely versatility and may be used to produce a wide
range of optical devices, which may be porous or densified in structure and bulk or thin-
film in nature. Sensor materials for the detection of a range of chemicals and
biomolecules may be fabricated by immobilising an analyte-sensitive reagent in a
porous sol-gel-derived material. It has also been shown that 1t is possible to produce
high refractive index and photosensitive glasses using the sol-gel technique. These
glasses may be used in the fabrication of integrated optic components such as

waveguides and grating couplers

In summary, the sol-gel technique offers a low cost and versatile route for the
production of glass components for a number of applications. The process is reliable,
reproducible and compatible with mass production techmques. In the course of this
thesis the sol-gel process will be applied to the production of densified planar

waveguides, grating couplers and porous sensing layers for use in sensor platforms.
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Chapter 3  Waveguide and Grating Coupler Theory

3.1 Introduction

A waveguide is a material medium that confines and supports a propagating
electromagnetic wave. It may consist of a hollow metallic conductor, a solid cylindrical
glass fibre that has a refractive index greater than that of its surrounding media or it may
be a thin dielectric film surrounded by lower refractive index media. The latter type of
waveguide is known as a slab-dielectric waveguide and usually has a rectangular cross
section, the dimensions of which determine the operating wavelength and the modes the
guide will support. Planar waveguides are currently attracting substantial interest in
both the telecommunications and sensing industries due to ease of fabrication, low cost
and geometrically convenient configurations. In this chapter the underlying theory of

the planar waveguide will be described in detail'”.

The use of periodic structures with extremely small dimensions (microns) as a
technique for launching light into planar waveguides was first proposed by Dakss et al
in 1970%. Since then, research into the use of grating couplers for both
telecommunications’ and sensing applications'®'® has gained considerable interest. The
main reasons for such continued interest over the past three decades are the ease of
fabrication of such grating couplers and their compatibility with current planar
fabrication technology, enabling the fabrication of extremely low cost integrated optical

devices.

The most basic principle of operation for a grating coupler is the conversion of a
specific diffracted order of incident radiation into a guided mode that propagates along
the waveguide structure. It is possible to design grating couplers which can couple light
into forward or backward propagating modes. However, only forward coupling grating

theory will be discussed and presented in this thests.
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3.2 Waveguide Theory

The theory of slab waveguides may be analysed from two different points of view
Firstly, one may use the classical ray optic technique, which provides a very simple
physical description of waveguide modes and secondly, one may use the more advanced
technique of wave optics in which Maxwell's equations may be used to obtain
expressions for the guidance condition of modes within a waveguide'”. Tt is these
guidance conditions which fully describe the characteristics of a waveguide mode, and
hence are of vital importance in all integrated optics applications and device
optimisation. This section will discuss the theory of planar waveguides using both of

these approaches.

3.2.1 Ray Optics

A planar waveguide consists of a substrate of refractive index ng which is assumed to be
infinite in thickness, upon which a thin waveguiding layer (thickness = d) of higher
refractive index nr is deposited. The cover layer, which is above the thin waveguide
layer is usually air (but not always) and its refractive index is n.. Such a configuration is

illustrated in figure 3.1.

Cover, n,

Substrate, n

Figure 3.1  Planar Waveguide
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Consider a beam of light incident at an angle 6 with respect to the normal of a step-

index slab waveguide, as shown in figure 3.2.

| Cover, n,

gt
et

{m Py

Im, 173

i)

\\ggl

Substrate, n;

Figure 3.2  Light beam incident on waveguide interface

The critical angles at both the upper and lower interfaces are

0 =sin"| 2¢ [3.1]
D¢

and

0% =sin| = 3.2]
Ny

Since ng > n. in general, it follows that 6;° > 6.°. Therefore, three possible ranges of

incident angle 6 exist: (1) 0.° <0 <90°, (2) 6.° <0 <6.’, and (3) 0 <06.°.

(1) 8¢’ <8 <90°: here the light is confined in the guiding layer by the total internal
reflections at both the upper and lower interfaces and propagates along the
zigzag path as shown in figure 3.3. This case corresponds to a guided mode,

which is the situation of most interest in this work.
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| Cover, n,

Substrate, n,

Figure 3.3  Guided mode, 6° < < 90°

(2) 6, <6 <0.;. This situation is shown in figure 3.4. The incident radiation is
totally internally reflected at the film - cover interface but not at the waveguide -
substrate interface. Light escapes through the substrate layer according to Snell's
law because 6 < 6. This light is a substrate radiation mode whose amplitude

decreases significantly along the propagation direction.

Cover, n,

Substrate, n,

Figure 3.4  Substrate radiation mode, 6, < 0< 8

(3) 6 <8.". this case also leads to a substrate-clad radiation mode that radiates to

both the cover and the substrate as shown in figure 3.5
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Cover, n,
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szstrate, ng

Figure 3.5  Substrate-clad radiation mode, < S

Modes can be classified easily based on the ray-optical picture. However, we shall

concentrate on analysis using the wave optics approach in this work.

3.2.2 Wave Optics

Two of Maxwell's equations in isotropic, lossless dielectric medium are

~ oH
VXEZ—HOK [33]
and

~ oE
VxH=¢ Onzgt— [3.4]

where g¢ and p are the dielectric permittivity and magnetic permeability of free space,
respectively, and n is the refractive index. As is shown in appendix 1, it is possible to
use these equations to derive an expression for the dispersion relation of an asymmetric

planar waveguide as shown in equation 3.5 for the case of TE modes:

Vy1-b =prn +tan™ [3.5]
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where V, the normalised frequency parameter, is given by

8f_gs

V=k,d [3.6]
€y
b, the normalised waveguide index is expressed as
LY Sl [3.7]
€ —&g

and a'" a measure of the asymmetry of the waveguide (in this case for TE modes) is

given by
aE =858 [3.8]
€ f —€ s

This equation fully describes the properties of any guided mode propagating in a planar
waveguide. Figure 3 6 is the dispersion plot for equation 3.5. Such a plot enables rapid
determination of the properties of any specific guided mode It is clear from the
dispersion plot that for the fundamental mode of an asymmetric planar waveguide (a #
0), and for all higher order modes in both symmetric and asymmetric waveguides there
exists a critical value of the normalised frequency (V number) below which the
waveguide can not support the guided mode. This frequency is usually referred to as the

cut-off frequency (V) of the guided mode and is given by equation 3.9
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Normalised Waveguide Index (B Value)

Normalised Frequency (V Number)

Figure 3.6  Dispersion curve for TE modes n a slab waveguide (a = a™*

V, =V, +mn [3.9]

where V, = tan"'va is the cut-off value for the fundamental mode and m is the mode

number. Such a cut-off situation occurs when the effective index of the guided mode neg

is equal to or less than the refractive index of the substrate n;.
If one numerically evaluates the guidance equation for a given waveguide of known
thickness and refractive index profile, a value for the normalised waveguide index (b) is

returned. The normalised index for a given guided mode may then be used to determine

the modal effective refractive index 1n accordance with equation 3.7.

3.2.2.1 Penetration Depth
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A guided mode in a waveguide of thickness d is essentially confined to a thickness det
(the effective waveguide thickness) because its evanescent fields extend somewhat into

the substrate and cover layers. Such a situation is illustrated in figure 3.8.

N I /o,

deff

NY I e

Figure 3.7  Effective waveguide thickness

The evanescent fields of the propagating mode extend into the substrate and cover
regions, the distances of which are given by l/os and 1/o respectively. Thus, the

effective thickness of a waveguide is given by

d.g =d+—1—+—1— [3.10]
a, o

S C

The determination of the effective index of a guided mode also allows for calculation of
the evanescent field penetration depths into the surrounding media. Shown in figure 3 8

is the dependence of the penetration depth on guided mode effective index.

It is important to realise that the guided mode is actually totally internally reflected at
the real interfaces. Consequently, the light undergoes lateral shifts L and L. at the
respective interfaces. These lateral shifts due to the total internal reflection are known as

Goos-Haenchen shifts, and are given by

2n 4

L° = 2 2 2
2
k0 \/neff - 1’lc x \/nf - neff

[3.11]
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Figure 3.8  Dependence of penetration depth of evanescent field on modal effective

ndex

If one wishes to employ planar waveguides as a platform for evanescent-absorbance
based sensing then knowledge of the penetration depth of the evanescent field into the
cover (or sensing layer) 1s crucial. This penetration depth 1s one of the major factors
which determines the sensitivity of a waveguide-based sensor. The larger the
penetration depth of the evanescent field the more power there is in the sensing layer for
absorbance Thus in simple terms the larger the penetration depth the more sensitive the
sensor. However this is not always the case. Sometimes the evanescent field can extend
beyond the sensing layer, such a situation is more difficult to explain. Figure 3.8 clearly
shows the dependence of the penetration depth of the evanescent field of a mode on the

effective index of the guided mode.
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3.3 Grating Coupler Theory

Perturbations, or periodic structures on the surface of a waveguide, have been shown to
possess the ability to couple light from an incident light beam into a thin film
waveguide mode®*'*!°. Such devices are commonly referred to as grating couplers. In

this section the principle of operation for such grating couplers is discussed in detail.

Let us first consider the case illustrated in figure 3.9 where there is no grating present on
the waveguide surface. Radiation from an external source is incident from a medium of
refractive index n, onto the surface of a planar waveguide. The waveguide has a

refractive index of nr and the substrate has a refractive index of ng, where n, < ng < ny.

y z

Cover, n,

=

Waveguide, ng

Substrate, ng

Figure 3.9  Light beam incident obliquely onto surface of a planar waveguide

The propagation constant 3, of the incident radiation in the z-direction is given by

B e =kon,smna [3.13]

where ko is the free-space wavenumber, n, is the refractive index of the incident

medium and o 1s the angle of incidence

50



The propagation constant Bmeqc for a guided mode in the planar waveguide is given by

B mode =k0neff [314]

where neg is the guided mode effective refractive index and ng < nesr < ny.

Coupling of power from the incident radiation into the guided mode will only occur if
the propagation constants in the z-direction are equal. Thus, a phase-match condition,

which requires

B nc =B mode [315]

must be satisfied. This equation may be rewritten as
kon,sina =k n 4 , [3.16]

If coupling were to occur in this situation it would require sina > 1, since n, < ng < ng¢
and ns < negr < ne This is of course impossible and therefore, 1f light is incident upon the
surface of an unperturbed planar waveguide, coupling of power into a waveguide mode

is not physically possible.

It is possible, however, to couple into a waveguide mode if one can somehow achieve
the phase match condition. Phase matching conditions may be attained by utilising a

grating coupler as shown in figure 3.10.

The coupler consists of a grating on or in the surface of a waveguide. Due to its periodic
nature the grating perturbs the waveguide modes in the region underneath it, causing

each mode to have a set of spatial harmonics propagation constants "™ given by

2mn

B,pnen =Bo+ A

[3.17]
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where m =0, £ 1, £ 2,. .., A is the spatial periodicity of the grating coupler and Py is

the fundamental mode 1n the perturbed region

Cover, n,

=2

Grating Periodicity = A Waveguide, nr

Substrate, ng

Figure 3.10 Schematic diagram of a grating coupler

However, all the spatial harmonics of each mode are coupled together to form the
complete surface wave field in the grating region. Therefore, energy coupled from the
incident beam into any one of these harmonics is coupled into the fundamental (m=0)
harmonic. This fundamental harmonic f¢ is very close in value to the propagation
constant of the m™ mode B outside of the grating region and thus can transfer its
energy to the specific mode in the unperturbed waveguide region and hence equation

3.21 may be rewritten as

kon,; =k,n, sinoc+—2%t— [3.18]

It can be seen that for some incident angle o the phase match condition can be satisfied
since m may be positive or negative. Hence at some incident angle o for external

radiation, phase matching is achieved and light can be coupled into a guided mode by
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radiation from the m™ diffraction order of the incident radiation. Equation 3.18 may

then be expressed in the more common form of the grating equation.
. m\
n, —n,sina N [3.19]

The efficiency of the grating coupler for converting radiation from obliquely incident
radiation into guided modes is determined by a number of factors including grating
depth, grating periodicity, grating layer refractive index, waveguide device properties
and input beam focusing, and is discussed extensively elsewhere'?*. Due to the
complex relationship between the coupling efficiency and the parameters mentioned
above, advanced programming which is beyond the scope of the research presented in

this thesis, is required to determine theoretical coupling efficiencies.

Coupling efficiencies of above 30% to planar waveguides are rarely observed. This is
due in part to the generation of both reflected and transmitted diffracted beams, only
one of which may couple to a propagating mode and also to the fact that only one
diffracted order can couple to a waveguide mode For single and low mode waveguides,
the coupling conditions required to launch a guided mode are extremely angular
intolerant (see chapter 7 for further details). This coupling intolerance can lead to
configurational problems with low-mode based waveguide sensors (see chapter 7). It is
possible to overcome this problem by employing waveguides which have quasi-infinite
number of possible modes. This then facilitates the use of a broadband source focused
onto the grating coupler, resulting in a number of grating coupling conditions being
satisfied This approach is described in chapter 7 in the context of LED-based sensor

platforms.
It is also possible to use the same grating as an output coupler, because, by reciprocity,

energy from waveguide modes will be coupled out at specific angles a., corresponding

to a particular mode.
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3.4 Conclusion

The theory of planar waveguides has been addressed from both a ray optic and a wave
optic viewpoint. A derivation of the dispersion equation for transverse electric (TE)
waveguide modes, and how this equation may be used to determine all the required
parameters of the guided modes such as effective index, penetration depth into

surrounding media has been presented.

The underlying theory of converting energy from radiation incident on a waveguide
device into a guided mode using grating coupling has also been explained in detail and

the grating equation was derived.
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Chapter 4 Waveguide Fabrication and

Characterisation

4.1 Introduction

In this chapter the sol-gel fabrication technique employed for the production of low-loss
asymmetric low mode planar waveguides, along with the effect of varying such
parameters as sol composition, annealing temperature, annealing time and dip speed on
thickness and refractive index are discussed. These studies are used to identify optimum
fabrication conditions and parameters required to produce sol-gel-derived waveguides
with the appropriate properties for the sensing applications discussed in chapter 7.
These properties are a refractive index higher than both the substrate (1.515) and
superstrate (1.43) refractive indices and a corresponding thickness which produces low

mode guiding structures

Finally, the characterisation procedures utilised to determine the physical and chemical
properties of the waveguides such as propagation losses, surface roughness and

chemical structure are presented in detail.

4.2 Waveguide Fabrication

This section discusses the fabrication process utilised for the production of sol-gel
derived planar waveguides for use in integrated optic sensor platforms. The sol
preparation routine used to produce a high refractive index material will be discussed
along with the procedure used to prepare substrate for coating with sol-gel derived

materials. Finally, the thin film fabrication routine will be discussed.
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4.2.1 Sol Preparation

Thin films may only function effectively as waveguides when the refractive index of the
film is higher than the refractive indices of both substrate and superstrate'™. In the work
presented here the substrates utilised were glass microscope shides of refractive index
1.512. Thin films with refractive indices higher than 1.512 were obtained by adding a

titania based refractive index modifier to the silica-based sol.

The sol was prepared by mixing controlled quantities of methyltriethoxysilane
(CH3(C,H;50);81, MTES), titanium(IV) tetrabutoxide (Ti(OBu),), and a precatalyst silicon
tetrachloride (SiCls), in ethanol®. Hydrolysis and condensation reactions were allowed
to proceed as discussed in chapter 2 and the resultant sol was homogeneous, transparent
and light yellow in colour The sol was then passed through a 0.45 pum disposable
syringe filter to remove any large particles that could reduce thin film quality, stirred for

2 hours and aged for 10-24 hours at room temperature prior to use.

4.2.2 Substrate Preparation

Soda lime glass microscope slides (Chance Propper, n = 1.512) and low grade undoped
silicon wafers were used as waveguide substrates Substrates were prepared for use by
rigorously cleaning the slide sequentially with de-ionised water, methanol and acetone.
The cleaned substrates were then stored in de-ionised water at 70°C for 24 hours prior

to use.

4.2.3 Thin-Film Fabrication

Thin films of sol-gel-derived materials were deposited on preconditioned substrates by
immersing the substrates in the sol and withdrawing them at a constant speed using a
computer controlled dip-coating apparatus as discussed in chapter 2. This technique
produced a thin film of uniform thickness on the substrate. After dip-coating the

samples were left to dry 1n air for a short period of time following which they were
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annealed at elevated temperatures to produce densified thin films which could function

as planar waveguides.

The entire sol / waveguide fabrication procedure is illustrated in the flow chart of figure

4.1.

Ethanol MTES Ti(OBu)4 Catalyst

Hydrolysis

Condensation

A2
Stir for 2 hours

Age for 24 hours

0.45 pm Syringe Filter

Dip-coat Substrates

Dry & Bake Samples

Figure 4.1  Flow chart of sol preparation procedure
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4.3 Waveguide Characterisation

Once a procedure for the fabrication of sol-gel derived planar waveguides had been
identified it was then necessary to characterise the fabricated samples both physically
and chemically. Such characterisation provides a route to efficient waveguide
fabrication and hence sensors device optimisation. In this section the techniques used to
characterise the physical and chemical properties of sol-gel-derived waveguides are

presented and the results are discussed.

4.3.1 Physical Characterisation

In this section characterisation of the physical properties of the sol-gel-derived thin
films is presented. The effect of fabrication parameters such as dip speed, annealing
temperature, annealing time and sol composition on the thin film refractive index and
thickness are discussed. This study was used to identify optimum conditions for the
fabrication of waveguides. The characterisation of the propagation losses and surface

roughness of the resultant waveguides is also reported.

4.3.1.1 Effect of Fabrication Parameters

If the V number of a sol-gel-derived layer is below a certain cut-off value then the thin
film can not support guided modes and hence will not function as a waveguide. The V
number is determined by the thickness and refractive index profile of the thin film
structure, both of which may be controlled by carefully controlling the fabrication
procedure. This section deals with the effect of varying processing parameters such as
sol composition, annealing temperature, annealing time, dip speed and application of
multiple coatings on the refractive index and thickness of the fabricated thin films. This
study was then used to identify conditions for the production of optimised waveguide

structures that support the desired number of modes and that may be used in sensor
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applhications. It should be noted that all graphical data points presented in this section
represent average values of thickness and refractive index measurements at a number of
positions along the samples. Typical errors in thickness are + 10 nm while the errors in

the refractive index values are approximately 0.005.

43.1.1.1 Sol Composition

The refractive index and thickness of a sol-gel derived thin film are dependent on sol
composition. The addition of different amounts of titania precursor (titanium
tetrabutoxide) to a silica-based sol mixture enables one to fabricate sols that produce

films with a range of refractive indices above that of pure silica.

Sols with a titanium tetrabutoxide content from 0% (v/v) to 30% (v/v) were fabricated
using the procedure outlined earlier. Sol-gel derived thin films were fabricated by dip-
coating onto silicon substrates at a dip speed of 2.8 mm sec’’. The resultant thin films
were then annealed at 500°C for 20 minutes. Ellipsometry was used to determine the
refractive index and thickness of the samples. Figure 4.2 shows the effect of sol
composition on thickness. It is evident that film thickness increased with increasing
titania content. In fact it was possible to produce a large range of film thicknesses (250
nm — 600 nm) by simply varying sol composition and keeping all other parameters
constant. It is also evident in figure 4.2 that thin films produced from pure silica sols
were slightly thicker than films produced by sols with a low titania content. This
anomaly is not understood but is possibly due to different behaviour of pure silica and

silica - titania sols

The titania precursor acts principally as a refractive index modifier. It can be seen in
figure 4.3 that as concentration of titama precursor in the sol increases, the resultant
refractive index of the sol-gel derived thin films increases almost linearly. The only
deviation from this behaviour is when there 1s no titania precursor present in the sol.

Here the refractive index is substantially lower than with low titania concentrations.
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It is clear from these data that varying sol composition enables close control of the
thickness and refractive index of sol-gel derived thin films. Thickness ranging from 250
nm to 600 nm and refractive indices of between 1.44 and 1.7 can be produced under

identical conditions simply by control of the titania content of the sol.

43.11.2 Annealing Temperature

After the dip-coating procedure it is necessary to anneal the thin film at elevated
temperatures for a period of time. This serves to both harden and densify the layer,
resulting in changes in refractive index and thickness while also decreasing propagation
losses for guided modes by decreasing film porosity. If sufficient densification does not
occur then the refractive index / thickness profile of the thin film may not provide a
sufficiently high V number to support guided modes. Hence, it is very necessary to be
able to determine an annealing temperature, which will produce a thin film capable of

supporting guided modes.

Thin films were produced by dip-coating silica - titania sol-gels onto silicon substrates
at a constant withdrawal speed of 0.988 mm.sec"1 The samples were then annealed at
temperatures ranging from room temperature to 600°C and the resultant thickness and
refractive indices were measured using ellipsometry. The choice of temperatures
investigated was determined by previous reports on the effect of annealing temperature
on waveguide properties6. Figure 4.4 shows the effect of annealing temperature on film
thickness. It is evident that as annealing temperature increases, there is a transition
temperature of approx. 400°C above which the thickness of the fabricated thin film
decreases more rapidly with temperature. It is not fully understood why this occurs.
However, it may be related to thermal instability of the Si-C bond at such elevated

temperatures. The details of this phenomenon will be discussed later in the chapter.

The annealing temperature also has a substantial effect on the film refractive index. It

can be seen in figure 4.5 that as the annealing temperature is increased the refractive
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index increases also. An increase in refractive index of up to 0.053 is obtained when the
annealing temperature is increased from room temperature to 600°C. Such increases are
thought to be due to densification of the films. During this process the film decreases in
thickness but becomes more optically dense by reducing pore size and pore population
within the film. Reducing pore population within the thin film also serves to reduce

propagation losses of guided modes.

In conclusion it can be stated that the annealing temperature has a strong influence on
the thickness and refractive index of a sol-gel derived thin film. However, one of the
main drawbacks of using this technique as a thickness and refractive index controller is
that low annealing temperatures produce waveguides with high pore populations which

consequentially exhibit high propagation losses.
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Figure 4.4  Dependence of film thickness on annealing temperature.
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Figure 4.5  Dependence of film refractive index on annealing temperature

43.1.1.3 Annealing Time

It was expected that the annealing time would have a large influence on the properties
of the thin films produced. As the anneal time increases the layer thickness should

decrease and refractive index increase, due to increased time available for densification.

As with previous experiments sol-gel derived thin films were deposited onto silicon
substrates. In this instance the withdrawal speed was 2 8 mm.sec™’. The layers were then
annealed at 500°C for pertods of time ranging from 10 minutes up to 17 hours. As can
be seen from figures 4.6 and 4.7, an increase in annealing time results in a decrease in
film thickness and an increase 1n refractive index. Such an observation is consistent

with the densification process.
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It is evident from figure 4 6 that most of the film shrinkage occurs in the first hour of
the annealing process Indeed for the samples analysed 1t was found that overall
shrinkage for samples annealed for 17 hours was approximately 71 nm (18 %). Almost
50 % of this shrinkage occurred in the first 40 minutes. Hence it may be concluded that
large annealing times (17 hours) are not really necessary. Similarly, figure 4.7 illustrates
that the highest rate of change in film refractive index also occurs in the first hour of the

annealing process.

It may concluded from this study that excessive annealing times are not particularly
advantageous because the biggest changes in thickness and refractive index occur early
in the annealing process. Moreover, since waveguiding operation will always be at
temperatures close to ambient, it was expected that films annealed for less than 40
minutes would be stable for operation at these low temperatures (see section on film

stability with time 4.3.1.1.5).

4.3.1.14 Dip Speed

The theory of dip coating has been previously explained in chapter 2. It was expected
that an increase in dip speed would result in an increase in film thickness. The effect of

increased dip speed on film refractive index was not known.

Sol-gel-derived thin films were deposited on silicon substrates at dip speeds ranging
from 0.482 mm sec™ to 2.8 mm sec™. The resultant thin films were then annealed at 500
°C for 20 minutes. Figure 4 8 shows that film thickness increases with increasing dip
speed. It is also evident that for dip speeds lower than 1.5 mm.sec™ there is little change
in film thickness possibly due to complete densification being achieved. However, at

faster dip speeds film thickness increases in an exponential manner.

Figure 4.9 illustrates that the refractive index remains approximately constant as the dip

speed increases.
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4.3.1.1.5 Temporal Stability

The long term stability at ambient temperatures of the sol-gel derived thin films was
determined by measuring film thickness and refractive index at regular intervals over an
extended period of time. The films investigated were dip-coated onto silicon substrates
at 2.8 mm sec” and annealed at 500°C for twenty minutes. Ellipsometry was used to

measure any variations in thickness and refractive index with time.

Figure 4.10 shows the measured variation of film thickness with time. It can be clearly
seen that the thickness of the deposited layers does not change over time when used at
ambient temperatures. A similar trend is observed in figure 4.11 where it can be seen

that refractive index is constant over time.
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Figure 4.10  Temporal stability of film thickness
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Figure 4.11  Temporal stability of film refractive index

Such observations indicate that sol-gel derived thin films annealed for short periods of

time undergo sufficient densification to ensure that the films are temporally stable.

4.3.1.1.6 Multiple Layer Waveguides

For the sol employed in this work, a single dip-coating application produces waveguide
of a maximum thickness of about 600 nm. Such waveguides are normally only single or
double mode in nature. Fabrication of sol-gel derived multimode waveguides using a
single dip-coating application at increased speed is not suitable, as they tend to crack
very easily and exhibit increased propagation losses. Fabrication of thicker multimode
waveguides, however, may be achieved by applying multiple coatings of the sol to the
substrate prior to annealing. The fabrication technique is similar to that reported in

section 4.2. The film is deposited on either a glass or silicon substrate at a constant dip-
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speed of 2 8 mm.sec” producing a layer of thickness 350 nm. The sample is then dried
in air for approximately 5 minutes and then another coating is applied. The process in
repeated until the required number of layers has been applied. Up to 5 coatings can be
applied to a single substrate, depending on dip speed. The samples are then annealed at
500°C for 20 minutes Multimode waveguides up to 1.5 microns in thickness can be

fabricated by this procedure.

Figure 4.12 illustrates how the thickness of the densified waveguide increases linearly
with increased coating applications. While, figure 4.13 shows that the refractive index
of the waveguide also changes with the number of applied layers. The reason for this

observation is not understood at present.
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Figure 4.12  Dependence of film thickness on number of layers
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4.3.1.1.7 Summary

It is evident from the studies presented in this section that it is possible to fabricate
temporally stable sol-gel derived thin films with selected thickness / refractive index
values within certain Iimits. Such films may be used as planar waveguides. The
waveguides may be single or multimodal in nature, with thicknesses of up to 1500 nm
and refractive indices of up to 1.7. Production of such customised waveguides is
possible by tailoring fabrication parameters such as dip speed, annealing temperature,
annealing time, sol composition and number of coatings applied. For the purpose of this
research it was determined that a sol which contained 13.8 % (v/v) titania precursor
would produce single-mode waveguides of refractive index values (1.6) sufficiently
larger than the substrate (1.515) and superstrate (1.43) index values to ensure strong

guiding. The waveguides were fabricated at a dip speed of 28 mmsec”' with an
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annealing temperature of 500°C for 20 minutes. Such a fabrication technique produced
single mode waveguides of thickness 350nm Fabrication of multimode waveguides was

achieved by the application of multiple coatings.

4.3.1.2 Waveguide Attenuation

One of the most important parameters to take into account when one is fabricating
waveguides for both telecommunications and sensing applications is the attenuation.
Guided modes must be able to propagate along the waveguide without substantial loss
of power due to scattering at impurity sites and uneven interfaces. Due to the trade off
between high propagation losses and the requirement for long interaction lengths of the
evanescent field typical, waveguide-based sensors have propagation distances of

approximately 2 centimetres.

The main contribution to propagation loss in the waveguides produced here is scattering
losses. Preparation of the sol is fabricated in anhydrous conditions can reduce such
propagation losses. This is necessary because the rates of hydrolysis of the two
precursors used in the fabrication of waveguide sols (titania and organically modified
silica) are different. Addition of water to the sol will result in faster hydrolysis of the
titania precursor and thus the formation of separate titania and silica rich sites in the sol.
This leads to inhomogeneity in the waveguide layer and increases in guided mode
scattering””. The use of silicon tetrachloride as the catalyst, instead of the usual
acidified water approach ensures anhydrous reaction conditions. In this scenario
ambient water promotes hydrolysis, and fabrication of homogenous low-loss sol-gel
derived planar waveguides is possible. Losses may be further reduced by ensuring that

the preparation procedure is carried out with extreme care.

The experimental configuration employed for the determination of propagation losses in
sol-gel derived planar waveguides is illustrated in figure 4.14. A sol-gel derived planar
waveguide with an embossed sol-gel grating coupler (see chapter 5 for further

information) is mounted on a high-resolution rotary stage. Light from a helium neon
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laser (632.8 nm) is incident on the grating coupler and at a specific incident input angle
a proportion of this light is coupled into the TEy waveguide mode in accordance with

equation 4.1
) mA
. —nsin0 = [4.1]

neg 1S the effective index of the waveguide mode, n, is the refractive index of the
medium through which the laser light is incident, a is the angle of incidence, m is the
diffraction order which excites the guided mode, A is the wavelength of the incident

light and A is the grating coupler periodicity.
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Figure 4.14  Experimental configuration for measurement of attenuation
A charge-coupled device (CCD) camera controlled by a personal computer via an

interface card is used to obtain a single shot image of the guided mode as 1t propagates

along the length of the waveguide. A typical propagation image is shown in figure 4.15.
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The observed noise on the image could be removed by averaging multiple images of the

guided mode.
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Figure 4.15  Intensity profile of a mode propagating in a planar waveguide

The images are saved as bitmap files and attenuation curves are generated, in which the
logarithm of the scattered intensity from the waveguide mode is plotted against the
propagation distance A typical attenuation curve is shown in figure 4.16 and is fitted

with a straight line.

Using this linear fit and the equation shown below it is possible to determine the

propagation losses for sol-gel-derived planar waveguides.

POLI
(x:—fLoglo Pt [42]
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where L is the propagation distance of the mode in centimetres. Py, Poy are the initial

and final powers, and o is the attenuation coefficient (propagation losses) 1n decibels

per centimetre
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Figure 4.16  Attenuation profile for a mode propagating in a planar waveguide

77



100 —r 1T - 1 - 1 T T T - T T 1
9 F
o 80 i
§ | ]
s )
EQ 60 -
0 i ]
‘B" 50 | -
R= 40 - _
7 - )
_3 30 | .
s B i
= 20 -
(=] - J
A 10 | i
0 J L | N i L ] " l L l N 1 N 1 " 1 " ] L
0 1 2 3 4 5 6 7 8 9 10

Waveguide Attenuation (dB/cm)

Figure 4.17  Relationship between attenuation coefficient and % power loss

The relationship between the attenuation coefficient which is expressed in dB/cm and
actual percentage of power lost as the guided mode propagates along a unit length of
the waveguide is clearly illustrated in figure 4.17. It can be seen from this plot that an
attenuation coefficient of 3 dB/cm indicates that a guided mode loses 50 % of its power

for a propagation distance of one centimetre in a waveguide.

Figure 4 18 shows a histogram of attenuation coefficients measured for a number of sol-

gel-derived planar waveguide samples fabricated from identical sol recipes and under
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similar conditions.
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Figure 4.18  Histogram of propagation losses for sol-gel derived planar waveguides

It can be seen from the histogram that the typical attenuation coefficient for a
waveguide 1s 0 6 dB / cm which corresponds to a loss in power of 13 % per cm of
propagation in the waveguide. Such waveguide power losses are sufficiently small and
acceptable for applications in integrated optic components. There is however, one major
drawback envisaged for the future development of such devices, namely the variation in
propagation losses between waveguide despite identical laboratory fabrication
techniques. If commercialisation of such waveguides were to be realised such

irregularities must be erased.

4.3.1.3 Surface Roughness

A guided mode propagating in a planar waveguide suffers from attenuation all along the

waveguide. One of the major contributors to such attenuation is scattering at the
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waveguide cladding boundaries due to imperfect or rough surfaces®. Surface roughness
of the sol-gel derived planar waveguides was determined using atomic force

micCroscopy.

The atomic force microscope (AFM), or scanning force microscope (SFM) 1s a surface
profile analysis technique which utilises an atomically sharp probe moving over the
surface of a sample in a raster scan. The probe, a tip which typically is fabricated from
silicon nitride, is brought very close to the surface and will experience a force from the
surface and as a result will move up or down on its supporting cantilever. The tip
movement is usually monitored by using a laser beam, which is reflected or diffracted
by the tip or cantilever. Up or down movement of the tip is then detected by changes in
the laser beam position. Thus rastering the tip across the surface produces a topographic

map of the surface with extremely high resolution.

Waveguide samples were fabricated on glass substrates using the fabrication procedure
outlined in section 4.2 and surface roughness values for a number of samples and
sample areas were determined using atomic force microscopy (AFM). The surfaces of
the sol-gel-derived waveguides typically exhibited a root mean square (rms) surface

roughness of 10 nm, which was approximately 3% of the overall thickness.

Z 3591 nm

Figure 4.19 AFM image of waveguide surface
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Figure 4 20 is an AFM scan which clearly shows the roughness of the surface It can be

seen that there are very few anomalies in the portion of the waveguide illustrated.
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Figure 4.20  Screen printout of data from AFM scan of waveguide surface

4.3.2 Chemical Characterisation

4.3.2.1 Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FTIR) is an extremely powerful analytical tool
that may be used to characterise and identify organic molecules. The infrared spectrum
of an organic compound serves as its fingerprint and provides information about the
chemical bonding and molecular structure of the sample. FTIR spectroscopy was used
in this work to analyse the bonding in a sol-gel derived planar waveguide and

subsequent changes as a function of annealing temperature. The resultant data could
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provide valuable information about the stability of waveguides fabricated via the sol-gel
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Figure 4.21  Principle of Fourier transform nfrared spectroscopy

The basic set-up for Fourier transform infrared spectroscopy is illustrated in figure 4.21.
Fourier transform infrared spectroscopy employs the technique of Michelson
interferometry whereby a beam of light from a broadband infrared source is split into
two. One of the beams is transmitted to a fixed mirror, while the second beam is
reflected to a moving mirror. The beams are reflected from the mirrors, recombined at
the beam-splitter and sent to a detector. Recombination of the two beams will result in
constructive and destructive interference for different wavelengths of light, depending
on the relative distances of the two mitrors from the beamsplitter. The intensity
variation with optical path difference is the Fourier transform of the incident radiation.
The IR absorption spectrum for a sample is then obtained by measuring the intensity

variations with and without a sample and transforming the data into spectra.
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A Bomem MB 120 FTIR spectrometer was used to generate all results presented in this
thesis. Spectra for sol-gel derived planar waveguides which were deposited on silicon
substrates and annealed at temperatures ranging from room temperature to 660 °C,
(from 1800 em™ to 600 cm™ with a resolution of 4 cm’') are presented in figure 4.22. It
can be clearly seen that there is a large temperature dependence of the spectra. In order
to be able to comment on the sources of temperature dependence it was first necessary

to identify the bond(s) that resulted in the formation of each feature observed.
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Figure 4.22  FT-IR Spectra of waveguides annealed at various temperatures

The first major feature encountered was at ~ 1273 cm™ and has been assigned in the
literature to a symmetric deformation of the S1-CH3 group®. Moving across the
spectrum the next features encountered are broad unresolved bands in the 1200 cm™ —
1000 cm™' region. These bands have previously been attributed to asymmetric stretching
vibrations of Si-O-Si bridging sequences. The broad band observed at ~ 920 cm™ is
thought to be due to two bonds, a Si-O-Ti vibrational mode and a mode due to the

thermal oxidation of Si-CHj to Si-OH. Finally, a peak is observed in the spectra at ~ 780
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cm'l Again, this feature has been attributed in the literature to two overlapping bands:

the Si-CH3and the Si-O-Si modes.

Once the features of interest had been identified, it was then necessary to determine the
effect of annealing temperature. The first point of interest to be noted is that the changes
in the spectra in the region of interest only occurred for annealing temperatures above
300 °C. However, such sol-gel derived thin films would not function practically as
waveguides because such thin films are still quite porous due to incomplete

densification of the sol-gel and as a result have large guided mode propagation losses.

At temperatures above 300 °C there were substantial changes observed in the spectra.
The Si-CH3 peak at ~ 1273 cm'l maintained a constant intensity up to annealing
temperature of 400 °C. Between 400 °C and 500 °C the intensity of the peak decreased
by half, and at 600 °C it had completely disappeared. Such observations indicate that
the Si-C bond is thermally stable up to 400 °C. However, above this temperature the
bond is quite unstable. It was also observed that substantial changes occurred in the
1200 cm'1- 1000 cm'lband as temperature increased. The features in this region of the
spectra were inverted in relative intensity and broadened to the high frequency side as
the annealing temperature increased. Such spectral changes in the Si-O-Si features are
attributed to densification of the gel. The band at ~ 920 cm'1 which was attributed to
both the Si-O-Ti and Si-CH3bonds was observed to shift to higher frequencies ( ~ 958
cm'lat 660 °C). Most of this change occurred between 400 °C and 500 °C. It was noted
that this was the same temperature range in which the Si-CH3 feature at ~ 1273 cm'l
was sharply attenuated due to conversion to Si-OH. Hence, it was concluded that the Si-
CH3bond was also responsible for the majority of the change observed at ~ 920 cm'l
Finally, the lowest frequency band at ~ 780 cm'1was observed to be sharply attenuated
above 400 °C and shifted in position to ~ 804 cm'lat 660 °C. It is thought that this

change is due to both gel densification and thermal instability of the Si-C bond.

Table 4.1 summarises all the information on the observed features and their dependence

on annealing temperature. It is very apparent that annealing temperature strongly
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influences the film structure. The majority of structural changes are observed between
300 °C and 500 °C. It was decided that an annealing temperature of 500 °C would be
used in the fabrication of sol-gel derived planar waveguides because it was high enough

to have low propagation losses, but also because at this annealing temperature there was

little carbon present resulting increased thermal stability.

Feature Bond Temperature Effect Reason
1273 cm™ Si-CHj3 Attenuated above 400 °C, Thermal
completely disappeared at | instability of Si-
600 °C. C bond.
1200 - 1000 Si-O-Si Shift to higher frequencies, Gel
cm™! inverted in relative intensity, | densification
and broadened to high
frequency side
920 cm™ Si-O-Ti, Si-OH High frequency shift and Thermal
broadened. oxidation of Si-
CH3 to Si-OH.
780 cm™ Si-CHj3, Si-O-Si Attenuated at temperatures Thermal
above 400 °C and shifted to | nstability of Si-
higher frequencies. C bond and Gel
densification.
Table 4.1 Main features on FT-IR spectra of waveguide layers

4.4 Conclusion

The processes involved in the fabrication of sol-gel derived thin films for use as planar
waveguides, such as sol preparation and substrate preparation have been discussed.
Investigations on the effect of varying film preparation parameters such as sol

composition, annealing temperature, annealing time and dip speed on both the thickness
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and refractive index of the thin films have also been presented Fabrication of thicker

waveguide layers using the multiple coating technique was also discussed.

Physical and chemical characterisation of the sol-gel derived planar waveguides were
then discussed in detail. A range of technologies such as CCD imaging, atomic force
microscopy (AFM) and Fourier transform infrared spectroscopy (FTIR) were used to
determine such parameters as waveguide propagation losses, surface roughness and
chemical structure. Table 4.2 below provides summary information about the sol-gel-
derived planar waveguides that are employed in the sensing configuration reported in

chapter 7 of this thesis

Fabrication Conditions

Sol Dip Speed Annealing Temp Annealing Time
13.8% (v/v) Titania |2 8 mm.sec” 500° C 20 Minutes
Precursor:

Waveguide Properties

Structural Waveguide | Refractive | Propagation Surface Roughness
Dimensions | Thickness Index Losses

40mmx 10 | 350 nm 1.6 <1dB/cm <10 nm (rms)

mm X Imm

Table 4.2 Summary table of waveguide fabrication conditions and properties

In conclusion, it has been demonstrated in this chapter that the sol-gel technique
provides a feasible route for the fabrication of low cost, low loss planar waveguides for
sensing purposes. The flexibility of the sol-gel process enables control of the thickness
and refractive index of the derived thin films through a number of techniques, thus

providing a route to the fabrication of customised devices.
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Chapter 5  Grating Coupler Fabrication and

Characterisation

5.1 Introduction

Grating couplers may be fabricated using a variety of techniques, which range from the
very expensive; reactive ion etching (RIE), to the low cost; wet-chemical etching?,
photolithography® and embossing™. The procedures may be utilised to préduce gratings
of any desired profile®® for a variety of applications. In this section an embossing
procedure which allows for the production of sol-gel-derived grating couplers is
presented. The technique is simple, rapid and low cost and produces embossed sol-gel-
derived grating couplers of extremely high quality. Due to restrictions on the type of
commercially available gratings only linear periodic gratings were employed as master

gratings, however, the technique is extendable to all grating profiles.

5.2 Grating Coupler Fabrication

5.2.1 Master Gratings

The master gratings used to produce embossed sol-gel-derived gratings couplers are
commercially available aluminium coated surface relief gratings (Ealing Electro-optics,
Watford, UK). The properties of the master gratings employed for the experiments
reported in this thesis are detailed in table 5.1.

The ruled diffraction gratings are produced using an interferometrically controlled
diamond tip cutting tool. Such a device allows for the production of closely spaced,
straight parallel grooves into an optically flat aluminium coated substrate. Sinusoidal

holographic gratings are formed by interfering two laser beams, and exposing a polished
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substrate coated with photo resist to the interference fringe field. In both situations the
surface contour is transferred to an epoxy coated glass flat in a process known as
replication and coated with a thin layer of aluminium. It is these replicated gratings
which are used as the master gratings for the embossing procedure, and thus will be

referred to as master gratings throughout this thesis. Schematic diagrams for both types

of grating are illustrated in figure 5.1.

Grating Dimensions | Grooves Depth Wavelength | Blaze Angle
Type (mm) per mm (nm) (nm) (Degrees)
Ruled 127x12.7x 600 253 500 837

(Sawtooth) 6.0
Holographic | 12.7x 12.7x | 1200 41 Visible N/A
(Sinusoidal) 6.0
Holographic | 127x127x | 2400 41 Visible N/A
(Sinusoidal) 6.0
Table 5.1 Master grating specifications.
Diamond Cut Holographic formed
o Rulings sinusoidal grooves
Aluminium
Coated Epoxy Aluminium coated
\ Photoresist
Blaze X
Angle

S

(a) \ / (b)

Polished
Substrates

Figure 5.1  Master Gratings (a) Ruled, (b) Holographic
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Atomic force microscopy (AFM) can be used to provide information on the surface
profile of the gratings. An AFM image of a 10 |im x 10 fim area of a typical master
grating is shown in figure 5.2. It can be clearly seen from this image that the initial
quality of the commercially available master gratings is extremely high, with very little

defects visible on the surface.

10

Figure 5.2  AFM image ofmaster grating (holographic, 2400 line mmJ.

The periodicity of the master gratings may also be determined using atomic force
microscopy, however, it is not possible to carry out accurate grating depth
determination due to the large dimension of the imaging tip (4 |im). Such a tip can not
fit into the smaller (< 2 |im) grooves and rulings of the master gratings thus rendering

depth measurements useless.

5.2.2 Embossing Procedure

Prefabricated planar waveguides are allowed to stabilise for 1 month prior to grating
fabrication. A thin film of the titania - silica sol used to produce planar waveguides is

deposited over a length of approximately 1 centimetre on the surface of the sol-gel-
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derived planar waveguides via the dip-coat technique at a dip speed of approximately
1.0 mm sec’ The coated waveguide 1s then immediately placed in a dedicated
embossing apparatus as shown in figure 5.3 where a master surface relef grating is
pressed against the coated waveguide surface for a pre-determined period of time. It was
found that an embossing time of less than 30 seconds produced only partial gratings
while an embossing time of over 60 seconds resulted in adherence of the waveguide
device to the master grating. Therefore, an optimum embossing time of 45 seconds was
chosen. After this time the master grating is withdrawn from the coated waveguide and

a negative imprint of the surface relief grating 1s observed in the sol-gel layer on the

[

Turning %:; Z
Handle

Support ______»
Y=

Movable Plate —
E ﬁ :
: -

[ l Waveguide

Figure 5.3  Embossing Apparatus

surface of the waveguide.

)

Master Grating

Springs 5
Substrate &

.qli.’: T:ils:i_:hlll .H.W

All excess sol-gel not imprinted by the grating may be removed using methanol. The
sol-gel-derived grating couplers are then left to dry for three days at room temperature

prior to use. The complete embossing procedure is illustrated in figure 5.4.

After embossing the master gratings are cleaned using lens tissue and methanol to

remove any sol which may have remained in the grooves.
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(1) Dip (2) Withdrawal (4) Product

Figure 5.4  Embossing Procedure

5.3 Embossed Grating Characterisation

This section describes the characterisation of the embossed sol-gel derived grating
couplers. Important parameters include similarity of embossed and master gratings,
grating periodicity, temporal stability of sol-gel-derived gratings and coupling
efficiency of embossed gratings. Atomic force microscopy and Scanning tunnelling
microscopy may be used to compare the master and embossed gratings and provide
information on grating periodicities. Diffraction studies are used to determine grating
periodicity and stability with time. Finally, grating coupling efficiency is determined by

coupling into guided modes of sol-gel-derived planar waveguides.

5.3.1 AFM Study of Embossed Sol-Gel-Derived Gratings

Atomic force microscopy is used to image embossed sol-gel-derived gratings fabricated
from both ruled and holographic master gratings. This aim of this study is to determine
whether the sol-gel embossing procedure allows for the complete replication of master

grating characteristics.
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A three dimensional image of 20 um x 20 um area of an embossed grating coupler is
illustrated in figure 5.5. The grating was fabricated from a 600 line mm™' blazed master
and it is immediately apparent from this image that the sol-gel grating strongly retains
the blaze of the master Such high quality replication of the blazed profile of the grating
using an extremely simple embossing procedure suggest that the sol-gel embossing
process may provide an ideal route for the low cost fabrication of optical devices with

elaborate surface profiles such as diffractive optic elements (DOE's)°.

360 51 nm

18026 nm
t [ 0Onm

20 ym

Figure 5.5  AFM image of embossed grating coupler (blazed, 600 lines mm™)

The periodicity of the imaged area of the embossed sol-gel-derived grating is
determined to be 1.705 pm which corresponds to 587 lines.mm™ Such a periodicity, is

extremely close to the quoted master grating value of 600 lines.mm.
There are a small number of defects observed on the surface of the embossed sol-gel

derived grating. Such defects may simply be due to dust accumulation on the surface

during the embossing procedure However, the somewhat periodic nature and profile of
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the defects tends to suggest that they may arise from defects which were present on the

surface of the master grating at the time of use.

Atomic force microscopy is also be used to investigate embossed gratings derived from
a holographic master Shown in figure 5.6 1s a three dimensional image of a 10 pm x 10
pm section of an embossed sol-gel-derived grating fabricated using a 2400 line.mm
sinusoidal holographic master grating. As with the ruled gratings, the quality of
embossed grating is extremely high with very little visible defects. The slight curvature
observed in figure 5.6 is not in fact a characteristic of the embossed device it is the
result of a small error in the graphics software accompanying the AFM machine, which

occasionally causes slight bending of the stored image, and thus may be ignored.

The periodicity of the imaged area of the embossed holographic grating is determined to

be 0.4229 um which corresponds to 2365 lines.mm™. Such a measurement is favourable

when compared with a quoted master value of 2400 lines.mm™.

199 48 nm
9974 nm
0nm

10 pm

Figure 5.6  AFM image of embossed grating coupler (holographic, 2400 lines mm™)
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In conclusion, atomic force microscopy has been used to emphatically demonstrate that
the embossing procedure utilised to produce sol-gel-derived gratings has the ability to
replicate the very fine surface relief details. Sol-gel-derived embossed gratings
fabricated from both ruled and holographic masters were found to closely match the
masters, with periodicities very close to the quoted master values. However, it is not
possible to unequivocally state that the embossed gratings are exact replicas because,

tolerances for master grating production are not provided by the manufacturers.

As with the master gratings it was not possible to determine the embossed grating

depths due to unfavourable tip dimensions.

5.3.2 STM Study of Embossed Sol-Gel-Derived Gratings

Scanning-tunnelling microscopy (STM) may be used to image surfaces of conducting
materials with atomic-scale resolution and is used in this thesis as a complimentary

imaging technique to atomic force microscopy for determination of grating quality.

STM uses an atomically-sharp metal tip that is brought very close to the surface. When
the tip and sample are connected with a voltage source, a small tunnelling current flows
between the tip and sample surface. This current can be measured, and the magnitude
depends on the distance between the tip and the surface. As the tip is moved laterally
across the surface, a feedback mechanism moves the tip up and down to maintain a
constant tunnelling current. Rastering the tip across the surface therefore produces a

topographic map of the surface.

A thin layer of gold (45 nm) is evaporated onto the embossed sol-gel-derived grating
couplers, the purpose of which is to produce a conducting grating sample. Gold is
chosen because when coated onto samples it tends to adapt the same surface relief
profile as the sample. As with the atomic force microscopy study, embossed gratings
fabricated from both ruled and holographically generated masters are investigated.

Figure 5.7 is a screen dump of the STM output for a gold-coated sol-gel-derived
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embossed grating coupler fabricated from a 600 line.mm™' blazed master grating It can
be immediately seen that the gold layer has removed the blaze effect from the embossed
grating however, the determined periodicity of 1 804 pm indicates 555 lines mm”,

which is comparable to the quoted master value

il Toabtated et Lol ot ks kevst

Figure 5.7  STM image of embossed grating coupler (blazed, 600 lines.mm™)

A three-dimensional image of the gold-coated sol-gel-derived embossed grating coupler

is shown in figure 5.8.

Figure 5.8 3D STM image of embossed grating coupler (blazed, 600 Iines mm™)
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Embossed sol-gel-derived grating couplers fabricated using holographic sinusoidal 1200
line.mm™' master gratings were also analysed using scanming tunnelling microscopy.

Shown in figure 5 9 is a screen dump of the STM output for such a grating.

Erio}

Figure 5.9  STM image of embossed grating coupler (holographzc 1200 lines mm™)

It can be seen that the quality of the gold-coated sinusoidal gratings is excellent and, as
with the blazed sample, there are no defects visible. The periodicity of the imaged area
is 857 nm which corresponds to 1166 lines.mm™, which is very close to the quoted

master value and the AFM results presented previously.

1200 lines / mm

Figure 5.10 3D image of embossed grating coupler (holographic, 1200 lines mm™).
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Figure 5.10 shows a three-dimensional image of such an embossed sol-gel-derived
replica grating. It is evident from this image that the quality of the coated gratings is
high with few defects visible. This 1n itself 1s not conclusive evidence of high quality
gratings because the gold layer may be masking any defects, however, when considered
in conjunction with the atomic force microscopy study, there is strong evidence
suggesting that the sol-gel process and the embossing technique produce high quality

surface relief devices.

In summary, the scanning tunnelling microscopy study has further illustrated that the
embossing procedure utilised produces high quality sol-gel-derived grating couplers, the
periodicities of which were in close agreement with the AFM and diffraction studies
(see section 5.3.3) and quoted master values However, it was observed that the gold
coating tends to mask out the blaze characteristic of some devices and as with AFM it
was not possible to determine accurate grating depth values because the tips employed

in this study were not calibrated for use on gold samples.

5.3.3 Temporal Stability of Embossed Sol-Gel-Derived Gratings

An important property of embossed sol-gel-derived gratings is temporal stability of the
pertodicity. High temporal stability of grating periodicity would enhance the possibility
of incorporation of sol-gel-derived embossed grating couplers into commercial
instruments since the coupling conditions would remain constant. However, a low
temporal stability would tend to indicate that commercialisation of such components

would not be feasible since the coupling conditions for the embossed sol-gel-derived

grating would vary with time.

Grating stability with time was determined using diffraction studies and the

experimental set-up is shown in figure 5.11
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Figure 5.11  Experimental configurationfor determination ofgrating periodicity.

Light from a helium-neon laser (A = 632.8 nm) is directed normally onto the sol-gel
derived grating couplers. A diffraction pattern can be observed on the viewing screen to
the right of the sample. The dimensions of this pattern are used to determine the

periodicity of the gratings in accordance with the diffraction equation shown below.

nX,=dSin0 [5.1]

where n is the diffraction order, d is the grating periodicity and tan O = x/y.

Temporal stability was determined only for the 600 and 1200 line.mm'l samples
because at normal incidence 2400 line.mm'1 gratings tend to couple into either a glass
substrate or a sol-gel derived waveguide thus rendering it difficult to determine
periodicities using diffraction. However, due to identical fabrication procedures the
results derived are applicable to all gratings. All gratings analysed were stored in sealed

petri dishes in ambient conditions in the absence of UV light.

It can clearly be seen from figure 5.12 that over the course of 1 year the periodicity of
the embossed sol-gel derived gratings remains extremely stable. For sol-gel derived
embossed gratings fabricated from a 1200 line.mm'l master grating the initial

periodicity measured when the grating was fabricated was 1201.45 £6 line.mm'1lwhile
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364 days later the periodicity was determined to be 1200.25 £ 6 line.mm™. For gratings
produced from a 600 line mm™' master, initial measurements indicated a periodicity of
60025 line mm™ The periodicity after 364 days was determined to be 600.74
linemm™. It is apparent that the differences between the experimentally obtained
periodicities over the course of one year are substantially lower than the error of the

experiment (+ 6 lines / mm ) and thus the conclusion can be drawn that the gratings are

completely stable with time.

1220 ——1—————————f f—————— , :
1210 . . . . -1 -‘
| Embossed holographic sinusoidal grating (1200 Lines.mm ) |
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5 I
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§ 610 | . . -1 "l
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Figure 5.12  Variation in embossed grating coupler periodicity with time

5.3.4 Embossed Grating Coupling Efficiency

The efficiency with which a grating coupler converts energy from an incident beam of
radiation into a guided mode in a waveguide is a very important parameter. Too low a
coupling efficiency and the grating will not be couple in enough of the incident energy
into a guided mode, thus rendering a device inefficient. Grating coupling efficiency is

directly related to the dimensions of the coupler and the profile of the incident radiation
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The coupling efficiencies of the sol-gel derived embossed grating couplers may be
determined by measuring the fraction of power incident on a grating which 1s coupled
into a sol-gel derived planar waveguide. The experimental configuration is shown in
figure 5.13. Light from a helium-neon laser (632 8 nm) is incident on an embossed sol-
gel derived grating coupler on the surface of a planar waveguide also fabricated using
the sol-gel technique The waveguide / grating coupler configuration is mounted on a
high-resolution rotary stage. The entire configuration is rotated with respect to the laser
until coupling conditions had been reached and a mode was visible. At this point the
power transmitted through the device and the power reflected at the grating are

measured. The coupling efficiency, 1, is then calculated using the equation10

11 -T,
I

1

M [5.2]

where |, is the incident power of the laser on the grating, T; is the transmitted power
through the sample (including all diffraction orders) and I, is the power reflected from
the grating (including all diffraction orders).

Sample

He-Ne Laser
| Detector

¢ O O l

Detector )?

Rotation Stage

Figure 5.13  Configuration for determination of grating coupler efficiency

Coupling efficiencies for a number of waveguide / grating coupler samples were

determined and the results are presented in the form of a histogram in figure 5 14.
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Figure 5.14  Histogram of embossed sol-gel-derived grating coupler efficiency

It was found that the majority of sol-gel derived embossed grating couplers had
coupling efficiencies between 20 and 25 %. It is possible to increase efficiency by
optimising grating coupler profile, since grating layer refractive index, grating depth
and grating periodicity all affect the coupling efficiency. However, due to the limited
range of cheap commercially available surface relief gratings which could be used as
masters it was decided that such coupling efficiencies were adequate for use in laser and

light emitting diode-based integrated optic gas sensors.

5.4 Limitations of Embossing Technique

The embossing technique, while able to produce high quality replicas of master
gratings, is not without its drawbacks. The main problem associated with the technique

1s the degradation of master gratings due to cleaning.
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After use, it is necessary to clean the master grating to remove excess sol-gel from the
grooves which, 1f not removed will dry and harden within the grooves and alter the
surface relief profile of the master. In the cleaning procedure a master grating is
immersed in methanol and lens tissue is used to remove the excess material. This 1s then

followed by a short drying period.

The cleaning procedure has the desired effect in that it removes all the excess sol-gel
material from the grooves However, due to the delicacy of the surface relief structure
and the severity of the cleaning technique, master degradation is common The more

times a master is exposed to the cleaning process the larger the extent of degradation.

Shown in figure 5 15 is a blazed master grating of quoted periodicty; 600 lines.mm™.
This sample has been exposed to the abrasive cleaning procedure numerous times and it
may be clearly seen that there are a number of defects visible on the sample surface. A
similar effect was observed for the holographic sinusoidal master gratings, an image of

a damaged 1200 lines mm™ holographic master grating is illustrated in figure 5.16.

17176 nm
0nm
20 ym

[ 343 52 nm

Oum Opm

Figure 5.15 AFM image of master grating (600 lines mm’)
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Figure 5.16 AFM image of master grating (1200 Iines mm'l).

Due to the high replication nature of the embossing procedure, if a master grating
contains defects then so will any embossed sol-gel-derived grating couplers fabricated
from the damaged master. Such a situation is clearly illustrated in figure 5.17 where it
can be seen that the grating produced via the embossing technique contains a high
number of defects. These defects are the result of master grating defects as opposed to

embossing procedure-induced defects.

A solution to such problems would be to develop a new less abrasive cleaning
procedure, which, while removing the excess sol from the grooves would not interfere
with the master grating quality. However, since the master gratings used throughout this
research are cheap and readily available, and since the cleaning-induced damage only
occurs after substantial master usage (typically > 10 routines), such a procedure was

not investigated.
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Figure 5.17 AFM image of embossed sol-gel-derived grating (1200 lines mm™)

Another problem associated with the current embossing procedure, is the lack of
regulation of the pressure applied to the sample during embossing. This is not possible
because the embossing device is a mechanical device which utilises a screw type effect
to increase the pressure on the sample. A possible improvement to this routine would be

use of a pneumatic device as illustrated in figure 5.18.

Sample
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Platform Pneumatic Devi .
1o evice Arm Grating

Figure 5.18  Pneumatic Embossing Apparatus
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Initial investigations into the use of such a device were carried out with very limited
success. However, 1t is expected that increased development of such a technique could
produce a pneumatic embossing device which would allow for pressure control, and
optimisation of the technique resulting in the production of high quality embossed

grating couplers.

5.5 Conclusion

The embossing procedure utilised for the fabrication of sol-gel-derived grating couplers
from commercially available master gratings was explained clearly and atomic force
microscopy (AFM) was used to analyse the structures of the master gratings. The
resultant embossed gratings were then physically characterised in terms of quality,
similarity to master, periodicity, temporal stability and coupling efficiency using a wide
range of experimental techniques including atomic force microscopy (AFM), scanning
tunnelling microscopy (STM), diffraction studies and laser coupling into thin film sol-
gel-derived waveguides. Limitations of and possible improvements to the embossing

technique were discussed.

In conclusion, it has been demonstrated in this chapter that the sol-gel technique
provides a feasible route for the fabrication of high quality, low cost replica grating
couplers that exhibit high coupling efficiencies and excellent temporal stability. Such
observations imply that the embossing procedure reported in this thesis could provide
an extremely low cost, yet highly reproducible route for the fabrication of elaborate
diffractive optic elements (DOE's), such applications were not investigated in the course

of work for this thesis.
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Chapter 6  Modelling of Platform

6.1 Introduction

Grating for windows is a commercially available CAD tool (BBV Software, The
Netherlands) which may be used for the design of integrated optical grating couplers. It
allows the user to find the resonance condition between incident radiation and a
waveguide mode. It also allows the user to optimise the coupler geometry and can deal

with different profiles for waveguides, beam inputs and grating grooves.

In this chapter, an introduction to operating the software is presented. The software
predictions for two distinct purposes are presented. First, the effect of various
parameters (waveguide refractive index, waveguide thickness, grating groove depth
etc.) on guided-mode coupling efficiency was investigated. The aim of this modelling
was to provide information on optimisation of device performance within the
constraints imposed by the fabrication procedures. Secondly, the software was
employed to verify that the experimentally obtained results for parameters such as
grating coupling efficiency and resonance angle, complied with predicted theory. The
aim was to obtain information about the accuracy of fabrication and characterisation

techniques.

6.2 Using the Software

In this section, the operation of the Graring software is described and the procedure for
the determination of the peak coupling efficiency and coupling efficiency profile for a

given waveguide / grating configuration 1s presented.
The program is activated and information about the structure to be analysed is entered in

the Waveguide, Grating, Geometrical and Beam parameters dialog boxes as shown

in figure 6.1.
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Figure 6.1  Waveguide, Grating, Geometrical and Beam Parameters Dialog Boxes

Once all information pertaining to the structure has been inputted, the software
determines if the structure produces resonance between the incident radiation and a
guided mode and the user may determine the excitation angle and coupling efficiency

by accessing the Find Efficiency dialog box as shown in figure 6.2.
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Figure 6.2  Determmnation of Angular Efficiency
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The user defines the parameter to vary and a dialog box as shown below appears. In this
dialog box, information about the resonance condition is presented. In the example
discussed here, the angle of incidence was varied and resonance occurred at a launch
angle of 1.742° with a full width at half maximum of 0.0048°. The coupling efficiency

value by defining a range of incident angles as shown in figure 6.3.

Figure 6.3  Setting Angular Range.

Coupling efficiency data for the defined range of incidence angles is generated and may
be viewed in graphical form as illustrated in figure 6.4, or in tabulated form. The actual

peak efficiency value may then be extracted from the generated data.

-1 Efficiency

2.70-

1.740 1.741 1.742 1.743 1.744
Angle Ai

Figure 6.4 Generated Efficiency Curve.



6.3 Effect of Parameters on Coupling Efficiency

In this section, the effect of device parameters on the coupling efficiency is investigated.

A schematic diagram of the structure to be analysed is shown in figure 6.5.

Grating Coupler

. Superstrate
Waveguide P

Ty

Figure 6.5  Device Structure

The main parameters investigated are listed in the left-hand column of table 6.1. The
effect of each parameters on the coupling efficiency was determined by varying its
value whilst maintaining all other parameters constant. The constant values maintained
in all situations are listed in the right hand column of table 6.1. In all cases the incident

radiation was of wavelength 632.8 nm and the grating periodicity was 417 nm.

Parameter Value

Substrate Refractive Index 1.512

Waveguide Refractive Index 1 600

Superstrate Refractive Index 1.000
Waveguide Thickness 600 nm
Grating Groove Depth 4] nm
Grating Layer Thickness 41 nm

Grating Layer Refractive Index | 1.513

Table 6.1 Standard Values Employed for Modelling
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6.3.1 Substrate Refractive Index

The effect of the substrate refractive index was investigated. Typical substrate refractive
indices can vary from about 14 — 156. Therefore, in the software modelling the
substrate refractive index was varied over this range in increments of 0 02. The resultant
effect upon the coupling efficiency to a guided mode 1s illustrated 1n figure 6.6. It was

found that the coupling efficiency decreased as the refractive index increased.
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Substrate Refractive Index

Figure 6.6  Effect of substrate refractive index on coupling efficiency

Such an observation is consistent with the theory, which implies that the closer the
refractive index of the substrate 1s to the waveguide refractive index, the less tightly
bound the excited modes, and the lower the coupling efficiency. Figure 6.6 indicates
that the lower the substrate refractive index the better, indicating that a plexiglass
substrate would provide better coupling performance. However, in practise due to the
high temperatures required in the waveguide farication procedure, it was not possible to
employ such substrates because they would melt. Hence, it was necessary to employ

more thermally robust substrates such as glass microscope slides (refractive index
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1.512) which, while providing a slightly lower coupling efficiency, also provided a

more thermally stable device.

6.3.2 Waveguide Refractive Index

The effect of the waveguide refractive index upon coupling efficiency was investigated.
Coupling efficiencies of waveguides with refractive indices in the range 1.53 -> 1.65
were examined and the results of this study are presented in figure 6.7. It may be seen
that as the waveguide refractive index increases the coupling efficiency increases.
Initially, the rise is quite sharp. However, above a waveguide refractive index of 1.58
for the defined configuration, the coupling efficiency does not increase further.
Therefore, it is evident that a waveguide refractive index of approximately 1.58 will

give near optimal coupling.

1.56 1.58 1.60 1.62 1.64 1.66

Waveguide Refractive Index

Figure 6.7 Effect of Waveguide Refractive Index on Coupling Efficiency.

The sol-gel technique, described in chapter 4, can be used to fabricate waveguides with

a refractive index in the range 1.44 —m1.7. The computational results indicated that no
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improvement 1n coupling efficiency would be observed with a refractive index higher
than 1.58. Therefore, a sol-gel recipe which produced waveguides with refractive

indices of 1.58 — 1 6 was employed for all sensor platforms.

6.3.3 Superstrate Refractive Index
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Figure 6.8  Effect of Superstrate refractive index on coupling efficiency

It is clear from figure 6.8 that as the superstrate refractive index increases, the coupling
efficiency decreases. For the cover materials of interest for this research (e.g. sol-gel-
derived sensing layers) the typical refractive index value of 1.43 (porous silica) is of
importance. It can be seen that at this cover refractive index, the coupling efficiency is
extremely low (< 3%). In order to counterbalance this extremely low efficiency, it was
decided that for the sensing platforms presented in the following chapter, air should be
the only material covering the grating surface, and the sensing layers should be

deposited on the waveguide but not on the grating coupler. The importance of software
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modelling is highlighted here, and leads to the conclusion that an alternative approach

to coating the grating with a high refractive index cover layer had to be employed.

6.3.4 Waveguide Thickness

The Grating software indicated that there exists an optimal thickness of approximately
340 nm at which the waveguide exhibits maximum coupling efficiency, as is illustrated
in figure 6.9. Above this thickness the coupling efficiency of the structure decreases in
an exponential manner. The reasons for such an observation are not understood at
present. Below this optimal thickness, the waveguide does not support guided modes

and the coupling efficiency correspondingly decreases.
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Figure 6.9 Effect of Waveguide Thickness on Coupling Efficiency.

This study implies that a sol-gel-derived planar waveguide with a thickness close to this
optimal value would provide high coupling efficiency. It was previously determined in
chapter 4, that the sol-gel process could produce waveguides close to 340 nm in

thickness by employing a deposition speed of 2.8 mm.sec'l Therefore, the waveguides
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employed in the sensing platfrom presented in the following chapter were fabricated in

accordance with the results presented in this section.

6.3.5 Grating Groove Height

The effect of the grating groove height upon coupling efficiency is presented in figure
6.10. It may be clearly seen that there exists an optimal groove height at which coupling
efficiency is a maximum. For the given profile, this groove height was determined to be
84 nm. However, the results of this theoretical study could not be implemented in
practise because the master gratings employed in this research were commercially
available structures of fixed depth (see chapter 5) and 1t was decided that the expense of

fabricating optimal gratings far outweighed the slightly enhanced efficiency.
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Figure 6.10 Effect of Grating Height on Coupling Efficiency
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6.3.6 Grating Layer Thickness

The grating coupler fabrication technique employed in this research ivolved the
deposition of a thin layer of high refractive index sol upon the waveguide surface. A
negative image of a master grating was then embossed into this layer. A theoretical
study of the effect of the layer thickness is presented in figure 6.11 where 1t can be seen
that for a given groove height that the coupling efficiency decreases as the layer
thickness increases. Indeed, it can be seen that optimal coupling efficiency exists when
the layer thickness exactly matches the groove height. This stands to reason, since the
further away the perturbations are from the waveguide surface the lower the coupling
efficiency. It is thought that this condition 1s satisfied in the grating fabrication
technique employed in this research since the embossing technique involves pressing
the master grating into the thin layer at high pressures which would tend to indicate that
excess deposited sol would be pushed out from within the grating area yielding only a

layer as thick as the groove height.
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Figure 6.11  Effect of Grating Layer Thickness on Coupling Efficiency
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6.3.7 Grating Layer Refractive Index

It can be seen from figure 6.12 that the grating coupler layer refractive index has quite a
substantial effect upon the coupling efficiency of the grating / waveguide structure In
fact, for an increase in layer refractive index of 0.2 the coupling efficency doubles
These data indicate that the higher the layer refractive index the better. However, the
layer refractive index was confined to values below 1.53 because sols fabricated to have
a room-temperature refractive index above this value contain a high concentration of
titania, which precipitates out of the sol causing it to become cloudy and therefore

rendering it useless.
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Figure 6.12  Effect of Grating Layer Refractive Index on Coupling Efficiency

6.3.8 Summary

It has been clearly illustrated, using the commercially available Grating software that
each of the variable parameters within a waveguide / grating device has a substantial

effect upon the coupling efficiency of the device. The optimal values for each parameter
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for the given structure were determined and where possible were employed in the

device fabrication thus leading to a near optimal device configuration.

6.4 Comparison of Experimental and Theoretical Results

In this section experimentally obtained results for the optimum coupling angle and
efficiency for a range of waveguides are compared to theoretically results The purpose

of this study is to illustrate that the fabricated devices behaved as predicted by theory.

6.4.1 Resonance Angle
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Figure 6.13  Comparison of Experimental and Theoretical Results for Determination

of Resonance Angle
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The theoretically predicted launch angles for a range of samples were compared with
the experimentally observed coupling angles and the results are presented in figure 6.13.
It can be seen there 1s a close agreement between the two, with any differential
contained within the error bars of the experimental results. This tends to indicate that
the fabrication techniques used to produce sol-gel-derived planar waveguide / grating
coupler configurations are reproducible and reliable in nature. The results also indicate
that the characterisation techniques, such as ellipsometry, spectrophotometry,
diffraction studies and atomic force microscopy, which are employed to determine
device parameters also provide accurate information about the fabricated grating

coupler devices.

6.4.2 Coupling Efficiency
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A comparison of the theoretically obtained coupling efficiencies and the experimentally
obtained values was carried out. The experimentally obtained results were determined
as outlined 1n section 5.3.4 The results are presented 1n figure 6.14 where 1t can be seen
that there is close agreement between the theoretical and experimental for the majority
of samples analysed. This study tends to indicate that the fabricated grating couplers

behave as theoretically predicted by the Grating software for the given configuration.

6.5 Conclusion

In conclusion, commercially available software was used to analyse and determine the
effect c?f a range of waveguide / grating structure properties upon the coupling
efficiency to a guided mode. This study yielded optimal values for each parameter and,
where possible, these values were implemented into the fabricated devices
Experimental data was then used to verify that the fabricated devices behaved as
theoretically predicted. It was found that there existed close agreement between the
experimentally obtained and theoretically predicted results for parameters such as

angular profile of resonance, peak resonance angle and peak coupling efficiency.
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Chapter 7  Waveguide Sensor Platforms for

Absorbance

7.1 Introduction

Many optical sensors employing optical fibres'® or planar sensor membranes’® have
been proposed for the detection of chemical entities over the past few years with
considerable success. Fibre optic-based sensors have many positive attributes including
availability and low cost of raw materials, low attenuation, ease of coupling and the
feasibility of probe type configurations which are suitable for either dip-stick or inline
measurements. However, more recently, integrated optic (IO) sensor configurations
based on planar waveguide technology have been gaining popularity due to their
compatibility with the mainly planar semiconductor fabrication technologies, possibility
of incorporation into integrated circuits, simplicity of their planar geometry and large
interaction lengths. IO sensors have been successfully applied to the colorimetric

detection of a range of analytes such as pH, lead, ammonia and even biomolecules®"’.

The most common planar waveguide sensors are 3-layer structures consisting of a
dielectric substrate upon which a waveguiding layer and an analyte-sensitive absorbing
layer are deposited. The principle of operation for such sensor devices is extremely
straightforward. The evanescent field of a guided mode propagating in the waveguide
layer interrogates the sensing layer and is modified depending upon the surrounding
environment, manifesting itself in a change in the power of the guided mode. This
change in guided mode intensity may be detected using a standard silicon photodiode

upon emergence from the waveguide.

Guided wave sensor configurations such as fibre-optic and planar waveguide-based
devices offer increased sensitivity over other configurations, due to longer optical path
lengths within the sensing layer. However, the planar-waveguide sensors also offer a
number of advantages over their fibre-optics counterparts including, mechanical

robustness, potential for integration with other optoelectronic components for
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compactness, relative ease in applying specific coatings on the waveguide surface due

to the planar geometry and significant potential for low cost, mass produced sensors

In this chapter absorbance based sensor platforms fabricated using state of the art sol-
gel technology employing optical waveguides and grating coupling are described. In
particular, two sensing configurations are discussed. Firstly, an optical sensor platform
employing a single or low mode sol-gel derived planar waveguide as the light guiding
medium is presented and applied towards the detection of gaseous ammonia. The
limitations of such a configuration are discussed and possible solutions proposed. The
second platform configuration presented is an LED compatible device employing a
multimode planar waveguide. The operation of this platform is discussed in detail and

applied to the detection of gas phase ammonia and carbon dioxide.

7.2 Low-mode Sensor Platform

7.2.1 Principle of Operation

The generic configuration for the low mode absorbance-based sensor is illustrated in
figure 7.1. The device consists of three main components, the waveguide, grating
coupler(s) and the sensing layer, all of which may be fabricated using sol-gel
technology. The planar waveguides, which have been described in detail in chapter
three, are low-loss asymmetric structures with the capability to support one or two
guided modes. While the grating couplers, employed to launch light into (and in some
situations remove light from) the guided modes, are sol-gel-derived components
fabricated as per the procedure outlined in chapter four. The sensing layers employed in

this research are typically reagent-doped sol-gel or polymer thin films.

Light from a laser or laser diode source is grating-coupled into a guided mode of the
sol-gel-derived planar waveguide in accordance with the grating coupler equation

shown below
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n .. —n sma=@— [7.1]
a A

eff

where nes is the effective refractive index of the guided mode, n, is the refractive index
of the medium through which the radiation is incident on the grating, a is the angle of
incidence, A is the wavelength of the incident grating, m is the diffraction order which

couples into the waveguide mode and A is the grating coupler periodicity.
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Figure 7.1  Configuration of Generic Sensor Platform

At a specific angle of incidence a, a fraction of the incident radiation 1s coupled 1nto a
guided mode which, propagates along the waveguide by total internal reflection at the
boundaries. A quantity of the guided power, referred to as the evanescent field, which
has been described in detail in chapter three, resides in the surrounding media as shown
in figure 7.2. The sensor platforms employed in this research exhibited penetration
depths of approximately 160 nm into the sensing layer, where the penetration depth, dy,

is described by the equation below
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where ngf is the effective refractive index of the guided mode, n is the cladding index

and is the wavelength of the radiation.

As the guided mode propagates along the length of the sol-gel-derived waveguide, its
evanescent field extends into and thus interrogates the sensing layer residing upon the
waveguide surface. The sensing layer is fabricated such that its absorbance is analyte-

sensitive and reversible with a sensing mechanism as illustrated in figure 7.3.

Power in
<4— guided mode

Figure 7.2 Evanescent Fields and Penetration Depth

126



Imtial sensing layer © c; 5 ©
absorbance (Ag)

T
W

5

Removal of
analyte from
o environment

Introduction of
analyte (0) to
environment

i’ & L G B il St ytianr 4

Absorbance of

sensing layer
modified (A)

Figure 7.3 Generic Sensing Mechanism

Careful matching of the wavelength of the radiation source to the absorption band of the
sensing layer ensures that as the guided mode propagates past the sensing layer region
its evanescent field 1s partially absorbed, the extent of this absorption 1s dependent upon
analyte concentration The removal of power from the evanescent field results n a
change in the power of guded mode which 1s then out-coupled from the waveguide
using either a second grating coupler as illustrated in figure 7 1 or by capturing the
signal emerging from the end-face of the waveguide The intensity of the emerging
signal 1s therefore analyte dependent and a typical response curve would have a similar
profile to that shown 1n figure 7 4 Intensity referencing was not employed in the course
of this work however 1t 1s apparent that for future work there 1s a need to remove the
effect of fluctuations 1n source intensity This may be done 1n a number of ways one of
which nvolves the tapping off of a fraction of the incident intensity and using 1t as a

reference signal
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Figure 7.4  Typical Sensing Response Curve Profile

Careful choice of the immobilised reagent within the sensing layer allows for the
fabrication of sensor devices which possess the ability to sense for a large range of

analytes such as ammonia, carbon dioxide, heavy metals etc

7.2.2 Detection of Gaseous Ammonia

Ammonia 1s a corrosive, flammable and highly toxic gas used in a wide range of
industrial applications ranging from manufacture of fertilisers and plastics to
refrigeration technmiques Due to 1ts adverse properties, the ability to detect small
quantities of ammomia gas 1s an 1mportant safety requirement Indeed, the current long-
term occupational exposure standard 1s 25 ppm (maximum exposure 1 8 hour period in
40 hour week) Typically, ammonia sensors designed to provide an alarm signal when
the concentration exceeds a threshold limit require a rapid response time (< 150

seconds) However, they do not normally need to have a range capability far 1n excess
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of the legal exposure limit (25 ppm) This alarm style of sensor 1s typically employed in
environments where humans could be exposed to large concentrations of ammoma and
where leaks could prove fatal Alternatively, for dosimeter type applications the
response time 1s not a critical 1ssue Instead accurate determination of the ammoma
exposure level 1s the critical property In such a scenario the sensor must be capable of

detecting ammoma concentrations 1n the sub ppm range

The principal technique used for the optical detection of gaseous ammoma 1s to
immobilise a colourimetric or fluorimetric indicator 1 a sol-gel or polymer support
network'®'®  Ammoma gas induces deprotonation of the indicator dye resulting 1n a

change of the absorbance or emission characteristics of the sensing material

In this section the previously presented low mode sensor platform 1s applied to the
detection of gaseous ammonia The experimental sensing configuration 1s illustrated in
figure 75 Light from a laser source, which 1s modulated at 1 KHz using a mechanical
chopper, 1s coupled into a guided mode of the sol-gel-derived planar waveguide The
guided radiation propagates along the waveguide, whilst all the time 1ts evanescent field
interacts with the sensing layer deposited at the waveguide boundary Ammonia and
nitrogen mass flow controllers (Unit Instruments, Ireland) allow careful regulation of
the ammonia concentration within the gas flow cell (internal volume 7 x 10 m?,
material = mild steel) As the guided mode emerges from the end face of the waveguide
(or grating outcoupler) the signal level i1s monitored using a silicon photodiode
(Hamamatsu, UK) and an analog lock-in amplifier (Stanford Research, USA) A data

acquisition card (Bytronics) 1s then used to transport the data to a computer for further

analysis

The versatility of the device 1s 1llustrated by employing two separate sensing layers,
each with a different response profile to ammonia The first sensing layer consists of
methyl red, a sulfonephtalemn pH mndicator'®, immobilised 1n a sol-gel matrix, while the
second employs a more ammonia specific indicator, calixarene?’, in a polymer structure
The response of each structure to the presence of ammoma and device limits of

detection are presented.
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Figure 7.5  Experimental Configuration for Ammonia Detection

7.2.2.1 Sulfonephtalein Indicator

The sulfonephtalein family of pH sensitive acid-base indicators are commonly used for
ammonia detection They are extremely stable dyes that are compatible with a wide
range of support matrices An environment contaming ammonia proportionally
increases the pH around the indicator This can be measured as a change 1n absorbance

of the sensing layer The absorption band of the base form of the indicator 1s usually
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employed for sensing since 1ts peak absorption 1s generally greater than that of the acid

form, and hence provides a better sensitivity to ammonia concentration changes

The typical sulfonephtalein-induced reversible ammonia detection mechanism consists
of three steps Initially, the gaseous ammonia diffuses mnto the pores of the sensing layer

and reacts with water to form ammonium hydroxide

NH3(gas)+H20<—>NHZOH_ [7 3]

Thus 1s followed by the deprotonation of the indicator dye by ammonium hydroxide as

described by equation 74 This reaction produces a modified form of the indicator dye

with water as a by-product

NHOH™ +H"Dye™ ¢>NH, Dye” +H,0 [7 4]

Finally, this sensing mechamsm 1s reversible and the modified dye compound

regenerates the primary dye and ammonia

NHZDye_ o H Dye™ + NH,, (gas) [7 5]
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Figure 7.6 Ammonia Sensitive Absorption Spectrum ofMethyl Red-Doped Sol-Gel.

The sulfonephtalein pH sensitive indicator employed in this section is methyl red, an
anionic compound. Methyl red, when immobilised in a sol-gel matrix exhibits an
absorbance spectrum as is shown in figure 7.6. Peak absorbance occurs at 519 nm, this

facilitates the use of the 514 nm line of an argon ion laser as the radiation source.

Sensing layers were fabricated by dissolving the indicator in ethanol and mixing the
resultant solution with pHI water. The metal alkoxide precursor (tetraethylorthosilicate,
Si(OC2H54 , TEOS) was then introduced and the entire mixture stirred for 1 hour and
aged at 70°C for 17 hours. Sensing layers were then deposited on the waveguides by

dip-coating and dried at 70°C for 17 hours followed by 1 months stabilisation.

The sensor device was exposed to various ammonia concentrations, and shown in figure
7.7 below is a normalised calibration response curve. It can be seen that the sensor
output increases as ammonia concentration is increased, indicating a decrease in

absorbance. Such behaviour is attributed to the anionic nature of the indicator.

132



30 - .

20 | -

15+ -

05 -

Normalised Sensor Response (au )
a

0 10 20 30 40 50 60 70 80 90 100

Ammoma Concentration (ppm)

Figure 7.7  Sensor Calibration Curve

The device 1s sensitive to low levels of ammoma (< 20ppm) with large changes in
output observed However, as ammonia concentration increases the device becomes less

and less responsive

The sensor limit of detection may be determined by calculating the concentration
equivalent to 3 times the standard deviation () of the output signal on exposure to zero
concentration This 1s the minimum detectable signal (3¢) for the device A limit of
detection of 0 34 ppm ammonia n nitrogen gas may be extracted from the presented

data

7.2.2.2 Calixarene Indicator

Sensing layers employing sulfonephtalemn indicators have the disadvantage of being

cross-sensitive to other acidic and basic gases such as carbon dioxide and sulphur
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dioxide In this section a more ammonia specific compound, calixarene, 1s immobilised
in the sensing layer The calixarene compound, nitrophenylazophenol calix[4]arene was
fabricated 1n the School of Chemical Sciences, Dublin City University, where a family
of these compounds were developed for the detection of metal 10ns such as lithium or
amine gases such as ammomnia and trimethylamine The compound has a cavity or cup
like structure, which 1s thought to produce the specificity The sensing mechanism 1s
similar to the previous indicator in that 1t 1s colorimetric 1n nature The presence of a
ammonia causes deprotonation of the calixarene compound and producing a colour

change The sensing mechanism 1s described by the following equation

L-COH+NH, &L-CO™ +NH, [7 6]

The calixarene compound may not be immobilised 1n sol-gel-derived thin films due to
its insolubility m ethanol, and nability to survive low pH Therefore, a polymer-based
sensing layer (PVC) 1s employed In a typical polymer preparation 16 mg of calixarene
ligand was mixed with PVC (100 mg), a plasticiser (200 mg) and tetrahydrofuran
(THF), the common solvent The plasticiser dissolved the ligand m the PVC A metal
cation (L1ClOq, lithrum perchlorate) was added to the cocktail This increases the acidity
of the 1onisable chromophore, thereby lowering the pK and facilitating proton uptake by

the ammonia thus increasing sensitivity and shifting peak absorbance
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Figure 7.8  Ammonia Sensitive Absorption Spectra of Calixarene-Doped Sol-Gel

Shown 1n figure 7 8 1s the absorbance spectrum of the calixarene-doped polymer layer
It can be seen that the peak absorbance occurs at approximately 525 nm allowing for the

use of the 514 nm line of the argon-ion laser as the interrogating radiation

The experimental sensing configuration 1s as shown 1n figure 75 Upon achievement of
the resonance condition as defined by equation 7 1 the incident laser light 1s coupled
into a guided mode The evanescent field of the confined mode interrogates the sensing
layer and 1s absorbed Shown in figure 7 9 1s a typical response curve for the device
upon exposure to 250 ppm ammonia 1n nitrogen gas It can be seen from this response
curve that the sensor responds 1n a manner which 1s the opposite to that observed for the
sulfonephtalem dye discussed earlier, the absorbance increases with increasing
ammonia concentration This 1s due to the cationic nature of the indicator It 1s also
evident from figure 7 9 that the device response to the presence of ammonia 1s quite
slow (> 10 minutes) This 1s due to the diffusion times required for ammomnia to enter the

PVC-based sensing layer
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The device was then exposed to a range of ammonia concentrations up to 250 ppm in
nitrogen and a calibration curve was obtained. It may be seen from this curve which is
illustrated in figure 7.10 that the calixarene-based ammonia sensor shows a lower
sensitivity to the sulfonephtalein-based system. Indeed, a limit of detection of 3.7 ppm
ammonia in nitrogen was derived for the calixarene-based device, which is almost 10
times less sensitive than the methyl red-based configuration. The sensitivity of the
device may be altered by varying the concentration of the indicator dye, and also by
employing an alternative sensor matrix to PVC, which is more favourable to diffusion.
However, as a proof of principle and device versatility, it is suffice to illustrate sensing

results for two unoptimised sensing layers.

7.2.3 Device Limitations

Coupling to a guided mode in a low-mode waveguide structure using a linear periodic
grating coupler is extremely angular dependent as illustrated in figure 7.11. The grating
coupling equation 7.1 indicates that any variation in parameters such as wavelength of

incident radiation or angle of incidence will result in a shift in the coupling condition.

It was observed during the course of ammonia sensitivity measurements that there was
substantial drift over time of the guided mode coupling efficiency which led to a certain
amount of unreliability in the sensor results over extended periods of time. The cause of
such drift is thought to be twofold. Firstly, it may be partly attributed to instability in the
emitted wavelength from the radiation source. Such a problem is easily overcome by
employing highly stable radiation sources with low spectral drift. However, the second
and probably more important cause of the drift in coupling efficiency with time was
more difficult to counteract. The problem observed was drift of the incident angle with
respect to the grating normal on application of flowing gas to the flow cell. Upon
attachment of a gas flow-cell and flowing of gaseous samples through the cell the
output signal of the sensor device decreased gradually over time due to minute pressure-

induced movements of the sensing arrangement with respect to the incident radiation
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resulting 1n non-optimal coupling conditions and therefore a decrease n the detected

signal
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Figure 7.11  Dependency of Coupling Efficiency on Launch Angle

Efforts were made to improve the mechanical stability of the device by redesigning a

more mechanically stable device however signal drift over time was still observed upon

application of flowing gas

The linear nature of the grating coupler and the low-mode nature of the waveguide,
present difficulties also Due to the extreme angular dependence of the coupling
condition as 1llustrated in figure 7 11 efficient coupling can only be achieved using a
laser or laser diode source (1e high power at a signal wavelength or small wavelength
band) Such sources are available only at a limited number of operating wavelengths,
and therefore 1t 1s often found that for a particular sensing reagent a laser source with

the desired operating wavelength 1s not available
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Finally, a more elementary problem 1s that each sol-gel-derived planar waveguide
fabricated using the dip-coating techmque differs shightly from all others in terms of
thickness and refractive index despite identical fabrication conditions This may be
attributed to the lack of process control techniques 1n place to ensure 1dentical fabricated
components Such minor differences 1n samples leads to different coupling conditions
from device to device, resulting 1n lack of compatibility from waveguide to waveguide
and possibly removing the possibility of disposable type sensors which may be used

with one fixed interrogating system

7.2.4 Summary

A waveguide based sensor platform based on evanescent wave absorption was
demonstrated The device was applied to the detection of ammonia gas and exhibited
sub parts-per-million himits of detection Two different indicators were employed to
illustrate the generic nature and versatility of the device The structure 1s not, however,
without 1ts difficulties and drawbacks These include movement of the structure under
gas flow, discrepancies amongst supposedly 1dentical samples and the necessity for
laser or laser diode sources due to the precise coupling conditions As a result of such
problems an alternative device which employed LED sources and multimode wavegude

structures was 1nvestigated and 1s presented in the following section

7.3 Multi-mode Sensor Platform

7.3.1 Principle of Operation

The generic configuration for the multi-mode absorbance-based sensor 1s 1llustrated 1n
figure 712 The device consists of four main components, a multi-mode wavegwde
(typically a glass microscope slide, ngug. = 1 515), grating input and output couplers and

the sol-gel-derived sensing layer
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Figure 7.12  Multimode Platform Configuration

Light emerging from an LED 1s focused onto the grating mput coupler resulting in a
spread of mncident wavelengths at a spread of incident angles Therefore, multiple
coupling conditions are satisfied 1n accordance with equation 7 1, resulting n the
launching of a large number of guided modes, with possible effective refractive indices
ranging from 1 — 1515 These guded modes are then outcoupled using a second

grating coupler, where their intensity 1s determined using a photodiode

Guided modes with an effective refractive index greater than the refractive index of the
sensing layer (typically 143 for a sol-gel-derived layer), are confined solely to the
waveguide The evanescent field of these guided modes may then be used to interrogate
the absorbance of the sensing layer and thus provide information on the target analyte
concentration as 1illustrated in figure 7 13 Hence, the sensing technique employed by

these modes 1s evanescent wave absorption
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On the other hand, guided modes with an effective refractive index lower than the
refractive index of the sensing layer are not confined solely to the waveguide, rather
they are guided 1n a two layer structure which comprises of the wavegude and the
sensing layer as shown 1n figure 7 14 These guided modes propagate within the sensing
layer and therefore directly interrogate the sensing layer In this situation the sensing

technique employed 1s direct wave absorption
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Figure 7.14  Low Effective Index Modes
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Focusmg of the LED light onto the grating coupler creates a spread of mnput
wavelengths at a range of input angles (1n the platform presented here a 30 mm focusing
lens 1s employed which produces a 44° wide range of input angles) Therefore, for a
given configuration there 1s usually a large number of guided modes with a large range
of effective indices, thus resulting in the simultaneous deployment of both sensing
techniques There also exists a discrete combination of these two sensing techmques at
which the device exhibits optimum sensitivity This can be seen 1n figure 7 15 where 1t
1s evident that for a green LED (Apax = 563 nm, bandwidth = nm, intensity 250 mcd, RS
Components, Ireland) focused onto a sensor platform contaiming a sol-gel-derived
sensing layer of refractive index 143 and thickness 400 nm the peak sensitivity for the
device occurs at a central launch angle of 20° Therefore, for all sensing experiments
presented in the following sections, a central launch angle of 20° 1s employed The
position of optimum sensitivity 1s dependent on a number of factors including grating
coupler period, waveguide refractive index, sensing layer refractive index and

wavelength of incident radiation
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Figure 7.15  Device Sensitivity as a Function of Launch Angle
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A full mathematical treatment of this configuration is beyond the scope of the work
presented in this thesis However, there 1s a substantial amount of research being carried
out by the theoretical section of the Optical Sensors Group at Dublin City University
towards producing a mathematical model which fully describes and allows for the

theoretical optimisation of this structure

7.3.2 Detection of Gaseous Ammonia

As with the previous absorbance-based sensor platform, the multimode device was
applied to the detection of gaseous ammonia as a proof of principle Again, two
different indicator dyes were employed to emphasise device versatility These indicators
were, bromocresol purple] ? a cationic sufonephtalein pH sensitive indicator, and 1,1,3-
methyl-2-[{1,1,3-methyl-2(1H,3H)-indolylidene-1-propenyl } ]-5-oxo-2-furfurylidene-

21,22

(3H)-indolium perchlorate”“*, a polymethine dye, hereafter referred to as PM In both

situations the indicators were immobilised 1n a sol-gel-derived structure

The ammonia detection configuration 1s illustrated in figure 7 16 Light from a high
power green LED, (Amax = 563 nm, bandwidth = 35 nm, intensity 250 mcd, RS
Components, Ireland) the spectrum of which 1s shown 1n figure 7 17, 1s focused onto the
grating m-coupler with a central angle of 20° This facilitates the launch of multiple
guided modes 1nto the planar waveguide which propagate along the waveguide and are
out-coupled via a second embossed sol-gel-derived grating coupler A silicon
photodiode detector (Hamamatsu, UK) positioned above the grating detects the
emerging light intensity Along the length of the waveguide, both the evanescent fields
of a portion of the gumided modes, and the actual guided mode interrogate the absorption
spectrum of the ammonia sensitive reagent immobilised in the sensing layer Any
changes 1n the absorbance of the sensing layer in the bandwidth covered by the light

source will result 1n a change 1n the mtensity of the out-coupled light
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Dedicated lock-1n circuitry was used to detect the light from a green LED modulated at
1 kHz coupled out of the sensor device Lower modulation frequencies would yield
greater 1/f noise A small flow cell was attached to the wavegmde to allow exposure of
the sensing layer to gaseous samples Gas flow was regulated using mass flow
controllers (Unit Instruments, Ireland) with a constant total flow rate of 500 ml min” of

ammonia and nitrogen gas mixtures

7.3.2.1 Sulfonephtalein Indicator

Bromocresol purple (BCP) 1s a cationic sulfonephtalein pH sensitive indicator which
when 1mmobilised 1n a sol-gel matrix exhibits an absorbance spectrum as 1s shown in
figure 7 18, with a peak absorbance at 582 nm The ammonia detection mechanism 1s as
previously mentioned for the situation of methyl red, the only difference being that the

absorbance of the cationic indicator increases with increasing ammonia concentration
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Figure 7.18  Absorbance Spectrum of Bromocresol Purple in Sol-Gel Matrix
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Sensing layers are fabricated by initially dissolving the indicator in ethanol and mixing
the resultant solution with pHI water. The metal alkoxide precursor
(tetraethylorthosilicate, Si(OC2H54 , TEOS) is then introduced and the entire mixture is
stirred for 1 hour. The indicator-doped sol is then aged at 70°C for 17 hours. The
sensing layers are deposited on the waveguides by dip-coating and dried at 70°C for 17

hours. Samples are then allowed to stabilise for 1 month prior to use.

Shown in figure 7.19 below is a response curve for device exposure to 100 ppm
ammonia gas in nitrogen. It is immediately apparent from this response curve that the
device response is quite slow with response times (T99 of 21 minutes being observed
upon exposure to ammonia while recovery times of greater than 200 minutes are not
uncommon. It is thought that this is due to a strong interaction between the polar
indicator dye and the polar silanol groups on the surface of the micro-porous sensing

support matrix.

Time (mins)

Figure 7.19 Device Response to 100 ppm Ammonia in Nitrogen.
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The sensitivity of the device towards various concentrations of ammonia vapour may be
seen 1n figure 7 20 It can be seen that as with the previous sulfonephtalein indicator
employed, the device 1s responsive to the presence of low levels of ammonia gas A
limit of detection of 0 3 ppm ammonia n nitrogen gas may be deduced, again this 1s
comparable with the figure of 034 ppm for methyl red This indicates that the
multimode device offers comparable performance to the low mode structure yet at a

fraction of the cost

100

075 -

Sensor Output (au )
|
1

o

[\e}

w
I
1

000 [ -

0 20 40 60 80 100
NH, Concentration (ppm)

Figure 7.20 Ammoma Response Calibration curve

7.3.2.2 Polymethine Indicator

The polymethine dye employed i this section 1s a less polar indicator and hence should
be less prone to interaction with the sensor membrane The dye, PM when immobilised
in a sol-gel matrix exhibits an absorbance spectrum as 1s shown in figure 721 Peak

absorbance occurs at 552 nm, which 1s compatible with the high power green LED
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described earlier The reversible ammonia detection mechamism 1s as previously

mentioned with 1ndicator absorbance mcreasing with higher ammonia levels
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Figure 7.21 Absorbance Spectrum of Polymethine Dye in Sol-Gel Matrix

Sensing layers were fabricated by mitially dissolving the indicator 1n ethanol and adding
pH1 water The metal alkoxide precursor (TEOS) was then introduced and the entire
miuxture stirred for 1 hour, followed by aging at 70°C for 17 hours The hquid sol was
then deposited on waveguides by dip-coating and the samples were dried at 70°C for 17

hours followed by 1 months stabilisation prior to use

The experimental configuration employed 1s 1dentical to that illustrated in figure 7 16
The sensor was mitially cyclically exposed to 100 ppm ammonia gas in nitrogen The
sensor response 1s shown 1n figure 7 22 where 1s apparent that the device employing the
polymethine dye exhibits much faster response times than that of the more polar
sulfonephtalein indicator The response time (Togy) to the presence of 100 ppm

ammoma 15 1 minute, while the device recovery tume 1s determined to be 3% minutes
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This may be attributed to the low polarity of the polymethine preventing strong

interactions with the support matrix
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Figure 7.22  Sensor Response to 100 ppm ammonia

However, the polymethine indicator-doped sensor device 1s not without 1ts drawbacks
The indicator inherently has a lower sensitivity to ammonia than its more polar
sulfonephtalein counterparts This 1s clearly 1llustrated in the calibration curve of figure
723 where 1t can be seen that there 1s an almost linear sensitivity response to the
presence of gaseous ammonia in the concentration range 0 — 100 parts-per-million with

a limit of detection of 2 ppm
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7.3.3 Detection of Gaseous Carbon Dioxide

Detection of carbon dioxide 1s extremely important 1n a wide range of industries, from
clinical applications such as breath by breath analysis, to the food industry where

foodstuffs are packaged in carbon dioxide atmospheres to increase shelf lives

The conventional techniques used to determine carbon dioxide concentrations are based
on nfrared technology, carbon dioxide has an absorption band in the infrared, the
magmtude of which varies depending on gas concentration Such devices are sensitive
to the presence of carbon dioxide, but are quite costly and cumbersome The multimode
waveguide platform presented here provides an alternative approach whereby an
indicator with a carbon dioxide sensitive absorbance band may be used to modify the

power 1n a guided mode
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Optical detection of gas phase carbon dioxide using optical techniques requires the use
of pH sensitive polar dyes and a moisture rich environment However, the use of polar
dyes places a restriction on the range of possible matrices that can be used for
immobilisation The support material must exhibit good solubility towards the indicator
and must also retain sufficient moisture to facilitate the water-mediated sensor

chemustry If the sensor membrane dries out 1t 1s not responsive to carbon dioxide

For liquid phase CO, detection the classical device requires a buffered, dye-doped layer
of hydrophilic support material, such as a hydrogel24 or moisture-rich sol-gelzs, to be
maintained beneath a hydrophobic gas-permeable membrane, such as Teflon The buffer
ensures that the dye is deprotonated in the imtial state and the hydrophobic membrane
prevents liquud from entering or escaping from the dye-doped layer However, the
apphication of this configuration to gas phase sensing 1s limited by the need to maintain
the moisture level 1n the sensitive membrane, as the application of dry gas will quickly

render such sensor layer useless

The need for a moisture-rich environment has been overcome by employing an ion-pair

h2%3! to encapsulate ghly polar, pH-dependent dyes into hydrophobic materials

aproac
This methodology employs a phase transfer reagent to incorporate the polar dye into the
support matrix During this procedure there 1s a significant quantity of moisture, in the
form of water of crystallisation, encapsulated in the immobilisation matrix along with

the dye

Sensing layers were fabricated by adding a solution of tetraoctyloxyammonium bromide
(0 6 g) 1n methyltriethoxysilane (15 g) and dichloromethane (2 ml) to a stirred solution
of cresol red (0 3 g) in water 10 g of this solution was added drop-wise to aqueous HCI
solution (pHI1, 40 g) After stirring for 1 hour tetraoctyloxyammonium hydroxide
solution (2 5 ml) was added before thin films (~ 1 2 pm) were fabricated by dipcoating
onto the unembossed face of the waveguiding structure These were dried overmght

(70C) and left 1n ambient conditions for 1 week prior to use
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Cresol red immobilised in a sol-gel matrix exhibits a carbon dioxide sensitive
absorption band at 585 nm as shown in figure 6.24. This absorbance spectrum facilitates

the use of the high power green LED described earlier.

Wavelength (nm)

Figure 7.24  Absorption Spectrum of Cresol Red-Doped Sol-Gel.

The interaction of carbon dioxide with the immobilised indicator can be described as

Q+D \xH,0 +C02->Q+HC03+H +D~.(x-1)H D [7.7]

The carbon dioxide first diffuses through the sensor membrane and dissolves in the
hydrous glass matrix in which the dye is immobilised forming carbonic acid, proton
exchange occurs, resulting in a protonated form of the dye which exhibits a different

absorbance spectrum to the unprotonated version.
Shown in figure 7.25 is the device response to 10 % carbon dioxide in nitrogen. It can

be seen that the device response is both sensitive and reproducible with quick response

and recovery times (T9% of the order of 2 minutes.
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The sensitivity of the device towards various concentrations of carbon dioxide is shown
in figure 7.26 where it can be seen that the device exhibits high sensitivity to small
carbon dioxide concentrations. A limit of detection of 0.1 % carbon dioxide in nitrogen
gas was determined for the structure. This demonstrates that this optical configuration
provides adequate sensitivity for many applications ranging from analysis of food

packaging to breath-by-breath analysis.

7.3.4 Summary

A multimode waveguide platform for absorbance-based sensing has been presented.
The entire device is fabricated using state of the art sol-gel technology with a
straightforward, easy to fabricate design. Due to the multimodal nature of the
waveguide, which relaxed the coupling conditions of the device, it was possible to

employ LED light sources an therefore reduce device costs.

The structure performance was demonstrated by application to the detection of both
gaseous ammonia and carbon dioxide. Detection of ammonia was demonstrated using
two separate sensing layers. The first sensing layer employed a sulfonephtalein pH
sensitive indicator immobilised in a sol-gel matrix. The device was sensitive to the
presence of ammonia, with a limit of detection of 0.3 parts per million in nitrogen gas.
However, due to the polarity of the dye and its affinity to the sensor membrane the
response was extremely slow, with detection times of greater than 20 minutes and
recovery times of well over 3 hours being observed. The second sensing layer provided
less sensitive but more rapid ammonia detection. The dye utilised was a polymethine
dye, again immobilised in a sol-gel matrix. The device only provided a limit of
detection of 2 parts ammonia gas per million parts nitrogen. However, it exhibited
significantly faster response times than its sulfonephtalein counterpart, with detection
times of 1 minute and recovery times of 3.5 minutes being observed. Hence, two
ammonia sensitive devices were developed which could satisfy different industrial

requirements. Should the requirements be to monitor over long-term the ammonia
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concentration 1n a given environment where accuracy rather than response time 1s the
most important 1ssue then a sensor device employing bromocresol purple as the sensing
indicator could be deployed However, if the emphasis 1s on an alarm type indicator

where response times are crucial then the second sensing layer could be employed

The versatility of the device was further 1llustrated by the application of the device to
the detection of carbon dioxide where 1t was found that the by employing a specially-
prepared sensing layer, the device could detect levels of carbon dioxide 1n nitrogen of as

Iittle as 0 1%

7.4 Cross Sensitivity and Thermal Response

Optical chemical sensor devices employing pH-sensitive indicator dyes as sensing
reagents are known to exhibit a cross sensitivity to a range of acidic and basic gases
including ammonia, carbon dioxide and sulphur dioxide The effect and magnitude of
this cross sensitivity was beyond the scope of the research reported in this thesis
although 1t 1s understood that 1t 1s an important 1ssue Therefore, 1t 1s imperative that
future work on the development of these sensors for commercialisation should include a

study on device cross-sensitivity and possible solutions

All sensing experiments reported 1n this thesis were carried out at ambient laboratory
conditions It 1s expected that changes in environmental conditions, such as temperature
and humudity will affect the device response An investigation into these effects was not
carried out during the course of the research presented in this thesis It 1s therefore
recommended that future work on the development of these sensors should include an
in-depth study of device performance over a range of environmental conditions, and

also possible techniques to control device temperature
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7.5 Conclusion

In summary, two sol-gel-derived waveguide-based absorbance sensor platforms have

been presented The devices employed grating coupling to launch light into guided

modes and then utilised either the evanescent wave absorbance or direct absorbance

sensing techmque to detect for a target analyte Table 7 1 summarnses the sensing results

and problems encountered for each sensor reported 1n this chapter It may also be seen

from this summary table that both alarm type and dosimeter of sensor requirements,

discussed 1n section 7 2 2, could be satisfied using the configurations described here

Low Mode Waveguide Structure

Waveguide | Grating | Target | Sensing LOD, Problems
t,n Period | Analyte | Reagent Response Time | Encountered
350nm, 16 | 833 nm | NH; Methyl Red | 0 3 ppm, Response Time,
> 20 mins Configuration,
In-Coupling
350 nm, 16 | 833 nm | NH3 Calixarene |3 7 ppm, Response Time,
> 10 mins LOD,
Configuration,
In-Couplmg
Multimode Waveguide Structure
Waveguide | Grating | Target | Sensing LOD, Problems
t,n Period | Analyte | Reagent Response Time | Encountered
I mm, 151 | 833nm | NH; BCP 0 34ppm, Response Time
> 20 mms
1 mm, 151 [833nm | NH; PM 2 ppm, LOD
3 5 mins
Imm, 151 {833 nm | CO; Cresol Red | 0 1%, Response Time
2 mms
Table 7.1 Summary of the waveguide sensor configurations investigated
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The first device discussed consisted of a low-mode sol-gel-dertved planar waveguide
which exhibited extremely angular dependent coupling conditions and required the use
of a laser or laser diode source The device was applied to the detection of ammonia gas
with limited success The platform exhibited a number of configuration-based and
mechanical-based limitations which led to the necessity to develop an alternative

design

The second platform presented consisted of a multimode waveguide structure which
was LED compatible Focused LED light was used to launch light into multiple guided
modes, each of which interrogated (directly or evanescently) the sensing layer The
device was applied to the detection of gaseous ammonia and exhibited comparable
performance to the supposedly more sensitive low mode structure As a further proof of
the versatility of the device, 1t was successfully applied to the detection of gaseous
carbon dioxide, yielding a limit of detection of 0 1% It 1s envisaged that the next step m
this research would involve the optimisation of this platform and application to the

detection of a wide range of target analytes
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Chapter 8  Waveguide Sensor Platform for

Fluorescence

8.1 Introduction

In this chapter a novel generic configuration for fluorescence-based optical sensors
employing multimode waveguides 1s presented The analyte sensitive fluorescence
emitted from a dye-doped sol-gel film coated upon the waveguide surface 1s efficiently
coupled to guided modes n the waveguide The gumided mode intensity 1s measured
upon emergence from the end-face of the waveguide A large fraction of the emitted
fluorescence 1s captured by the planar waveguide whereas only a very small amount of
the excitation light is captured due to scattering Such a mechanism results m the
angular separation of the excitation light and fluorescence emission thus enabling

operation without the use of optical filters 1n the configuration

The key processes of fluorescence and fluorescence quenching-based sensing are briefly
discussed The generic sensor configuration, principle of operation and characterisation
are detailled The sensor 1s then applied towards the sensing of oxygen using a

ruthemum doped sol-gel thin film which exhibits excellent response to gaseous oxygen

8.2 Introduction to Fluorescence

The term "fluorescence" was first coined by Sir George Stokes in the 19th century and
refers to the phenomenon in which absorption of light of a given wavelength by a
molecule 1s followed by the emission of hight at longer wavelengthsl'4 The separation
between the absorbed wavelength and the emitted wavelength 1s known as the Stokes

shift Fluorescence techniques may be used for sensing applications and are in many
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ways superior to absorbance-based techmques due to higher sensitivity and selectivity

In the following section the theory of fluorescence 1s explained 1n more detail

Every electron 1n a molecule carries a spin angular momentum with a spin quantum
number, s = 1/2 The electron may be etther spin-up T or spin-down ! 1n nature The
total spin angular momentum possessed by a many-electron atom or molecule 1s
represented by the total spin quantum number, S, which 1s defined as the vector sum of
all the individual contributions from each electron Two electrons each possessing s =
1/2 may be present with their spins parallel or opposed If the spins are opposed the total
spin quantum number, S, 1s 0 and the electrons are said to be pawred If the electron
spins are parallel, the total quantum number, S, 1s 1 The spin multiplicity, that 1s the
number of states in the presence of an applied magnetic field, 1s given by 2S + 1 A
molecule with all electrons spin-paired possesses S = 0 and a spin multiplicity of 1

Such an electronic state 1s referred to as a singlet state A triplet state has a total spin

quantum number of 1 and a spin multiplicity of 3

An electron 1n a molecule may be promoted to an excited state by interaction with light
The excited state may be either singlet or triplet in nature Shown 1n figure 8 1 1s an
example of a simphfied energy level diagram for the absorption and emission of hght
The ground state 1s defined as Ey E; 1s defined as a triplet excited state, E; 1s defined as

a singlet excited state, and E; 1s defined as the 1nitial excited state

E; :
* | Non-radiative decay

E, y .
]
|
i Non-radiative decay
|

Absorption Fluorescence |

|
!

E, :
|
|
| Phosphorescence

E, h 4 Y

Figure 8.1  Absorption and Emission Processes
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Excitation of a molecule that possesses a ground state energy level, EQ, by absorption of
an incoming photon, can raise the molecule to an excited state, E3. The absorbed energy
may be released either radiatively or non-radiatively. If there is a small energy level
separation between the excited states E3 and E2 then the electron tends to decay non-

radiatively to E2.

Fluorescence is the radiative emission resulting in de-excitation of a singlet state (E2) to
a singlet ground state. Such transitions are quantum mechanically allowed, with
emission rates as high as 108 per second, resulting in fluorescence lifetimes of
approximately 10 ns. Phosphorescence, emission from a triplet state excited electron
(Ei) to a singlet ground state (Eo) is also a possibility. Transitions between states of
different multiplicity are quantum mechanically forbidden, but in some molecules are
weakly allowed. This happens when the molecule contains a heavy atom which, because
of its strong spin - orbit interaction, can reverse the relative orientations of pairs of

electrons. Emission rates are small and hence lifetimes are long.

In either the case of fluorescence or phosphorescence the emitted photons have energies

given by

hv =AE [8.1]

where h is Planck's constant 6.6256 x 10’34 J.s, u is the frequency of the emitted light

and AE is the separation of the energy levels participating in the process.

8.3 Fluorescence Quenching as a Sensing Mechanism

Fluorescence quenching describes any process that results in the non-radiative loss of
energy from a molecule in an excited state134. Fluorescence quenching may be used as

sensing technique for the detection of a wide range of analytes. If the analyte to be
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detected has a quenching effect on the fluorescence emission from some reagent, then
by monitoring the extent of the fluorescence quenching 1t 1s possible to deduce the

concentration of quencher present

Fluorescence quenching may be static or dynamic Static quenching results from the
formation of a non-fluorescent complex between the fluorophore and quencher
Dynamic quenching, on the other hand, results from the interaction of the excited
fluorophore with a free molecule and causes de-excitation without formation of a
complex Therefore, dynamic quenching 1s collisional 1n nature and thus requires close
contact of molecules, 1s dependent on the concentration of the quenching molecule, and
the rate at which the quencher can diffuse to the excited molecule An expression which

fully describes a generic fluorescence quenching-based sensor will now be derived

After excitation by an mcident pulse of light molecules in a fluorophore will

subsequently relax back to the ground state with a rate constant K given by
K=K, +K, +K, [A] [8 2]

where K. 1s the rate constant for emission of a photon, K, 1s the rate constant for internal
conversion of the excitation energy, K, 1s the rate constant for transfer of energy to the

quenching agent and [A] 1s the concentration of quencher molecules

An important parameter, which quantifies the efficiency of radiative emission, 1s known
as the fluorescence quantum yield, Q Q 1s defined as the ratio of the numbers of
photons emitted by the fluorophore to the number of excitation photons absorbed and

may be expressed as

Q=
" K, +K, +K, [A] [8 3]

If fluorescence 1s the only possible mechanism for relaxation of the molecule back to 1ts

ground state then K, and K are zero and thus K = K. resulting in a fluorescence
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quantum yield of one However, this 1s rarely the case due to internal conversion of the

excited energy (K,)

Qo, the quantum yield 1n the absence of a quencher, 1s described by the equation below
Qy=o—— [8 4]

A parameter Qa, the quantum yield 1n the presence of a quencher concentration [A], 15

defined as

K,
QA:K6+K,+KI [A] 185]

The ratio of the quantum yield 1n the absence of a quencher to the quantum yield in the

presence of a quencher of concentration [A] may then be expressed as

Q, _K . +K, +K, [A]
QA Ke +K1

=1+aK [A] [8 6]

where a = (K, + K)!

Equation 8 6 1s known as the Stern-Volmer equation and may be rewritten in the more

familiar expression

I
L =1+aK, [A] [8.7]
IA

where Ij 1s the fluorescence mntensity in the absence of a quencher, I, 1s the fluorescence
intensity 1n the presence of a quencher of concentration [A], a K; 1s the Stern-Volmer

quenching constant
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The Stern-Volmer relationship that 1s described by equation 8 7 1s linear 1n nature A
graphical 1llustration 1s shown 1n figure 8 2 where 1t can be seen that 1t 1s possible to
determine the concentration of quencher present m a system simply by obtaining the
relevant Stern-Volmer quenching constant and experimentally determining the intensity

ratio Io/Ia

I/1

Quencher Concentration [A]

Figure 8.2  Theoretical Stern-Volmer Plot

8.4 Generic Fluorescence-Based Sensor

8.4.1 Sensor Configuration

The generic sensor configuration 1s 1illustrated 1n figure 8 3 The device consists of a
multimode waveguide (typically a microscope shide, refractive index 1 515), one side of
which 1s coated with a sol-gel thin film 1n which an analyte-sensitive fluorescent reagent

1s entrapped
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The generic nature of the device allows for the detection of a wide range of analytes
simply by utihsing different sensing layer configurations and by careful choice of the

immobilised fluorescent reagent so that 1t 1s quenched by the target analyte

Fluorescent sol-gel
coating

ERENEE ]
- _—— o —— - —————-—-:———,4-": __________ \_ ______
ded
Glass substrate / Waveguide
Fluorescence
Multimode
Waveguide  Light Photodiode

Source

Figure 8.3  Schematic diagram of generic sensor configuration

8.4.2 Principle of Operation

Fluorophores which are situated at or within a close distance (one wavelength) of an
interface, constituting a discontinuity 1n refractive index emit the greater part of their
fluorescence into the medium with a higher refractive index™® The angular distribution
of the emission from such a surface-bound molecule differs sigmficantly from that of
the emission of a free molecule 1n a homogeneous medium For molecules situated at or
near refractive-index discontinuities the emission maximum les at the angle of total
internal reflection (the critical angle) of the two media, with a significant part of the
radiation being emitted at angles above the critical angle (so-called evanescent modes)

If the medium below the interface 1s a wavegwiding structure then 1f the wavevector of

the emutted fluorescence coincides with the evanescent fields of guided modes then
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coupling of a large proportion of the emitted fluorescence into the modes of the

waveguide can occur

In the configuration presented in this thesis an LED light source is used to excite
fluorescent molecules located in a sol-gel-derived thin film which has been coated onto
the surface of a multimode planar waveguide The maximum emission of these surface-
bound fluorophores occurs 1n a downward direction at the critical angle of the two
media with a substantial portion of the emitted radiation also occuring above the critical
angle Therefore, the emitted fluorescence can be coupled into guided modes within the
planar waveguide, due to the overlap of the emitted fluorescence with the evanescent
fields of the guided modes Since most of the emitted fluorescence occurs at the critical
angle, 1t 1s logical to suggest that the fluorescence 1s preferentially coupled into the
higher order modes which occur around the critical angle The modes then propagate
along the waveguide where upon emergence from the end-face they are detected using a
photodiode Since the guided modes are high order 1t 1s beneficial to detect the

emerging signal at an angle to the end-face since this would help reduce noise

If fluorescence quenching of the fluorophores occur, then the amount of emitted
fluorescence decreases and the amount of captured fluorescence decreases accordingly

Thus manifesting itself 1n a change 1n the signal detected at the waveguide end-face

A full theoretical treatment of this work 1s not presented 1n this thesis However, work 1s
currently being carried out 1n the Optical Sensor Group to fully describe the observed

phenomenon

8.4.3 Device Characterisation

The fluorescence signal emerging from the end-face of the wavegude 1s found to
exhibit a strong angular dependence, whereas the signal due to scattering of the
excitation source 1s almost constant over all output angles This 1s 1illustrated 1n figure

8 4 It 1s immediately evident from this plot that detection of the emerging fluorescence
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at the angle of maximum emission provides enhanced signal to noise performance over

conventional detection of the entire end-face output
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Figure 8.4  Schematic diagram of generic sensor configuration

This 1s further illustrated by measuring the spectrum of the emerging light over a wide
range of angles The fluorophore employed 1n this situation 1s a ruthentum complex
compound that has an absorption maximum at 450 nm and 1s excitable by a blue LED
(central emission 450 nm) The resultant emission is centred at 610 nm Acquisition of
the spectra was performed using a microspectrometer (S2000, Ocean Optics, USA), the
collecting fibre (Core 200 um) of which was positioned at the end-face of the

wavegude as illustrated 1n figure 8 5
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Figure 8.5  Schematic diagram for determination of output spectrum

The spectra of the emerging signal for a wide range of detection angles are presented 1n
figure 8 6 It can be clearly seen that at a detection angle of 6 = 0° the fluorescence and
excitation cannot be distinguished from the background levels While this 1s partly due
to the low capture efficiency of the collecting fibre, 1t also tends to imply that sensor
performance at a detection angle of 8 = 0° 1s not optimal It 1s also evident from figure
8 06 that as the detection angle increases, so to does the measured fluorescence
intensity Such an observation 1s consistent with the selective coupling into higher order
modes of the fluorescence This trend continues until an angle 1s reached above which
the emerging fluorescence begins to decrease The angle of maximum ratio 1s
determined by the properties of the thin sensing layer It 1s evident that at this detection

angle there 1s a high level of signal to noise without the need for optical filters
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Figure 8.6  Spectrum of end-face output for range of detection angles

8.4.4 Effect of Refractive Index and Thickness of Sensing Layer

The end-face profile of the sensor device 1s dependent on the properties of the sol-gel-
derived thin film In this section the effect of refractive index and thickness are
investigated The aim of this study was to determine optimum sensing layer

characteristics and the optimum angle of detection

Fluorophore-doped sol-gel-derived thin films with a range of refractive indices may be
fabricated by mixing commercially available titania and silica-based precursors
(Liquicoat, Lauder Chemicals, UK) The relative amounts of the two precursors define
the refractive index 1n accordance with figure 8 7 The thm films were deposited on the
multimode waveguides (Nyavegude = 1 515) at a dip-speed of 2 8 mm sec’! and dried at

100 °C for 10 minutes
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Figure 8.7  Calibration curve for hquicoat-derived thin films®

The angular distributions of hght from the waveguide end-face are presented in figure
8 9 for a range of sensing layer refractive indices The angular spectra were determined
by employing a silicon photodiode (Hamamatsu, UK) which was rotated with respect to

the end-face of the planar wavegwde as illustrated 1n figure 8 8

Sol-Gel-Derived Photodiode
Sensing Layer Detector

Guided Modes

of Centre of
Fluorescence Rotation

Multimode

Waveguide Blue LED

Figure 8.8  Configuration for Determination of Angular Profile
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A number of observations can be made from the presented data Firstly, the angle of
maximum emission from the waveguide decreases with increasing refractive index of
the coating This 1s consistent with the theory, which indicates that optimum capture
occurs at the critical angle, which 1s a function of the refractive index of the fluorescing
layer Secondly, the intensity of this maximum output also decreases with increasing
film refractive index Furthermore, the shape of the curves changes as the refractive
index 1s varied At lower refractive indices, the peak becomes sharper, forming a well-
defined maximum As the index matching condition between coating and substrate 1s
approached (Ncoating = Nwaveguide), 1t can be seen that the angular dependence of the end-
face output decreases Thus, a low refractive index coating seems to be the optimum
choice for enhancing capture and angular dependence and thus Increasing sensitivity
Therefore, sensing layers fabricated from pure silica, which had a refractive index of

1 43 were employed These sensing layers exhibited peak fluorescence output at 37 5°

10 T T T T T T T T T T T T
— .‘.\.
. =143
- o “
,; T / /A\\A\ |
g 2/ o\
%" 6 Lv/'/v/i% v Y~ \ \ i
= v
a7 =1461 \

8 4 ;———" rl \ \ -
O
—‘g | \ \\ ]
P~ T r1 =1492 \

0 (l) . 1’0 . 2|0 I 310 ‘ 4I0 . SIO I 610 I 7'0

Output Angle 0

Figure 8.9  Angular end-face output for a range of sensing layer refractive indices
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Two films of different thickness but the same refractive index were examined to
investigate the effect of film thickness on the end-face output The films were fabricated
from a pure sihica precursor doped with a ruthenum fluorophore dip-coated onto the
multimode waveguide speeds of 2 8 mm sec’! and 1 mm sec” which yielded thicknesses

of approximately 580 nm and 380 nm with the same refractive index of 1 43

The dependence of the profile of the end-face output on sensing layer thickness is
shown 1n figure 8 10 It can be seen that as expected, the thickness of the sensing layer
has a negligible effect on the position of the optimum detection angle However, the
thickness of the sensing layer has a substantial effect on the intensity of the end-face
output As the thickness of the sensing layer increases so too does the output intensity
Thus 1s to be expected, since as the layer thickness increases there are more fluorophore
molecules present resulting in increased levels of fluorescence and hence a larger

amount of captured fluorescence
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Figure 8.10  Angular end-face output for different sensing layer thicknesses
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This observation suggests that the thicker the sensing layer the more efficient the sensor
device due to increased signal levels This, however, 1s not always a valid assumption
In optical gas sensors the thicker the sensing layer the longer the tume required for the
analyte to diffuse into the matrix and reach the sensing reagent Consequently, the
response time of the sensor device increases Hence, a compromise between signal level
and response time 1s required It was decided for the purpose of oxygen sensing that sol-
gel-derived sensing layers of refractive index 143 and thickness of approximately 580
nm, corresponding to a dip-speed of 2 § mm sec’! provided a large enough signal with a
rapid response time and therefore would be employed A detection angle of 37 5°, as

derived from figure 8 09 was utilised

8.5 Application to Oxygen Sensing

8.5.1 Introduction to Oxygen sensing

The ability to accurately determine oxygen concentration 1s a crucial requirement in
many industrial applications For example, in the mining industry knowledge and
control of the oxygen levels in tunnels 1s crucial to the safety of workers Dry ambient
air contains 20 9% oxygen by volume Should this level drop below 19 5% then
breathing difficulties occur which may result 1n impaired co-ordination,
unconsciousness, coma and death Therefore any oxygen sensor must be capable of
detecting signal changes of 1% and less Oxygen detection 1s also important in a number
of chemical and clinical analysis, and oxygen-sensing devices have also been exploited
for monitoring the course of biochemical reactions during which oxygen 1s produced or
consumed The conventional method for determination of oxygen concentration

employs the amperometric Clark-type electrode which 1s 1llustrated n figure 8 11

The Clark electrode consists of an anode, cathode and an electrolyte Partial pressures of

oxygen are determined by measuring the current flow between the electrodes At the
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cathode, the incoming oxygen 1s reduced to hydroxyl 1ons which n turn oxidise the

metal anode according to the following equations

02+2H20+4e_ —>40H~ [8 8]
2Pb+40H™ — 2PbO +2H,0 +4e” [8 9]
| |
' | Diffusion Barrier

Load Resistor

Anade Elevtrolyte Cathode

Figure 8.11  Clark electrode

The current produced 1s related to the rate of consumption of oxygen Such a device

while providing an effective method for oxygen detection, 1s not without 1ts

disadvantages

1 Oxygen 1s urreversibly consumed during the detection as can be seen from the
equations above Therefore, the device actually depletes the oxygen

concentration of the sample being analysed

2 The signal from a typical cell 1s slightly non-linear
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3 Acidic gases can produce false results due to their absorption by the electrolyte

which allows the flux of oxygen to the electrode to increase

Optical detection of oxygen may be carried out by the fluorescence quenching technique
described earlier 1n this chapter The most common oxygen sensitive fluorophores
employed are the ruthenium family of compounds'' which typically have absorption
maxima at 450 nm, with oxygen-sensitive fluorescence centered at 610 nm The entire

absorption and emission spectrum of such a compound 1s shown 1n figure 8 12 below

1 2 1§ LS L] L] T ¥ L
i Ruthentum Comialex ' I Ruthenium Complelx

Absorption Emission

—
(=]

08

06

04

02

Normalised Relative Intenisty (a u )

0 0 L 1 L L 1
350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 8.12  Absorption and emission spectrum of a typical ruthemum compound

The intensity of the fluorescence emitted from a typical ruthenrum compound 1s
quenched by oxygen in accordance with the Stern-Volmer equation, which was

discussed in section 8 3

I

T°:1+stp02 [810]
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where I 1s the fluorescence ntensity in the presence of oxygen, Ip is the fluorescence
intensity n the absence of oxygen, Ky 1s the Stern-Volmer constant and pO; 1s the
partial pressure of oxygen Therefore, by momtoring the fluorescent intensity emitted by
the sensing layer and coupled into the waveguide 1t 1s possible to determine the

concentration of oxygen in the environment surrounding the sensor device

8.5.2 Oxygen Sensor Fabrication

1213 wwere fabricated by mixing a

Oxygen sensttive fluorescent sol-gel sensing layers
silicon alkoxide precursor (Ethyltriethoxysilane, C;Hs(C2Hs0)3S1, ETEOS) with water,
ethanol and hydrochloric acid, which acts as a catalyst The water was kept at pH1 and
the R value (the ratio of water to silicon alkoxide precursor) at 2 The ruthenium
complex, rutheniumII-tris (4,7-diphenyl-1,10-phenantroline) was added to the precursor
solution, and stirred for 1 hour The typical concentration of ruthemum complex used
was 20,000 ppm with respect to the precursor solution After sturring, the sol 1s stored at
70 °C for 5 hours to promote hydrolysis and condensation polymerisation Thin sensing
layers were then dip-coated m a draught-free environment onto a single side of the
multimode planar waveguides The samples were dried at 70 °C for 17 hours and left to
stabilise at room temperature for 1 month prior to use These sensing layers had a

refractive index of 1 43 and a thickness of 580 nm

8.5.3 Oxygen Sensor Characterisation

A schematic diagram of the experimental system employed to measure the oxygen-
quenched fluorescence 1s shown m figure 8 13 The sol-gel-derived sensing layers
employed 1n the device had a refractive index of 1 43 and therefore 1n accordance with
figure 8 09 a silicon photodiode detector was positioned at the optimum detection angle

of 37 5° to the plane of the waveguide Dedicated lock-1n circuitry was used to measure
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the emerging fluorescence A custom-built flow-cell was attached to the sensor device
and precise mixtures of oxygen and nitrogen gases were passed into the gas chamber
using mass flow controllers (Unit Instruments, Ireland) which were controlled using a

1labVIEW® virtual control panel

Gas Gas Attachable
Inlet QOutlet Flowcell

\gq \ g / Sensor Chip
H g Rotatable

Detector
Support

Sensor /
Support \
Silicon
Blue LED Photodiode

Figure 8.13  Experimental set-up for optical oxygen sensing

The light source employed to induce fluorescence of the ruthemum doped sol-gel layer
was a high power blue light emitting diode (DCL Components, UK) the emission
spectrum of which peaks at 450 nm as shown 1n figure 8 14 This light source 1s 1deal
for use 1n the oxygen sensor due to 1ts large overlap with the absorption range of the

ruthentum complex
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Figure 8.14  Emission Spectrum of high power blue LED

The sensor was exposed to alternate environments of 100% oxygen and 100% nitrogen
and the output of the waveguide monitored A typical response curve 1s shown 1n figure
8 15 Tt can be seen from this plot that the fluorescence 1s quenched dramatically but
reversibly 1n the presence of oxygen gas It 1s also evident from this plot that the signal
to noise ratio 1s extremely high despite the absence of optical filters to help discriminate

between excitation and emission radiation
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Figure 8.15  Response of Sensor to 100% N, and 100% O, gas

The response of the sensor to oxygen concentrations ranging from 0% to 100% in
increments of 10% 1s shown n figure 8§ 16 It may be seen that the device sensitivity 1s
highest at low oxygen concentrations Such behaviour has been investigated thoroughly
n the hterature™ and can be attributed to the sensing layer properties A Stern-Volmer
plot was constructed from the presented data and 1s shown 1n figure 8 17, 1t can be seen

that this curve 1s 1n agreement with the theoretical plot shown previously in figure 8 2
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Device response times upon exposure to and removal of gaseous oxygen were
determined to be less than 1 second for a 90% signal change These response times
comprise the mherent response time of the sensor (governed primanly by the time
required by the analyte to diffuse into the sensor membrane and interact with the
sensing reagent), the filling time for the gas flow-cell and the adjustment time of the
mass flow controllers Finally, 0 027 % oxygen n nitrogen carrier gas was determined
to be the device limit of detection Such a hmit of detection 1s extremely favourable
when compared to the requirements discussed in section 8 5 1 (ability to differentiate

between 20 9% and 19 5%)

8.6 Conclusion

In conclusion, this chapter reports the development of a generic fluorescence sensor
platform which could be apphied towards the detection of both gaseous and aqueous
phase chemicals The theory of fluorescence and fluorescence quenching, the key
processes nvolved, were described m detail The configuration and operating principle
of such a generic sensor device were detailed, with emphasis placed on the importance

of tuning the sensor layer refractive index and detection angle

The sensor has been applied to the detection of gaseous oxygen and has been shown to
exhibit an extremely rapid and large response to the presence of oxygen The high level
of repeatability, good reversibility, rapid response times and a high signal-to-noise ratio
despite the absence of optical filters m the configuration indicate that the device

14-17

performance 1s comparable with that of other optical sensor configurations yet 1s

considerably less costly to produce
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Chapter 9  Development of SPR-Based Fibre Optic
Biosensor

9.1 Introduction

The work presented 1n this chapter 1s unrelated to any work previously described 1n this
thesis It was undertaken as part of a collaborative project between the schools of
Physical, Chemical and Biological sciences at Dublin City University The aim of the
project was to produce an optical-based biosensor that 1s capable of monitoring the 'real-

time' interaction between biomolecules

Biomolecular interaction analysis describes the study of the interaction between a pair
of biomolecules that express an affinity for each other The technique of biomolecular
interaction may be used to detect for a target analyte, by incorporating a biomolecule
that exhibits an affinity for 1t, into a sensor structure It can be also be used to determine

the kinetics of how the two molecules interact

There currently exist a number of optical-based biosensing techmques The most
common configurations typically employ either a grating coupler / waveguide
configuration' that momtors the effective refractive index of a guided mode upon
exposure to biomolecules, or a fluorescence-based waveguide device in which a target
analyte-sensitive biomolecule 1s 1mmobilised upon the waveguide surface™ In the
waveguide devices the guided mode evanescent field extends up to one wavelength into
the medium above the wavegude surface The target molecule, which 1s labelled with a
fluorophore, can specifically bind to the immobilised biomolecule and 1s effectively
captured on the surface of the planar waveguide The labelled fluorophore 1s excited by
the evanescent field of the guided mode and momitoring of the resultant fluorescence
intensity allows for the determination of target analyte concentration and its affinity to
the immobilised biomolecule Such a sensor device 1s indirect 1n nature 1n that 1t 1s not
the target analyte that 1s being detected rather the attached fluorophore Also, such a

configuration does not lend 1tself favourably to the real-ime analysis of the
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biomolecular interaction, and hence a substantial amount of information such as binding
mechanisms and association and dissociation rates of the target analyte and immobulised

biomolecule can not be determined using this configuration

There exists an obvious need for a sensor capable of monitoring biomolecular
interactions 1 'real-time' Such a sensor would provide information on the target analyte
concentration within the analysed sample However, 1n addition 1t could also provide a
great deal of information about the actual interaction event such as the strength of the
binding imteractions, the binding mechanism and the speed with which affinity pairs
bind and dissociate In a typical configuration, the ‘real-time' biomolecular interaction
analysis 1nvolves the immobilisation of one constituent of an affimity pair onto the
sensor surface and continuous monitoring of surface mass changes upon exposure to a
solution containing the other constituent’ The may ority of optical biosensors capable of
'real-time' biomolecular interaction analysis can be described as generic evanescent
wave-based mass sensors whereby, an evanescent field of a guided mode probes
refractive index changes within 1ts penetration depth The changes 1n refractive index

may then be related to mass changes, and the target analyte concentration determined

A common biosensing approach employing the evanescent wave technique 1s that of
surface plasmon resonance (SPR) based sensors’’ The principle of SPR 1s outlined 1n
more detail 1n section 9 2, however 1t will be briefly outlined here If a high refractive
index medium (e g a glass shde) 1s surrounded a lower refractive index medium (e g

aqueous sample), upon total internal reflection, the evanescent field of incident radiation
extends a distance nto the lower refractive index medium Let us now apply a thin (~50
nm) metal layer to the surface of the high refractive index layer At a specific angle of
incidence, the evanescent wave can resonate with a surface plasmon® (1e free
oscillating electrons) in the metal resulting in the transfer of energy This causes
absorption of the light and a mmnimum 1n the intensity of the reflected light 1s observed

The angular position of the resonance 1s sensitive to changes in the refractive index at
the metal surface Hence, a plot of the resonance shift against time allows changes 1n the
refractive index (as introduced by the increased mass near the sensor surface due to

binding biomolecules) within the penetration depth of the evanescent field to be
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monitored This type of angular-dependent SPR 1s generated using monochromatic
light, 1t 1s also possible to use polychromatic light and generate wavelength-dependent

SPR

Currently there are several commercially available evanescent field-based SPR
biosensors BIAcore AB (Uppsala, Sweden) are probably the industry leaders and have
released a number of angular-dependent SPR-based biosensors (BlAcore
1000/2000/3000™) which are fully automated and consist of a disposable sensor chip,
an optical detection unit, an integrated microfluidic cartridge, an autosampler, method
programming and control software This configuration 1s capable of 'real-time' analysis
and 1s widely employed 1n lab-based situations However, due to the large dimensions
of the device, high cost (>£60,000), requirement for clean samples and the planar
geometry of the sensor chip, 1t 1s not compatible with use 1n the field or in on-line
configurations To this end BIAcore have also developed a wavelength-dependent SPR-
based probe configuration that employs a polychromatic source with a gold-coated fibre
optic configuration This arrangement enables dipstick-type analysis However, 1t 1s
severely limited by non-'real-time' data acquisition and high cost (>£30,000) Therefore,
there 1s an obvious need for a low cost dip-stick style sensor probe for on-line or field
applications that 1s capable of accurately monitoring in 'real-time' biomolecular

Interactions

In this chapter, a polychromatic SPR-based fibre optic biosensor capable of monitoring
1n ‘real-time’ biomolecular nteractions 1s presented The sensor 1s a low cost (<£5,000)
yet sensitive device that 1s easy to fabricate Sensor construction, data processing and
calibration techniques are presented As a proof of principle the sensor 1s then applied to
the monitoring of the well-understood biomolecular interaction between protein A and
its corresponding antibody rabbit IgG Finally, the device 1s then employed to rapidly
determine red blood cell concentrations 1n solution All work reported 1n this chapter
was carried out 1n collaboration with Dr John Quinn (School of Biological sciences) and
Dr Shane O’Neill (School of Chemical Sciences), both of whom were postgraduate

students at the time
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9.2 Surface Plasmon Resonance

9.2.1 Angular-Dependent and Wavelength-Dependent Surface
Plasmon Resonance

Surface plasmon resonance has 1ts foundations 1n one of the basic principles of optics,
that of total internal reflectance Consider two dielectric materials with refractive
indices n¢ and ng respectively Total reflection of incident radiation occurs above a
critical angle, theta, when n¢ > ngy At the same time, an evanescent electromagnetic
wave propogates away from the mterface Surface Plasmon Resonance (SPR) occurs

when a thin conducting film 1s placed at the interface between the two optical media as

shown 1n figure 9 1
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Figure 9.1  Surface Plasmon Resonance

At a specific mncident angle, greater than the TIR angle, the surface plasmons
(oscillating electrons at the edges of the metal) in the conducting film resonantly couple
with the light because their frequencies match Since energy 1s absorbed mn this
resonance, the reflected intensity, I, shows a drop at the angle where SPR 1s occurring,

as shown 1n the figure 9 2
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Figure 9.2  Typical Theoretical Angular-Dependent SPR Spectrum

Mathematically, the electric field of the surface plasmon wave propagating 1n the z-

direction may be expressed as

E (x,2,t) = E? (x)exp(ito — 1k ,z) [91]

where o 1s the angular frequency and k, 1s the SPR propagation constant along the z-

direction which may be written as

k, =k, +1k, [92]

The SPR propagation constant depends on a number of parameters such as the free-
space wavenumber (ko), the complex permittivities of the metal and the dielectric (g,

€4), and may also be expressed as
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1
2
K, =k0( Entq j [93]

€, +t¢&y

At the resonance angle 6, the real component of the SPR propagation constant matches

that of the incident beam along the z-direction, konsin6s,
k, =kon;sinf [94]

where nr 1s the refractive index of the high index medium Hence, 1t can be seen that
these two equations describe fully how the phenomenon of surface plasmon resonance
may be employed as a sensing mechanism The permittivity of the metal film and the
refractive index of the high index medium are constant values, therefore, any change in
the refractive index of the dielectric being sensed results in a shift in the angular
resonance spectrum Therefore, by measuring SPR resonance parameters such as
coupling angle, B, full width at half maximum, A6, and the reflected light intensity,

Rmm) 1t 18 possible to determine the complex refractive index of the dielectric’!!

[t 1s important to note that only TM polanised radiation contributes to the SPR effect
Thus 1s due to this particular polarisation having an electric field oscillating in the plane

normal to the plane that contains the metal film

It 1s also possible to generate surface plasmon resonance by combining polychromatic
light and waveguides, such as optical fibres'>'* The fibre optic accommodates multiple
guided modes propagating at a range of angles wavelength If a part of the cladding of
the fibre optic 1s removed and replaced with a thin metal film as shown n figure 9 3,
then there are a range of wavelengths incident upon the core - metal film interface at a
spread of angles The dielectric function (g) of the metal 1s wavelength dependent, and
hence for a given refractive index above the metal film, there exists a wavelength at
which coupling between the incident light and surface plasmons can occur This

manifests 1tself as a dip 1n the emerging wavelength spectrum at the specific resonance
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wavelength If the refractive index of the medium being sensed changes then so to does
the wavelength at which resonance occurs Figure 9 4 shows a typical wavelength-

dependent SPR spectrum
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Figure 9.3  Wavelength-Dependent SPR Configuration

Reflected Signal (a u)

Y I IR T T RN R R R SRR SR S
500 520 540 560 580 600 620 640 660 680 700 720 740

Wavelength (nm)

Figure 9.4 Typical Wavelength-Dependent SPR Spectrum
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However, 1t should be noted that due to the nature of the broadband sources the systems
cannot achieve better than 50 % attenuation since the white hight used 1s usually
unpolanised and the fibres used are large diameter fibres, which cannot maintain

polarisation states

9.2.2 Choice of Metal Thin Film

In order for a metal to be applicable to surface plasmon resonance 1t must have
conduction band electrons which are capable of resonating with radiation 1n the visible
and near-infrared region of the spectrum’® The mam reason for this 1s the wide array of

optical sources and detectors which function 1n this spectral range

There are a number of metallic elements that satisfy this imitial requirement including
gold, silver, gold, copper and aluminium In theory, it 1s possible to employ any of these
metals 1n SPR applications However, 1n practise only gold or silver layers are utilised
The main reason for this 1s the tendency of oxides and sulfide films to form on the
surface of other elements which adversely affect SPR Another requirement demanded
by SPR 1s that the metal must be compatible with the chemistries needed to perform
assays Specifically, the chemical attachment of antibodies or other binding molecules

to the metal surface must not impair the resonance

9.3 Fibre Optic-Based SPR Sensor

9.3.1 Sensor Construction and Operation

The main components of the sensor system are a tungsten halogen lamp (LS-1, 360 -
2000 nm), a fibre reflection probe (R200, 200 um core), a mumature UV-VIS
spectrometer (52000), all of which were purchased from the same supplier (Ocean
Optics, USA), an 1n-house fabricated fibre connector to couple from the fibre reflection

probe to the CMS5 probe, laptop computer and a gold-coated fibre optic probe (CM5
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Probe, BIAcore, Sweden). The entire sensor device configuration is clearly illustrated in

figure 9.5.

Miniature
Spectrometer

Fibre probe
White Light
Source
Custom-made
connector N
Sensor Probe n

Sample N

Figure 9.5  Sensor configuration.

White light from the tungsten halogen lamp is launched into the reflection probe and
multiple modes propagate along the fibre probe. The propagating radiation is then
coupled into the sensing element (CM5 Probe) which consisted of a gold-coated (1 cm
in length, 50 nm thickness) optical fibre with a gold mirror deposited at the tip. A three-
dimensional matrix (carboxymethylated dextran hydrogel) is deposited onto the gold
surface by employing an alkanethiol self-assembled monolayerl6. The purpose of this
structure is to increase device sensitivity by facilitating the immobilisation of a large
amount of biomolecules close to the metal film. Upon exposure to the other constituent
of the biomolecular interaction there will be a large mass change close to the metal

surface due to binding of the pair, which in turn leads to a refractive index change,
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which produces a shift 1n the SPR spectrum The sensing element 1s 1llustrated mn figure
9 6 All interactions between evanescent fields and surface plasmons take place along
the gold-coated sensing element and are performed at ambient temperatures and
humidities The light 1s then reflected back along the probe via a murror coated on the
sensor element tip and the encoded signal 1s coupled to a minature spectrometer A
spectrum 1s generated and the resultant data 1s relayed to the laptop computer where a
custom-written LabVIEW program finds the spectral shift of the reflectance minimum

and generates a ‘real-time’ interaction curve

Cladding

CM Dextran Maitror

White
Light
In

Gold Layer
Fibre Optic

Figure 9.6  Sensor element

9.3.2 Data Acquisition, Processing and Display

A LabVIEW program consisting of a virtual control panel to allow user control 1s the
method employed for data acquisition, processing and acquisition The program was
written by Dr Shane O’Neill of the School of Chemical Sciences at Dublin City

University Acquisition 1s performed using a National Instruments Dag — 700 PCMCIA
1/O card

The output control panel 1s 1llustrated in figure 9 7 On the left hand side of the display
are the experiment controls, which are used to define the polynomial order used 1n the

data fiting routine, to save a reference spectrum and to save the actual resonance
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spectrum The right hand side of the panel contains four graphical displays, which are
monitored throughout the experiment The graphical display marked 1 in the diagram 1s
the intensity profile of the reflected light from the sensor device The observed dip in
the signal 1s the SPR mimimum Section 2 of the output display panel 1s the generated
fitted resonance spectrum, which has been referenced against the absolute reflected
intensity of the halogen light source 1n the absence of SPR Section 3 1s a close up view
of the resonance mimimum, while section 4 1s an example of a ‘real-time’ interaction
curve In graphical display number 4 the x-axis 1s time 1n seconds while the y-axis 1s the
position of the resonance mimmum which will hereafter be referred to as response in

arbitrary units (au )

B! Prefim. curve fitting.vi
Fle EdtaJperdls” Praect Windows Helb o .

D] @n][13tAopicaonFont 3135 2] [im =)
AR

i %t/ /</ EEERNN WQ(\\/)//‘ \(//«@i&\

Pénomal Order*”
v Wansy
@

S Phmligt # Lo b Vyerbe b L e | O epv  —
o S0 1500200 250,300 Bopal0 bSO o000 vsn,, g
k] aﬁw é« 25 AR L %%@m//z\ RS, RN R i e 10
o33 0o 24 . .. A 3 W
illSB g s %@
Y ﬁ A ¢

%]
pe

7
2

s 0
B = S ke o
168D " 18 B TeR 0| 0 g

£

[N DD e !
o M A e B R “ - Al N - * TR T
Rsan|| @ A9 9 AT A0 F | B [ 5T @ e

Figure 9.7  LabVIEW virtual control panel and data display
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The resonance minimum as seen on the y-axis of display 4 was determined by fitting the
spectrum with a 30™ order polynomial and then using the Peak-Find algorithm supplied
by LabVIEW This routine 1s performed every 0 4 seconds and thus a ‘real-time’ plot of
the sensor response could be obtamned and viewed on the display panel It was also
possible to store the complete interaction curve as an ASCII file for analysis In
addition, an option to save and store the resonance spectra at any point during the

analysis was incorporated

9.4 Sensor Calibration

The sensing mechanism employed in this sensor 1s a wavelength shift in the resonance
condition which 1s induced by a change in the refractive index surrounding the probe
Therefore, prior to using this sensor configuration to detect for biological components it
was necessary to calibrate the device response to different refractive indices The sensor
probe was immersed 1n glycerol water solutions and the resultant shift of the resonance
minima as a function of refractive index was measured The refractive indices of the
calibration solutions were previously determined using an Abbe refractometer (Milton
Roy Tabletop Refractometer 3L) and are presented in figure 9 8 This was then used to

calibrate the fibre optic SPR sensor response
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Figure 9.8  Refractive index of glycerol water solutions

Figure 9 9 shows the sensor response to glycerol water solutions with increasing
glycerol concentrations from 5% to 50% 1n 5% increments The sensor element was
immersed 1n the solutions for one minute at a time and the resulting resonance spectrum
was recorded It can be seen that the resonance minimum shifts to higher wavelengths

with increasing refractive index as predicted by theory
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Figure 9.9  Resonance spectra for glycerol water solutions ranging from 5% to

50% glycerol content

The position of the resonance mimima 1s related non-linearly to the refractive index of
the glycerol water solutions and was determined by plotting the respective refractive
indices against the shifts in the resonance minima obtained from the sensor device The
resulting calibration curve 1s shown 1n figure 9 10 where 1t may be seen that the sensor
response 18 non-linear and shows a shight increase 1n sensitivity at higher refractive
indices The range of the sensor extends from a refractive index of 1 33 to 1 39 with a

maximum achievable resolution of approximately 1 x 10 at the hugh sensitivity end
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9.5 Detection of Biomolecules

9.5.1 Introduction

Some of the most common biomolecular pairs that express an affinity for each other are
proteins and antibodies A protein 1s very simply a collection of ammo acids while
antibodies are serum protemns produced by B-lymphocytes in response to a foreign
substance (e g antigen) Antibodies may be raised to almost all classes of substances
including, protemns, polysacchanides, nucleic acids and complex particles such as

pollens, infectious agents and cells
When an antibody 1s raised to a specific antigen it exhibits a high level of attraction

towards the antigen and likes to attach itself to the antigen One of the most widely

understood antigen - antibody interactions 1s that of rabbit IgG antibody and protein A
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The rabbit 1gG is produced by extracting blood from a rabbit, which is then allowed to
clot and the liquid serum remaining is removed. This serum contains the IgG antibody.

It is possible to employ the proposed SPR sensor device as an affinity-based sensor™ ™"
As a proof of principle for the proposed biosensor the interaction between these two
biomolecules was analysed. The sensing arrangement is described in detail in the
following section. However, a brief introduction to the principle of operation is also be
presented here. Protein A is immobilised onto the hydrogel matrix at the probe surface.
Upon introduction of a solution containing rabbit 1gG binding occurs between the pair.
The sensing mechanism is shown in figure 9.11a. The binding in the hydrogel matrix
produces a mass change within the evanescent field of the sensor probe which manifests
itself as a change ion the refractive index about the probes, which in turn leads to a shift
in the wavelength position of the resonance condition. By monitoring the shift of
resonance position on exposure to the antibody and the temporal profile, it is possible to

extract information about the binding mechanism and antibody concentration.

(a) (b)
Figure 9.11  Detection Mechanismfor (a) Antibody and (b) Red Blood Cells.
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The sensor was then applied to a realistic medical application, namely the determination
of red blood cell (RBC) concentration 1n solution The principle of detection 1s similar
to that employed for the determination of antibody concentration and 1s shown 1n figure
9 11b Protein A 1s immobilised on the sensor surface and a protein A-specific antibody
1s affimty captured This antibody, 1s not only specific to a single type of protein (A),
but 1t 15 also exhibits an affinity with a single type of red blood cell (Group A) As a
result, upon introduction of group A red blood cells 1n solution, there 1s binding
between the Protein A - antibody structures and the blood cells Again, a mass change
and hence a refractive index change near the probe surface 1s introduced which allows

the target analyte concentration to be determined

9.5.2 Immobilisation of Protein A

The process of immobilising protein A on the hydrogel matrix 1s illustrated in figure
912 The sample was nitially immersed 1n a phosphate buffered saline (PBS) solution,
which provides for a neutral pH environment that does not destroy or degenerate the
biomolecules The proteins in question are positively charged and hence in order for
binding to occur, the hydrogel must be positively charged This was achieved by
exposing 1t to an activation solution (11 mixture of 04 M N-ethyl-N'-
(dimethylaminopropyl) carbodnmide (EDC) and 0 1 M N-hydroxysuccmimide (NHS)
in ultrapure water for seven minutes) After hydrogel activation the probe was
subsequently exposed to a protemn A solution (50 pg/ml, in10 mM sodium acetate
buffer, pH 4 3) for 11 minutes which allowed preconcentration of the positively charged
protein onto the negative hydrogel This resulted in covalent coupling of the protein A
to the activated surface The sensor was then immersed in PBS buffer for two minutes
to remove any unbound proteins from the structure Upon removal of all unbound
proteins 1t was necessary to block any free binding sites on the hydrogel to possible
interferents by a process known as capping This 1s achieved by exposing the sensor

probe to 1 M ethanolamine (pHS 5), which effectively neutralises the binding sites The
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sensor probe was then ready for use in the analysis of the biomolecular interaction

between protein A and the protein A-specific antibody rabbit IgG
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Figure 9.12  Immobilisation of protein A onto hydrogel at sensor element surface

9.5.3 Detection of Rabbit IgG Antibody

The protein A-coated sensing element was exposed to the varying concentrations of
rabbit IgG antibody 1n PBS buffer solution for 2 minutes at room temperature, causing
affinity binding of the respective biomolecules The interaction curves for a range of
antibody concentrations are shown 1n figure 9 13 It can be seen that upon introduction
of the antibody there 1s a significant shift in the surface plasmon resonance position
(response) even for low concentration levels This shift 1s due to both bound and
unbound antibody The absolute response due to bound antibody may be determined by

a simple PBS exposure for thirty seconds to wash away any unbound antibody
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Figure 9.13  Interaction curves for increasing concentrations of rabbit IgG antibody

From the antibody binding response curves 1t was possible to construct a calibration
curve as 1llustrated 1n figure 9 14 It can be seen that there 1s a sigmoidal shape to the
data when antibody concentration 1s plotted on a log scale If we assume that the device
response to low concentrations of rabbit IgG antibody 1s effectively linear, as shown in

figure 9 15, then a limut of detection of 1 6 pug / ml for rabbit IgG can be deduced

Removal of bound antibody was achieved by exposing the probe to 20 mM HCI for
thirty seconds and then to PBS It was observed that the sensor response returned to the
initial baseline after each interaction, indicating complete removal of all bound antibody
and therefore total regeneration of the surface This is an extremely desirable effect

because 1t allows for repeated use of the same probe without degradation
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9.5.4 Detection of Red Blood Cells

Detection of group A red blood cell concentration was performed by covalently binding
protein A to the sensor element as previously described An anti-A antibody (IgGap)
which 1s specific only to protein A and group A RBC's was then bound to the protein by
affinity-capture as per the mechanism described in the previous section Thus, the
sensing probe consisted of a gold film with a hydrogel matrix upon which there were
bound groups of protein A and anti-A antibody Upon exposure to type A RBC's in PBS
solution, there 1s binding of the blood cells to the antibody which produces a localised
change in the refractive index and thus a shift in the position of surface plasmon

resonance A typical interaction curve for RBC detection 1s illustrated in figure 9 16
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Figure 9.16  Complete interaction curve for the detection of red blood cells
It 15 possible to remove all bound antibody and red blood cells by exposing the probe

sequentially to HCI, 0 1% Triton 100 m PBS, HCI and finally PBS This allows for

complete regeneration of the sensor thus facilitating multiple use

207



160 L Addition of - ' ' ' ' ]
L Red Blood
140 ~Cells 1n PBS
ol Solution PBS Wash to Remove /V ]
| Unbound Blood A
= 100 - e T e ]
st —— 100%RBC |
2 T — 90% RBC 7
é. 60 - —— 63% RBC
2 - 40% RBC
or 20% RBC J
20 - ~ R
0 . T -
s 1 L ] n 1 " 1 1 1
0 25 50 75 100 125 150 175

Time (secs)
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Figure 9 17 shows the sensor response to a range of red blood cell concentrations in
PBS It may be seen from this plot that the device exhibits higher sensitivity in the high
concentration region From this data 1t 1s possible to construct a calibration curve as
shown 1n figure 9 18 It can be seen that the relationship between device response and
rred blood cell concentration 1s approximately exponential in profile A limit of detection

for red blood cell concentration in PBS solution of 4 5% (v/v) was determined

9.5.5 Non-Specific Binding

Non-specific binding of molecules to a functionalised biointerface 1s an undesireable
process n biosensing and 'real-time' biomolecular interaction analysis of complex
samples (e g serum, urine and milk) mvarably suffer from non-specific binding Non-
specific binding 1s the physisorption of sample components that do not possess specific
interaction sites with the immobilised ligand and often results from an nherent
hydrohobic or 10nic character of the mterfacial chemistry Generic transduction systems
cannot discriminate between non-specifically adsorbed protein and specifically bound
analyte Hence, the use of non-specific site blockers (e g bovine serum albumin), high
1on1c strength buffers, surfactants and spiking of samples with adsorbing molecules may

be required

It was expected that there wouild be negligible non-specific binding in the sensor
configuration presented here due to the high specificity of the components involved In
order to determine the extent of non-specific binding of red blood cells to protemn A
which was not bound to red blood cell specific antibody, the protein A coated sensing
element was exposed to 100 % (v/v) washed group A red blood cells for two minutes 1n
the absence of anti-A IgG The interaction curve 1s illustrated 1n figure 9 19 It may be
clearly seen from the graph that upon exposure to the red blood cells there 1s a change 1n
the response of the device, due to bulk effects However, upon immersion 1n PBS buffer
the response returns to the imtial baseline Such observations indicate that the
interaction of the group A red blood cells 1s highly specific, and they will bind only to

anti-A matenals and not to the immobilised protein A

209



30
Red Blood Cells in

25 - PBS
20 -
3
& 15
5- PBS PBS'X
0
0 50 100 150 200

Time (secs)

Figure 9.19 Interaction curve ofprotein A and red blood cells in the absence ofanti-
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9.6 Conclusion

In this chapter a fibre optic-based SPR sensor capable of monitoring biomolecular
interactions in 'real-time' was presented. The device, which is refractometric in nature, is
low cost in nature, with all assembled components costing less than £5,000. This figure
compares favourably with the cost of commercially available SPR probes (£30,000).
However, the sensor configuration presented here has the added advantage of being able
to monitor the interactions in 'real-time'. Thus, allowing for the analysis of the kinetics
of interactions between biomolecules as well as target analyte concentration

determination.

The sensor employs a gold-coated fibre optic probe into which white light is launched.

Upon achievement of resonance conditions, energy is coupled into surface plasmons in
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the gold film and a dip 1n the reflected wavelength spectrum 1s observed The position
of this dip exhibits a refractometric dependency and the device 1s capable of detecting

refractive index changes of as low as 1 x 10*

As a proof of principle, the sensor was then successfully applied to the detection of both
rabbit IgG antibody and group A red blood cells using a technique known as affinity
capture The sensor was biologically engineered to be extremely target analyte-specific,
with the result that the undesirable characteristic of non-specific binding of mterferents

to available sites was not observed
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Chapter 10 Conclusion

The work presented 1n this thesis described the development of a number of evanescent
wave-based sensor platforms for the detection of both chemical and biological target
analytes The sensor platforms presented employed a range of sensing mechanisms such
as analyte-sensitive absorption, fluorescence quenching and the refractometric

techmique of surface plasmon resonance

The sol-gel process, a simple and highly flexible process for the production of glassy
materials, and the parameters that control the rates of the chemical reactions involved,
were described It was 1llustrated how the sol-gel process may be employed to fabricate
a wide range of glass components ranging from porous thin films, doped with an
analyte-sensitive reagent for use as sensing layers, to integrated optic components such
as planar waveguides and grating couplers, all of which may be incorporated nto the

platforms

Detailed theoretical analyses of the operation of planar waveguides and grating couplers
were presented and the fabrication techniques employed to produce these components
using sol-gel technology were then discussed The resultant integrated optic devices
were then tested and characterised using a range of techmques, such as fourier transform
infrared spectroscopy, atomic force, scanming tunnelling microscopy and diffraction
studies and their physical and chemical characteristics were determined It was found
that 1t was possible to fabricate high quality integrated optic components using low cost
techniques such as dip coating and embossing The fabricated waveguides exhibited low
losses and low surface roughness, while the embossed sol-gel-derived grating couplers
closely matched the masters used to fabricate them and exhibited high couphing

efficiencies despite the relatively simple technique employed for their fabrication

The fabricated grating coupler / planar waveguide platforms were then modelled using
commercially available software The aim of which was to provide information on
possible routes towards the optimisation of the grating coupling efficiency The

software was used to monitor the effect of a wide range of system parameters, such as
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waveguide thickness, waveguide refractive index and grating groove depth upon the

coupling efficiency of the grating coupler / planar waveguide structure

Two specific absorbance-based sensor platforms employing sol-gel technology, planar
waveguides and grating couplers were proposed The first configuration employed a
low-mode planar waveguide and a laser source The device was successfully applied to
the detection of gaseous ammonia using a range of sensing layers However, due to the
critical angular dependence of the resonance condition and the lack of mechanical
stability of this device further development of this configuration was not continued A
second platform was developed which had a relaxed resonance condition This
configuration employed a multi-mode waveguide and focused LED hght The device
could simultaneously launch and support multiple guided modes and 1ts generic nature
was 1llustrated by the successful application to the detection of gaseous ammonia and

carbon dioxide using a variety of sensing layers

A generic fluorescence-based sensor platform was also described The device employed
the anisotropy of fluorescence emitted near an interface and the resultant evanescent
capture of the emitted fluorescence by modes in a planar waveguide The device
configuration and principle of operation were described and the effect of sensing layer
properties on the device performance were discussed As a proof of principle the
platform was applied to the detection of gaseous oxygen using an oxygen-sensitive
fluorophore immobilised 1n a sol-gel-sensing layer It was seen that the device exhibited
excellent response and reproducibility with a high signal to noise ratio despite the

absence of optical filters

Finally, a sensor platform employing surface plasmon resonance and fibre optic
technology was presented The theory of surface plasmon resonance (SPR) was
discussed 1n detail, along with the factors governing the choice of metal layer A sensor
probe configuration was presented and the principle of operation were described As a
proof of principle the device was apphied to the refractometric-based detection of a

range of biological compounds
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One possibility for future work mvolves identification of a new low temperature
approach to the fabrication of sol-gel-derived planar waveguides A low temperature
fabrication process would enable direct mcorporation of the sensing reagent into the
waveguide layer providing increased sensitivity due to mncreased interaction length and
a simpler device configuration Possible approaches to such work could nvolve the use
of photosensitive sol-gel materials which may be patterned by exposure to ultraviolet

radiation, as was discussed 1n chapter 2

Similarly, work on improving the grating fabrication procedure needs to be investigated
Direct writing of gratings to the waveguide core using the above-mentioned technique
of photosensitive sol-gel materials should be imnvestigated It 1s also necessary to
investigate new improved grating embossing techniques for the production of grating
couplers The use of chirped (aperiodic) grating couplers or diffractive optic elements
(DOE's) to relax the resonance condition required to launch lhight mto gwmded modes

should also be addressed

There also exists the need for a detailed theoretical investigation of all sensor
configurations This 1s necessary to optimise the geometry of the sensor platforms in
order to enhance sensitivity and performance Application of each sensor platform to the
detection of a wide range of target analytes would be advantageous since 1t could further

prove the generic nature of the devices

Possible future work on the fluorescence-based sensor platform could 1nvolve
modification of the device configuration so as to optimise fluorescence capture
efficiency The application of the platform to the detection of a range of target analytes

should also be addressed

An nvestigation to the cross sensitivity of each of the sensor devices presented 1n this
thesis 1s also crucial The absorbance-based ammomia and carbon dioxide gas phase
chemical sensors presented n this thesis employ pH-sensitive indicator dyes and as a
result exhibit a certain amount of cross sensitivity to other gases which alter the pH of

the indicator This cross sensitivity severely limits the possible applications of these
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sensors Therefore, the extent of the cross sensttivity must be determined by exposing
each of the sensor devices and sensing layers to sample gases containing various levels
of other acidic / basic gases This study would also be extremely beneficial in that 1t
could provide information as to how overcome such a lack of device specificity The
SPR-based biosensor presented in chapter 9 must also be further analysed for
specificity This may be achieved by exposing the sensor probe to a range of biological

entities which do not express an affimity with the bound biological reagent

Fouling of the devices due to chemical species absorbing on the sensing layer and also
due to the evanescent field extending beyond the sensor layer into the surrounding
media need to be investigated The former may be investigated by immersing the
devices 1n a range of chemical environments and monirtoring device performance upon
exposure to the target analyte This study should provide information as to how to
protect sensor devices from chemucal fouling The latter type of fouling may be
investigated by utilising guided modes with a range of penetration depths which are
both confined to and extend beyond the sensing layer Device performance upon
exposure to a known concentration of target analyte may then be used to determine the

extent of fouling

The use of intensity referencing techniques must also be addressed In the current
configurations there are no referencing mechamsms in operation This leads to
degradation and uncertainty of device performance because fluctuations 1n the source
intensity, for example, may manifest themselves as changes in device output There
exists a range of referencing techmques which may be employed to counterbalance
source fluctuations One of the easiest is to employ a beam-splitter to tap off a fraction
of the incident radiation This signal may be then be used to remove source-based
fluctuations 1n the sensor device output by employing a simple divider circmit In the
case of the fluorescence-based systems, the use of fluorescence decay time instead of

intensity overcomes many of these problems

Issues such as the thermal stability of the sensor devices have not been investigated n

the course of the research presented in this thesis However, thermal stability 1s an

5
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extremely important for all sensor devices There 1s the need to measure the effect of
temperature fluctuations on device performance Such a study is easily performed by
mounting the sensor device upon a thermoelectric cooler (TEC) with thermistor-based
temperature feedback to both control and alter the device temperature Analysis of the
device properties for a range of thermal conditions would provide valuable information
not only about the operating range for such sensors but also possible solutions to

overcome thermal dependency

It 1s also necessary to investigate the effect of humidity upon device performance This
study would require the use of an environmental chamber that can precisely control the
relative humidity within the chamber The device response to a given gaseous
concentration would then be determined for a range of humidities and correction factors
may be used Agam, such an 1nvestigation would be of crucial importance if

commercialisation of such sensor devices 1s desired
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Appendix 1 Waveguide Theory

In wave optics, a mode may be characterised by its propagation constants, or more
usually by its effective index neff. The plane wave propagation constant in the wave-

normal direction is defined as kOnf, as shown in figure 1

Figure 1 Wave-vector diagram.

where ko = 2ii/X and X is the light wavelength in free space. The relationship between

the incident angle 9 and the propagation constants along the x and z directions are

kx = kOnfcos9 ]

kz = konfsin0 [2]

The effective index of a guided mode neff can be defined as

nef = nfsin0 [3]

It follows that

kz = kOndf [4]

The range of angles for guided modes is 06 < 9 < 90°, and this corresponds to an

effective index range of ns< nerr < nf.
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Two of Maxwell's equations 1n 1sotropic, lossless dielectric medium are

~ oH
VxE:-p(,E (5]
and
VxITI:sOnZgFi (6]
ot

where € and py are the dielectric permittivity and magnetic permeability of free space,
respectively, and n 1s the refractive index In the orthogonal co-ordinate system (x, y, z),
suppose that the plane wave propagates along the z direction with the propagation

constant k, The electromagnetic fields vary as
E = E(x,y) gHlor-kz) (71
H = H(x,y) e/ 8]

where the angular frequency @ = 27m¢/A, and ¢ 1s the light velocity 1n free space (c =
1/\(gopo)) In the step-index 2-D waveguide in figure 1, the electromagnetic fields are
independent of y, Accordingly, since 0/0t = jo, 6/0z = - jk, and 8/0y = 0, equations 5
and 6 yield two different modes with mutually orthogonal polarisation states One is the
transverse electric (TE) mode, which consists of the field components E,, Hy, and H,
The other 1s the transverse magnetic (TM) mode, which has components E,, H,, and E,
The field solutions and the boundary conditions at the interfaces x = - d/2 and x = d/2
lead to eigenvalue equations that determine the propagation characteristics of the TE
and TM modes In this chapter only the transverse electric waveguide modes will be

discussed 1n detail

223



For TE modes we use Maxwell's equation 5 to obtain an expression for the guidance

condition

Vxﬁ=—p-aﬂ=—mjpﬁ [9]

The curl of the field can be expressed as

. .\ (6B, @E,
(VxE), =( o j [10]
_ .\ (%E, GE,
(VXE)y{ - axj (1)
. .y (OB, GE,
(VxE)z{ 2 ay) [12]

However, since the electromagnetic fields are independent of y, equations 10 - 12

become
(VxE), =(— aiy) [13]
(¥ xE), =(a§; —52:) [14]
(¥E), =(66E;j [15]

These equations can be further simplified because we know that for TE modes E, = 0

and 0/0z = -1k, Therefore equations 13 - 15 become
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(VxE), =(1kE,) [16]

(VxE), = k,E,) [17]

.\ (o,
(v E), = {—gj [18]

Vxl:f:-p-a—ﬂ=—mjuﬁ [19]

We can therefore equate the x, y and z components to their counterparts 1n equations 16

- 18 giving

)k, E, =—joH, [20]
-Jk,E, =—joH, [21]
OE

8xy =-ujoH, [22]

Equation 22 mmplies that the tangential component of H may be obtamned directly from

the equation below,

Hz(x,z)=$§;-Ey(x,z) [23]

We now assume that the field distribution for TE modes decays exponentially in both
the cover and substrate regions, and 1s oscillatory in the waveguide film region The

fields are of the form
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E, (x, z)=E g™ e - Cover [24]

Ey(x, z)=E,cos(k x +y)e - Film [25]

ogX

E, (x,z)=E.,e e - Substrate [26]

s

where the transverse wavenumbers are defined by the appropriate dispersion relation 1n

each region

a, =ykli-og [27]

a, =k -0hg, | [28]
k=0l -k [29]

The constant  present in the field description for the waveguide film region represents
the asymmetry of the structure Its relationship to the amplitude coefficients E, Er and
E; 1s to be determined from the requirement of continuity of tangential E and Hat x =

d/2

Equations 23 — 26 yield

H (x,z)= —12e E e exe s x> d/2 [30]
O]V

H,(x,z)=— Ik, E sin(k x +y e x| <d/2 [31]
U ¢
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H,(x,z)= 2 E e e x <-d/2 [32]
Op

Applying boundary conditions at x = d/2 ( Ey, Hy (cover) = E,, Hy (guide) )yields

E e = E,cos(k, (d/2) +v) [33]
B e = %Efsm(kx(d/z)w) [34]
o

As the left-hand sides of these two equations are equal, we can equate the right hand

sides as follows

cos(kx(d/2)+\|/)=&sm(kx(dﬁ)ﬂy) [35]
B

By manipulating this equation, one obtains the following equation

tan(k (d/2)+vy)= ui“ [36]
H Ky

Applying boundary conditions at x = - d/2 yields

Ee™ ) = Bcos(-k, (d/2)+y) [37]
Ese—us(d/2) — ;—uf(;l(—foSln(— kx (d/2) +\V) [38]

We now equate equations 37 and 38 yielding

cos(- k (d/2)+vy)= THKy sin(-k_ (d/2)+vy) [39]
R
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Further development of equation 39 gives

tan(~k_(d/2)+vy)= iﬁh [40]

§7X

but we know that tan(-A) = -tan(A) Thus,

tan(~ k, (d/2)+v) = ~tan(k, (d/2)-v) [41]

and hence

tan(k, (d/2) —y)=s [42]
T

Recall that tan(A) = tan(A £ nm) where n 1s an integer Therefore, equations 36 and 42

can be rewritten as

tan(k  (d/2)+y inn)=ﬁi° [43]
and
tan(k (d/2) -y + m7t)=tf(lx(S [44]

By taking the inverse tan of both sides of equations 43 and 44 we obtain the following

equations

k, (d/2)+y =tan-‘(ifi G jxmc [45]
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and

k, (d2)-y = tan”[(u—‘ii) + mn [46]
1

X

Let us now define two components (chE and (pSTE as follows

0. = 2tan'1[Ll @ J [47]
[T &

o™ = 2tan'1(u s J [48]
Bk,

The components ¢, - and @'~ represent the phase shifts resulting from total internal
reflection at the waveguide interfaces with both the cover and substrate regions We can

use these components to write equations 45 and 46 1n the form shown below

k, (d/2)+y = %(p " Fnn [49]
and
k, (d2)-y = %(pjﬁ Fmn [50]

Treating these two equations as simultaneous equations and adding to eliminate y

yields

2k, d~¢F —9F =2pn p=0,1, [51]

Equation 51 1s the most general guidance condition for the TE modes of a slab

waveguide and we will now attempt to further simplify We can then use the equation to
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obtain all the propagation characteristics of any specific mode supported by the

waveguide

By direct substitution for ki, (chE, (pSTE, o, and os one can rewrite the guidance

condition 1n the form shown 1n equation 52

kX -o'ug kX -o’ng
dyou e, —k2 =pn +tan™ MivEe TOREe || | BV G ZORES [52]

poyone, -k noo'p e —k?

but we also know that the wavevector 1n the z direction k, = w(useff)” 2 Hence equation

can be further simplified to the equation below

2 2 2 2

(0] € - £ [Q] € - €

d (Dzufo—(Dzllfs o =PpT +tan_l IJ'f\/ 2“’1’ eff - HeE e +tan’1 uf\/ H£E eff HEs [53]
Heyo e s ~0% € o H YO € ¢ ~0%H (€ o

We now make the valid assumption that all three regions are magnetically equivalent

and therefore we can assume that all permeabilities are the same pe = pr = ps = p

Therefore, equation 53 now becomes

dovit ke ; —& 5 =pm +tan"( ’M]+tan"'( 8—°ff;8—s—] [54]
Sf —€ eff Sf —€ eff

Let us now define a parameter b, which 1s known as the normalised waveguide index

b___geff_ss [55]

€;—¢€

By manipulating equation 55 we find that

b _Seﬁ*_g

S

l—b—Sf—Seff
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and equation 3 56 can now be expressed as

dovit e, —€ 5 =D +tan"[ S T, ]+tan‘l[ %J [57)

8f_set’f

We now also define a parameter a'® that 1s a measure of the asymmetry of the

waveguide (1n this case of TE modes)

aE_8s 78 [58]
€;—¢

s

By combining 55 and 58 one finds that

TE
b+ta” ¢ 4-¢

= ¢ 59
1-b  &,-¢4 ]

Therefore equation 57 becomes

TE
doVit e ; —€ o =P + tan"‘( b1+_ab J+ tan“(‘/%] [60]

Finally, we define a normalised frequency parameter V (the V number), which 1s a

measure of how many modes a waveguide may support

V=k,d [215s

[61]
€9

We also know that ko = w(peg)'’%, and thus can write V 1n the form

V=dovi & —¢, [62]
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Hence we find that

VV1-b =dovi e —¢ 4 [63]

Therefore, the guidance condition for TE modes in an asymmetric slab waveguide

becomes

TE
V1—b =pr + tan"[ b1+ ab J+ tan‘{ TEEJ [64]
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Appendix 2  Ellipsometry

Ellipsometry 1s an optical technique routinely employed to determine the thickness of a
film The techmque involves measurement of the change of polarisation of an 1ncident
collimated beam of monochromatic light of known, controllable polarisation when 1t 1s

obliquely reflected from a film surface

The state of polarisation of the ncident and reflected beam may be described by the
relative amplitude (amplitude ratio) and by the relative phase (phase difference) of their
two orthogonal linearly-polarised components (p and s components) When the incident
beam of monochromatic polarised light 1s reflected from the film surface, a change 1n
the relative phases and the relative amplitudes of the p and s components will generally

occur These changes determine two angles, A and ¥ which are related by
p =tan¥a" [1]

Where p 1s the ratio of the complex reflection coefficients r, and r, ¥ may have any
angle between 0° and 90°, and A may have any angle between 0° and 360° The angles

A and ¥ determine the thickness and refractive index of the sample

A typical ellipsometric configuration 1s illustrated in figure 1 The mam components are
a laser, polariser, analyser, compensator and detector In a typical measurement the
incident-beam and reflected-beam are set at some desired angle of incidence with
respect to the sample The polariser and analyser are alternately rotated until the
mntensity of the reflected beam 1s reduced to a mimmimum At this null condition the
angles of the polariser and analyser are determined and converted by means of known
equations into the polarisation parameters A and ¥ For a transparent film on a
reflecting substrate, A and W are functions of the angle of incidence, the wavelength of
light, the refractive index of the ambient medium, substrate refractive index, sample

thickness and sample refractive index Most of these parameters are known, and
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therefore software within the elhpsometer can determine sample thickness and

refractive index

Laser Detector

/

Polariser
Analyser

>
Sample

Compensator

Figure 1 Ellipsometry Setup

However, 1t 1s important to note that A and ‘¥ are cyclical functions of film thickness,
that 1s to say that when the optical path length of the light traversing the film reaches
one wavelength (or 2,3, etc ), A and ¥ are the same for no film at all Due to this cyclic

behaviour an independent measure of thickness 1s needed Spectrophotometry 1s one

such technique and 1s discussed 1n the following appendix
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Appendix 3 Spectral Transmission

The thickness and refractive index of a thin film may be determined by measuring 1ts
transmission spectrum over the wavelength range 350 - 1200 nm The techmque 1s
based on the reflectance and transmission of light by a non-absorbing film coated onto a

non-absorbing substrate as 1llustrated n figure 1

Substrate

] ] Film
To T T

Aoy P =)

é Transmission
Spectrum

VAUAW ‘

n n
1 ny 1

Figure 1 Non-Absorbing Film on Substrate
Upon encountering an interface, incident radiation is partially transmitted and partially
reflected The total transmussion or reflectance intensity may then be obtained by

summing over all interfaces

Consider the case for a single film of thickness d and refractive index n; coated onto an

infinite glass substrate of refractive index n; as 1s shown 1n figure 2

235



I
I () t01t|0r12 t01t10r12 tio
o i Air (0)

Figure 2

¢1 toiriori2 t01r10 r12
Film (1)
t01r12 t01r10r12
2
t01t12 t01t12r12 tomzrlo T2
Substrate (2)

Reflectance and Transmuttance of Light from a Film Coated onto an

Infinite Substrate

The amplitudes of successive beams reflected from the glass substrate are represented

by 101, toitioriz, tortioriori2> The change 1n phase 8, of the beam 1n traversing the film 1s

given by

d, =27ﬂn,dCos€p1 [1]

Therefore, the reflected amplitude 1s given by

R =1, +t,5tg 1€

-2 2 418
Pt T 2]

which may be rewritten as

R=r, +

toty €

L+1,1,€

-218,

= [3]

Conservation of energy and Stokes law yields
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=218,

Iy +1,,€
-213, [4]

R =
141, 1,€

where R represents the total amplitude of the reflected beams The corresponding

intensity 1s given by

. 1o +r5 4211, Cos28,

R =RR'= (5]
tot 2 .2
141415 + 215 1,,C0528,
where for normal incidence
n, —-n,
g, =T [6]
n, +n,
n, —n,
I, = [7]
n, +n,

From equations 1 and 5, it can be seen that the maxima and minima of the reflectance

curve occur at values of n;d given by
A

n,d, =(2m+1)z (8]
A

n,d, .—.(2m+2)Z [9]

If the film refractive index 1s greater than the refractive index of the substrate 1€ n; >

ny, the reflectances at these points are given by
2 2
R =(rm'"rlz ] =(n2"noj [10]
1+r1,1,, n, +n,
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2 5 2
R - rOl —rl2 — 1’11 _n0n2 [11]
RN o 1 ny +ngn,

The sum of the reflectance and transmittance must equal 1 Therefore, the light intensity

transmitted 1nto the glass substrate may be expressed as

5 2
n, —n,n
T(l)mm =1_[ 12 - 2] [12]
n, +n0n2
2
n, —-n
T(l)max :1—( 2 0) [13]
n, +n,

At this stage, the light has traversed an air-film-glass path On exiting the shide the light

undergoes the reverse path 1 e glass-film-air It can be shown from equations 12 and 13

that the analysis for these two paths are 1dentical Therefore,

n? —n,n, \
Tmm =T(zl)mm =1- 12—-0—_2 [14]
n, +n0n2
2n
2 2
Tmax _T(l)max _ﬁ [15]

Therefore, 1t 1s possible to determine the refractive index of the film (n;) by measuring

the difference between the maximum and minimum transmission values as shown

below

2 2
AT = 2n, 1_(31&] [16]
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Simularly for the case where the film refractive index 1s lower than the refractive index

of the substrate

2
5 2
- 2
AT:{l_[n;—nﬂlj } _ 2n2 [17]
n; +ngyn, n; +1

It 1s also possible to determine the film thickness from the transmission spectra by
measuring the position of the interference extrema The basic condition for interference
fringes 1s

2nd = mA [18]

From this it follows that the thickness 1s given by

d= [19]

where Am 1s the order of separation between the extrema and A, A, are the wavelengths

at the extrema of interest
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Appendix 5 Lock-In Detection Circuit
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