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ABSTRACT

Tapered optical fibores have been manufactured,actenised and studied. These are
compact devices made from single-mode optical fiBraystem for producing tapers has
been developed, employing flame heating of thecaptiibre and computer controlled
rotation stages to stretch the fibre in a contcbdad repeatable fashion.

Subsequently tapered fibres were coated with neutigted films of materials that change
their optical properties in response to an extestiatulus. An investigation of the effect of
depositing chemically sensitive nano-scale filmdootapered optical fibres has been
undertaken. Three different methods of depositioerewapplied: Langmuir-Blodgett
technique, electrostatic-self-assembly and — fer fibst time - chemical grafting. Six
different films of materials were deposited ontpeied fibres: 4-[2-(4-dimethylamino-
naphtalen-1-yl)-vinyl]-1-octadecyl-quinolinium faii:) (merocyanine dye),
calix[4]resorcinarene, bilayers of poly(allyamineydnochloride) (PAH) and anionic
tetrakis(4-sulfophenyl)porphine (TSPP), PAH and legextrine, TiQ nanoparticles
imprinted with ((1-(4-Nitrophenylazo)-2-naphthol RXRN) compound), polyaniline
(PANI). During the deposition process the light waanched into each fibre and the

evolution of the transmission spectrum observed.

The coated tapers were subsequently investigatedthier potential application as
chemical sensors: pH, red-ox, ammonia sensors. rEsponse to a stimulus was
investigated by immersing the coated tapered fibrean environment containing the

measurand.

The properties of these devices were also usednmbimation other photonics concepts,
such as fibre Bragg gratings written in the tapermglon of a fiber, under investigation

within the Engineering Photonics Group to develeprisensor elements
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INTRODUCTION

Among various technologies used in the photonisearch field, those based on silica are
of great interest [Reed, G. T. 2004 (introductiod)he most promising applications of
silicon photonics are in the fields of low-costemmmunications and optical sensors
[Kersey, A. D. 1996;Lee, B. 2003]. Silica optical fibres are widely dsa optical
communications, allowing transmission over long tahses. The immunity to
electromagnetic interference and radio frequendgrierence, small attenuation, large
information capacity and relatively small crosstget make the fibre optic a medium of
choice in industrial networks [Davies, M. &.al. 1992; Miya, T.et al. 1979; Rolland, C.

et al. 1992; Udd, E. 1995]. By means of measuring sntainges in refractive index the
fibre-optic sensors present great application f@kras chemical sensors. They can
operate in gaseous environment, i.e. for trace at@ndetection in enclosed spaces, as
well as sensors operating in liquid environmerg, for pH measurement, or specific
chemical detection. The use of nano-structuredingsideposited onto optical fibres offer
a means of controlling the transmission spectruat thhanges in response to a specified
external stimulus [James, S. W al. 2006]. Thin film deposition techniques, as Langmui
Blodgett [Peterson, I. R. 1990], electrostatic -ss$embly [Lenahan, K. Mt al. 1998],
offer the ability to control the coating thicknesa the nanometer scale, down to the
molecular level. This facilitates the optimisatioinlight guided in a fibre with coating and

ensures the sensing selectivity.
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For some applications of optical fibres as senstwsy properties have to be tailored to
have specific geometries and dimensions to allavirteraction of the propagating light
with the measurand. Examples include side polish@ital fibores [Bergh, R. Aet al.
1980] and biconical tapers [MacKenzie, H.ebal. 1990]. The reduced diameter of the
fibre within the tapered region of a biconical &haper allows the evanescent field of the
propagating mode of the fibre to extend into thiemal environment. A particular area of
interest is the deposition of functional, nano-ecaptical films onto the surface of the
tapered fibre. If the deposited materials changgr thptical properties in response to a
particular stimulus, for example a specific cherhispecies, then the transmission
characteristics of the taper will be changed, i@&tihg the development of new sensing

capabilities, with high sensitivity and fast respen

Tapering a fibre using a heat and pull processibbvgavelength diameter causes the fibre
core to either decrease substantially in diameteto adisappear. In this case the initial
cladding acts as the core, and the surrounding dpaee acts as the cladding. Thus the
tapering allows the evanescent field of the propagalight to penetrate into the
surrounding environment. The resultant ready acdesshe evanescent field of the
propagating mode offers the potential for the depelent of environmental sensors with a
great variety of applications in many fields ofeasch, such as physics, chemistry, biology
and materials studies. The deposition of the naatescoating of a functional film onto
tapered fibre allows for the transmission spectaantrol via the interaction of the light
propagating in a fibre with the overlay materiaheTcoating may be engineered to change
the transmission spectrum in response to an extstinaulus and thus sensors for a range
of measurands can be manufactured. There are nmepysidion techniques that can be
used for the deposition of functional coatings owfatical fibres, for example the
Langmuir-Blodgett technique, the electrostatic-sasdembly technique, and many other
chemical as well as physical processes. All mertioabove techniques are easily applied

to tapered optical fibres.
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Within this project we study the optical respon$eoptical fibres to the increase of the
nanostructured coating thickness deposited ontoctdre of tapered region. Further

investigations applied the sensing potential of dbated tapers as well in solution as in
gaseous environment.

1.1 Background

A typical optical fibre is depicted in Fig. 1.1.i$tcomposed of a light guiding region — the
core, which is surrounded by a material of lowdraaive index called the cladding.

Immediately after fabrication the optical fibre dsated with a protective jacket, which
protects a fibre from mechanical damage.

Protective jacket
Cladding

Core

Fig. 1.1.Schematic of an optical fibre.

Fibre tapering process involves reducing the diamet the cladding, along with that of
the core, by heating and pulling the fibre’s emsle Fig. 1.2. The protective jacked is
removed from the section that is to be tapered. rékalt of tapering is a so called fibre
taper, which consists of three sections: 1) a segmdere the diameter of the fibre
gradually decreases (taper transition region); Bpar waist where the diameter is small
and uniform; 3) a segment where the diameter offilne increases gradually (taper

transition region). These regions are identifieéig 1.2.
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Taper Taper
transition transition
| Not tapered | c
| region : Cladding ore
5 ' Taper wais ! /
) - / S < v
Input t Output
Electromagnetic Evanescent field
wave profile

Fig. 1.2. Schematic diagram of a tapered fibre.

The most widely used methods for fabricating tagdileres are based on flame [Moar,
P.N. et al. 1999; Villatoro, Jet al. 2003] and CQ laser heating [Dimmick, T. Eet al.
1999; Bayle, Fet al. 2006]. Micron-sized tapers with good uniformity thieir diameter
are achievable using the flame heating methodthmre are rigid technical requirements
on gas purity, flame stability and on the vicinafythe flame. Air currents in the vicinity of
the flame limit the length of the heated regiorthag# fibre and cause non-uniform heating,
which affects the taper profile and the unifornofythe taper diameter. This in turn affects
the loss of light on the transformation of the ldtadamental cladding mode of a tapered
region from the fundamental mode of a core. The @Qer technique is a more stable,
controllable and safe method of heating a fibreth\tiis method it is possible to control
precisely the length of the fibre to be heated. fifan limitation of this approach is the

minimum taper diameter attainable for a given,@G3er output power.

One approach to sensing using tapered optical sfilsethe deposition of functional
coatings of thickness on the nanoscale onto therédpregion of a fibre. The functional
materials change their optical properties in respdio an external stimulus, providing the
prospect for the development of chemical sensoemohitructured coatings have been
deposited onto optical fibres using various techegjsuch as: electrostatic self-assembly
[Corres, J. Met al. 2007], Langmuir-Blodgett [Rees, N. Bt al. 2002] and dip coating
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[Cusano, A.et al. 2005]. These techniques have been used to createus optical
structures and sensing configurations, for exanfalesnel interferometers by coating the
cleaved ends of a fibre [Arregui, F. &. al. 1999], and coupled waveguide structures
[Flannery, D.et al. 1999] by coating a side-polished fibre. The teghes have also been
successfully used to deposit nano-scale coatings optical fibre grating devices, in
which core-cladding coupling occurs, such as loagoa gratings and tilted fibre Bragg
gratings [Rees, N. Det al. 2002; Cusano, Aet al. 2005; Del Villar, I. et al. 2005;
Chehura, Eet al. 2006] and tapered optical fibres [Diez, é&.al. 2001; Pilla, P. et al,
2007]. Sensors for pH [Flannery, Bt al. 1999], humidity [Corres, J. Met al. 2007],
hydrogen [Zalvidea, Det al. 2004; Zalvidea, Det al. 2006; Cusano, Aet al. 2006], in
biology for antibodies detection [Corres, J. &lal. 2006] have been demonstrated using

those techniques.

Tapered optical fibres with micrometer scale diarethave found a great variety of
applications as sensors [Bariain, &. al. 2000; Villatoro, J.et al. 2004; Monzon-
Hernandez, Met al. 2006; Diez, A.et al. 2001; Monzon-Hernandes, [t al. 2006;
Allsop, T. et al. 2005]. A large proportion of the light guided blyettapered region
propagates outside the fibre, as an evanescent whus the effective index of the guided
mode shows high sensitivity to changes in the céifra index of the surrounding region,
which may be utilised in interferometric sensoradioix, S.et al. 1988; Lacroix, Set al.
1987; Gonthier, Fet al. 1987], or in coupled mode based systems, suchasings written

in tapered core fibres [Gonzalez-Seguragtfal. 2007] or overlay waveguides [James, S.
et al. 2006]. The tapered fibres written with the Braggtipgs are reported in section 5.5.
The transmission of the fibre is sensitive to thesamption characteristics of the

surrounding environment, which may be exploitedeieanescent wave spectroscopy.

1.2 Aims and objectives

The main objectives of the project are the manufacof microscale optical fibre tapers,

the characterisation of their properties, studytled optical response of transmission
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spectrum to the deposition of a nanostructuredimg@atand demonstration of their
application as sensors. The goals in the realisatidhe project are:
1. Design and construction of a system for taperibges.
2. The development of data acquisition and contralesysto allow the control of the
fabrication parameters
3. Manufacturing and physical characterisation (ustSd&M and optical microscopy)
of the optical fibre tapers.

4. Characterisation of the optical properties of tiqgetred fibre devices.

The novelty of the project investigation comprises:

5. The deposition of nano-scale coatings of chemicsdiysitive materials and study
of the optical response of the transmission spettauthe deposition.

6. Demonstration of the application of tapered fibmated with nanostructured
chemically sensitive films as sensors, with the ammred-ox sensing and pH
changes of a surrounding medium, i.e. a gas otisolwas well as for gas detection
of chosen chemical species such as ammonia.

7. The fabrication and spectral characterisation attigg structures within tapered

fibre devices.

1.3 Thesis organisation

The thesis is divided into six chapters. Chapterdsents the background of the work
undertaken within the project and its main objexgtivChapter 2 provides historical
introduction of the fibre optic technology and oduces tapers optical fibres, with their
manufacture techniques and applicability to varithus film deposition methods. Chapter
3 offers theoretical approach describing wavegugidimoperties of fibres. In chapter 4
experimental setups and methods used to producelardcterise the spectral responses
of tapered optical fibres are introduced. Chaptgrrésents the experimental results and

Chapter 6 contains a discussion of the resultssagdestions for future study.
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REVIEW OF APPLICATIONS
OF OPTICAL FIBRES

Optical communication technology dates back twotuwes, when French engineer
Claude Chappe invented “optical telegraph calledagghore” for communication on land
in 1790 in France. In 1835 Samuel Morse inventedtgtegraph and the era of electrical
communications started. The use of cables forrtresnission of Morse coded signals was
implemented in 1844. Since that time the technolwigyansmitting information over large
distances experienced huge steps forward. In flenrog years a new technology slowly
arose that would solve the problem of optical tnaission, although it was a long time
before it was used for communications. It depenoledhe phenomenon of total internal
reflection, which can confine light in a materiakh®unded by other materials with lower
refractive index, such as glass in air. British gbgt John Tyndall popularized light
guiding in a demonstration he first used in 18%uiding light in a jet of water flowing
from a tank. By the turn of the century, inventagalized that bent quartz rods could carry
light, and patented them as dental illuminatorse Tevelopment of the root optical
technology led to the invention of the first optitelephone system — precursor of fibre-
optics, called Photophone patented by Alexandeh&@raBell in 1880 in Washington.

Fibre optic technology experienced rapid progresshe second half of the twentieth

century, when it was realized that an increaseewémal orders of magnitude of bit rate

12
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transmission over distance would be possible ifcaptvaves were used as an information
carrier. One of the earliest successes was thelapgment of a fiberscope, which is a
flexible bundle of optical fibres with eye pieceate end and a lens at the other. It was
reported in 1954 by Abraham van Heel of the Teddrimiversity of Delft in Holland and
Harold. H. Hopkins and Narinder Kapany of Impefalllege in London, which separately
announced imaging bundles in Nature [Van Heel, ASC1954; Hopkins, H. Het al.
1954]. By this time all fibores were "bare,” withtdb internal reflection at a glass-air
interface. The key step was development of glaad-fibres, where the core was covered
with a transparent cladding of lower refractiveardby van Heel [Van Heel, A. C. S.
1954]. This protected the total-reflection surfmm contamination, and greatly reduced
crosstalk between fibres. Meanwhile, telecommuiooat engineers were seeking more
transmission bandwidth and optical fibres had et attention. The main problem was
the transmission attenuation, which at that stage o high to make optical fibres useful
in telecommunication systems. A team at Standaricdenmunications Laboratories
(STL) in United Kingdom initially headed by Antol. Karbowiak was working on the
reduction of the attenuation. A successful resuit ttansmission improvement was
announced in 1972 (Maurer, R. D., patent no. 3659%used silica optical waveguide”,
1972; Keck, D. B, Schulz, P. C., patent no. 371126&tical fibers”, 1973). It was an
outcome of few years of collaborative work betwef, Corning Glass Works (now
Corning Inc.) and British Post Office Research Labaries. Over the next several years,
fibre losses dropped dramatically, aided both bgrowed fabrication methods and by the
use of longer wavelengths, where fibres have |@attenuation.

In modern optical fibre telecommunication systerticauow loss fibres are used. Due to
the signal intensity loss in the long distance camisation systems an optical
amplification must be used. It is accomplished Wgcimg repeaters that receive and
amplify the transmitted signal to its original ingity. Today it is done by erbium doped
optical fibre amplifiers by inserting a length d¥ in of such fibre every 100 km of a main
fibre, thus the signal to noise ratio is greatlypmved. The great progress that has been
made in the use of silica fibres for optical commahons, as passive elements guiding the
light, was accompanied by their application as vactelements of optical systems,
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providing amplification, routing and filtering of ighals. By providing reliable
manufacturing techniques, possibilities have bgened up for integration of devices that
are useful and cheap, portable and capable of beiagrated with as many functions as
required. Assembled into building blocks, thesesoty offer great potential for developing
micro- and nano-scale photonic circuits for anothmeportant application - in optical
sensing. When a fibre is stretched, squeezed, dheateooled or subjected to some other
change by its local environment a measurable changjght transmission can be easily
observed. Optical fibre sensors are capable of uneds a great variety of physical
measurands (e.g. strain, pressure and temper#&tmre,acoustic and seismic vibrations,
light intensity, wavelength, phase, polarizatiognd chemical measurands, (e.qg.
contamination). Fibre optic sensors may be clagkifas intrinsic when the effect of
measurand on the light being transmitted takesepiache fibre and extrinsic when the
light modulation occurs outside the fibre. Theibad sensing a particular measurand can
be different in different fibre sensors, which danspecially designed or affected in some
way in order to enhance the sensitivity.

Optical fibre based temperature sensing was prap@s®l investigated widely by
[Scheggi, A. M.et al. 1985; Gahler, Cet al. 1991; Zhang, Z. Yet al. 1998; Stokes, &

al. 2002; Khalig, Set al, 2002; Hajime, Set al. 2007;] and many other groups. Fibre optic
sensors have been also developed to measure téompesiad strain simultaneously with
very high accuracy [Patrick, H. ét al. 1996; Wood Ket al. 2000; Trpkovski, Set al.
2003; Chojnowski, Pet al. 2006; Jihong, Get al. 2007; Mondale, S. Ket al. 2008 Soto,
M. A. et al. 2009]. Their big advantages over other typedrafrssensors are their intrinsic
safety when used in explosive environments, theiltiplexing capabilities (multiple
sensors in a single fibre can be uniquely idertifead interrogated), wide temperature
operating range and are not subject to corrosibeyTare capable of being used in harsh
environments, for example in high-voltage, high-pownachinery also in harsh weather
conditions, e.g when mounted on wings of an aigpléor damage and structure health
monitoring as well as for strain and load detecfidakeda, N. 2008; Takeda, Mt al.
2007; Frazao, Cet al. 2009]. Fibre optic sensors are also utilizedhia ¢ivil engineering
area for strain monitoring in buildings. Buildingsth integrated fibre optics sensors are

also called “smart structures” where the straidifferent parts of the structure on aging
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conditions, vibrations and internal condition ftietpresence of particular specimens as
chemical sensors is monitored. Rare-earth dopddasiibres found application in
navigation systems as fibre optic gyroscopes aadiah products [Shorthill, R. Wt al.
1979; Burns, W. K. et al, 1984; Kim, B. ¥ al. 1984].

In order to facilitate the integration of devicdstt are useful and cheap, they must be
portable and be capable of being integrated witmasy functions as required. It is
becoming increasingly important to find materidiattcan act as links between different
devices based on different phenomena and operatiasscrucial to process those linkers
at the micro-scale. Thus, there is a requiremerfind materials and techniques which
enable the creation and control of micro-scale abjeAssembled into building blocks,
those objects, present a great potential for deuslpmicro-scale photonic circuits for
application in optical sensing. Over the last fexang, much effort has been devoted to the
fabrication of waveguides with subwavelength dinems, made of various materials and
by various techniques. Owning to their excellenfarmity and other physical properties
(as strength, flexibility) tapered optical fibresavie already found direct potential
applications as optical couplers and wavelengtisinn multiplexers [Osullivan, N. Met

al. 1992; Oakley, K. Pet al. 1994; Ashby, Set al. 1998; Velankar, Y. Pet al. 2003; ],
filters [Lacroix, S.et al. 1986; Daxhelet, Xet al. 2001; Villatoro, Jet al. 2005; Hsu, K.-
Ch. et al. 2009], polarizers [Diez, Aet al. 1998; Jaroszewicz, L. Rt al. 2001; Zhang, S.

et al. 2009]. Another common application of tapereddsbis for use with high-powered
lasers enhancing their performance [Dejneka, Mt l. 2002; Filippov, V.et al. 2008,
Filippov, V. et al. 2009]. Apart from the use of tapered fibres asraglements, there are a
great number of other applications as: polarizationtrollers, isolators, phase modulators,
optical fibre amplifier, which are widely studiechda documented in literature. Tapered
optical fibres are also used in the sensing fi€lte use of tapered optical fibres for sensing
physical parameters (stress, pressure, humiditglilé 1980s [Gerdt, D. Wt al. 1987;
Romolini, A. et al. 1998; Matias, |. Ret al. 2007]. This was later extended to analysis of
chemical species, both organic and inorganic, @aabl functional coatings [Henry, W.
M., 1994; Shadaram Mt al. 1997; Arregui, F. Jt al. 2000; Villatoro Jet al. 2005] and

subsequently applied in the study of biological g® such as bio-molecules and cells
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[Golden, J. Pet al. 1994; Cytron, Set al. 2002; Hong, H. Set al. 2003; Goldberg, kt al.
2004; Corres, J. Met al. 2008; Gravina, Ret al. 2009].

Recently much effort has been devoted to developempstructured sensitive materials
for the building of evanescent wave-based sensarsg period gratings (periodic index
modulation of the refractive index of the fibre eprhollow core fibres, plastic fibres or
tapered optical fibres have been used in ordeetodated by a sensitive overlay for their
use in sensing applications [James, S.&iNdl. 2007; Del Villar, l.et al. 2008; Shadaram,
M. et al. A comprehensive review on optical fibres coatéith wanostructured films can be
found in ref. [James, S. W& al. 2006]. It has been shown that the deposition tfim
overlay induces important wavelength shifts in titasmission spectrum of fibre devices.
The functional overlay influence on the transmissibaracteristics of optical fibres with
long period gratings (LPGs) imprinted into a coes lheen widely studied by [Rees, N. D.
et al. 2002; Del Villar, l.et al. 2005, Del Villar, l.et al. 2006, Cusano, Aet al. 2006, Gu,

Z. et al. 2007; James, S. Wit al. 2007; Del Villar, l.et al. 2008; Cheung, C. &t al.
2008] and revealed strong dependence of the ceménatlengths of the attenuation bands
on the thickness of an overlay. The influence efdbating on the properties of the modes
has been thoroughly studied and theoretically desdrin the work of [Del Villar, let al.
2005; Del Villar, 1.et al. 2006; Cusano, Aet al. 2006], where detailed discussion on the
influence of the coating on the effective indicéshe cladding modes is provided. It has
been also presented in the theory section in chapteThe influence of functional
nanocoatings on the transmission spectrum has tesonstrated also in side polished
optical fibres [Flannery, Det al. 1997], where the mode propagating in the coréhef
polished fibre and a mode of the coating layer @rase matched, resulting in energy
transfer between the waveguides. The output powectaum of tapered optical fibres
exhibit also substantial dependence on the thicknafs the sensitive nanocoatings
deposited onto a narrowed region of a fibre [Corded/. et al. 2006; Jarzebinska, &t al.
2009]. For the tapers it is anticipated that theppgating mode evanescent field will
extend into the surrounding environment and expktttat the mode characteristics will be
influence significantly by the deposition of a dogt Due to evanescent field interaction
with the external medium the spectrum attenuatieakp experience a displacement to

higher wavelengths. The common thing for all memg optical devices coated with
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functional nanofilms is the need for nm scale aantver film thickness in order to
optimize sensors’ sensitivities. For this purpossv fcoating techniques have been

successfully utilized, like electrostatic-self-asddy, Langmuir-Blodgett technique.

2.1. Tapered optical fibres and their application

In this chapter, the basic principles and propsrtietapered optical fibres are described.
The main approaches to the fabrication of tapeibred that have diameters on the
micrometer scale are outlined, and the applicatadriapered fibres are reviewed. Methods
that may be used for coating such devices with +materials are outlined and their use as

environmental sensors is presented.

Fibre tapering process involves reducing the diamet the cladding, along with that of
the core, by heating and pulling the fibre’s enlse result of tapering is a so called fibre
taper, which consists of three sections: 1) a segmdere the diameter of the fibre
gradually decreases (taper transition region); Bpar waist where the diameter is small
and uniform; 3) a segment where the diameter offiln@ increases gradually (taper

transition region). These regions are identifieéig 2.1.
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Fig. 2.1. Schematic diagram of a tapered fibgas refractive index of the surrounding mediung;
- effective refractive index of a core mode.

2.1.1. Fibre taper fabrication techniques

Tapering is a technique where an optical fibregiatld, using a flame or other heat source,
and stretched. As a result a narrow tapered waistdated, as depicted in the schematic

diagram in Fig. 2.2.
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Fig. 2.2. Schematic diagram of the one-step dramethod.

The most common method used to taper optical fibreslves a heat-and-draw process,
where a flame or a CQOaser beam is used as a heat source. The maintigbj@f all
techniques is to obtain tapers of uniform diametié controllable parameters. Achieving
these properties with flame heating based techsiqueoduces considerable requirements
on the control of gas purity, on the flow rate amdthe location of the flame. One of the
most important aspects of the fabrication procedbe thermal energy exchange between
the heated section of fibre and the environmenthiff is not carefully controlled then it
can cause instability of the fibre temperature.nfdabased heating can be difficult to
control. Heating using the radiation from a Llaser is more stable and controllable
[Bayle, F.et al. 2005; Ward, J. Met al. 2006)].

Micro-taper fabrication methods

1. Burner technique

The reported travelling burner based approachdsdp] T.et al. 2005; Moar, P. Net al.
1999; Villatoro, Jet al. 2003] consist of a heating element, which is almaser, mounted

on a translation stage (see Fig. 2.3).
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Fig. 2.3. Schematic diagram of the heating seatiotine taper fabrication rig used in the
gas burner based technique [VillatorogtJal. 2003].

A flame, produced by mixture of methane and oxyfdoar, P. N.et al. 1999] or butane
and oxygen [Villatoro, Jet al. 2003] with the temperature of approximately 1Z50heats

a section of an optical fibre. The flame of millireedimensions oscillates, at a constant
velocity of 2-3mm/s, over the distance from 1.5niing, J.-F.et al. 2005] up to several
tens of milimeters [Mora, Xt al. 2002; Brambilla, Get al. 2004] along the fibre. This
ensures the constant heating of the section ofilthe to be tapered and manufacture of
tapers with uniform waist diameter and taper tri@msiof well defined length and shape
[Birks, T. et al. 1992]. At the same time as the flame heats the filwe fibre is pulled with
the constant speed of 5-6 mm/min [Ding, Jetfal. 2005] in opposite directions along the
fibre axis. This technique facilitates the fabricatof tapers with smooth walls and low
optical loss ~ 18 dB/mm [Brambilla, Get al. 2004]. However, the control of the size of
the taper diameter is limited by this techniquegrehthe turbulence of the flame and air

currents in the flame vicinity can produce randartyrbations in waist diameters.

An alternative approach is to use a {d@éxser for a heat source as the radiation from this

laser £=10.6um) is strongly absorbed by silica.
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2. CO, laser beam technique

The use of a CPlaser can be the means of alleviation of “flamehteque” problems.
Here air currents or flame turbulence has no camsstps on the precision of tapers’
manufacture. Using this method it is possible toticd accurately the length of the fibre to
be heated. In comparison with the burner basedappr the C@laser based technique is
clean and free of inertia. The methods reportd®@immick, T. E.et al. 1999; Bayle, Fet

al. 2005; Ward, J. Met al. 2006] use a COlaser beami&10.6um) as the heat source for
tapering fibres. The laser power used ranged freb3\W [Grellier, A. J. Cet al. 1998;
Dimmick, T. E.et al. 1999; McLachlan, A. Det al. 1987]. The light was focused onto the
fibre by a lens, and scanned at a constant velofitgw mm/s by a mirror over a small
distance (millimetres or tens of millimetres) alahg fibre; see Fig. 2.4. At the same time
as the laser heats the fibre, it is stretched iposjte directions. Control over the waist
diameter and transition regions was achieved byingrthe laser sweep throughout the
taper manufacture process.

The physical process of heating a fibre using arldeam relies on absorption of the
radiation and heating from the inside. For a fldmased technique the physical process
involves surface heating. During laser heating,témeperature of the fibre depends on the
laser power as well as on the absorption coefficaen cooling rate [Bayle Fet al. 2005].
This requires, as a consequence, that the laseerpowst be adjusted throughout the
tapering process. Precise adjustments and corfttbe@arameters of the tapering process
allows the fabrication of long, uniform tapers [Bay.et al, 2005].
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Fig. 2.4. Schematic diagram of a heating part eftéper fabrication rig used in the €O
laser based technique [Ward, Jd#lal. 2006].

After the tapering of an optical fibre three paréene of tapers are taken into account in
prediction of their operation: total length of pea (i.e. length of transition zones together
with uniform diameter length), the length of theifaorm diameter of a taper and the
transmission loss. The length of the transitionemoinfluences the angle of the contracting
zones which controls the coupling of light betwegeapagating mode of the single mode
fibore and the modes of the tapered zone. The mifi@eat transfer from the mode of
untapered fibre to the fundamental mode of theraemgart of the taper the smaller
transmission loss of the guided light. The sumnmagizcomparison is presented in
Table 2. 1.

_ CO; laser based
Burner technique .
technique
Total taper length (mm) 20- 110 20 - 35
Length of taper uniformity (mm 4-10 5-6
Transmission loss (dB) 0.02-0.15 0.01 -0.02

Table 2.1. Comparison between tapers’ parametdesnelaol using the two techniques: gas
burner and C@laser based technique.
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2.2. Tapered fibre devices coated with nanostructed materials

Tapered optical fibres present a large potential dpplication as sensors in biology,
chemistry, medicine, and have already found grppliGations as biosensors [Marazuela,
M. D. et al, 2002, Corres, J. Met al, 2007]. Decreasing locally the fibre diameter esus
growth of the transversal dimensions of the fundatalenode, which propagates outside
of the taper waist as an evanescent field (seeZig. The evanescent field extends into
the ambient medium and can be used for detectioftsothange. The transmission
characteristics of the tapered fibres change ipaese to the deposition of a functional
coating onto the surface of the tapered region filbr@ [Warken, F.et al, 2007]. If the
optical properties of the coating layer are sevsitio one chemical species, or if it is
designed to interact with species of a chosen sl{aperostructured or molecularly
imprinted coatings), then species specific chenseaking is possible [Corres, J. &lal,
2006; Zalvidea, D. Aet al, 2006, Corres, J. Met al, 2007]. Several methods can be used
for the deposition of the sensitive coatings likeporation [Zalvidea, Det al, 2006],
Langmuir-Blodgett (LB) [Peterson, |. R. 1990] anbkotrostatic self-assembly (ESA)
[Decher, Get al, 1992].

2.3. Deposition techniques

Within this project, three different deposition te@ues have been used for six different

films of materials coating onto tapered opticatdt

0 Langmuir-Blodgett deposition of 4-[2-(4-dimethylaroinaphtalen-1-yl)-vinyl]-1-
octadecyl-quinolinium iodide and calix-4-resorcieae,

O layer-by-layer (Lbl) self assembly for: bilayers @bly(allyamine hydrochloride)
(PAH) and anionic tetrakis(4-sulfophenyl)porphineSPP), PAH and cyclodextrine,
TiO, nanoparticles imprinted with ((1-(4-Nitrophenyld@naphthol (NPAN)

compound),
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O and, for the first time applied for the coatingagtical fibres, the chemical grafting

technique for polyaniline (PANI) deposition.

2.3.1 Langmuir-Blodgett (LB) thin film deposition

The Langmuir-Blodgett (LB) technique is well knovamd extensively described in the
literature, for example [Blodgett, K. 1935; Petersb R. 1990] therefore a brief review on
the main points is given here. In the LB methodanafayer, a single layer of molecules,
of an amphihilic material is formed on the surfatevater in a self-orientation process.
Amphihilic molecules contain spatially separateddroephilic (water attracting) and
hydrophobic (water repelling) tail-groups. When tsunolecules arrive at the air-water
interface, the hydrophilic parts, called also paaoups, tend to be solvated within the
subphase whereas the nonpolar (hydrophobic) teisl to stay apart. This results in
molecular self-orientation with the hydrophobiclgaiemaining above the water surface
and the hydrophilic heads submerged in the watguré 2.5(a).

- Air _A’ir Hydrophobic
tail
Barrier—» l—l—L—tL—c[—lr M l
Wate| Wate| Hydrophilic
head

() (b)

Fig. 2.5. Amphihilic molecules at the air-water darface; (a) spread material, (b)
compressed monolayer.

In order to obtain a good quality film when the eral is deposited onto a substrate,
monolayer of floating molecules should be in thidsstate phase. The initial condition
after spreading the solution of molecule onto tlaewsurface is depicted in Figure 2.5(a).
A monolayer of a material is formed by applying ttlecules to the surface of the
subphase and the solvent is allowed to evaporatenig molecules dispersed across the
whole of the water surface. In order to achievegular two-dimensional solid monolayer
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the surface area is being reduced by means of mdarrier and the molecules are pushed
closer together. Further compression reduces tHfacguarea occupied by each molecule
close to its cross-sectional area, producing aekdsere molecules are densely packed
and forming an ordered array. In this phase thatifig monolayer can be transferred from
the water surface onto the substrate by dippingeitically through water-air interface,
Fig. 2.6.

Air

Water

Fig. 2.6. Schematic diagram of LB monolayer depasijt(a) first layer deposition, (b)
second layer deposition, (c) third layer deposition

The LB technique enables: (i) precise control ef tmonolayer thickness, (ii) homogenous
deposition of the monolayer over large areas, {iig possibility to make multilayered

structures with varying layers composition. An diddial advantage of the LB techniques
is that monolayers can be deposited on almost extlyd€ solid substrate. The limitation of

the technique is that monolayers material has t@ srfactant that can remain at the
water/air subphase and ensure successful transéesalid substrate. Thus they are limited
to some organic compounds. The stability of theoddpd films depends on the used

material.
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2.3.2. Chemical deposition

Chemical deposition of a material is a controlletidensation of an individual atomic or
molecular species by a chemical process. Chemiohltien deposition consist in
deposition of a material existing in a liquid/sabut form, where a substrate acts as a
physical support and does not take part in chenmeattion. The polyaniline (PANI)
polymerisation is one of such methods of depositiGreation of PANI proceeds in
chemical oxidative polymerization. The materigbispared in an aqueous, acidic medium,
in which the formed polymer precipitates during subsequent reaction. In situ formation
of the polymer on a substrate involves immersiothefsubstrate into a solution containing
monomer and oxidant. After a specified period ofeia polymer is formed on a substrate
as a deposit. It has been shown [Mazur,elval. 2003] that in case of PANI creation the
polymer is starts to form in the bulk of the sadatiduring the first 200s of reaction.
Subsequently the formation of the polymer in thdkbaof the solution precedes its
accumulation the substrate surface. Although teatmn of polymer films is complex and
places stringent requirements on the polymerizatmmditions of the reaction, the whole
procedure is relatively easy to carry out. In ortierachieve a good optical quality
polyaniline film - characterized by uniform moleaulweight, good and reproducible
spectroscopic properties - the proper reaction itiond, namely an acidic environment
and low temperature — below®@ [Cao, Y.et al. 1989], should be preserved. The coating
thickness is depends on the polymerization times Téchnique does not ensure such high
film thickness control as LB technique.

2.3.3. Electrostatic layer-by-layer (Lbl) self-assably deposition

A variety of functional nano-films can be produaegting the layer-by-layer self-assembly
techniqgue. The method has been introduced by Hed966 [ller, R. K. 1966], and
subsequently developed by Decher and coworkersh@e6.et al. 1992; Lvov, Y.et al.
1993; Ramsden, J. & al. 1995]. Thin layers are created, based on the rekdatic

interactions, by alternate immersion of a chargalossate in positively- and negatively
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charged solutions as shown in the Fig. 2.7. Stepsate repeated until desired number of
bi-layers is obtained. The excess of remainingtanius rinsed with water. The thickness
of layers is controlled by the number of cycles algpends on molecular weight of
molecules, time of deposition of each single laydrarge density, temperature, pH of

solutions.

®
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and dry
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Fig. 2.7. Schematic diagram of a layer-by-layerad#jon process (a); steps 1-4 are
repeated until desired number of bi-layers on asate is obtained (b).

ESA is a method that is used for the depositionth& polymeric nano-assembled
composites [Del Villar, let al. 2008; Corres, J. Met al. 2006 ], magnetic multilayered
films [Liu, Y. et al. 1997], electrically conductive films [Liu, ¥t al. 1998]. Electrostatic-
self-assembly allows for the deposition of nanadtmed coatings which are optically
homogenous and show low scattering losses andteng-stabilities [Arregui, F. Xkt al.

2000]. The undeniable advantage of this methodigrol of coating thickness down to
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nm-scale, simplicity and universality. The techmigs based on the attraction of opposite
charges that allows for incorporation of more tiao molecules into multilayer, which
offers more versatility than the Langmuir-Blodgeithnique. The ESA process is based on
the immersion of substrates in as many solutiongafelectrolytes as desired and
facilitated deposition on substrates of variougsishapes and materials [Arregui, FetJ.
al. 1999].
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THEORETICAL APPROACH

In this section a theoretical analysis of lightgagation through optical fibres is presented.
Subsequently the phenomena occurring in taperedesfiband their mathematical
description is introduced followed by the wavegnglproperties of tapered optical fibres

coated with an overlay film.

3.1. Waveguiding properties of optical fibres

A typical optical fibre is depicted in Fig. 1.1.dht propagation along an optical fibre
waveguide is described exactly by Maxwell's equatioHowever the classical geometric
optics provides an approximate description of etewhgnetic propagation. Classical
geometric optics does not take into account theeweature of light. Therefore we use the
classical approach just to depict in a conceptugltyple way the light propagation within
an optical fibre, which is based on the phenomesfdotal internal reflectionThe concept
is depicted in Fig. 3.1, which shows a light ragnfr a higher refractive index medium
incident on a medium of lower refractive index The propagation of the ray is governed
by the Snell's law. When the incident angle is demalhan the total internal reflection
angle,f., a part of ray power is transmitted into the selcoredium (dotted-line). There is
also a reflected wave that propagates in the aigmedium (dashed line). When a ray is

incident on an interface at an angle less tharcthieal angle,é., refraction produces a
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wave travelling parallel to the interface (solidd). This wave has a field distribution that
consists of a standing wave pattern in the firstlioma and a surface wave (evanescent
wave) in the second medium, as shown in Fig. 3.I{a¢ evanescent wave has a very
small range and it disappears rapidly at a distafcikew wavelengths into the second
medium. When the incident angle is bigger thtanthen the ray is totally-internally

reflected back to the first medium (dashed-line).

[E|

(@) (b)

Fig. 3.1. (a) Light incident on a dielectric int@eck (; > ny), solid line arrow represents a
ray incident under critical angl®, dotted ray transmits to the second medium, dasied
is totally reflected back to the first medium; {tgnsverse field distribution.

The propagation of light in an optical fibre is tm@st conveniently described by modes of
a waveguide. Physically, a mode is a three-dimemasi@lectromagnetic field profile

characterized by a propagation constaat phase velocity, which satisfies

Uy = Fj 3.1)

whereu, is phase velocity of thgh mode,c is the angular frequencys, - propagation
constant of thgth mode.

Mathematically, modes are solutions to the souree-tMaxwell’'s equations with the
boundary conditions imposed by the waveguide gegmBiased on these, characteristic

equations describing the fields in the cylindriciép-index dielectric waveguide, i.e.
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eigenvalue equations, are derived [Snyder, eh\. al. 2000]. Detailed theoretical

consideration is included in appendix A.

3.2. Waveguiding properties of tapered optical fibes

For practical reasons optical fibres are dividew ifmvo major groups: single-mode fibres
and multi-mode fibres; see Fig. 3.2. The divisistbased on the number of modéshat
can propagate in the core. In the single-mode fdoty one mode is capable of being
guided. Such a fibre has a small core diametercajlg 10um or less. Fibres with large
core diameters, 50n or greater, are multimode fibres. Hundreds ouslands of modes

can be supported in these fibres [Hunsperger, FO&4; Pask, Get al. 1975].

Fundamental mode

Low order mode Fundamental mode

High order mode

Fig. 3.2. Two major types of fibres; (a) single-maofibre, (b) multi-mode fibre. The
fundamental mode has the biggest propagation aunstad is subject to the smallest
number of reflections on the interface; its patthiss most parallel to fibre long axis.

The fundamental mode of a fibre propagates withl#ngest propagation constant and

subjects the smallest number of reflections frone tore-cladding boundary. For
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simplicity it is marked as straight line in the FBj2 in order to distinguish it from other
modes.
Within this work the results for a single-mode tegaeoptical fibre are presented therefore

larger emphasis is put on the description of simgbele fibres.

In a single-mode optical fibre, the mode field dedenr is larger than the core diameter, and
thus a fraction of power of the fundamental modgugled in the cladding in the form of
an evanescent wave [Hunsperger, R. G. 1994; Snyd#&v, et al. 2000]. Figure 3.3 shows
the electric field distribution in a single-modetiopl fibre.

Fig. 3.3. Distribution of modal field in a singleaate fibre, r is radius distance from the
long axis of the fibrek(r) is modal electric field.

Tapering of a single-mode optical fibre leads toss of power from the fundamental core
mode because of the change in the diameter alofigre Typical power loss was
measured to be within the range 3 -10% of theahdverall transmittance [Orucevic &

al. 2008; Warken, Fat al. 2007]. Many extensive studies have been undertakerder to
describe and explain the phenomena occurring ieréapfibres [Love, J. Det al. 1991;
Black, R. Jet al. 1991 @); Black, R. Jet al. 1991 p); Leon-Saval, S. Get al. 2004].

According to the analysis presented in [Love, JetDal. part 1, 1991], to minimize the
power loss through the tapered region, a small @er angle (below 10rad) should be
used. The smaller the taper angle the longer tresition zones are. When the length of
the transition is larger than the local couplinggéh between fundamental mode and
higher order cladding modes then the power losamall. In this case, the fundamental
mode of the single mode fibre couples to the furelsial mode of the tapered region. If
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the taper angle is small enough to ensure negligitienuation of the power carried in the
fundamental core mode, then the taper is termedbatic. In nonadiabatic tapers the
fundamental core mode of the single mode fibre o@myple to numerous cladding modes
of the tapered region, which exists because ofhtgk index contrast between the silica
and the surrounding media [Fielding, A. €&.al. 1999; Black, R. Jet al. 1991]. The
perturbation introduced by tapering causes thantbhde field continues to expand as the
core diameter decreases and finally reaches coefpleto the cladding. When the length
of the transition part is smaller than local congliength between fundamental mode and
higher modes then significant coupling occurs.al$é been shown [Black, R.&.al. 1991
(a); Kieu, K. Q.et al. 2006] that nonadiabatic fibre tapers can be madh that coupling
occurs mainly between the fundamental mode of thgles mode fibre and the first two
modes of the tapered part - HE&nd HE,. The higher order modes propagate along the
tapered region and, at the second taper transitiouple back to the fundamental mode
LPo; of the single mode optical fibre. Interferencewssstn the modes produces a periodic
oscillation in the transmission spectrum as a tesfutheir different propagation constants
[Love, J. D.et al. 1991; Black, R. Jet al. 1991 @); Kieu, K. Q.et al. 2006]. The intensity

at the output of the fibre depends on the relgtivaseA¢ = Ap - | of the two participating
modes.Ap is the difference of propagation constants of thve modes and is the
interaction length along the taper.Af or/andl change the spectral response of the fibre
will change. A change im\f occurs when, for instance, the refractive inagxof the
surrounding media changes. In this case changeé isurrounding refractive index result
in a differential change in the effective refraetimdicesnes of the two modes propagating

in the tapered region which are related to the @gation constants by

14 =2/1—nneff (3.2)

where is the free space wavelength.
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3.3. Waveguiding properties of coated tapered optad fibres

The phenomenon of the coupling of the fundameni Imode to the HER and HE,
modes and back which occurs the taper waist ofatbhabatic tapers has been studied in
this project towards prospective sensors creatibne differential response of the
propagating modes within the taper waist to theeindhange in the surrounding
environment has classified uncoated tapered simglge optical fibres as good candidates
for sensing applications, measuring parameters sgctemperature, refractive index of
surrounding media [Kieu, K. Qet al. 2006]. As an extension of those studies we
investigate the applicability of tapered opticddrés as pH sensors and to measure the
concentration of chosen chemical species. Forpthipose the tapered region of a single-
mode optical fibre is coated with thin film of sén&e material. The tapered fibre’s
transmission spectrum is monitored as the increfige thickness of the coating changes
its optical properties. Thus the optical resporfsin® tapers to the environmental stimulus
is studied. See Fig. 3.4.

Coating layer

=" — s
Input - E ~ Output
Evanescent field

Fig. 3.4. Schematic diagram of a tapered regioanodptical fibre with a coating laye
effective index of mode propagating in the tapeesglon of a fibren. refractive index of
mode propagating in the coating layer.

Theoretical predictions of the optical responsdagiered single-mode optical fibres are
obtained using the matrix method of Ghatak [GharakK. et al. 1987]. This technique

was originally developed for the determination ebpagation characteristics of planar
multilayer waveguides, and has been extended bgfoamation to cylindrical coordinates

to allow the analysis of optical fibres by Sharmale[Sharma, Aet al. 1990].
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Theoretical analysis of the propagation charadtesiof guided modes using the Ghatak

method involves a X 2 matrix multiplication procesfGhatak, A. K.et al. 1987] The

basis of the theoretical considerations is a laystaicture as shown in Fig. 3.5.

01
. N = E;

I E E; T
y N, 2 2 d,
|
| i
Ns Es E; ds
|

Ny E4+ E;

Fig. 3.5. Schematic diagram of the incidence ofpfame wave at an andgde in a

multilayer medium.

For a plane wave incident at an an@jleas depicted in Fig. 3.5, the electric field iclea

medium can be written in the form:

£ =@&'E'e™ expli(at — k cosf x— fz)] + & E e expli(at +k cosd x-£z)] (3.3)

where
A=A, , A, =k,d, cosb,
A, =k, cosd,(d, +d,) (3.4)
k. = ko,n, =%n. (3.5)
and
B =k sing =k,sing, =...=k, sing, (3.6)
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which is an invariant of the systeng” and &€ represent the unit vectors along the

direction of the electric field, and,” and E represent the electric field amplitudes of

waves propagating in the downwards and upwardstéres (see Fig. 3.5), respectively.
On applying the boundary conditions at the intexfagne can obtain

E')_<(E ). _ E.
(EJ_%{al'”_Q%S{EJ &)
where
_1( €% ré?

andr; andt; represent, respectively, the amplitude reflecaod transmission coefficients

at theith interface;o, = k;d, cosg,. For TE polarisation

— ni COSHi - ni+1 Coseiﬂ
ni CC)Sei + I‘]i+1 COS8i+1

(3.9
2n, cosg,
n, cosd, +n,,, cosd,,

and for TM polarisation

ni+1 CC)Sei B I‘]i C059i+1
cosd +n, cosf,,,

r =

ni +1
(3.10)
2n, cosd

cosd) +n, cosh,

i n

i+1

Assuming that the second, third and fourth mediaHig. 3.5) correspond to a multiple

layer device and the first medium is a substrate, @an use the above matrix to determine
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the propagation characteristics of a planar wawkguif the excitation efficiency, is

evaluated as a function of the propagation congtarg.:

2 2
+ -
3 E3
E+ +
1

nB) = E:

or n(B) =

(3.11)

then one would obtain resonance peaks at discedteewy off, which correspond to the
modes supported by the layer [Ulrich, R. 1970]. Tades off at which peaks appear
give the real value of the propagation constanthefmode, while the full width at half
maximum (FWHM) represents the power attenuationffiocoent which is twice the
imaginary part of the propagation constant [Ulrieh,1970].

To apply the above method to study the propagati@macteristics of a cylindrical optical
fibre, some modifications must be introduced. Awvament transformation of the optical
properties of the cylindrical fibre to a planar gexiry has been derived by Sharma et al
[Sharma, A.et al. 1990]. It was found that the expression for theppgation constant
distribution may be found from the equivalent esgien for the refractive index
distribution, which includes adjustable parametd@rsose parameters are obtained by

maximizing the stationary expression for
g2 = ﬁfdedy[kénz(r)IW(r, ) -]
L[ aaywixyf

(3.12)

: . : @« . :
where r =,/x*+y? is the radial variablek, =— is the free-space wavenumbév,is a
C

modal field of the following form:
W(xy) =¥, (x)¥,(y) (3.13)
W, and ¥, are the scalar modes of two slabs with index tiana along the x and y

directions, respectively. Choosing the followingdtional form for¥y:
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W (x)= Aco{%), |x| <oa

W, = Acog px)ex;{— ptan(po) E{(gj _ UH’ 2o (3.14)

wherea is core radius, values pfando are obtained by solving the equation 3.12. Once
the parameters are known, the refractive indexridigton can be defined. This
distribution may be represented by the followingpégmal formulae:

n?(x) =n% =n? —% X <0 (3.15)
n?(x) =nZ, =n? —% X >0a (3.16)
where
p® =-1.3528+1.6880/ — 0.1894/ 2 (3.17)
o = 0.8404+ 0.025V - 0.0046V (3.18)
u=4VZ? - (L148/ - 0.996) (3.19)

subject to the constraint 1.5<V<2.5, where V isrtbemalised frequency.
This analysis allows for prediction of the effeetindices of the modes and subsequently
prediction of the transmission spectrum of the ehosaist diameter taper and its response

to a change of refractive index changes in theosungting environment of the taper waist.

The response of taper based sensors is dependtre taper waist diameter. Tapering of a
single mode fibre necessarily couples power froemftindamental mode into higher order
modes as described in chapter 3.2. Power also eéslgaick from the higher order modes
into the fundamental mode. In case of smaller diantaper, with the waist diameter size
smaller than 20m the variation of the power loss, from the fundatakinto higher order

modes, with wavelength has a sinusoidal dependd@imeetransmission spectrum of such a
taper shows characteristic interferometric osddla and is called “channelled spectrum”

and oscillations are known to result from the if@ence between modes and the
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modulation of their envelope is due to the beathdifferent frequencies [Black, R. &t

al. 1991], see Fig. 3.6.
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Fig. 3.6. Experimental core-mode transmission loktaper as a function of wavelength
(insert after [Love, J. Det al. 1991))

The observed oscillations for tapers with dianseteelow Gun [Jarzebinska, Rat al.
2009] originate from beating of HEand HE; local modes, which propagate along tapers

with different propagation constanf$, and recombine at the output with a relative phase

which depends on the length of the taper. Any chaofjthe refractive index of the
surrounding medium causes a changaejnof the excited modes and thus by the relation
in Eq. 3.2 induces a change in their propagatiorstamts. This results in measurable shift
of the channelled spectrum. In this project theaaaive index modulation has been
obtained by means of the deposition of nanostradtwoatings and the spectral response

of tapers was studied, and the channelled spedias®d sensors proposed.

In case of large diameter tapers, with waist diansetabove 20m interferometric
oscillations also occur, but the period of the ¢leded spectrum is larger than the spectral
range offered by the spectrometer used in thiseptdp monitor the spectrum. Therefore it

can be said that the transmission spectrum of ldrgmeter tapers does not change in
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response to tapering; its shape in general refteetsource transmission. The operation of
sensors based on the large diameter tapers igeatifféorm those of small diameter- a
coupled waveguide response is observed. The urigrdyfect is similar to that observed
previously for nanostructured films deposited oatside polished optical fibre [Flannery,
D. et al. 1999; Charters, R. Bt al. 1994] when mode of a core of the tapered fibie @an
mode of a coating waveguide are phase matched.rébidts in energy transfer between
these two waveguides. The deposition of a nanostaéng influences the transmission
spectrum in a way that characteristic attenuatiands with central wavelengths that are
dependent on the optical thickness of the coatirgg @oduced. It has been shown
theoretically and experimentally [Cusano, é.al. 2005; Del Villar, l.et al. 2004; Del
Villar, 1. et al. 2005 ¢); Del Villar, I. et al. 2006 )] that as the thickness of an overlay
increases core modes shift their effective refvactndex to higher values, see Fig. 3.7.
There is a moment when the cladding mode with laghefractive index becomes guided
in the overlay. If the thickness continues to iase more modes become guided in the
overlay. The mode that couples to the overlaywsag$ the highest refractive index mode
of the cladding. During this transition a changeeiffiective refractive indices of all
cladding modes takes place. After this, each madeahrefractive index of an immediate

lower order cladding mode without overlay see Bid.
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Fig. 3.7. Effective refractive index of the firdd tladding modes as a function of the
overlay thickness (insert after [Del Villar,et al. 2006]).

The results for these fibres have been explained Vidlar, 1. et al. 2005 €); Cusano, Aet

al. 2006; Del Villar, l.et al. 2006 p)] with the theory based on a vectorial analysis of
modes and coupled mode theory applied, with LP nagwoximation. The theory is an
extension of a model for a three-layer cylindrisalveguide proposed by [Erdogan,€T.

al. 1997]. This has been applied for the analysis Bf5k fibres with several layers
deposited. The matrix method for the propagatiomstamts in such waveguide proposed
by [Guo, S.et al. 2004] was applied by [Del Villar, let al. 2006 €)] where the
interactions between the fundamental core mode; HiBd HE; and EH; modes of
cladding were studied. Once the exact modes acellagtd they are introduced to couple-
mode equation and the self- and cross coupling ficaafts are calculated. Then

propagation constants are obtained.
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It can be observed in Fig. 3.7 that the transiobthe refractive index of each HEnode
is shifted to immediate lower order cladding modéwo steps. The mode effective index
is shifted to an EHnode before it is definitely shifted to the HE bétlower order. This

also applies to the resonant wavelengths.

The phenomenon can be explained as a reorganizatimodes. There is finite number of

allowed effective refractive indices states of ngde an uncoated fibre. Deposition of a
thin layer causes the perturbation of the refractindex which leads to appearance of not-
allowed (in uncoated fibre) states of modes. THmne for transition to guidance of one

cladding mode in the overlay. Guidance occurssgeific thickness. With the increase of
the thickness the distribution of modes recovemiginal state. The phenomenon repeats
periodically as the thickness increase. This phesman was reported to occur also in

tapered fibres with an overlay deposited onto tegheegion [Jarzebinska, B.al. 2009].

Tapering of a fibre does not lead to dropout baaggsearing. The deposition of a specific
coating onto tapered region induces their appearaimcthe case of tapers it was also
observed that the phenomenon occurs periodically thie overlay thickness increase and
attenuation bands are always composed of two depat@nuation dropouts. Figure 3.8
and 3.9 depict experimental results published anzgbinska, Ret al. 2009] as well as

obtained during realisation of this project.
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Fig. 3.8. Normalised transmission spectrum of th&@n diameter fibre taper coated with
330nm and 360nm of the quinolinium iodide overlayng Lagmuir-Blodgett technique.
Spectral width (FWHM) of transmission losses mari@dceach dropout band.
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Fig. 3.9. Transmission spectrum of thau@6diameter fibre taper coated with 1800nm and
1950nm of the quinolinium iodide overlay using LagrBlodgett technique. Spectral
width (FWHM) of transmission losses marked for edabpout band.
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This indicates the two-step transition of refragtimdices of modes takes place. Therefore
the scalar analysis, where hybrid modes — HE c€ansidered, is the appropriate approach

for the description of the phenomenon.

The presented in this section phenomenon of thplicmuof the fundamental Ly mode to
the HER; and HE, modes which occurs in the taper waist of non-atialiapers has been
studied in this project towards prospective sensoeation. The differential response of
the propagating modes within the taper waist to ititteex change in the surrounding
environment has been used for studies of the aiplity of tapered optical fibres as pH
sensors and to measure the concentration of clubsemical species both in liquid as well
as in gaseous environment. Mathematical descriptiothe waveguiding properties of
tapered fibres is used for theoretical predictiohshe optical response of tapered single-
mode optical fibres coated with an overlay film.

56



Chapter 3. Theoretical approach

References

Black, R.J., Bures, J., Lapierre, J., “Finite-clenddfibres: HE, and local-normal-mode
coupling evolution”,IEE Proceedings J (Optoelectronics), Vol. 138, No. 5, pp. 330-336,
1991 @)

Black, R.J., Lacroix, S., Gonthier, F., Love, J.lapered single-mode fibres and devices.
Part2: Experimental and theoretical quantificatidi£E Proceedings J (Optoel ectronics),
Vol. 138, No. 5, pp. 355-364, 1991)(

Charters, R.B., Staines, S.E., Tatam, R.P., “la-lifiber-optic components using
Langmuir-Blodgett-films”,Optics Letters, Vol. 19, No. 23, pp. 2036-2038, 1994

Cusano, A., ladicicco, A., Pilla, P., Contessa,@ampopiano, S., Cutolo, A., Giordano,
M., “Mode transition in high refractive index codtlng period gratings’Optics Express,
Vol. 14, No. 1, pp. 19-34, 2006

Del Villar, 1., Corres, J.M., Achaerandio, M., Aga, F.J., Matias, R.l., “Spectral
evolution with incremental nanocoating of long pdrifiber gratings”,Optics Express,
Vol. 14, No. 25, pp. 11972-11981, 20@9 (

Del Villar, I., Matias, I.R., Arregui, F.J., “LonBeriod Fiber Gratings With Overlay of
Variable Refractive IndexlEEE Photonics Technology Letters, Vol. 17, No. 9, pp. 1893-
1895, 2005¢)

Del Villar, 1., Matias, I.R., Arregui, F.J., “Infience on cladding mode distribution of
overlay deposition on long-period fiber gratingddurnal of Optical Society of America A,

Vol. 23, No. 3, pp. 651-658, 200B)(

Del Villar, 1., Matias, I.R., Arregui, F.J., “Fibédptic Nanostructures by Electrostatic
Molecular Self-Assembly”Current Analytical Chemistry, Vol. 4, pp. 341-355, 2008

57



Chapter 3. Theoretical approach

Del Villar, I., Matias, I.R., Arregui, F.J., “Depibi®n of coatings on long-period fiber
gratings:tunnel effect analogyQptical and Quantum Electronics, Vol. 38, pp. 655-665,
2006 €)

Del Villar, I., Matias, I.R., Arregui, F.J., LalaanP., “Optimization of sensitivity in Long
Period Fiber Gratings with overlay depositio@ptics Express, Vol. 13, No. 1, pp. 56-69,
2005 d)

Erdogan, T., “Cladding mode resonances in short lmg period gratings filters”,
Journal of optical Society of America, Vol. 14, pp. 1760-1773, 1997

Fielding, A.F., Edinger, K., Davis, C.C., “Experintal observation of mode evolution in
single-mode tapered optical fiberggurnal of Lightwave Technology, Vol. 17, No. 9, pp.
1649-656, 1999

Flannery, D.; James, S.W.; Tatam, R.P.; Ashwell, GFiber-optic chemical sensing with
Langmuir-Blodgett overlay waveguide®pplied Optics, Vol. 38, No. 36, pp. 7370-7374,
1999

Ghatak, A.K., Thyagarajan, K., Shenoy, M.R, ,Numalianalysis of planar optical
waveguides using matrix approackturnal of Lightwave Technology, Vol. LT-5, No. 5,
pp. 660-667, 1987

Gloge. D, “Weakly guiding fibers’Applied Optics, Vol. 10, pp. 2252-2258, 1971

Guo, S., Albin, S, Rogowski, S, “Comparative analysf Bragg fibers”,Optics Express,
Vol. 12, pp. 198-207, 2004

Hunsperger, R.G._“Photonic devices and systeMarcel Dekker Inc., New York, 1994

58



Chapter 3. Theoretical approach

Jarzebinska, R. Cheung, C. S., James, S. W., T&®am,, “Response of the transmission
spectrum of tapered optical fibres to the depasitmf a nanostructured coating”,
Measurement Science & Technology, Vol. 20, No. 3, Article Number: 034001, 2009

Kieu, K.Q., Mansuripur, M., “Tuning of fiber laseby use of a single-mode biconic fiber
taper”,Optics Letters, Vol. 31, No. 16, pp. 2435-2437, 2006

Leon-Saval, S.G., Birks, T.A., Wadsworth, W.J., &als P.StJ., Mason, M.W.,
“Supercontinuum generation in submicron fibre wawdgs”, Optics Express, Vol. 12, No.
13, pp. 2864-2869, 2004

Love, J.D., Henry, W.M., Stewart, W.J., Black, RlJacroix, S., Gonthier, F., “Tapered
single-mode fibres and devices. Partl: Adiabatioiyteria”, |IEE Proceedings J
(Optoelectronics), Vol. 138, No. 5, pp. 343-354, 1991

Orucevic, F., Lefevre-Seguin, V., Hare, J., “Trarmtance and near-field characterization
of sub-wavelength tapered optical fiber©ptics Express, Vol. 15, No. 21, pp. 13624-
13629, 2007

Pask., C., Snyder, A. W., Mitchell, D. J., “Numbafr modes on optical-waveguides”,
Journal Of The Optical Society Of America, Vol. 65, No. 3, pp. 356-357, 1975

Sharma, A., Kompella, J., Mishra, P.K., “Analysfdibre directional couplers and coupler
half-blocks using a new simple model for single-mditbers”, Journal of Lightwave
Technology, Vol. 8, No. 2, pp. 143-151, 1990

Synder, A., Love, J.D., “Optical Waveguide Theépmluwer Academic Publishers Group,
London, 2000

Ulrich, R. “Theory of prism-film coupler by planeawve analysis”,Journal of Optical
Society of America, Vol. 60, pp. 1337-1350, 1970

59



Chapter 3. Theoretical approach

Warken, F., Vetsch, E., Meschede, D., Sokolowski, Rauschenbeutel, A., “Ultra-
sensitive surface absorption spectroscopy usingnawelength diameter optical fibers”,
Optics Express, Vol. 15, No. 19, pp. 11952-11958, 2007

60



METHODOLOGY

In this section the experimental setups and thénoast used to produce and characterise
the spectral responses of tapered optical fibrespegsented. In order to systematize the
work that has been undertaken the project is pteden the form of the flowchart shown
in Fig. 4.1. The development of the project was fabows: 1. manufacture and
characterisation of tapered optical fibres, 2. d@mm of functional coatings onto the
tapered region of an optical fibre using the appeate deposition technique, 3. study of a
coated tapered fibre as a potential sensor to@figaestimulus.

In the last part of the section the mathematicatlehaised to predict the development of
the transmission spectrum of tapered fibres inarese to increasing overlay thickness is
presented.
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Dptical fibre
Step 1 TAPEETNG
L J
s R | .
e Tapered optical fikbre
Step 2 DEPOEITION
[ .. \
Langmuir Chemical Electrostatic-self-
-Elodgett deposition assembly
¥ N
Cuinolinium Y TiC, + NFAN PAH +
wdide Polyaniline cyclodesxtrine
Calix-4-
rESOrCINArene PAH + TsFR
Step 3 ‘ APPLICATION
A onia

oas

: ohia
Zas

Fig. 4.1. Schematic diagram of the work undertakhin the project.

4.1 Fabrication and characterisation of tapers

The setup shown in Fig. 4.2, using a gas burnex ssurce of heat, was constructed to

facilitate the fabrication of optical fibre taperfhe gas burner contained a butane

(65%)/propane (35%) mixture. The burner was equippégh a nozzle enabling manual
flame length control. The width of a flame was ~6mdsing this experimental setup,
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optical fibre tapers with micron scale diametersthe range Bm — 6Qum have been

fabricated.

[

Optical fibre

Light source

Fibre support

Detector

<«— Rotating stage

Fibre holder

Gas burner

Fig. 4.2. Schematic diagram thie setup used for fibre tapering.

One type of telecommunication fibre was studiedhgle mode fibre, Fibrecore SM750,

with cladding/core diameters of 125, and cut-off wavelength of 635nm.

To prepare the fibres for the tapering process,ptiméective polyacrylate buffer coating
was removed from a section of length larger that Which was to be tapered, using a
mechanical stripper. The reason for stripping th&tiog from a fibre is to avoid impurities
remaining on a tapered region after heating it wiftame. The remaining impurities could
cause local overheating and excessive local mettirg fibre during the tapering process
due to their burning, and have an influence onréw@smission spectrum of a tapered fibre.
The stripped length of fibre was then thoroughbacled by wiping with a tissue soaked in
acetone and next - with isopropanol, choosing arckection of the same tissue or using a

new one. The length of optical fibre containing #tBpped section was inserted in fibre
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supports. The supports ensured parallel to thechtrg plane position of the tapered
section during pulling. Subsequently the opticddrdi was stretched between the two
rotation stages and secured using scotch tape ass brylinders protruding from the
rotating parts of stages. The optical fibre was mebhy one full turn around each cylinder
so that the fibre section to be tapered could beeal under tension. The typical tapering
length was ~1.5cm for a taper of a waist diametergl within the range of 20-30n, and

~3cm for a wm taper. The typical length of a stripped regiors wacm long.

After the attaching the to the rotation stages, ftbee was ready for tapering. The gas
burner is positioned such that when not operatirgbelow the level of the optical fibre to
be tapered. When the fibre is ready for tapering,iturner is switched on and the gas is lit
and raised up ~10cm to heat a fibre and rotatiagest switched on. The size of the flame
was ~6mm. A fibre was placed in a flame in the peaihere the flame temperature is the
highest i.e. top of the inner cone of a flame,Sge4.3.

Outer cone—___

Hottest region

Inner con

Fig. 4.3. Schematic diagram of a structure of méa

During heating, the ends of the fibre were drawropposite directions by driving the
rotation stages at a constant linear speed of appabely 10Qum/s. The speed was
experimentally worked out, based on the transmissitensity of the guided light, to be
the most effective in the setup. The stages weneerdrby separate controllers (Oriel
Instruments, Encoder Mike Controller, model 180&ith a resolution of 04m/s and

range 0.5 — 200.0n/s. The tapering process lasted from 50 to 126rsks; depending on

the desired taper diameter. After fabrication, etaper was carefully mounted on a
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straight holder which secured the fibre and enabkesly handling and operation, see Fig.
4.4. The holder is called “straight” in order tetitiguish it from another one — the “cross”
holder — described thereinafter. The dimensionthefholder were designed to secure the
taper holding close to tapered region. On the dthed the holder ensured the mounting of
a fibre far enough from the tapered waist so tHggooylate buffer coating was clamped in

order to prevent the breakage of uncoated silica.

Fibre holder

Clamp screw

Buffer coating Fibre Fibre clamp

Fig. 4.4. Schematic diagram of a fibre holder.

Following tapering, the dimensions of the fibreg atharacterized using optical and
scanning electron microscopes. For a fast estinodtéhe diameter and to allow a
qualitative view of the fibre (check for the presenof inner fractures), an optical
microscope (Vickers Photoplan) with image sheareagout unit (Vickers Instruments) is
used. The taper size was measured in ten poimsg @@ uniform waist diameter and the
average value was calculated. Microscope resolutas 0.04m. For more precise studies
of the waist diameter an Environmental Scanningtid& Microscope (FEI ESEM XL30,
1.5nm resolution) is used.

0 ESEM is a modified version of the Scanning ElectiMitroscope, SEM, where a
sample is studied in high vacuum environment byosxpe to a high-energy beam of
electrons emitted from an electron gun. Generagadredary electrons, produced in
inelastic interaction of electron beam with valeetextrons of the sample material, and
back scattered electrons are collected by detetboferm images of the sample. In

SEM imaging the samples must be electrically coidecNonconductive specimens,
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like silica, tend to get charged, which causes sicgnfaults and other image artefacts.
These problems are overcome in the ESEM, wheresgezimen remains in an
electrically conductive gaseous environment whichevents negative charge
accumulation on the sample [Stokes, D. J. 2008].

The cross-section of a tapered fibre was studiadhe Focus lon Beam technique (FEI

Strata 200xP FIB) that was used to cut a waisttarsdan its surface.

O An FIB system operates in a similar fashion to &MSnstead of using an electron
beam, the FIB system uses a finely focused beagalbfim ions that can be operated
at low beam currents for imaging or high beam ausdor site specific sputtering or

milling [Yao, N. 2007].

The optical characteristics of the tapered fibreseastudied, in particular the response to
the deposition of nanostructured coatings. Theetbfibres were then assessed for use as
chemical sensors. The criteria for materials selrcivere based on the aimed sensors’

working environment, namely: liquid and gaseous.

In the following sections the techniques usedtli@ coating of tapered optical fibres are
presented. The transmission spectrum was monitdueithg the deposition process and
during subsequent assessment of their performascgeasors using the configuration
depicted in Fig. 4.5. Transmission spectra werertsd by coupling the output from a
tungsten halogen lamp (LS-1, Ocean Optics) into eme of the fibre and coupling the
distal end to fibre optic CCD spectrometer (S2000ean Optics, Inc., bandwidth: 530-

1100nm, resolution: 0.3nm).

Sensitive area

Fibre Spectrum

Light source - _X ______ analyser

& - 49
B —

Fig. 4.5. Schematic diagram of arrangement of ¥peemental setup, in a configuration
with a spectrum analyser.
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4.2. Langmuir-Blodgett deposition technique

Prior to the deposition of materials onto tapeibet using the LB technique, solutions of
the materials were submitted for spectroscopicyamal The aim of this is to examine
whether or not absorption in the deposited mateoalributes to the spectral response of
tapers to the overlay deposition. Absorption speegtere acquired on a Perkin Elmer
Lambda 7 spectrophotometer (total wavelength raBg@:— 900nm) in School of Applied
Sciences of Cranfield University, UK. The materialsre dissolved in the mixture of
solvents: CHG and CHOH (ratio 1:1). The spectrum of the solvent mixtwas used as
the baseline for subsequent measurements of spafcthee solutions. The baseline was

subtracted form each spectrum.

The LB technique facilitates deposition of the mateone molecular layer at a time onto a
substrate in controlled way [[Blodgett, K. 1935tétson, I. R. 1990]]. The technique has
been introduced in chapter 2.3.1. A two compartnidinta Technology LB trough was
used. Each compartment has a subphase area of c83x&0d a maximum monolayer
containment area of 565émOne compartment was filled with deionised watér.
monolayer of the material is formed by applying thelecules on the water/air subphase
in the form of the chloroform solution. A solvenasvallowed to evaporate by leaving for
10min before the experiment began. The moleculspedsed across the whole water
surface and oriented with the hydrophilic parts iensed in water and hydrophobic parts
remaining upwards — above the water surface. Thilgaiing monolayer with randomly
oriented molecules was produced. Reducing the sarf@ea by moving a barrier
molecules start to be pushed closer together abyith@phobic tails of molecules start to
lift above the surface. Constant reduction of thdage area causes change in the surface
pressure of the monolayer that can be monitoreduasce pressure isotherm. Further
compression reduces the area occupied by each umlgose to its crossectional area and
thus produces solid phase. In this state molecallesready to be transferred to a solid
substrate, i.e. a fibre. The fibre containing taper was mounted on a cross-holder and
positioned vertically so its long axis was aligneih the dipping direction, see Fig. 4.6.
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The cross-holder was mounted on the motor-drivacktchains by screwing both arms of

the holder on track chains.

Fibre adapter Fibre clamp

Dipping
direction
Cross holder A
Screw
Fibre adapter
v

Fibre clamp

Fig. 4.6. Schematic diagram of a cross-holder (dsrans: 10X 10cm) with a fibre
mounted and fibre adapters facilitating connectma light source and spectrophotometer.

The fibre was alternately raised and lowered tghothe floating monolayer at the air-
water interface to deposit a coating (see Fig..Bd}h ends of a taper were ~50cm long
and terminated with bare-fibre adapters, which Etabbre connection to the source and
spectrophotometer, facilitating the recording o thansmission spectrum during coating
deposition. Fibre adapters’ design provides a smahd easy method to quickly
interconnect any standard fibre connector to tgstiare fibre. Mounting procedure

requires stripping off a bit of buffer coating, @aféeng the glass fibre and inserting it into
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the ferrule while depressing the clamping buttombrd= is held mechanically and
removable. Transmission spectra were recorded ukafbre coupled CCD spectrometer
after the deposition of each monolayer, with thgetabelow and above the water surface

for alternate layers.

Tapered optical fibre stretched
/on the cross-holder

Fibre end Trough compartment
| Trough comp

EEET T T,
Wi
+

[ Cross-holder

Fig. 4.7. Photograph of the tapered optical fibunted on the cross-holder and placed in
the bath separating two compartments of the trough.

4.2.1. Materials used for Langmuir-Blodgett deposibn

Two materials suitable for LB deposition were stddcfor the deposition onto tapered
devices. The first of the materials, belongingnierocyanine dye family, was 4-[2-(4-
dimethylamino-naphtalen-1-yl)-vinyl]-1-octadecyligalinium iodide), which was chosen
for chemical sensing in solutions. The second nateras calix[4]resorcinarene, which
belongs to a large family of calixarens. This matewas chosen for sensing in the gas

phase.

The  4-[2-(4-dimethylamino-naphtalen-1-yl)-vinyl]dctadecyl-quinolinium iodide)

structure is depicted in Fig. 4.8.
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Naphtalene groups

Alkyl chain

[ H;C

Non-polar tail

Amphiphilic
anion

Polar head

Fig. 4.8. Molecular structure of the 4-[2-(4-dimg@dmino-naphtalen-1-yl)-vinyl]-1-
octadecyl-quinolinium iodide.

The molecule structure contains an alkyl chain, tephthalene rings and amphihilic
anion, which dissolves in water leaving the speeaiethe air water interface where they
form an organized monolayer when compressed. Theolkijpium iodide molecule

contains also the amine group, which in water ugales ionization according to formula:

R-NH,+H,0 - R—=NH; +OH"~
The — NH group within the molecule is anticipated to be gstive. Thus for the first

time the pH sensitivity of the molecule has beamdisd. Langmuir-Blodgett films of
iodide salts have found application for the depamsito thickness suitable for waveguiding
and second harmonic generation [Ashwell, GetAl. 1996, Ashwell, G. Jet al. 2002].
We believe this to be the first use of 4-[2-(4-dihgamino-naphtalen-1-yl)-vinyl]-1-
octadecyl-quinolinium iodide) for LB film depositicas well as for its chemical sensing
application. The molecule was synthesized in thendWaaterials group of Prof. G.
Ashwell, of the School of Chemistry, Bangor Uniugrs

The second of the materials used was calix[4]résarene. The calix[4]resorcinarene
structure contains four resorcinol aromatic ringigliconnected to form a larger ring, see
Fig. 4.9. Calix[4]resorcinarenes make up a platfdon creation of more complicated

molecular host systems. They form a conical cathiigt can be extended by suitable

substitution (in the position R and/or X, see F#9) and sensitization of the
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substituted groups.

Fig. 4.9. Molecular structure of the calix[4]resoarene

The cavity of resorcinarenes provides a site fa binding of organic/inorganic ions
[Pietraszkiewicz, M.et al. 2000, Turshatov, A. Aet al. 2004] and organic neutral
molecules [Stone, M. Met al. 2002]. The molecule has been investigated prelyiasa
coating for vapours sensing of various volatileamig compounds (ethanol, benzene,
toluene, ethylbenzene, ethyl acetate, acetonenkesmd cumene) [Rusanova, T.eral.
2009]. It was found that the proposed sensor wasackerized by a short response time —
15s - and reproducible measurements. Calix[4]r@sarene is an amphihilic molecule and
so is proved to form well ordered monolayers thatehbeen deposited on substrates as
thin films by Langmuir-Blodgett technique [Hass#&n,K. et al. 1999, Sugden, M. W. et
al. 2008]. Recently it has been reported that bgpguan optical fibre with long period
coated with a calix[4]resorcinarene nanostructuceeting, chemical vapour sensing
(toluene, benzene, cyclohexane and hexane) carrbmmped [Topliss, S. Met al. 2010].
The sensor proposed in this project utilises axgglesorcinarene nanostructured coating
formed on a tapered section of an optical fibregishe LB technique in order to facilitate
the sensing of ammonia vapours. The material wathegized by Dr. Frank Davies from

Cranfield Health, Cranfield University.
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Quinolinium iodide deposited onto fibre tapers

A chloroform solution of the quinolinium iodidelsg.1mg/ml) was spread onto the pure
water subphase of one compartment of a Nima TeolggdlB trough. The deposition was
carried at a surface pressure of 26.0mN/m andrsfearate of 10 mm/min at the room
temperature of ZL. All spectra were measured by coupling the ouffmuh the tungsten-
halogen lamp into a fibre and connecting the distal to Ocean Optics CCD spectrometer
of resolution 0.3nm and recorded. The spectrumreesrded when the tapered region of a
fibore was above and below the water. This is imgdrias the required thickness of the
coating to allow the mode transition to an oversnongly depends on the surrounding
refractive index [James, S. Wt al. 2007]. Thus for the quinolinium iodide coated tape
the spectrum recorded with a taper below the water used since the application of the

sensor is measurement of pH in different watertsnis.

In general, the response of the quinolinum iodidated tapers to pH was characterised
immediately after deposition of the coating. In esasvhere the experiments were not
carried out on the same day, the coated tapers stered at room temperature immersed
in water, in order to prevent drying up of the miale pH measurements were carried at
the room temperature of 2L and were undertaken by immersing the coated taper
buffer water solutions, which covered the pH rao§e-11. The buffer solutions were
poured into the solution gap (see Fig. 4.10) of ékperimental vessel and a fibre was
immersed. The volume of the solution gap was ~3dtlemicals were acquired from
Aldrich Chemicals. The pH buffers were in a powfitem, and were prepared according to

producer instructions. The setup is depicted in &igj0.
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Coated taper Solution gap

Spectiim
Light source (a) / analyser
ar S ol |

Experimental
vessel

-@

I
(b) I Groove
Solution gap

Buffer solutions of different pH

Fig. 4.10. Schematic diagram of the pH experimeatap; a) side view of the experiment
vessel with a gap filled with solution and the ecktapered region of a fibre immersed in
it; b) top view of the experiment vessel with tlodusion gap and fibre groove marked.

The coated taper was immersed in pH solutions Somith for each pH. Before exposure to
a subsequent pH solution a fibre was immersed iondeed water for 15min and rinsed
thoroughly afterwards. Each series of measurenwdritse whole pH range for each taper
was repeated three times. Both ends of a fibre Wwarg enough to facilitate leading
outside the experimental vessel and light couplinp a fibre and lead out to a

spectrometer.
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Calix[4]resorcinarene deposited tapers

A chloroform solution of the calix[4]resorcinaremas spread onto the water/air surface of
the Nima Technology LB trough from the 0.1mg/mlarbform solution. The deposition
was carried at a surface pressure of 26.0mN/m ananhafer rate of 30 mm/min at room
temperature, ZLC. All spectra were measured by coupling the outparh the tungsten-
halogen lamp into a fibre and connecting the distal to Ocean Optics CCD spectrometer
of resolution 0.3nm and recorded. For the calixdggrcinarene coated tapers the spectrum
recorded with a taper above the water was use@ sirec destination of the sensor is gas

sensing.

After the deposition of the calix[4]resorcinarenknfonto tapered fibres the ammonia
sensitivity of the sensor was investigated. In dhgeexperiments were not carried out on
the same day the coated tapers were stored at teraperature in air. These experiments
were carried out in a gaseous environment, seedFid. The coated tapers were placed in
a sealed glass container of volume of 3 liters. Amia drops of volume 20 were
injected, at room temperature of°€land atmospheric pressure, inside the chamber. The
analyte vaporised inside the chamber and the respah the sensor to the vapour
concentration was recorded. Drops were placedentsid container using a micro-syringe
through a pipe in the container cover which wadeseanmediately after each injection.
The ammonia solution (d = 0.88g/&nHiPerSolv for HPLC) was acquired from BDH
Laboratory Supplies.
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Dirop inlet

\-...__________ /Glass veszel
ﬂ/.a

Light source /____--——— —-—-—‘_\\ Spectrum
\M‘_\_ _J____‘_’/ analyser

Fig. 4.11. Schematic diagram of the ammonia sersstgp.

The volume of the glass container and volume oh eemmonia drop was known, thus the
ammonia vapour concentration was calculated. Batls ef a fibre were led out of the
experimental vessel through the cover, which wdseguently sealed and the light was
coupled into the fibre. All spectra were recordsahg the CCD spectrometer.

4.3. Chemical deposition of polyaniline (PANI)

For the chemical deposition of an overlay onto tegeegion of a fibre the polyaniline

(PANI) molecule was used. The compound was chosenhemical sensing in solutions.

Polyaniline belongs to a family of conducting pobts. This polymer exists in a number
of chemical forms that differ in their oxidationdaprotonation states, see Fig. 4.12
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KOO Dk

Pernigraniline base

H e OOt

Emeraldine salt

(c)

Leukoemeraldine base

Fig. 4.12. Molecular structure of accessible oxatatstates of polyaniline; (a) fully
oxidized pernigraniline base, (b) half oxidized eatdine salt, (c) fully reduced
leukoemeraldine base.

The only conducting form of polyaniline is the moated polymer - emeraldine salt. The
charged form of the polymer shows the well knowagacitive behaviour” [Meerholz, K.
et al, 1993, Paasch, @t al, 1998]. This state is caused by the redox prodéssdeck, A.

et al, 1999] and can be used in pH sensing based oohidwege of the oxidation states
inside the polymer layer. The acid-base equilibriumust be established between
emeraldine salt and both base forms within entiegenel before measurements can be
conducted [Lindfors, Tet al. 2004]. Polyaniline is usually prepared in aqueadic
media in which the formed polymer precipitates dgrihe reaction. It has been confirmed
that for good reproducible spectroscopic propettiessynthesis must be carried out below

0°C [Cao, Y.etal. 1989].

The material is capable of film forming and as hepH [Wallace, G. Get al. 2003,
Lindfors, T.et al. 2006] and red-ox [Genies, E. Mt al. 1985] sensitive polyaniline is a
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good candidate for the use in sensor fabricatidrerd are few reports on the use of
polyaniline in the fabrication of fibre optic pHrsors [Ge, Z. F.teal. 1993, Aizawa, M.
1991]. The sensor proposed in this project utilpelyaniline coating formed in chemical
synthesis process on tapered section of an ofdtlm& in order to facilitate the redox

sensing in solutions.
Polyaniline deposited tapers
The manufactured, characterized and cleaned tapers subjected to the following

studies of their potential use as redox sensors avipolyaniline (PANI) coating. In this

research the standard procedure for PANI creatias wged, see Fig. 4.13.

4n ©_NH2HC1 + 5n (NH4)25208 e
@- ® -
O OO
c1® c1®
+2 n HCI +5?‘1st04 +5n(NH4)ZSO4

Fig. 4.13. Oxidation of aniline hydrochloride widimmonium peroxydisulphate yields
polyaniline hydrochloride.

Tapered optical fibres were mounted on a holder@aded in glass dish. Both ends of a
fibre were led outside the reaction dish to enablenection to the light source and CCD

spectrum analyzer, see Fig. 4.14.
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Ammonium
peroxydisulfate

Aniline

Light source

-

pectrum
analyser

Fig. 4.14. Schematic diagram of the setup for palyee overlay deposition onto tapered
optical fibre.

Then aniline hydrochloride was mixed with ammoniperoxydisulphate as an oxidizing-
polymerizing agent. In order to maintain low tengiare required for the polymerization
process the experimental glass dish was immersedplastic cuvette 4@ 30 x 10cm
filled with ice. The temperature was kept withir ttange (-10)-(-5 by providing to an
ice-bath a frozen salted ice. All chemicals werecpased from Aldrich. PANI molecules
were formed in the polymerization process and prated onto immersed fibres, creating
a thin film. For this purpose 50ml of 0.1M solutiohaniline in 2M hydrochloric acid was
placed in a glass dish and 50ml of solution of 0.AMmonium peroxydisulfate in 2M
hydrochloric acid was added.

A thin film formed in 10 min on the tapered fibriaged inside the experimental dish. The
polymerization was stopped by taking out and waglancoated taper thoroughly with
running distilled water. Subsequently, the coatgukted fibre was used for redox sensing

experiments.

Just after the deposition of a functional layereotaper, either chemically or by the LB
technique, the tapers were used in reduction-oxidatexperiments. In case the
experiments were not carried out on the same datythie fibores were coated, then the

fibores were stored at room temperature immersedwater. It has been reported
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[Pringsheim, Eet al. 1997] that polyaniline flms undergo irreversildbange after few

hours of the exposure to air, they are no longesitiee.

= .
———

Light Spectrum

source analyser

Coated taper Measurement vessel
filled with a solution

A A

Solutions of ascorbic acid (vitamin C) and anunonium
persulphate as an oxidant

Fig. 4.15. Schematic diagram of the setup for re@xperiments of the polyaniline-coated
fibres.

Redo-ox experiments were carried in a water smudif ascorbic acid (vitamin C), which
acted as a reductor, and ammonium persulphate hveltied as an oxidant, see Fig. 4.15.
Freshly prepared water solutions of 0.5% ascorbtt @5% ammonium persulphate were
alternately added to a vessel with taper coateth WiANI film and the spectra were
recorded over a period of 10 minutes. After eacimérsion a taper was thoroughly rinsed

with distilled water. Measurements for each tapereanrepeated three times.

4.4. Electrostatic layer-by-layer (Lbl) self assenlly deposition technique

The electrostatic layer-by-layer adsorption metheas used for the deposition of thin

nanostructured films onto tapered region of a fildequential Lbl assembly has proven to
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be a competitive procedure for the thin film of lad#fined organic films deposition
[Schmitt, J. et al. 1993, Decher, @. al. 1994]. The chosen target compound in our
experiments was ammonia gas since its sensitivecti@h is desired in medical,
environmental and chemical areas of human actj¥itymer, B.et al. 2005]. The sensing
material composed of multilayer of cationic poljfamine hydrochloride) (PAH) and
anionic tetrakis(4-sulfophenyl)porphine (TSPP) weeposited onto a taper, see Fig. 4.16.

HO\S SOsH

- HCl
NH-

- 12H,0

HO;5 S0;H

Fig. 4.16. (a) molecular structure of the Fig. 4.16. (b) molecular structure of the
poly(allyamine hydrochloride) — PAH  tetrakis(4-sulfophenyl)porphine - TSPP.

A tapered fibre was mounted on the straight hotdet placed in an experimental vessel
made of Teflon, see Fig. 4.17. The tapered regianfibre was placed in the solution gap
(see Fig. 4.17) and the experimental vessel w#sdfisubsequently with the reaction

solutions.
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Fibre Spectrum

Light source \ (a) analyser

Experiment vessel Sulution gap

) T T

| I
Sulution gap Groove

Fig. 4.17. Schematic diagram of the Lbl deposisetup; a) side view of the experiment
vessel with a gap filled with solution and the tagkregion of a fibre immersed in it; b)
top view of the experiment vessel with the solutiap and fibre groove marked.

The tapered region of an optical fibre was fixedhoifder, rinsed with deionized water and
— prior to the deposition - immersed into 1% wtagthl solution of KOH for 20min in
order to negatively charge the fibre surface. Sgibsetly the fibre was immersed in a
5mg/ml water solution of positively charged polymgoly(allyamine hydrochloride)
(PAH) for 20min. During this time a monolayer of RAvas deposited on the fibre
surface. Next the fibre was rinsed thoroughly vdistilled water and dried in a stream of
nitrogen. The fibre was then immersed for 20miraitmM solution of a functional dye
tetrakis(4-sulfophenyl)porphine (TSPP), which pd®s the specificity of the sensor. The
fibre was then rinsed with distilled water and drie

The deposition of a multilayered structure was et by the sequential dipping of the
tapered fibre in PAH and TSPP solutions, as degiictd-ig. 4.18. Deposition was stopped

after 5 cycles when the desired thickness of thiilayered film was achieved.
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Fig. 4.18. Diagram of the layer-by-layer depositocess

Experiments on this material were carried out ipadain collaboration with the group of
Environmental Materials of Graduate School of Eowmmental Engineering of the
University of Kitakyushu. All chemicals were proed by Dr Sergiy Korposh from the
University of Kitakyushu, Japan.

After the deposition of the multilayer coating filonto tapered fibres the ammonia
sensitivity of the sensor was investigated. Thegements were carried out in gaseous
environment. Figure 4.19 shows a schematic diagrbthe experimental apparatus used
for gas detection. The coated taper was placedhenntieasurement chamber where the
desired gas concentration was set up. Compressedaai used as a carrier gas. The
desired gas concentration was achieved by mixiegaih with gas in a proper gas flow

ratio.

82



Chapter 4. Methodology

L 4

Light source o Specrtum
Measurement chamber analyser

Fig. 4.19. Schematic diagram of experimental s&dupmmonia sensing study of Lbl
coated tapers.

Both ends of a fibre were led out of the experirabnéssel and the light was coupled into
the fibre. All spectra were recorded using CCD tpaceter.

In this chapter techniques and experimental setditiged in realization of the project
were described. The aim of the project was to eréhte optic sensors with an application
potential in the solution and gaseous environméhtaias carried out in the following
steps: 1. manufacture of tapered optical fibres @ik physical characterisation using
microscopic techniques. 2. Deposition of functionahocoatings onto the tapered region
of optical fibres using one of the deposition teghbes, it is Langmuir-Blodgett, or
chemical deposition or electrostatic layer-by-lagelf assembly technique. 3. Study of a
coated tapered fibre as a potential sensors bysexpdo a specific stimulus in water or in

the gaseous environment.

4.5.Mathematical model

The planar multilayer model together with transfation of the optical properties of the

cylindrical fibre to a planar geometry allows désicrg the tapered fibres operation in
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terms of the spectral response to increasing ovehligkness. For the calculation of the

transmission spectrum a structure depicted in£Rp was analysed.

Multilayer structure

\f
-
-
.
i
h,

&

Input Dutput

LN

E(r) E(r)

Fig. 4.20. Diagram of the structure used for theuation of overlay device optical

properties.
The complete theoretical formulation was coded IWTMAB7 (code access thanks to Dr

Stephen W. James). A block diagram of calculatidmeme is depicted in Fig. 4.2hd a

program listing is shown in Appendix B.
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Scan through the range of
effective indices external
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each cladding mode
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transmission coefficients at Increment
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Evaluate the effective index
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y
Fig. 4.21. Computational scheme for calculatingetad optical fibre transmission.
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RESULTS

In this section the characteristics of the fabadatapers the response of their transmission
spectra to the deposition of nanostructured costiagd a study of the use of coated tapers

for chemical sensing are presented.

5.1 Fabrication and characterisation of tapers

The waist diameters of the optical fibre tapergitated over the course of the research
described in this thesis were within the range8m. The uniform section of the taper
was observed using an optical microscope and artMESpically the section of the taper
with uniform diameter was found be of length of@rttundreds of micrometers, the exact
length being dependent on the taper waist diamé&tez. smaller the taper diameter, the
longer the duration of the pulling process and ltreger the uniform waist region. The
diameter of each taper was measured at 10 locadiong it length.

Figure 5.1 shows two typical ESEM (Environmentalai@ang Electron Microscope)

images of typical tapered fibres fabricated ushgprocess described in section 4.1.
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(b)
Fig. 5.1. ESEM images of examples of tapered fibj@s~3um taper; (b) ~3dm taper.
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The visual inspection of ESEM images shows verydgside—wall smoothness, which is

required for low loss operation [Love, J. &.al. 1991]. The cross-section of a tapered
fibore was also studied; using the Focus lon BeaiB)(Fechnique to cut a waist and

subsequently using ESEM to scan its surface (SpesH).

(@)

Fig. 5.2. Fibres cleaved using FIB. (a) 3#rvdiameter taper imaged using the SEM built
into the FIB device.
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Polyaniline coating

(b)

Fig. 5.2. Fibres cleaved using FIB. (b) cross-sectf a 13.;5m taper waist cut with FIB
and scanned using an ESEM. Both fibres were smglee Fibrecore SM750.

Figure 5.2(b) suggests the presence of the fibre within the tapered fibre waist, which
in this case has ~IuB diameter, and that the circular symmetry of aefibas not been
disturbed. Prior to FIB cutting and recording theHM image, the taper shown had been
coated with an overlay material (polyaniline) fose@parate, unrelated experiment, which

explains the rough side-wall surface.

The transmission spectrum of each fibre was recbiosfore and after tapering. The
spectral analysis showed that the form and interdithe spectrum of tapers with waist
diameters greater than @@ was not changed, whilst it showed substantiahgbafor

tapers with waist diameters smaller thap®(see Fig. 5.3(a)-(f)).
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Fig. 5.3 (a)(b). The transmission spectra of fineéore the tapering (a) and after the
process and their difference due to the taper wigasteter; (b) transmission spectrum of a
37um fibre taper.
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Fig.5.3(c)(d). Transmission spectrum of auB0fibre taper (c) and 1@n taper (d).
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Fig. 5.3(e)(f). transmission spectrum of @®fibre taper (e) showing a spectrum response
containing interference effects; (f) transmissigpectrum of a pbm taper showing
channelled spectrum response due to interferefeetef
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Tapers with diameters in the range 5 +®0develop features within the transmission
spectrum. These features taking on a sinusoidal for tapers of pm diameter, which, as
has already been described in chapter 3.1, comedspto a channeled spectrum arising
from the interference between two modes of theefiiaper, and effect characteristic of a
nonadiabatic taper.

5.2. Langmuir — Blodgett (LB) film deposition ontotapered optical fibres

In this section the observation of the influencettid nanostructured coating, deposited
onto the taper utilizing the LB deposition techrégon the transmission spectrum of the
tapered fibres is shown. The deposition of nanosired coatings of materials change the
optical properties of the modes of fibres as hamnbdescribed in Chapter 3.3. In non-
adiabatic tapers, the EPmode of the single mode fibre may couple to thenenous
modes of the tapered section of the fibre becafigheohigh refractive index contrast
between the silica and surrounding medium. In gdntée coupling occurs only to HE
and HE, modes of the tapered waist. These two modes pavpadpong the tapered region
and couple back to the kPmode at the output of the taper. The form of theeoved
transmission spectrum, and its response to changtége surrounding environment, are
dependent upon the effective refractive indicethefmodes, which in turn are related to
the taper diameter. Initial experiments revealed thstinct modes of operation and the
tapers that are described here with diametersfor &nd 3um were fabricated to allow

investigation of these two operating regimes.

During the L-B deposition process, the taper wésrahtely raised and lowered through a
floating monolayer of the coating material at tlreveater interface. Transmission spectra
were recorded when the tapered region of the fl@e above the interface - when a fibre
was in the air, as well when the tapered region lvegeath the interface - when a fibre was
immersed in water. The intensity of the transmisspectra of uncoated tapers immersed
in water was slightly lower than that recorded wisemrounded by air. The difference

originates from different refractive indices of sfsoenvironments (refractive index of water
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is 1.3330 ah=589.29nm and t=20°C; refractive index of air equB00293 at 589.29nm
and t=20°C, p=1l1atm). The efficiency of propagatibrough the optical fibre core is
proportional to the difference between the refractndex of the optical fibre core and the
refractive index of the cladding. Accordingly, te#iciency of propagation increases as the
difference between the refractive index of the cord the refractive index of the cladding
increases. In the case of a tapered fibre the wuting medium acts as a cladding. The
refractive index difference between air and fitsdarger than between water and fibre.
Thus the transmission intensity of a tapered fionmersed in water is smaller than of a
taper surrounded by the air. The evolution of theagmission spectra of tapers during the
deposition of overlay coating was similar with ttager in air and in water, but it was
found that the effects observed would occur eanti¢he spectra recorded under the water.
This was is a result of the smaller difference he trefractive indices of the overlay
material and water, so that to observe a given gdam the transmission spectrum of the
tapered fibre when surrounded by air a thicker layenad to be deposited onto the tapered
region. This fact must be taken into account inglesg the sensor for use for sensing in
gaseous or liquid environment.

Prior to the deposition of the 4-[2-(4-dimethylaminaphtalen-1-yl)-vinyl]-1-octadecyl-
quinolinium iodide and calix[4]resorcinarene maderionto the tapered fibres,
chloroform/methanol (1:1) solutions of both chernscaere submitted to spectroscopic
analysis. The aim of this is to examine whethenatrabsorption in the deposited material
contributes to the spectral response of taperdi@¢ooverlay deposition. The absorption
spectra of quinolinium salts in base and acididremwments show a change. In the vicinity
of absorption peaks a refractive index of a maktesiggoverned by the Kramers-Kronig
relationship, which allows determining changesha tnaterial dispersion of the overlay

waveguide, and thus a complex refractive indexetestimated [Flannery, @Bt al. 1999].

Two materials suitable for LB deposition were inigeted: 4-[2-(4-dimethylamino-

naphtalen-1-yl)-vinyl]-1-octadecyl-quinolinium iaté (merocyanine dye) for pH sensing
and calix[4]resorcinarene for ammonia gas sensimggh were described in section 4.2.1.
Prior to their deposition both chemicals were sutedito the spectroscopic analysis, as

mentioned in the previous paragraph, see Fig. 5.4.
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Fig. 5.4. Absorbance spectra of materials usedfooverlay deposition; (a) quinolinium
iodide spectrum (initial concentration 0.03mg/mybsequently diluted so that the
absorbance level is below 0.5; optical path 10mgh),calix[4]resorcinarene spectrum
(initial concentration 0.08mg/ml, subsequently tith so that the absorbance level is
below 0.5; optical path 20mm).
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Within the spectral range of 250 nm — 900 nm thiea@inium salt is observed to contain
two broad absorption peaks, one in the UV regiodl&nm and one in visible light region
at 530nm. This indicates the possible contributibthe material to the optical response of
the coated fibre to the refractive index change the fibre environment. The
calix[4]resorcinarene molecule shows a strong adtgwor in the UV region at 285nm while
it is transparent in the visible light region. Téfare it is anticipated that the optical
properties of the material, in the range of wavglbes within visible region, do not
contribute to the optical response of the coatgertdo refractive index change in the

surrounding medium.

The materials were deposited on tapers of differdiameters using the deposition
parameters discussed in section 4.2.1. In bothsc@shange in the transmission spectrum
in response to an increasing number of layers andafy fibre taper with the waist
diameter from the range 4 — 4@ was studied. It is of great interest that theicapt
response of a fibre taper due to increasing nurab&yers of an overlay material shows
periodic change in the transmission spectrum (sge35(b)). It has been observed that
the transmission spectrum of tapers withumbwaist diameter show different behaviour
from the 2@um and larger tapers in response to the depositicenverlay. However,
within the waist diameter range Of 2040, they show the same optical response to the
deposition of different materials. Therefore theutes for one of the deposited materials
are depicted in this section. Detailed analysialbbverlay materials used is discussed in
sections 5.2.1. and 5.2.2.
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Fig. 5.5(a),(b). Optical response of tapered filuhes to the increase of number of layers
deposited onto tapered region. Upper graphs shamgitrission spectra for chosen numbers of
layers, lower pictures show transmission spectrarded during whole deposition processes.
(a) transmission spectrum of arb taper coated with 180nm of material, (b) graylescaage

of the spectrum recorded during deposition of 18@hmaterial.
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Fig. 5.5(c),(d). Optical response of tapered fitatae to the increase of number of layers
deposited onto tapered region. Upper graphs shawstnission spectra for chosen
numbers of layers, lower pictures show transmisspectra recorded during whole
deposition processes. (c) Transmission spectrurth (baseline correction applied) of a
37um taper coated with 330nm (red line) and 360nmelie) of material, (d) gray-scale

image of the transmission spectrum (with baseliogection applied) recorded during

deposition of 1100nm layers of material.
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The characterization of the response of the tapébeels to the deposition of nanoscale
coatings has revealed that there are two distirottas of operation that are dependent on
the diameter of the taper.

In case of the 3v¥m taper, the transmission spectra have been nawdain order to
emphasize the spectral changes occurring duringvariay deposition, see graph (c) and
(d) in Fig. 5.5. The grey-scale image shown in Fegb6.5(d) has been created from
transmission spectra with the baseline correctaplied. Results for the 3im taper show
the appearance of two dropout bands in the speatroich shift towards long wavelengths
with increasing coating thickness. The two featuaggpear periodically with further
increases in thickness, but with smaller strengtte decrease of the dropouts’ depth may
be caused by larger scattering of the overlay, whantains more structural imperfections
as the number of layers increases. The phase mgteavelength is dependent on the
dimensions of both waveguides — a substrate araaray — and their refractive indices.
Therefore when the overlay is thick enough claddimagles are guided by the overlay. The
film deposited onto a substrate that is an optwaleguide acts as a waveguide itself.
Attenuation bands of the transmission spectrumesponding to energy being coupled out
of the taper into the overlay at wavelengths atcWwhhe taper and overlay modes are phase
matched — they are attenuated in the cladding emdat coupled back to the fibre at the
end of the taper. The increase of the overlay titesk causes the variation of effective
indices of cladding modes. The consequence of Hreation of effective indices is a
displacement of the attenuation bands. The preseitwo features indicates the two-step
transition of refractive indices in which two modekthe taper are contributing to the
effect - as predicted by the scalar analysis calvaresection 3.3. Changes in the spectrum
offer the ability to develop sensor with high sémgy — the minimum magnitude of a

measurand for used setup arrangement, and thensespime of 20 seconds.

The spectral response of thand taper indicates two phenomena occurring durirgy th
overlay deposition: one is a red shift of the cleed spectrum, and the second is a
periodic attenuation of the spectrum, see Fig.d).5(he progressive shift of the channeled
spectrum towards long wavelengths is caused diffede change of the propagation
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constants of the modes guided within the tapergtme This results in a change in the
phase of the interference between the modes whesncibuple back to the lkPmode of
the fibre at the end of the tapered region. Theaigtensity of the spectrum was observed
to decrease and the attenuation of the spectrurease for coating thickness of ~1000nm.
It has been confirmed thapui tapers’ spectrum rebuilds periodically with thereasing
coating thickness. This indicates that the absonptf the material does not contribute to
this phenomenon. The overlay acts as a waveguideldows modes to propagate within
it. The change of the intensity of the transmissspectrum is due to one of the taper
modes being phase matched to a mode of an ovedaggmide and thus being coupled out
of the taper. In case of therd taper the width of the spectral feature causetheyphase
matching phenomenon is broader than that producéuki thicker tapers. The broadening
of the width of the phase matching wavelength raeghe dispersion of the taper modes.
With the overlay thickness increase the spectruappears, but with lower transmission
intensity. Changes in the spectrum may be detefcted the deposition of the first few
monolayers, offering the ability to develop senafth the sensitivity of 0.31-0.38 within
the wavelength range: 750-950nm and the respomseldéiss than 0.5s.

5.2.1. Demonstration of a pH sensor based on quimmium iodide coated optical fibre

tapers

Prior to the deposition of the 4-[2-(4-dimethylaminaphtalen-1-yl)-vinyl]-1-octadecyl-
quinolinium iodide onto tapered fibres the chlorofiémethanol solution of the
quinolinium material was submitted to the spectopsc analysis. The absorbance of the

quinolinium in base and acidic environment is shanvhig. 5.6.
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Fig. 5.6. Absorbance spectra (with baseline caoeapplied) of the quinolinium dye in
neutral, base and acidic environments.

It can be observed in Fig. 5.6 that the spectruth®fquinolinium solution changes due to
change of pH environment. In the vicinity of absmp peaks the refractive index of a
material is governed by the Kramers-Kronig relagiop, which allows a complex
refractive index to be estimated. The change oatisorption spectra of the used materials
due to change of the pH of environment indicateangle of the refractive index of the
material. The modification of the optical propestigf the film contributes to the coupling

wavelength of the overlay modes, which is presemtéde following paragraph.

pH sensitivity of the 37um taper coated with quinolinium iodide salt

4-[2-(4-dimethylamino-naphtalen-1-yl)-vinyl]-1-odeacyl-quinolinium iodide was
deposited onto the @ diameter taper. The optimal coating thicknestha& when the
two dropout bands are present in the transmisgi@etsim and the drop of the signal
intensity of one of them is at the highest magrat@tlis the lowest signal intensity at the
dropout that is desired). To establish the optinoaating thickness, a thick film in excess
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of 1lum was deposited. This allows the gray scale plttetgenerated, see Fig. 5.5(d). The
picture highlights the response of the transmissmettrum to the coating deposition. Next
the film was removed by wiping thoroughly the tapeth clean soaked in acetone, and
subsequently in isopropanol, optical lens cleanisgue. The taper was then coated with
133 layers of quinolinium iodide, corresponding @ocalculated coating thickness of
397nm. The evolution of the transmission spectrumthe fibre in response to the

deposition of the coating is depicted in Fig. 5.7.

The normalized transmission spectra of the tapén wo coating and with a coating of
thickness 400 nm are shown in the Figure 5.7(x), the grey-scale image — in the Fig.
5.7(a), where the transmission was normalized befdotting. In the Fig. 5.7(a) two
transmission dropouts appear and scan across #wrem as the coating thickness

increases.
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Fig. 5.7(a). Evolution of the transmission spectr(with baseline correction applied) of
the 37um taper during deposition of a multilayer coatinfy 4[2-(4-dimethylamino-
naphtalen-1-yl)-vinyl]-1-octadecyl-quinolinium iat#; gray-scale image of the
transmission spectrum (with baseline correctionliagdp recorded during deposition of
133nm layers of material.
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Fig. 5.7(b). Evolution of the transmission spectr(with baseline correction applied) of
the 34um taper during deposition of a multilayer coatinfy 4[2-(4-dimethylamino-
naphtalen-1-yl)-vinyl]-1-octadecyl-quinolinium iatk; the black line represents the initial
spectrum (with baseline correction applied), the Iree shows the spectrum of the taper
when the coating was of thickness 397nm.

The sensitivity of the coated tapered fibre to imsien in solutions of different pH was
characterized. The coated tapered fibre was mowntetiholder (see Fig. 4.4) to keep the
fibre taut during the subsequent experiments. Tdqgered and coated section was
immersed in solutions of different pH, as showrrig. 4.10. Experiments were carried in
the room temperature of ZL. Each immersion lasted 15 minutes. During thisetithe
spectrum was recorded in order to establish thegorese time and the magnitude of the
response. After immersion in a given pH solutidre fibre was thoroughly rinsed with
distilled water before immersion in the next sauati The transmission spectrum always
returned to its initial form. The results are shawrkig. 5.8. The spectral features show a
blue-shift with increasing pH, with the longer wharmggth band exhibiting the largest
sensitivity.
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Fig. 5.8. (a) Changes in the transmission spec{mth baseline correction applied) of the
37um diameter taper with a coating with of the quimiolm dye of thickness 397nm in
response to pH change in the environment of therigp) wavelength shift of the spectral
features as a function of pH.
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The wavelength shifts, for a pH range of 2-10 fothifeatures, were measured to be 55nm
for the shorter wavelength feature and 77nm for ltveger wavelength feature (Fig.
5.8(a)). Given the 0.3nm spectral resolution ef shectrometer, the pH sensitivity of this
taper is ApH~310? for the long wavelength feature anthH~5102 for the short
wavelength feature. The comparison with commerciaNailable sensors is shown in
paragraph 6.3. The response time was found to pendent on the pH value. The
response time (& was measured to be 20 seconds. The dependemaevefength on pH
was approximately linear for both spectral featuregh the longer wavelength feature

having the higher sensitivity, as depicted in BI&(b).

pH sensitivity of the 5um taper coated with quinolinium iodide salt

To establish the optimum coating thickness forSfe taper a thick film in excess ofuh

was deposited. Then the gray scale plot was gatkraee Fig. 5.5(b). The picture
highlights the response of the transmission spectauthe coating deposition. The taper
was then coated with 60 layers of quinolinium i@jictorresponding to a calculated
coating thickness of 180nm. The response of thesitnéssion spectrum, in the water, to

increasing coating thickness is shown in Fig. 5.9.
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Fig. 5.9. (a) Evolution of the transmission spettrof the um coated taper in response to
the deposition of the quinolinium dye taken undeatex; (b) transmission spectrum of the
taper before the deposition - blue line and afegrasition of a coating of thickness 180 nm
- red line.
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The grey-scale image (Fig. 5.9(a)) shows the tréssaon spectrum. It has been observed
that there is no spectral response of a taper wtilayers of an overlay have been
deposited onto. This effect results from the to@lsmefractive index change in the taper
environment to influence a detectable shift of thanneled transmission spectrum. This
has been observed for alifh tapers. The spectrum of thend taper shifts towards long
wavelengths with increasing coating thickness aratcompanied with the decrease of the
transmission intensity. The change in wavelengtthefchanneled spectrum is a result of a
differential change of the propagation constanttheftwo modes propagating within the
tapered region. The reduction in intensity of thgecirum is a result of increased
attenuation of one of the modes, which occurs wdrenmode is phase matched to a mode
of the overlay waveguide. The width of the spediealture caused by the phase matching

phenomenon is broad so it overlaps with the tragsiom spectrum range.

Subsequently the coated taper immersed in solutbukferent pH and the transmission
spectrum was recorded. The experiments were castieth the same way as for theu®7
fibre taper, discussed in section 5.2.1.1. The shithe spectrum in response to pH change

from the range 4-10 is depicted in Fig. 5.10.
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Fig. 5.10(a)(b). (a) Changes in the transmissi@tispm of the pm diameter taper coated

with (60 layers) 180nm of the quinolinium dye inspense to pH change in the
environment of the taper; (b) changes in the trassion spectrum of the spectral range
(800-900nm) marked in the Fig. 5.10(a) in respanspH change in the environment of
the taper, for clarity reasons limited to threegututions.
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Fig. 5.10. (a) Changes in the transmission spectiuthe Jum diameter taper coated with
(60 layers) 180nm of the quinolinium dye in respots pH change in the environment of
the taper; (b) changes in the transmission spectfithe spectral range (800-900nm)
marked in the Fig. 5.10(a) in response to pH changbe environment of the taper, for
clarity reasons limited to three pH solutions;W@velength shift of the spectral features as
a function of pH.

Figure 5.10(a) shows the dependence of the wavitlerighe spectral features within the
spectral region 700-1100nm on the pH of the enwivemt. For clarity reasons, the
transmission spectra within the spectral region-800nm obtained when the coated taper
was immersed in pH solutions of 5, 7 and 9 are shiowFig. 5.10(b). Using a spectrum
analyser with a resolution of 0.3 nm, the pH sansitof this taper isApH~0.38 for the
wavelength range 750-850nm angH~0.31 for the wavelength range 850-950nm. The
sensitivity of features in the spectrum varies ddferent wavelength. The response time
was less than 0.5 s. The measurement of which iwégied by the integration time of the

CCD spectrometer used.
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5.2.2. Demonstration of a gas sensor based on cHlixesorcinarene coated optical

fibre tapers

During the calix[4]resorcinarene deposition thensraission spectra were recorded when
the tapered fibre was above the water/air interfamnce the sensor was to be used for

vapour detection.

Ammonia senditivity of the 37um taper coated with calix[4]resorcinarene film

The taper with the 3 waist diameter was submitted to the L-B depasitod the
calix[4]resorcinarene film using the L-B techniquéhe deposition parameters were as
detailed in section 4.2.1. A thick film in excedslam was deposited in order to establish
the optimum coating thickness. This allows the gsegle plot to be generated, see Fig.
5.5(d). The deposited film was removed by wiping taper thoroughly with optical lens
cleaning tissue soaked in acetone and subsequentbppropanol. The taper was then
coated with 498 layers of calix[4]resorcinarenerresponding to a calculated coating
thickness of 585nm. The optical response of theeftio the increase of the overlay is

shown in Fig. 5.11.
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Fig. 5.11. Evolution of the transmission spectruviti{ baseline correction applied) of the
37um taper coated with 1165nm calix[4]resorcinareri;fispectra taken in the air
environment; (a) gray-scale image of the transmisspectrum during the deposition, (b)
spectrum graph - black line represents the ingm@éctrum, red line represents spectrum
after the 1165nm film deposition.
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After deposition of the functional film onto theptred region, the fibre was subsequently
exposed to ammonia using the setup depicted irdElg.. Experiments were performed in

a gaseous environment at room temperature. The Was mounted on the cross-holder
and placed in the experimental chamber. The volofmine chamber was 3 litres. The

concentration of ammonia vapour was controlled Hey number of micro-drops injected

into the chamber. The volume of each drop wad.Zlhe ammonia concentration in the

gas vessel was presented in ppmv units and catdusaicording to the formula [Beychok,

M. R. 2005]:

C,(273.15+T) (5.1)
12.187IM,,

ppmv=

where ppmv stands for parts per million volur@g,is the ammonia vapour concentration

mg

in 3l vessel in—, T is the temperature of the environment’@, My is the molecular
m

weight of a molecule. After each droplet injectithe response of a taper was recorded
over 20 minutes. The optical response of the co#pér to change in the ammonia

concentration within the range: 8.4 — 42.0kppmshiswn in Fig. 5.12.
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Fig. 5.12(a). Transmission spectrum (with baselooerection applied) of the 8m
diameter taper coated with 1165nm of the calix[gdreinarene in response to ammonia
vapour concentration change in the environmenthetaper.
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Fig. 5.12.(b) Wavelength shift of the spectratdea as a function of concentration.

The wavelength shift for the short wavelength feeduvas measured to be 21nm. With a
resolution of 0.3nm for the wavelength shift ddtact the resolution of this taper is
ACy~1.97 kppmv. The relationship between the concgatraand resonance feature
position show non-linear dependence, as depictdeign5.12(b). The response time for
the wavelength to shift on immersion into ammorapaur was found to be dependent on
the concentration value. The response to immersidow gas concentration takes less
than 60 seconds while for higher concentration asllonger response times — longer than
20 minutes - were observed. This indicates thera@dm of the calix[4]resorcinarene

coating.

Ammonia sensitivity of the 6um taper coated with calix[4]resorcinarene film

The Gum diameter taper was coated with 98 layers of thkx[d]resorcinarene film,
corresponding to the calculated coating thicknéskld.7nm. The optical response to the

increasing coating thickness is shown in Fig. 5.I8Be gray-scale image presents

transmission intensity plotted as a function of rtase thickness and wavelength. The
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spectrum of the |@n taper shifts towards long wavelengths and is mpamied with the
decrease of the transmission intensity in respoongbe deposition of a material. It has
been observed that there is no spectral responaetayfer until ~3 layers of an overlay
have been deposited. This effect results from #feactive index change in the taper
environment being too small to influence a detdetahift of the channelled transmission
spectrum. The spectrum of thend taper shifts towards long wavelengths with insieg
coating thickness and is accompanied with the dseref the transmission intensity. The
change in wavelength of the channelled spectruanresult of a differential change of the
propagation constants of the two modes propagatitgin the tapered region. The
reduction in intensity of the spectrum is resulinareased attenuation of one of the modes,
which occurs when one mode is phase matched tode miothe overlay waveguide. The
width of the spectral feature caused by the phaathing phenomenon is broad so it

overlaps with the transmission spectrum range.
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Fig. 5.13. (a) Evolution of the transmission spactrof the Gum taper coated with 98
layers of calix[4]resorcinarene film; (b) transniss spectrum of the taper before the
deposition - blue line and after deposition - rieé.|
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Subsequently the coated taper was exposed to atifferoncentrations of ammonia gas
within the range 0 — 42kppmv and the transmissjpecsa were recorded. Experiments
were carried out in the same way as for then3Taper described in paragraph 5.2.2.1. The

shift of the spectrum in response to pH changesated in Fig. 5.14.

Figure 5.14 shows the dependence of the wavelarfgipectral features located within
740-840nm wavelength range on the ammonia cond@mtraFor clarity reasons
transmission spectra obtained for the coated tapemersed in two ammonia
concentrations, 16.8kppmv and 42.0ppmv, are showig. 5.14(a). The wavelength shift
for chosen feature of the transmission spectrumhole studied concentration range is
shown in the inset of Fig. 5.14(a). The relatiopshetween concentration change and
wavelength shift shows linear dependence, withvues above 0.94, as depicted in Fig.

5.14(c). The ammonia sensitivity of this tapeA&~2.8kppmv.
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Fig. 5.14. (a) Transmission spectrum of tihenGdiameter taper coated with 98 layers of
the calix[4]resorcinarene in response to ammonmeotration change in the environment
of coated taper, for clarity reasons limited tethspectra corresponding to three ammonia
concentrations; (b) changes in the transmissiootgpa in the spectral range (790-810nm)
marked in the Fig. 5.14(a), in response to ammooieentration change for six values of
concentration from the range 0.0 - 42.0kppmV.
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Fig. 5.14. (c) Wavelength shift of the spectraltieas as a function of ammonia
concentration, Rfor all data was above 0.94.

5.3. Chemical deposition of a polyaniline (PANI) fm onto tapered fibres

Tapered and characterised fibres were subsequauttiyitted to the chemical deposition
of the polyaniline overlay using the technique diksd in section 4.3 and the setup shown
in Fig. 4.14.

5.3.1. Demonstration of a redox sensor based on polyamk (PANI) coated optical

fibre tapers

To establish the optimum taper waist diameter, PAIN was deposited onto tapers with
the waist from the range of 5 - 4. It has been observed that any transmission ehang
occurs for tapers with diameters bigger thapr@0while a rapid transmission intensity
decrease occurs for tapers smaller thapmlOTherefore results for two diameters of

optical fibre tapers, namely gth and 12m, are presented in this work. During the PANI
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deposition the transmission spectra were recordezhwhe tapered fibre was immersed in

the water solution.

21 ym diameter taper

A taper with the waist diameter of @2h was coated with a PANI film. The deposition
process lasted 10 minutes. During the depositiongss a fibre was immersed in the glass

dish where reaction solutions of 1.5M aniline hydioride and 1.5M ammonium

persulphate were poured. Both solutions were kEﬂt(ﬁC in an ice-bath for about 30min
before reaction. The polymerization process stantmediately after the mixing of the
agents. While the polymerization proceeded thetedepolymer chains precipitated and

cover the immersed fibre. The chemical reactionpemnature was found to be crucial for

the overlay film. Decreasing the temperature dowrl’C ensured better optical quality
of the deposited coating. In terms of applicatiois important to minimize the attenuation
of the taper. For thinner tapers it was observed tluring coatings deposition drop of
transmission intensity was larger. It has been alsserved here that, created using this
technique, the overlay film does not support theédguoce of cladding modes so the
transmission spectrum does not show dropout feataréhe spectrum with the thickness
increase like it was observed for LB coated tap&te coating thickness of a PANI
overlay deposited in 10min-process was found to somea ~215nm as depicted in
Fig. 5.15.
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(@)

(b)

Fig. 5.15. Side wall images of a PANI coated fibndled using the FIB technique; (a)
hollowed out step viewed at an angle, (b) enlargmtion of milled step with the coating
thickness measured.
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During the deposition an additional fibre was cdateth PANI for the overlay thickness
measurement purpose. The thickness was measurmgl thei focus ion beam technique.
Measuring procedure followed after a milling praced small area on side wall of a
coated fibre (Fig. 5.15(a)). The hollowed out ste fibre revealed (in Fig. 5.15(b)) the
texture difference between silica and polyanilinatenal thus enabled the thickness
estimation. The change in the transmission spectrfian 21um diameter taper recorded

during the deposition process is depicted in Fi65
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Fig. 5.16. Optical response of |@h diameter taper to the PANI film deposition;
transmission spectrum recorded before— black lintkadter 10min deposition — green line.

The UV-vis spectra of all forms of polyaniline anell known to the polymeric metals
community and are frequently presented. Therefbee dabsorption spectrum of PANI
forms is referred after [Neudeck, &.al. 1999] in Fig. 5.17.
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Fig. 5.17. UV-vis spectra of leucoemeraldine foemeraldine form, and protoemeraldine
form of PANI (insert after Neudeck, At al. 1999).

Two forms of PANI, i. e. emeraldine and protoemdirs#, show absorption in the 500-
800nm wavelength range. Optical response of then2thper to the PANI film deposition
show the change in transmission spectrum in the80dm wavelength range. This

indicates that the film was formed of one of the NPAforms:
protoemeraldine.

emeraldine or

After the deposition the taper was submitted teaeaexperiments. The results are plotted
in Fig. 5.18.
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Fig. 5.18. Transmission spectra of theu@ldiameter taper coated with the PANI overlay.
The absorption spectra were measure in 0.1M ammorarsulphate (blue line) and
0.06M ascorbic acid (red line).

The results were repeated three times for eachoxedeaction and showed good
repeatability. A change in transmission spectrurthefPANI coated taper, due immersion
in different oxidizing agent, was expected - asortgd by [Jin, Zt al. 2000; Cao, Yet al.
1989], (see Fig. 5.19). However it was not obsdevédr this taper diameter.
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Fig. 5.19. Absorption spectra of polyaniline filmmeasured in (A) sodium hydroxide and
(B) hydrochloric acid solutions (insert after J¥h,et al. 2000).

The depicted in Fig. 5.19 results show that theedength maximal absorption shifts to a
long wavelength following polyaniline reduction -h@n immersed in acid solutions.

The undetectable response and immeasurable changansmission spectrum do not
indicate a potential of the PANI coated tapers gdHasensors. In order to improve the
coated taper sensor performance, under the santitioas and the same experimental

setup used, a smaller diameter taper was subntitéeBANI deposition.

5.3.1.2. 12 um diameter taper

The change in transmission spectrum of am2diameter taper, recorded during the

deposition process is depicted in Figure 5.20.
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Fig. 5.20. The change in transmission spectrurh®fl@im diameter fibre taper before the
polyaniline film deposition (black line) and afte@min deposition (green line).

The transmission spectrum of theud? taper (black line) show features which, as has
already been described in chapter 3.1, corresptimdschanneled spectrum arising from
the interference between modes of the fibre taper] effect characteristic of a
nonadiabatic taper.

Optical response of the & taper to the PANI film deposition show the change

transmission spectrum in the 500-800nm wavelergtige, see Fig. 5.20. The deposition
process was carried in identical way as for taphin®? described in section 5.3.1.1.
Following the analysis presented in section 5.3velbelieve to obtain the emeraldine

form of the PANI deposited onto the taper.

After the deposition the taper was submitted t@xeekperiments. The results are depicted
in Fig. 5.21.
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Fig. 5.21. The change in transmission spectrunh@flum diameter fibre taper after the
reduction of the PANI film by immersion in ascorlaicid (red line) and after the oxidation
by immersion in ammonium persulphate (blue line).

The change in transmission spectra show the dishtensity increase when the fibre was
immersed in ascorbic acid solution and intensitgrel@se when immersed in ammonium
persulphate solution. The change of the transmissipectrum of polyaniline due

immersion in different oxidizing agent has beernoregd by [Jin, Zet al. 2000; Cao, Yet

al. 1989], see Fig. 5.19. Depicted in Fig. 5.19 resghow that the wavelength maximal
absorption shifts to a long wavelength followindyamiline reduction — when immersed in
acid solutions. The intensity increase and broadgmf the transmission spectrum in
response to immersion of the coated taper in asiliation indicates reduction of the film,

whilst the intensity decrease in response to immersn the ammonium persulphate
solution indicates oxidation of the film. Both effe occur immediately with the exposure

of a fibre to the stimulus.

The depicted results do not show a spectrum sbdtiwing in the channelled spectrum of
the uncoated fibre. Thus one can infer that thereimode developing in the coating layer
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and that the coating does not act as a waveguide. observed change is due to the
absorption of the polyaniline in different oxidatigtates. However the fast response and
measurable change in transmission spectrum shameatml of the PANI coated tapers as

a pH sensors.

5.4. Layer-by-layer electrostatic self assembly &fAH/TSPP film onto tapered fibres

The schematic diagram and experimental setup fer dhectrostatic layer-by-layer
adsorption method used for the deposition of arrdtte layer film onto tapered fibres was
shown in Fig. 4.17 and 4.18. A series of experim@mploying different coating materials
was performed on tapered fibres with different vgadiameters. In order to characterize
sensors’ performance a tapered sections of fibrese weoated with functional layers
composed of three different pairs of materialsPAH and TSPP, 2) TiPnanoparticles
imprinted with NPAN ((1-(4-Nitrophenylazo)-2-napbth(NPAN) compound), 3) PAH
and cyclodextrine. The first pair of compounds sbdwmeasurable response of the
transmission spectrum of a taper to the increaseimiber of layers. Therefore the biggest
interest was devoted for this type of coating amdféirther ammonia sensing potential
study of tapers PAH /TSPP coated.

Results for three different waist diameter tap8r<0 and 1gm are presented here.

Optical response of the three tapers coated witiidyers of PAH/ TSPP to the overlay

thickness increase is shown in Fig. 5.22.
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Fig. 5.22 (a),(b). Evolution of the transmissiore&pa of the 9 (a), 10 (b) tapered optical
fibre in response to deposition of five bilayersP#H/TSPP film measured in the air.
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Fig. 5.22(c). Evolution of the transmission speaifahe 12um tapered optical fibre in
response to deposition of five bilayers of PAH/TSHR measured in the air.

After the deposition of the functional layer ontwettapered region, the response of the
coated taper to exposure to ammonia was charaadeusing the setup depicted in Fig.
4.19. For this purpose the fibre was placed inexigh chamber and connected to the light
source and spectrum analyser. The desired gasroaien was achieved using a two arm
flow system (see Fig. 4.19). Ammonia gas of conegioin of 104.3ppmv passed through
one arm of the flow system and was combined in niemasurement chamber with
compressed air that passed through the other ahm@m.cdncentration of ammonia was
controlled by adjusting the flow rate of both gas€ke spectral responses to different
ammonia concentration of three tapered fibres tiemint waist diameters are shown in
Fig 5.23. The most pronounced response of a PAPIPT&oated fibre was for the il
waist diameter taper which is shown in Fig. 5.23¢)) The normalised transmission (the
baseline transmission spectrum was subtractedyesepted in order to emphasize the

absorbance change.
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Fig. 5.23(a)(b). Spectral response @iOtaper coated with 5 bilayers of the PAH/TSPP
film to different ammonia gas concentration anddiigamic response at 700nm.
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Fig. 5.23(c)(d). Spectral response ofuidtaper coated with 5 bilayers of the PAH/TSPP
film to different ammonia gas concentration anddiieamic response at 700nm.
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Fig. 5.23(e)(f). Spectral response ofuf?® fibre taper coated with 5 bilayers of the
PAH/TSPP film to different ammonia gas concentratend the dynamic response at
700nm.
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The biggest change in absorbance is observed anvy(QQ band) which is attributed to the
ammonia-induced changes in the electrostatic ictiera between TSPP and PAH layers.
The dynamic response of the coated taper to thgingapammonia concentration from
10ppmv to 104ppmv recorded at 700nm is shown in%=@B(b). Arrows indicate the time
at which the ammonia and air were admitted intoetkgerimental chamber. The response
time — 10-90% - to different ammonia concentratiar@s 100 seconds and recovery time

was 240 seconds.

2690

2680 -

2670 -

2660 -

Transmission intensity (mV)

2650 1 1 1 ) )
0 20 40 60 80 100 120

Ammonia concentration (ppmv)

Fig. 5.24. Calibration curve of the sensor plottedthe data of normalized transmission
spectrum measured at 700nnf£R.98, slope= (0.28320+0.002) mV/ ppmv).

The sensitivity of the 10n taper coated with five PAH/TSPP layers was cated from
the slope of the curve in Fig. 5.24 to be (0.2800&R) ppmv/mV.

Although it has been observed that dynamic respofdbe coated tapers to ammonia
concentration is the biggest for theub® taper it is worth of noticing that transmission
intensity around 700nm is the most pronounced lite taper. Spectra of all three tapers
show irregular structure that is due to the tagerirransmission spectrum of ther® taper

shows an intensity drop in the vicinity of 700nmhigh may handicap the sensitivity of the

sensor. Similarly the transmission of theupd? taper shows smaller intensity around
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700nm that can affect its response to different amien concentrations. Therefore it is
believed by author that it is justified to ascertall above tapers’ diameters to have similar

sensitivity.

Tapered fibres coated using different depositiochtgques and their performance as

sensors are gathered in summary tables below.
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Langmuir-Blodgett deposition technique

Quinolinium iodide Calix[4]resorcinarene
pH sensor Ammonia sensor
Sensitivity Response time Sensitivity Response time
37um taper | ApH=(3-5)10° 20s AC4~1.97kppmv 1-20min
Sum taper | ApH=0.31-0.38 <0.5s ACy~2.8kppmv <lmin

Table 5.1. Summary of the performance of examinagdered fibres coated using
Langmuir-Blodgett technique.

Chemical grafting technique of PANI deposition

Sensitivity :
Response time (S)
Red-ox sensor

21um taper no sensing observed —

12um taper Sensitivity observed (*) <0.5

Table 5.2. Summary of the performance of examiapered fibres coated using chemical
grafting technique. (*) Sensitivity of PANI coatepers was observed as whole
transmission spectrum intensity change in respaiesaifferent red-ox agent. No
systematic study of transmission intensity vs reggent concentration has been done.

Electrostatic self-assembly technique (ESA)
PAH/TSPP

Ammonia sensor

Sensitivity Response time
9um taper ~100s
10um taper 0.28 (**mV/ppmv ~100s
12um taper ~100s

Table 5.3. Summary of the performance of examinagered fibres coated using
electrostatic self-assembly technique. (**) All éap appear to have approximately the
same sensitivity.
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5.5. Tapered optical fibres imprinted with fibre Bragg gratings (FBGS)

The experiments presented in this section were rtaddn as a preliminary study of the
potential for the use of fibore Bragg gratings vemitin tapered optical fibre as sensors.
These experiments were carried in the cooperatidih Wr Edmon Chehura from
Engineering Photonics Group of School of Enginagnf the Cranfield University, UK.
Since the research presented below is beyond thgesaf this thesis therefore detailed

theoretical discussion is sacrificed for the sakierf introduction.

5.5.1. FBG theory and operation
A fibre Bragg grating (FBG) consists of a periogerturbation of the refractive index of

the core of an optical fibre. Typically, for FBGpearating in the visible near infra red

regions of the spectrum the grating periot of the order of 500nnsee Fig. 5.25.
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Fig. 5.25. Schematic of a fibre Bragg grating site showing the refractive index profile.

The principle underlying the Bragg grating openatis the coupling of the fundamental
forward propagating mode to the contra propagatorg mode at a wavelengtb (Bragg

wavelength) that satisfies the phase matching tiomndi

Ag =2n A (25)
whereA is grating periodnes is the effective refractive index of the core moda fibre.
For a FBG the coupling occurs between a forwarghgating guided mode and a
backward-propagating guided mode. Their transmigpdctrum is characterized by a

narrow resonance dip at the Bragg wavelength qooreding to the core mode coupling.

The use of fibre tapers imprinted with FBGs as rssse elements for dynamic strain and

vibration monitoring have been proposed by [Gorz8legura, Aet al. 2007; Mora, Jet
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al. 2001]. In these devices the constant period rggatvas written within the untapered
region and within the transition zone of a tapedibre. An effective spectral chirp is thus
produced due to the change of the mode refractidex along the transition zone of a

taper.

5.5.2. TFBG theory and operation

The properties of the FBG can be modified by vagyihe orientation of the refractive

index modulation with respect to the optical axisadibre. When the orientation of the

refractive index modulation is at an an@eto the optical axis a tilted FBG is created
(TFBG), see Fig. 5.26.

Fibre cladding

-

Fibre core Tilted Bragg grating

Fig. 5.26. Schematic of a tilted fibre Bragg grgtstructure.

Weakly TFBGs, with planes tilted at small angle8-2° - with respect to the fibre axis,
couple light from forward-guided core mode to bb#tkward-guided core and cladding
modes [Huy, M. Ch. Ret al. 2006, Chehura, Et al. 2007], see Fig. 5.27.
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Fig. 5.27. Diagram showing fundamental forward-gdidore mode (red line) coupled to a
backward-propagating core (green line) and clad{whge line) mode induced by TFBG.

The principle underlying the Bragg grating openatis the coupling of the fundamental
forward propagating mode to the contra propagatioge mode at a wavelength that
satisfies the phase matching condition. The spewsponse of the TFBG is governed by

the phase matching condition:

A
/]- - nco +n_c|ad EI B 52
i ( eff i ) COE@ ( )

where ; is theith cladding mode resonance wavelengtff, is the effective refractive

index of the coren®™ - effective index of thih cladding mode — tilt angle.
While the core mode resonance (at Bragg wavelengtisensitive to axial strain and
temperature, cladding mode resonances are sensitivexternal perturbations (strain,
temperature, external refractive index). TFBGs phwitten in single-mode fibres are used
for refractive index measurement [Laffont,&al. 2001; Huy, M. C. Pet al. 2006], strain
sensing [Caucheteur, @t al. 2006] as well as for simultaneous strain and tFatpire
sensing [Chehura, €t al. 2007; Rahimim Set al. 2009].
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In TFBG, two kinds of coupling take place. One esponds to the coupling between self
contra-propagating coupling of core mode at Braggelength given by [Lee, K. &t al.
2000]:

/\9
/]B = 2neff ,core CO‘O (5-3)

where® is tilt angle of a grating (Fig. 5.27)4 is nominal grating period. The second type
of coupling occurs at resonant wavelengths of cowdes and contra-propagating cladding
modes, and is given by [Lee, K.&al. 2000]:

9 54
co<©® (5-4)

AB = (neff .clad,i + neff core
whereng: qadi IS effective refractive index of i-th cladding nmed=1,...m, m is the total

number of cladding modes.

Figure 5.28 presents the typical transmission spectof TFBG with cladding mode
resonances situated below the Bragg wavelengthindortant feature of a weakly tilted
FBG is the presence of the strong resonance immedgigo the left of the Bragg
resonance, called “ghost mode”. The ghost modeadenup of several low order cladding

modes.
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Fig. 5.28. Transmission spectrum of @TFBG written in the core of a standard single
mode fibre using a pulsed lacer (KrF — 248nm) dmaspmask (insert after Caucheteur, C.
et al. 2006)

The idea that we have developed is to write comgpeniod tilted fibre Bragg grating
(TFBG) in the center of the narrowed waist of aetafather than in the transition regions
as it has been done by [Gonzalez-Segurat Al. 2007]. TFBGs fabricated in the tapered
region of the fibre can be anticipated to provisplioved sensibility to external refractive
index for both the cladding and Bragg resonancdbkeysare more exposed to the external
environment. Since the cladding modes resonaneepraved to be sensitive to external
perturbations, it is anticipated that the taperedian of a fibre will improve their
sensitivity in comparison to the untapered TFBGtteni fibres. The experimental results
presented below were obtained on TFBGs written jpiotosensitive single mode tapered
fibres using a pulse laser and a phase mask. HBpomee of the transmission spectra of
five tapered optical fibres, with taper diameterthim the range of 33-38n, to the TFBG

imprinting is investigated and their potential apglions as sensors is reported.

5.5.3. FBG and TFBG fabrication procedures

There are two methods commonly used in FBG fahooatnamely the two beam

interference and the phase mask technique. Theniethod involves the exposure of the

145



Chapter 5. Results

optical fibre, with it protective buffer coatingmeved to an interference pattern formed
between two intersecting UV laser beams that aréuatly coherent [Meltz, Get al.
1989]. The second technique involves the fabricatiba FBG in the core of a fibre placed
in the near field of a phase mask when illumindigdn UV laser beam [Hill, K. Get al.
1993; Anderson, D. Zet al. 1993]. In order to achieve high Bragg reflectiyitye
photosensitivity of the fibre is enhanced eitherdmping the core with elements such as
Ge, Eu or Sn, or by hydrogen loading via immersiba fibre in hydrogen at high pressure
for up to two weeks typically [Kashyap, R. 1999)dtogen loading is commonly used to

allow FBG fabrication in telecommunication optifidres [Guan, B.-Oet al. 2000].

5.5.4. Results

For the experiments a single mode fibre (FibercBM750) was used, with cladding-core
diameters of 125/8m and cut-off wavelength =669nm. Prior to grating imprinting, the
fibres were tapered using the setup presentedgn4r2 using the procedure which was
described in chapter 4.1. Five tapers were prepaithdwaist diameters as follows: 33, 44,
48, 50 and 53m and TFBG written is the center of the taper waist

Fabrication of TFBGsin tapered fibres

Tapered fibres were hydrogen loaded in a steel beafilled with hydrogen at a pressure
of 120 bar at room temperature for four weeks. Attt time fibres were taken out of the
chamber and Bragg gratings were imprinted. Theidabon of TFBGs was carried by

exposing the tapered section of each fibre to alddm with the phase mask placed

between the fibre and the light source, see Fi§.5.
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Fig. 5.29. Schematic diagram of the TFBG fabricaggstem, PM is a phase mask.

The source of a UV light was the output from a wength tunable pulsed laser operating
at 248nm with pulse duration of 10ns, 25Hz repmtitrate and an average power of
30mW. The TFBGs were fabricated with the phase nodigseriod 896nm, the tilt angle
was 1.8, and the resonance Bragg wavelength was 793nmeXpesure time for each
fibore was 5 min. The presented results show théingraransmission (or reflectivity)
dependence on the waist diameter of the taper.r&thectivity was estimated from the
resonance dips occurring in the transmission speofr fibres. During the TFBG
fabrication process the transmission spectra wecerded by coupling the output from
super luminescent diode (SLD) broadband sourcel¢Ex&XS8001) into a fibre, and
analyzing the transmitted light by using an optispéctrum analyzer (Ando, AQ-6310B)
within the wavelength range 770-820nm.
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Figure 5.30 presents transmission spectra withb#seline correction applied of tapered

fibres imprinted with TFBGs. The normalization waarformed in order to provide the

reference for interpreting the transmission changhke spectrum.
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Fig. 5.30 (a)(b). Transmission spectra (with thedtiae correction applied) of (a) B33,
(b) 44um taper. TFBG photo written in single mode, hydrotaded fibre.
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Fig. 5.30(e). Transmission spectra (with the basetiorrection applied) of 8 tapered
fibre. TFBG photo written in single mode, hydrodeaeed fibre.

When a TFBG is written in untapered fibre at a $tilalangle of the order of 15 single
cladding mode resonance is usually observed, wdoaiesponds to coupling from the core
mode to a cladding mode. This cladding mode resmmaaferred to as a ghost mode
exhibits weak sensitivity to surrounding externalfractive index while the Bragg
wavelength resonance exhibits no sensitivity. Isecaf TFBGs written tapers the ghost
mode resonance is not visible, numerous claddingentesonances are present instead.
TFBGs fabricated in the tapered region of the fitea be anticipated to provide improved
sensibility to external refractive index for bottetcladding and Bragg resonances as they
are more exposed to the external environment.derdo study the spectral response of the
TFBGs written tapers to the change of refractivéein of an external medium the LB
technique can be used, where a fibre is coatedamithverlay of a chosen material. Further
studies might concern sensors fabrication using GR&itten coated tapers which are

sensitive to an arbitrary chosen specimen.

150



Chapter 5. Results

5.6 Computational results

The response of the transmission spectrum of tdpébee to the deposition of the
nanostructured coating can be predicted using slabeguide approximation for the
tapered region, as described in section 3.3. Focdlculation of the transmission spectrum
a structure described in section 4.5 in Fig. 4.245 vanalysed and calculation scheme
depicted in Fig. 4.21 applied. Results for two eliéint taper waist diameters are presented:
5um and 3mm. The cladding refractive index was 1.458 whiledgtd external medium
refractive index for 200 layers of coating. Wavefgmrange was 600-800nm. The result is
shown in Fig. 5.31. For the comparison the thecaétiesult is followed by experimental

result shown in Fig. 5.32.

100

layers
8

o
=

Number of bi

0 65 ! x10

8 Wavelength (m)

Fig. 5.31. The evolution of the transmission speutof a mwm diameter fiber taper in
response to an increase in the nanocoating thiskpesdicted using slab waveguide
approximation.
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Fig. 5.32. Evolution of the transmission spectrum éum diameter fiber taper in response
to an increase in the nanocoating thickness — empatal result.

In the presented results in Fig. 5.31 and 5.32 alsiiscrepancy between both figures can
be observed. The divergence between predicted apdrimentally obtained results is

probably due to not exact fit between theoreticad axperimental values of taper waist
and/or refractive indices of overlay material. @lsontracting zones of a taper have not
been taken into account and any consequent couplasy not been included into

calculations. These results indicate that the mpdeadicts well the trend regarding optical

throughput as a function of an overlay thickneagrotuction of the taper geometry and
exact values of variables into computations wouidddthe theoretical results closer to

experimental ones.
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DISCUSSION
AND SUGGESTIONS
FOR FUTURE WORK

The fabrication of sensors based on uniform-waisgle mode fibre tapers has been
demonstrated. The repeatability of the uniform tapaist is promising parameter for
the subsequent experiments of functional multilaygrnanocoatings. Three deposition
techniques have been used for a functional overegtion. The potential application of
coated tapered optical fibres as chemical sensotsoth in liquid and gaseous
environment - has been demonstrated. Sensing ¢@épabinano-coated tapered fibres
has been reported. Finally, the novel sensor'syssec based on the tilted Bragg

grating written in the narrowed section of a tagewptical fibre.

6.1. Properties of manufactured tapered fibres

The setup presented for manufacturing tapered apfiilares allows for fabrication of
any desired waist diameter from the original stgpjcally 125um, down to@m. The
setup allows for tapers to be manufactured witlmlaccuracy. The uniform waist,
measured using ESEM, of fabricated tapers is edsuree tapering process affects
minimally the light transmission intensity within fdbore. The intensity decrease has
been observed to be larger for more abrupt tagersthose with shorter transition

zones, in comparison to the ones with longer ttenmszones.
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In order to improve the tapering process an autiensgstem with pulling speed control
and heat source control is required. As a heatceoarCQ laser with output power
control and motorized stages with “on-the-fly” velty control are recommended. All
together integrated in computer controlled systéhe advantage of the GTaser over
a gas burner is invulnerability to air currentstiie experiment environment. It would
allow for better taper geometry control — i.e. l#m@f transition zones — and thus

smaller transmission intensity decrease.

6.2. Properties of tapered fibres coated with funabnal layers

Three techniques for the deposition of a chemicalysitive material have been
investigated: (i) the Langmuir-Blodgett techniq(ig,the chemical deposition approach
and (iii) electrostatic-self-assembly techniquecticaf the methods imposes different
overlay material deposited onto tapered fibres ab as different sensing application

potential.

L-B coating

Here tapered fibres coated with the functional mme quinolinium dye and
calix[4]resorcinarene using the L-B technique aiscuksed. Results for the L-B
deposited tapers with the waist diameter biggen tBGum show the evolution of
features within the transmission spectra in respdasthe layer thickness. The |3
diameter taper response indicates the formingoofupled waveguide between the taper
and the coating. A resonance bands were develogadh showed strong dependence
on the thickness of a coating layer. It has beawshthat features tend to appear in
pairs. This phenomenon can be explained basedeothéory presented in Theoretical
section: the scalar analysis and coupled-mode yheith hybrid modes — HE - taken
into consideration, where the phenomenon is exgthigs a reorganization of modes.
There is finite number of allowed effective refigetindices states of modes in a non-

coated tapered fibre. Deposition of a thin layarses the perturbation of the refractive

157



Chapter 6.Discussion and suggestions for future work

index which leads to appearance of not-allowedn@in-coated) states of modes. This
allows for transition to guidance of one claddingda in the overlay. Guidance occurs
at a specific thickness. With the increase of thiekhess the distribution of modes
recovers it original state. Phenomenon repeatogieally as the thickness increase.
Appearance of pairs of features suggests the tepisansition of refractive indices of

modes, what according to the theory is the refvaddex of each HEmode shifting

to immediate lower order cladding mode: to Btdde before it is definitely shifted to

the HE. The present resonance bands in the spectrunB coated tapers were used as

response indicators to a chemical stimulus.

The Sum diameter taper exhibited a channeled spectrumh wes indicative of
interference between two modes of the tapered megibe phase of the channeled
spectrum was dependant on the thickness of thdagvehlso with the increase of
coating thickness the transmission spectrum withenwavelength range of presented
experiments decreases, and after a certain numbéayers reappears with lower
intensity. This phenomenon occurs periodically viitd overlay deposition. This can be
explained by the same theory as for theuB87taper case: the forming of a coupled
waveguide between the taper and the coating. Bresgshance bands were developed,
which showed strong dependence on the thickneascoating layer. The reduction in
intensity and disappearance of the channelled spectresults from increased
attenuation of one of the modes, as the phase mgtadecreases with the coating
thickness increase. In case qindtapered fibres the phase channeling in the spactr
showed big sensitivity to the overlay thicknessréase, which occurred as a
transmission spectrum shift. Therefore study efdpplication potential ofsn tapers

were based on the channeled spectrum phase saifoptenon.

Electrostatic-self-assembly
Tapered fibres coated with functional layers coreplosf three different pairs of

materials: 1) PAH and TSPP, 2) TLi@anoparticles imprinted with NPAN ((1-(4-
Nitrophenylazo)-2-naphthol (NPAN) compound), 3) PA#hd cyclodextrine, are
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discussed here. The first pair of compounds shotied biggest response of the
transmission spectrum of a taper to the increaseuaiber of layers. Therefore the
biggest interest was devoted for this type of cmpaind for further ammonia sensing
potential study of tapers PAH /TSPP coated. Reslltsv the transmission intensity
decrease and spectrum shift in response to thengaaickness increase. No resonance
band forming during the deposition was recorded Z0um fibre tapers and above
because of strong light absorption by the overlayng) the deposition of more than 10
bi-layers. A strong transmission intensity decreases observed for theub tapers
coated with one bi-layer of an overlay. Therefapers with waist diameters from the
range: 9 - 1gm were studied. The recorded shift of the transomsspectrum due to

the number of bi-layers increase is attributechtoghase change of cladding modes.

Chemical coating

Tapered fibres coated with the polyaniline filmngschemical deposition technique are
discussed here. Based upon the deposition of éngoatred-ox sensor was developed.
A change in response to an external stimulus wasishResults show the decrease of
the transmission intensity with the growing polyema layer thickness. No resonance
band forming during the deposition was recordeds thn be attributed to the optical
quality of the formed overlay. The chemical depositdoes not assure the molecular
ordering thus enabling the film morphology contr@uring the coating process
polymers polyaniline chains are being created wipokcipitate in the solution and
deposit onto a fibre. During whole process alreexigting molecules are elongated in
polymer chains and new created. Thus a randomigddroverlay is created. Therefore
the coating does not form a waveguide structureichwiwould support the mode
guidance. Sensing application of polyaniline coasgokers was based on the material

absorption phenomenon.
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6.3. Application potential of tapered fibres coatedvith functional layers

L-B coated tapers

Based on the results observation the L-B coatedrsapffer greater potential for the
sensors development. It is due to the layer thiskneontrol possibilities of the

technique. The LB method allows for precise andy dasset process control. There
were two different overlay coatings studied withie project: quinolinium iodide for

pH application in water environment, and calix[4ppecinarene for ammonia gas
sensing application. Two different waist diametefgapered fibres were chosen for
investigation for both materials: 37 angdnd and Gum. The size of tapers was used

based upon different phenomenon underlying theisisg.

Quinolinium iodide coated tapers

The results for tapers resolution&ghH = 0.04 for 3gm andApH = 0.05 for @m taper

show promising potential. The comparison with comuiadly used pH meters is shown
in the Table 6.1. The resolution of our sensoriwpetitive to the commercial ones. In
order to enhance tapers’ performance a coatingriaatehich is more sensitive to the
pH change is suggested. Application of a higheolut®n spectrum analyzer would

also improve the sensing capability of the setup.
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pH meter model Resolution pH range
Hanna pH Meter model HI
0.01 0-14
9024
37um taper with L-B coating 0.04 2-fb
5um taper with L-B coating 0.05 4-10
Lehman Scientific pH meter,
0.10 0-14
model 57

Table. 6.1. Comparison of chosen commercially ydeaneters with tapered fibres
coated with calix[4]resorcinarene overlay; (*) thid range was limited to the range of
available buffer solutions used for experiments.

Calix[4]resorcinarene coated tapers

The sensing resolution of the calix[4]resorcinareoated tapers for ammonia was
determined asAC=1.96kppmv for 3dm andAC = 2.8 kppmv for gm taper. The low
resolution of the presented sensors may be atbdbiat the accuracy of the used setup,
which did not have gas concentration control syst€éhe long time response of the
sensor to the ammonia is caused by the length toheinteraction of the
calix[a]resorcinarene with ammonia molecules. Thee wf a system with gas

concentration control would allow for more preaseasurements.

ESA coated tapers

Based on the results observation tapers coated biityers of PAH/TSPP using the
layer-by-layer electrostatic self assembly methtidrayreat potential for the ammonia
gas sensors development. Unlike the ammonia seresxipgriments performed on
calix[4]resorcinarene coated tapers, here the mwgnsgrinciple is the absorption
phenomenon of the TSPP molecules. The sensitivitthe® 1qum taper coated with

5 PAH/TSPP bi-layers was 0.28ppmv, measured withine 10 — 104ppmv

concentration range, and fast response time — 100makes the sensor commercially
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applicable. The comparison with commercially usedimemnia sensors is shown in
Table 6.2.

Ammonia detector type Detection Response time o
Sensitivity
range (ppmv) (ms)
10um taper coated with
10 - 104 100 0.320 + 0.002

PAH/TSPP overlay

Honeywell Vulcain, type
Manning EC-F9-NH3 0-100 Less than 1000 Not given

(diffusion based sensor)

Figaro, type TGS 826

) 30 - 300 Not given 0.55+£0.15
(semiconductor based sensg

=
~

Table 6.2. Comparison of chosen commercially uasanonia gas detectors with
tapered fibre coated with 5 bi-layers of PAH/TSPP.

The presented comparison is based upon the thresechparameters, which were
experimentally measured. In order to achieve amangas sensor competitive to the
commercial ones more parameters must be estimapgdication of a higher resolution

spectrum analyzer would improve the sensing caipabil the setup.

PANI coated tapers

Polyaniline coated tapered fibres show optical saesp to the red-ox change in the
environment which is due to the absorption chanfy¢he coating. The immediate

response of the sensor is an advantage howevesdhex sensing as well as pH sensing
capabilities of PANI are known, broadly studied atescribed. The aim of the study
was to obtain a waveguide formed by polyanilinerkaxe supporting propagation of

cladding modes and thus enabling resonance bapeés@am the transmission spectrum
and study application potential. It has not bedmeaed. The reason is believed to be

the poor film thickness and structure control oé ttheposition technique. Thus the
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method is not recommendable for an overlay wavegdigposited onto tapered fibres

formation.

Based on the results observation the L-B and ESAtecb tapers offer greater

application potential for the sensors developmeast the polyaniline coated tapers.

6.4 Tapered optical fibres imprinted with tilted fibre Bragg gratings (TFBGS)

The initial results for tapered optical fibres inmped with tilted fibre Bragg gratings

show promising prospect for sensing applicatiortse high reflectivity of imprinted

gratings is an advantage here. The tapered redgiarfibre exposes more the fibre core
to the external environment than it is in not tapefibres. The TFBG being closer to
the surrounding is more prone to induce the chamgeansmission spectrum of a fibre
due to change of refractive index. Therefore a estign for the future study is coating
TFBG written tapers with a functional overlay inder to study optical properties of

such system, see Fig. 6.1.

Coating layer
Evanescent field /
T r-l T T |
- | (B (O O | —
Input _ Cutput
Bragg grating

Fig. 6.1. Schematic diagram of a tapered part ob@ecal fibre with Bragg grating
imprinted under a coating layer.

In response to a particular stimulus the absorpmectrum of the coating material will

change and thus the change of refractive indiceslarfding modes induced, which
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results in change of the transmission spectrum.cbaging material can be chose so it

is specific to chosen compounds.

Summarizing, it has been shown that the presergégp sallows for uniform waist
diameter tapered fibres fabrication and low trasion loss. Suggestion for the future
work in manufacture process would be the developroéthe fibre taper fabrication
system, i.e. application of a G@ser as a heat source and development of thegmog
to facilitate process control, data acquisition @ndcessing. The manufactured tapers
are easy to apply to different deposition technsqu@oated tapered fibres proved to
have a great application potential in liquid aslves in gaseous environment. The
applicability of manufactured sensors depends @n dlposition technique utilized
while the sensitivity of manufactured sensors gjlprnlepends on the coating material
used. Therefore in order to improve the sensin@luiéipes of coated tapers, other from
the presented above functional materials can be. &eggestion for the future work in
application potential would be further study of wmhtapers in L-B and ESA deposition
process using different coating materials. Impnigtof the tilted period fibre Bragg
grating (TFBG) within the tapered region and caatmith a functional material to

obtain a sensing system for an arbitrary choserpooimds.
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APPENDIX A

Maxwell's equations for a source-free medium agefthlowing:
OE=0
OH =0
oH (A1)

DXE:— -
/”’at

Dxﬁ:EG—E
ot

where [0 is del operator,Ethe electric field, H the magnetic field,# magnetic
permeability which is very nearly equal to the fegmce valuey,, £ dielectric constant,
which is related to the refractive indesby £ = n’c, where &, is dielectric constant of free
space. Electric and magnetic field in the cylindripolar coordinates (see Equation A.3)
have the form:

E(r,®,2) = Eo(r, ®) expli(at — £2)]

. . (A.2)
H(r,®,2z) = Ho(r,®)expli(at — £2)]

where « =27f is the light frequencyf is the propagation constant, the remaining

quantities are depicted in Fig. A.1.

XA

Fig. A.1. Section of circularly symmetric fibre umnd in r- and z-directionp is a core
radius; z-axis coincides with the fibre axis of syatry
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For fields defined by equations (A.4), the transeefield components in a circular

waveguide are determined to be:

izt
Ul o

cos(d) +¥) r<p (core)

r<p (core)

}COS(CD +4) r= o (cladding)

}sindcbﬂlﬂ)

r=p (cladding)

}sindqﬂlﬂ)

(A.3)

sin(d+W¥)

} r<p (core)

o = > laddi
Lk {ECKI( j DK,’(—ﬂsinGCDHP,) 12 (Caddng
W r Yo
|,zZ [aru .'(£J+EBJ(£HCOS(CD+W|) r<po (core)
Ho = y " oo y > p (cladding)
r = p (cladding
|p2{a£W ,(M]+EDK|(MHCOS((D+‘H)
w2 p p) r P

WhereJ, is Ith-order Bessel functiork; is Ith-order modified Bessel functiod, and K,

are their derivatives respectivelyis the azimuthal mode number (positive integriif);is
a constant; « is the light frequency. The quantities) =,/n’k’-B*> and

W =,/B8%-n’k} are dimensionless modal parameters and often aeferred to

eigenvalues of the core and cladding, respectikgly;cw,/&,u, = w/cis the vacuum

wavenumber. Coefficients A-D can be determined whies fields are subjected to
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boundary conditions. The solution of the above &qoa exists when the determinant of

the coefficients equals zero.

J, 0 ~K, 0
Daw 2y Lxw Lew)
0 J,) 0 -K,w) | =0 (A-4)
W, _. ﬂ WE, . :61
S0 a0 Sk e

Calculation of this determinant leads to the eigéwne equation, which is the characteristic
for the step-index circular fibre:

UJ,(U) WK, (W) | U3 (U) * WK W) Z\uz w? (A.5)

[Jl"(U) L, Kw) }{nz I, o KiW) }Izﬁ_Z(iJr 1 Jz
The solutions of this equation are the modes abre fwhich are represented by values of
. Modes which does not have the axial componerthefelectric fieldE, = O are called
transverse electric (TE). Modes with = O are called transverse magnetic (TM). In optica
waveguides, in general, modes are hybrid, having Bg andH, components. They are
marked HE, and EH, modes, depending on whethdyor E, makes larger contribution.
HE and EH modes are polarization degenerate, whiistand TM modes are not. The
electric field distribution in six lower order magles presented in Fig. A.2.
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Fundamental
modes

Higher order @
modes

TEOl ™ 01 HEgl HEgl

HEX, HE/,

Fig. A.2. Electric field distribution of first sidower order modes, including the
polarization degeneration of the modesiHEBnd HE; (insert after [Hunsperger, R.G.
1994)).

Modal fields of an optical waveguide depend on palsquantities such as geometry of
the fibre cross-section, refractive index profiiagdius and wavelength of the light source.
From these quantities the dimensionless paramétes formed, which is called the

normalized frequency, waveguide or fibre parameter:

\Y :ZTw,/nfo—nj (A.6)

whereng, is the refractive index of the com, is the refractive index of the cladding. The
V parameter is proportional to the frequency fviac/ A , but it is more convenient to
define it in terms ofi, since wavelength is more easily measured. The eumbof
possible modes that can propagate in a step-indiexdan be estimated from the equation:

_V?
== (A7)

This equation is valid for large values\afFor small values 0¥ the exact of modes must

be determined.

The next parameter, which is used to determineagaie properties of fibre, is the profile

height parametek defined as:

168



Appendix A

2 2
r]co B ncI 0 r]co B ncI - An
2
2n;, n n

co co

A= (A.8)

Standard telecommunication fibres usually satisfy ¢onditionA « 1. Fibres with such
properties are called weakly-guiding fibres heraxgeé portion of light is carried in the
cladding.

The modes of weakly guiding circular fibre are simes represented as LP modes after
[Gloge. D. 1971]. It has been shown I8yhder, A.et al. 2000 Gloge. D. 1971] that, for
weakly guiding fibres, the higher order exact moaesdegenerate. Linear combination of
these modes can be chosen to yield linearly p@dritP modes. Nomenclature
emphasizes that the field is polarized in one timeceverywhere along a waveguide. The
combinations of the degenerate modes intg,ldhes show common intensity pattern,
although there is field configuration differenceed-ig. A.3.
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Fig. A.3. Composition of four LR modes from the exact modes. Intensity distribuéiod
electric field direction depicted (insert after [ifperger, R.G. 1994]).

If the propagation constants of the contributingde® slightly differ, then the field

superposition changes as the mode propagates thieffigpre.
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Appendix B

Tapered fibre performance modelling - effective index vs overlay thickness

clear all
close all

Define refractive indices
nl=1; %air

nlb=1.57; %refractive index of the overlay material

dclad =2e-6;
nclad=1.458;

n2=nlb;

n3=nclad;

n4=nlb;

n5=nl;
n=[nl,n2,n3,n4,n5];

Define thickness
thick=40;

dlb=1linspace(@e-9,300e-9,thick); %array for the thickness of the LB

overlay

Define the wavelength range
points=100;
lambda=linspace(600e-9,700e-9,points);

Electric field amplitudes in the layers of the waveguide structure
Ep:[eJeJe)e)l];
Em:[eJeJe)e)e];

Define the wavevector
ko=2*pi./lambda;

Array of values of effective index in the 1st layer (air)
theta=zeros(1,5);

dlbl=2e-7;

neffmid=double((nclad+nl)/2);
neffmax=double(neffmid+0.1);

neffmin=double(neffmid-0.1);

neffmax=1.45;

neffmin=1.0;
pts=10000;neff=1linspace(neffmin,neffmax,pts);
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This section scans through the range of effective indices in region 1,
considering refraction at the boundaries, calculates the reflection and
transmission coefficients at each boundary

for h=1:pts %scan of the effective
indicies
theta(1,h)=double(asin(neff(h)/n(1))); %calculates the angle

of propagation in layer 1.

for 1=2:5 %1 defines the layer in
which the angle is calculated
theta(l,h)=double(asin(sin(theta(l-1,h))*n(1-1)/n(1))); %calculates
the angle of propagation in each layer (Snell's law)

end
for 1=1:5
if real(cos(theta(l,h)))==0
theta(1l,h)=theta(1l,h)+180;
end
end
for 1=1:4

r(l,h)=double((n(1l)*cos(theta(l,h))-
n(l+1l)*cos(theta(l+1,h)))/(n(1l)*cos(theta(l,h))+n(1l+1)*cos(theta(l+1,h))));
%reflection coefficient

t(1,h)=double((2*n(1)*cos(theta(l,h)))/(n(1l)*cos(theta(l,h))+n(1l+1)*cos(theta(l
+1,h)))); %transmission coefficient

end
end

This section calculates the effective index of each cladding mode as a function
of wavelength and as a function of the thickness of the overlay
for w=1:thick %loop through the thicknesses of the LB film

d=[0,d1b(w),dclad,dlb(w)];

for m=1:points %wavelength loop
chk=[w,m]
for h=1:pts %effective index loop
for 1=1:4 %layer loop
delta(l)=double(ko(m)*n(1)*d(1)*cos(theta(1l,h))); %phase

change on propagating through the layer
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Calculate matrix elements

S(1,[1,2],1)=double([(exp(i*delta(1l)))/t(1,h),r(1,h)/t(1,h)*exp(i*delta(1))]);
S(2,[1,2],1)=double([r(1,h)/t(1,h)*exp(-i*delta(1l)), (exp(-
i*delta(1)))/t(1,h)]);
end

%the following calculates the electric field in each layer
for 1=4:-1:1

Ep(1)=S(1,[1 2],1)*[Ep(1+1);Em(1+1)];

Em(1)=S(2,[1 2],1)*[Ep(1+1);Em(1+1)];

end

%calculate the ratio of the electric field amplitude in the cladding
to that in layer 1.

%generates a series of peaks, each representing a cladding mode
f1(h)=(abs(Ep(3)/Ep(1)))"2;
f2(h)=(abs(Em(3)/Em(1)))"2;

end

Search though the peaks generated in the previous section to identify the
effective index of each cladding mode

for h=pts:-1:2

if h==pts
fcheck=f1(h);

else if f1(h)>fcheck
fcheck=f1(h);
flag=1;
end
end

if fi(h)<fcheck
if flag==1
neff(h-1)
neffective(q,m,w)=neff(h-1);
flag=-1;
g=q+1;
end
fcheck=f1(h);
end

end
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end

end
for i=1:thick

i
Intensity(:,:,i)=1+cos((2*pi./lambda).*(neffective(2,:,i)-
neffective(3,:,i))*1le-3);
end

Plot dispersion curves for selected cladding modes

figure(1);
plot(lambda,neffective(1,:,1),lambda,neffective(2,:,1),lambda,neffective(3,:,1)
,lambda,neffective(4,:,1))

figure(2)

plot(dlb,squeeze(neffective(2,1,:)))

figure(3)

plot(lambda,squeeze(Intensity(1,:,:)))

%wklwrite('nanowire index 157 3-300nm.wkl',squeeze(neffective(:,1,:))")
%wklwrite('dlb.wk1',1e9*dlb)

figure(4)

colormap gray

X=1:300/thick:300;

surf(lambda',X,squeeze(Intensity(1,:,:))")
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