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ABSTRACT

A novel sansing approach carbining sol-gel tednology and standard graded index tele-
comunications fiore s presaited.  The tp of telecomunication fire B etded usig
hydrofluoric acid resulting In a parabolic shaped caiaty daracteristic of the refractinve
index profile of tre flae.  This cavity s then filled with soll-gel-derived salia doped with
an aalytesasitive de. This afiguration s evaluated using both fluorescence ad
absorption-besad indicators for sensing chemical goecies such as oxygen and ammonia.
The aopatability of the imubilisation system on telecomunications fire with
semiconductor leser diode ecitation makes this gpproach partiaularly surted © quesi-
distributed sasing.  Preliminary resulits for multi—point pH sensing incorporating an 850nm
Qotical Time Domain Reflectoreter and a rear-infredad dye are presated. The
daracterisation of a new family of materials known as orgenically modified silices
Omosils) salo caried at. Fillm thideess and tenporal stsbility are monitored es a
function of organic : inorganiic precursor ratio whi le fillmmicarostructure sexamined using
FTIR spectrosopy.-
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CHAPTER 1

INTRODUCTION

11 INTRODUCTION

OQotical tedmiges for demical sasing purposes have been
developed for many gplication fields such as enviromental and pollution monitoring,
inLstrial process aottrol and medicine.  The working principle of an goacal demical
sensor B based on the modullation of one of the qoacal properties (eg. NiEEILY,
waelegth, pese, polarisaion state) by the parareter under inestigatian.  This
modullation can occur via a \ariety of prooesses such as fluorescene, asorptian,
reflectin, or satterirg.  Idally the sensor should be capeblle of continuously and
reversibly recording the presence and concentration of a particular soecies and shoulld
provice a usable autput, gererally nthe form of an electrical sigdl, within a couplle of
seoods.  Chemical sasing using goacal tedmigues hes tre potentaal t© overcome
many of the probllems associated with other measurement tednigues such as eledncal
interfarae, aost and sensor sie. Moreover, through the incorporation of filre gotacs,
renote and distributed sasing B fesible. Consequently, there B ab present
aorsiderable interest In producing goical sasors for a wide rage of demical
parareters 1o fulfil an ever inaressing number of gplicatias.

1.2 FIBRE OPTIC SENSORS

Over the kst three decades qotical methods have been used
incressingly for sasing demical aslytes.  The gplicatias of these sasors are often
enhanced when abulk-gotic anfiguration s replaced by fibre-qotac techrology.  In e
kst few years the market for fibre-gpac sensors (FOS) has grown aorsiderably. The
development of the field hes undoubtedlly been aocelerated by the continuing growth of
the gotoelectronics imdstry.  Qurantly, LEDs  (Ligit Bnrtting Diodes) cover te
visible spectrun from 400 t© 700nm with some also aaildble in the near INfrard
(NIR) and Mid-IR. Furthermore, lesxr diades, which nmany applications can replace



more expensive and bulky lesars, are soon expected 1o be aaillcble for the blue/green

region of tre visible spectrun. It B N this area of the spectrum that the asorption

Spectra of most aurent day irdicators he. However, the interent daeracteristics of

ool fibres B perhaps the main reason for the cosiderablle intarest in fibre gotac

sexs. (pacal filbres are aurtable for sensor systems foranumber of reasonsl,

e Geometrical versatility : the fledaility, lightress and size of gptical filbres fadlitate
highly loccalised measurements, forexample, biaredical gplicatias such as aalysis
of Iming cellsand artearies.

e Suitable material: the fire material (QOless or plstic) B Mon~taxic ad
bioccopatible. Furthermore the low attenuation of this naterial faalitaies renote
and distributed sersig.

= Signal immunity -Since die primary sigal s qual, itisnot affectsd by electrnical or
megretic fieks.

= Intrinsic safety, due t the low ligt ponver used for sensing purposes, goacl
sasors do not presant a nisk of garking, and are therefore aurteble for use N
potengally eplosive aress eg. mining and petroleunm indLstries

The besic working prirciple of an intasity-essd fibre-qotac demical sasor B
shown infigure 11. The sensor may be intrirsic or extrinsic depending on whether tte

INTERACTION

SOURCE DETECTOR

OPTICAL FIBRE

r\ A T
OPTICAL FIBRE TRANSDUCER
[ |
: |
INTRINSIC SENSOR EXTRINSIC SENSOR

Figure 1.1 Working principle of an intensity-modulated fibre-optic sensor



inesity modulation B produced within te fire or by an extemal transtlcer
coected o the fiae. Gererally filres having diareters larger then 100] im are used
to maximise the sensors cowpling efficiay 1 the ecitation sorce.  The source can
be ertrer lanps, ks, LEDs or leser diodes vhille the detector s garerally aPIN-
type photodiode. The aoncertration of the anallyte under investigatian s determined
by monitoring the throughput of the fioe.  In thiswork, both step index and graded-
index filres were used N fAuorescance INtasity-esad intrrsic fibre-pic sasors for
the measurement of carbon diaxace, pH and axygen.

1.3 QUASI-DISTRIBUTED SENSING

The use of qoocal fibres s a sygport structure for
demically-sersitive dyes offers the potentaal for fully distributed or guesi-distributed
nmultaipoint sarsirg. This could be achieved by coating a filre alog its oAl lagth
during drawing or by soliag N sasig rggias. In such a way, both te
conoentration and positian of a measurand can be determined sinultaneosly.  For
many idstrial and enviromental gpliatias, a distriuted or atb leest quesi-
distributad sensor network s requiired rather then indivaidiall measuring cevicss. Whille
this aim coulld be fulfilled by eledtrically interfecing a number of irdividal ssears, a
quesi-distriluted sersing system wsing a fire-gotaic network offers a number of
geeratical advanteges.  Obvious advaitages incluce the reduced ast, ease of
nulaplexing and the systems Imunity t© eledrial and megretic interferate.
Furtrermore, tte low fibre atteruation alog with the aaikbility of fibre-qotic
aoplers makes gotacal filbres ic=lly aurted for this gplicataan.  While a number of
mechanisms t© goacally corbine individal sasors hes been eplored, such &
wavelength division and frequency divisian nultiplexanR, time divisian nultaplexing
hes received most attenaan.  In tire division nulitiplexing, dort pulsss (s or kes)
from geerally a leser diode are used o Interrogate the sensor network.  The variaus
sensing points along the filre are then distinguished by monirtoring the reflected sigal
as afuction of tme. This tednique known as Qotacal Time Domain Reflectoretry B
wicely used n tte telecomunications Indstry for measuring tre attenation of
gotical fibres along treir laoth.



1.3.1 Background to distributed sensing

Despite the potential berefits of a distributed fibre gotic sansing system
and the sighificant research tret hes been carriied aut in thiss area3, very few distributed
fire goic sasars (DFOS) have so far gppeared In the comercial marketplace. OF
those comercially aaildble, (hey are almost eclusively concermed wirth distributd
tenperature sgsing.  The working principle of a distributed gotical filre taperature
sasor (DTS) was farst demonstrated N 1981 ab Southampton Uninersity using
tedniques derived fron telecomunications cable testrg.  Subsequent work at York
Technology UK, started n 1934, resulted n tte Wt DTS prototype3. The sasor
works because tre loal gt scattering power of a filre core stragly depends on the
fibre teyperature. When a sarple such as a siliamatrix s inadiated with a pulse of
Iigtt of higer frequency (higer energy) then would correspod o any electranic
trasitio, the mgjority of thre lightpesses through the sarplle without attenetion but a
srll fraction B scatterad giving nie o very faint lires corresponding ©© trasitics
between vibratical leels. The scatterad spectrun known as the Raman spectrum
arsists of a atrally situated Rayleigh lire and a series of kess intese lires located
erther sice of the cantral lireknown as Stokes and Ati-Stokes Ires. The tamperature
profile of the filre sdetermined from the relatiaehip between these two seriies of lires
using the folloving relatiaehip

as

oc

where ks and kscorrespond o the intesities of the Ati-Stokes and Stokes  lidt
regectively. T b the asolute temperature, h BPlanck’s arstat, ¢ s the speed of
Igt, v sthe Raman dift nan"land k sBBoltzmannsaastait. A gatsal resolutian
of Im over 10km and a tenperature resolution of +/- 1°C over the terperature range -
140°C 1o +460°C was achieved with typical response tines of 5 o 10 secods. Are
detection and power cablle monitoring are perceived 1o be the biggest markets for tis
sensing tedmique atpresait.

A number of distributed strain and pressure sasirg Systems are now
also comercially aaileble. Herga Electric UK  hes produced a range of pressure
syeitive safety mats3. The mat s a microbend type sensor using Hargalite e, a
large core multimode fibre with a hard aaylic spiral overwind. When a lced B



introduced onto the mat, lidt s coupled aut of the filre depending on the weight of
the lced. The sensor Bseen o have gplicatias mainly n indstrial process antrol..
G2 Systems Corporation(USA) have developed a rage of distributed sensors for use
In monrtoring cradks and deformations N concrete strnuctures3. As with the pressure
ssithe nat, the strain in te stiucture under inestiggion 5 deduced from tte
attenuation of the fire In the sensing region.

The use of qpacal filres for distributed sasing of gaseous and liqud
chemical gecies B likely 10 be the most important goplication of this tedrolagy. As a
realilt, tre field 5 presently the sugject of inteee ressarch activis4. Whillst trere B
undoubtedly a large number of potentaal markets i this sctor, this research hes yet
reach the commercial prototype stace.

1.4 THE SOL-GEL PROCESS

In the area of filre gotac demical sasIy, a method of IMubilising
anlyte-sasitive reegents onto tre sesing filre s requirad. The potentaal of sol-cel
derived materials for this gplication hes generated aasiderable rescarch adtimity. The
0l-cel process B a method by whiich glasses and ceramics can be fabricated at low
teperatures through tre hydrolysis and polyrerisation of alkaxide precursorsb.
Figure 1.2 ilkstraies the main stges of tre proosss.  The process typically invohes a
olution axsistairg of a metal alkoxiade, water which adts as tre hydrolysis aatt,
aladol as sohvent and ertter an acid or bese as catalyst. These are mixed together ©
achieve chemical homogeneity on Lle nolecular sale. At low temperatures (<100°C),
the metal compounds undergo hydrolysis and polycondensation 1 produce a ol n
which fire partidles (colloids) are digoersad.  Further reection comnects the partickes o
produce a disordered branched network which B interpeetrated by liqad.  Low
tenperature auring removes any of the remaining solvants and leaves the porous oxice.
Further solidificaian of the el by means of high terperature amealing gives rie
monolith glasses and ceramics. This process sBwidely used in sasing gplicatias o
produce syports for aalyte-sasitive gecies.  Through the gopropriate selection of
the process parareters, microporous fils can be coated oo gotacal filres or gless
diss. The dye noleaules, which are added at tte start of the prooess become
entrapped in tre pores of tre ol-cel material iInnanoretre-scale cage - like structures



Figure 1.1 Schematic diagram of the sol-gel process

which are accessible to smaller analyte molecules which permeate the silica networks.
One of the main advantages of the sol-gel method over other coating techniques is the
flexibility it presents to the user. Film parameters such as porosity, thickness, and
hydrophobicity can all be easily optimised through appropriate changes to the sol-gel
process parameters. Furthermore, the sensor fabrication is simple and inexpensive as it
involves a straight-forward dip-coating of the substrate followed by curing at room
temperatures. In this work, the sol-gel method is used to produce supports for a range

of indicator dyes for use in evanescent wave and direct excitation-based sensors.



15 THESIS OBJECTIVES AND OUTLINE

The main objectives of this project were as folloas:
= Inestagation of the properties af organically modified silicates (omosils)
= Development of a 0l-gel imobi lisation tedmique on telecan type gpacal filre
= Bwaluation of the possibility of using this tedmniqe in a guesi-distributed dhemical

S

Chapter 2 of this tresis outlines the differant methods used in our laboratory for
daracterising sol-gel-dermvad thin films, namely Blipsoretry, Soectral tramsmission
and Faurier Transform Infrared (FTIR) Soectrosogpy-  These methods are used to
darecterie a relanely new fanily of materials known as omosils.  Chapter 3
describes the development of a falre optic cartoon diaxide sensor based on evanescant
wave ecrtation of a pyranine complex emtraoped by a thin microporous coatirg
fadbornicated by the sol-cell process. The sensor sbased on the quenching of Aluorescenoe
from the irdicator moleculles in the presence of carbon diadce.  Chapter 4 daals with
the encapaulation of analyte Indicators onto telecomunications fire for point sasigy
gplicatdas. The sensor Bhased on slectinve filre etthing and <ol-gel o lisataon.
Sensor ewaluation B cariad out using both assorption and fluorescence-tessd
indicator dyes.  Arally, chapter 5 examines Lhe possibility of using this inmdoi lisation
tedmiqe N a gesi-distributed demical sensor system. A number of aosorptiat-
based sensing filres are fusion coupled onto a sensor network. An gotacal time domain
reflectoretry tedmnique s then used to disorimirate between the reflected ligt sigels
from the variaus sensing regions.
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CHAPTER 2

SOLGEL THIN FILM CHARACTERISATION

2.1 INTRODUCTION

With the increasing interest in sol-gel coatings for sensing
applications12, appropiate methods of investigating the properties of thin films are
important. Parameters of significance include the film thickness, refractive index, porosity
and optical quality. For example, the response time of a sensor is a function of the sensing
film porosity and thickness, while the refractive index is a fundamental parameter for
waveguide applications. In this chapter, two methods of determining the refractive index
and thickness of sol-gel derived thin films are presented, namely Ellipsometry and Spectral
transmission. Fourier Transform Infrared (FTIR) spectroscopy was also employed to
provide information on the chemical structure of the films. Film properties were
monitored using the above techniques, and the results were interpreted in terms of the

chemical reactions involved in the sol-gel process.

2.2 SOL GELDERIVED THIN FILMS

The main reaction components involved in a typical sol-gel process
are a metal alkoxide such as Tetraethylorthosilicate (TEOS), water, a mutual solvent
(typically ethanol) and a catalyst (HC1). These are mixed thoroughly to achieve
homogeneity on a molecular scale, followed by ageing at a fixed temperature. During this
period, through the hydrolysis and condensation of the alkoxide precursor, a polymeric
Si02 network is formed in the solution. Hence the sol-gel process is the transition of a
system of colloidal particles (sol) in a solution, into a disordered, branched, continuous
network (gel), which is interpenetrated by liquid. After a suitable ageing period, the
solution becomes viscous enough for the fabrication of sol-gel thin films by means of dip-
coating or spin-coating techniques. The dip coating technique, used in this work, is most

widely applied for sensing purposes, due to the diversity of substrates that can be



emloyed. Inthiswork, sol-gel thin filiswere deposited onto both planar @lianvefers
or glass sliss) and gotacal filre susstrates using this coating tednige.  In dip coata,
the prepared3 ausstrate s Imrersed N the ol el solution and then withdrawn at a
aorstant antrolled speed.  In our laoratory, the sibstrate s held rigid in a draft ad
vibration free enviroment, while the soluaian, on a\artacally moveable platform, sdran
away from the saople. A schematic diagram of the goparatus used sshown infigure 2.1
During withdraval, a thin film ( 100nm - 1(im) becomes entraired on the sustrate. The
thiddess of this film s dependent on a number of fectars, including withdranal goeed,
withdranal agle, coating solution visosity and the substrate adherence. Although e
interdependence of the variaus process parareters soarplex, the filn thideess sgiven
appraximetely by the folloving relatiaehip,4

Withdrawal speed x Viscosity
Solution density

thickness -

Figure 2.1 Dip-coating apparatus
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Therefore, thicker coatings are achieved at faster withdrawal rates, i.e. for the same
solution, the film thickness is proportional to the withdrawal speed to the power of 0.66.
After coating, the films can be densified as needed by drying in an oven or at room

temperature.

2.3 THIN FILM CHARACTERISATION METHODS

2.3.1 Introduction

The following sections outline the techniques used in our laboratory for
measuring the thickness and refractive index of sol-gel-derived films. These techniques are
ellipsometry and spectral transmission. The accuracy and limitations of the two methods

are discussed

2.3.2 Ellipsometry

When light of a particular state of polarisation is reflected from an interface
between two optically dissimilar media, such as a sol gel thin film on a silicon substrate, its
polarisation state is modified 5. Ellipsometry is simply the measurement and interpretation
of this change of polarisation.

The ellipsometer used in this work was a Rudolph Research AutoEL-IIl which is a
nulling ellipsometer. A schematic diagram of the ellipsometer arrangement is shown in fig
2.1. A collimated monochromatic beam from a HeNe laser is passed through the variable
polariser to produce a light beam of known controlled polarisation. This light interacts
with the thin film under investigation and its polarisation state is modified. The reflected
light is then passed through the analyser and onto a photodetector. The polariser and
analyser are now rotated until the intensity of the reflected beam is at a minimum. The
angles of the polariser and analyser are then determined. These angles at null are
convertible by means of linear equations6into the polarisation parametersé A and 'F, which

are related by

11



p=tan'F e(A

where p B the ratio between tre reflectian aefficiatts mpad 15, p ad s refer o the two
orthogoral ly lirearly polarisad componentts of the refllectsd beam.

The parareters A and “F are furctias of the incident agle, the thidkess of tre thin film
and the refractive indexes of the surrounding medium, thin filn, and sustrate. Since some
of these parareters are known, this esbles the software within the ellipsoeter
calalate tre thin filn thideess and refractive index. Honever, when the qotiical path
legth of the lidt traersig the filn reades an intsgral number of vavelengths, A and ¥

are the same for suocoessive inteyral path legth nukaples.  In other words A and “F are
odlic furctas of the filn thideess. Therefore the actial thideess of the fillm could be
the zero order thidaess + any integer times the full gcle thideess (adirate). Because of
this gclic behaviour, an additiaal method of conraborating the filn thidaess s reqpired.

This method will be discussed in the next section.

From Laser To Detector
- (tor Anal Thinfil
Reflecting Compensa yser infiln
aufae
Silian
Sistrate

Fig. 2.1 Schematic diagram of ellipsometer

12



2.3.3 Spectral Transmission

The refractive index and thidaess of 2l-cel thinfilhs can
also be determined, although with less acauracy, by amallysing the transmission soectraof
the filns over tre wavelength range 350-1200nm7. The aralysis presented here isbased
on the reflectance and tramsmttance of ligtby a simgle non-absorbing fillm coated amto
both sidss of a non-absorbing glsss abstrate, as shown infig2. Each time tre light
strikes an interface, the beam Bdivided into reflected and tramsmitted parts. The firel
trammission or reflectance Inesity s then dotained by summing the individual reflected
or tramsmrtted elerents.  To sinplify this summation we consider the case forasirgle
layer of thidess d and refractive index H coatted onto an infinite gllass sustrate( 12 no
reflectance from the back of the slidB) as shown infig. 2.3, Inthis case, the aplitudes of
suoosssiive beams reflectad from the gllass substrate are represented by 1Ol toitiofe ,
toitiorioi'122
The change inphase 8 1 ofttebeam intraersing the film sgvenby

an. 21

Film

Fig 2.2 Double sided sol-gel coated slide used in spectral transmission analysis



Fig. 2.3 Reflectance and transmittance of light from a single film coated onto

an infinite substrate

The reflected amplitude is thus given by

d C —2/81 . . 2 -4/81
R — O\ + hofa\r\2e ~ 110i01ri0ri2n L
: : Si : o
Using the sum of the series T mememee- , this summation yields
14-T1
R=roi+ w 25"
1+ 0> 26'

eqn23

From conservation of energy and remembering that rOi = -rio, it can be shown (Stokes law)

Wio “ 1_ *hi

and therefore equation 2.3 reduces to

etin-2 4

14



-2/81
R=— — & .- eljn25
1+ mm e

where R represats the total anpl rtude of the reflected beams. The corresponding intesity

Bgiven by

Rlot = R. R = '@ A T 2APpLavasl en. 2.6
1+ rQ\r[2 + 2/01r12Co0.v281
where
oj=2°7 "L, we2=HI . mymonmatifcidnce. egn 2.7
« + nx L+

From eguations 2.1 and 2.6, itcan be seen ttet maxima and minima of tre reflectance

aunve occur atvalues of idgiven by
n{d - 2m+ D%, nfd = Qin+2)% regectnvely.  en. 28

For the case where the refractive index of the coating isgreater then the refractive index
of the sustrate 1.2 m >112, the value of reflectances at these points isgiven by

\2 "n2-no 2
nz-n
Berin — ro\+rn emn. 29
1+ 10112y n2 + /0
il ~ r12 (2 \
~ \ ~ no>h
Raex — n en. 2.10
1. 701r12 it +«0R

Since the sum of reflectance and tramsmittance must equal 1, tre It intesity trasnittd
into tre glass susstrate(fig 2.1) s represanted by

15



f’\2~n0Y fn%- nQ12N2
(1) max ADmin - 1
1«2 + Q. \V/

eqn. 2.11

At this stae, tre ligthes traversed an AIR-FILM-GLASS path. On exitarg the slice tre
ligt undergoes tte reverse path 12 GLASS-FILM-AIR. Htcan be shown from eguation
2.11 that the amalysis for these two patts are kbl Therefore

\ 2

[
rrt _ v/, n2 ~ /7()
— an. 2.12
o (Dmax n2+no0J o + 1
( ;ﬂ \ 2
Ny
mill —  (I)min e 2.13

It B goparent from the above eqatias, tet the refractave Index of tre filn (0,) can be
relaised o the diffarae between themax imum and minimum trasmission values

f 2 %
AT 1_ ((1 —((O((Z GTL 2_14

ng +’11 v + «o02 /

Smilarly, for the case where the refractinve Index of tre coating s kess then the refractne
index of tresustrate 1 m <n2

(2 \ 2 )
AT= 1 @ non2 2n . 2.15
vn\ + X R)

To sohe form, agraph of AT versus refractive index between the values of 1.42 and 1.6
was plotted (g 2.3). Values of 1 and 1.517 were susstrtuted for the costants N0 and n2
inequatias 2.14 and 2.15.

16



Rcl'ractive index

Fig 2.3 Graph of max-min transmission versus refractive index for a double

sided non-absorbing coating on a glass slide.

The refractivc index of the film under investigation can now be determined by simply
substituting the max-min transmission value into the appropiate equation of the line shown

in fig 2.3.

The film thickness can also be determined from Lhe transmission spectra from the position

of the interference maxima/minima. The basic condition for interference fringes is

2nd = rrik eqn. 2.16

From this it follows that the thickness is given by

where Am is the order of separation between the exuema and Aji,  are the wavelengths

at the extrema of interest.

17



Sample trammission spectra of two ol ¢el thin fiks, one of refractave Index kess then the
Sustrate and one gregter, are shown in figaes 2.4a and 2.40. 1t should be noted thet
where possible

= An average of anumber of extrema shoulld be used toalaulate AT

» Peaks autsidce the range 450-750nm should be igored

e A laevalue of Am should be used when calaulating the film thideess.

Refractive 1ndex calaulatias using tre goectral tramsmittance tednigue agreed (Within
1%) wrth ellipsaretry measurements. The geectral tramsmrttance tedmigue however hes
the advaritage tret itwill yield refractive index \ellues for any thideess of film above
300nm while refractinve INdex measurements using tre ellipsoeter are Iimited © Gases
where the film thideess isbetween 15 and 4/5 the adirate. Honvever, itshould be noted
thet the accuracy of the goectral tramsminttance method for refractive Index measurements
reduces significatly both with decressing film thideess and decressing refractive index
differeial between the coating and glless sbstrate.  As a raallt, the accuracy of tte
gectral tranemittance method for determining the refractive index of ol-cel fiks B
raalistically an orter kess then el lipsoretry measurements.

Thickness measurements using the two methods however failed to agree. On average -
o=l filns were obsernved to be between 5 ©© 15 % thider on gless sbstrates. Therefore,
the goectral trasmittance method can not be used t© \erify ellipsoeter thideess
measurements. However tre tednique can sl be used O remove tre uertainty n
ellipsoretry measurements (1. the number of ordirates to be added ). The two methods
together can thus be used 1o determine the thidaess of any sol-gel film

Anally, itshould be noted tret this analysis s limited to cases where the thideess of the
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Rl =805 + 43 = 1598
53.2
t =.
2*1598( L - L)
467/nm  764nm
Fig. 2.4

= 752nm
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66.7 - 3.4 = 1438

RI =
44
t= 1 = 636nm
%1438 (X - L)
456nm 635nm

Transmission spectra of a double sided sol-gel film coated glass

substrate(a) ni > n2, (b) ni < n2 Also included are thickness and

refractive index calculations for the two films.

frantfilm s idntacl (thin 20nm) © treback il In this a2, the Interferae pattens
from the two filnglass interfaces are N phase and can be summed essily. The aalysis
becomes aasiderably more difficultfordissimilar fikbs.
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2.4 ORGANICALLYMODIFIED S1IUCATES

2.4.1 Introduction

Oomosils (Ogmically modified silicies) are a relatively new family of
materials inwhich 1norgenic and organic camponents are linked by dhemical bonds to form
a mnaystallire network8. Because of tes demical bonding between the two
arsttLents, unigue pragerties can be dotained. In the case of mechanical prgoerties, tte
introclctaon of the organiic camponents  induces fledbility and tougress, thereby reducing
the britteness of the Inorganic network structure. In other words, e introductaion of tre
orgenic components changes the prgoerties of tre naterial t be more polymer-like then
gless-ilke. This eneblles the preparation of thidk fils without aads. Ithes been aosened
that with ols prepared from Tetreethoysilae (TEOS) and Methlytriethoysilae
(MTES), mtwas possible to achieve film thicknesses up 1o 2(im9, compared t around 0.5 -
Himwith TEOS aly. Furthemore, ithes been shown thet filvs prepared fron MTES
are kess porous (@ denser structure) then fils prepared just from TEOSO. However,
perhaps the most interestarg feature of omosils B the effect the orgenic groups have on
the surface prgperties of tte ol-cel fils. The moisture sasitvity of ol-gell derived sillia
5 a mgjor dstacle for many sensing gplicatias. The most straightfornard solutian
tes, B 0 prevent water adsorption, by enhancing the hydrganobicity of the sasig
surface through chemical means. The surface of TEOS-based fils are daracterised by a
large concentration of hydroxyl (-OH) groups which regdily interact with noisture n tre
filmenviroment. By replacing these hydrghillic groups wirth hydrophobic methyl (CHJ)
groups the affinity of the sansing surface o water vapour can be modirfied. This hes been
achieved in our laboratoryD by introdcing a range of ageically modified alkoxice
precursors to the sol gel process.

In tre folloving secaan, tre effects of the organic precursor on tre lag
term stahility of the ol-gel fils are presated.  The thideess and refractive index of the
fils are measured uwsing the daracterisation methods described In the previaus ssction.
The reaults are compared with those of TEOS based fibs.
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2.4.2 Temporal behaviour of films

For gplicatios in gptical saears, tre log term stehillity of sol-gel derived
thin fils B a atoal requirerett. To this regad, there s aosiderable INarest n
producing filns whose microstructure would remain constant over the working lifeof tre
seeor.  Monitoring of tre film thideess isone means by which the evolution of tre filn
microstructure can be aalyssd.  Infigure 2.5, tre temporal evolution of the filn thidaess
forR=2 and R=4 TEOS fiks sshownll,where R sthewater :precursor mollar ramo. It
is Clear from the data that the microstructure of thee fils continues © evolhve for a
asidersble time after catirg. This decreese in thideess s attributed © incoplete
hydrolysis in tre fils even though R=2 B tte stoicioetric water : TEOS ratio.
Hydrolysis cotinues to ooccur after the drying step by interactian with noisture n tre
atmosphere, thereby resulting na decrease N tre film thidkess. Thidkness of fibs stored
in the desiocator changed htle from their arigiral vallues over tine, thus supporting this
theary. In the case of the R=2 fibis, the thideess anly starts o stahilise after 60 days.
Thus, sensors using R=2 films woulld have to fabricated at leest 2 months prior to trelruse

i 1 1 1 ! 1 ! 1

ft- R=2 (Stored indessicctor)
460

440

E ]
420 A \
W 0
Ly 0. ) R=4 (Stored in air)
a
400
(0]

R=2 (Stored in air) i
360

10 20 40 50 60

TIME (days)

Fig. 2.5 Temporal evolution of film thickness for R=2 and R=4 TEOS films
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1o ensure a repeatable response as evolving film miarostructure would be expected to have
an effect on the sensor calibration.

In order t© produce fils with a quider stebilisstion time a carbination of
nmethyltriethayysilae CHB1(0CHs)s  and tetrasthoysilae S1(OCH5YM were used &
precursars. Sols using differant mixtures of these products (by weilgt) were made up
using the folloving recipe: 6 g preaursor, 4 g etraol, water atpHI using HC1 as catalyst.
The amount of water was varied depending on tre desiredR \alle. Al fils were doped
with 40000ppm ruthenium for sansing purposes not dealt wirth here. The solutian was
starred for 1 hour at room tenperature.  Coatings were then deposited onto cleaned soda-
lime gllass slidss and silianwafers using the dip-aoatiing process described e

Figure 2.6 shows the temporal evolution of tre film thidkess for an R=2, 171
ratio of MTES:TEOS fulm coated at 0.971mvsec. The thiddess decreases 0 a kessr
extent then the R=2 TEOS filmowver the same time periad, but still hes not stebillissd after
70 days. The MTES = TEOS ratiowas now kept constantwhile theR valuewas inoressed.

455-
450-
445-
440 H

4%

¥ T2 0

430-
425 H
420 - r f“l r s r T- ~F—<—r~
0 10 20 30 40 50 60 70 ~80
Days aftar Coating

Fig. 2.6 Temporal evolution of film thickness for a 1:1 MTESrTEOS R=2 film
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Days after coating

Fig 2.7 Temporal evolution of film thickness for a 1:1 MTES:TEOS R=4 film

Figure 2.7 shows the temporal evolution of tte film thidkess for an R=4 11
MTES:TEOS film over a period of 2 weeks. From these two grgds, Itis clear thet tte
organic precursor and R value play a sigficaat role on reducing the filn staoilisation
tre. As mentioned exrlier, tre use of an organic precursor such as MTES danges tte
surface properties of l-el siliafibs. The surface of TEOS-based filts are daract-
erissd by a large concentratiion of hydrgohillic -OH graups. When an MTES precursor B
introcuoed, these groups are replaced with -CH3 groyss. Since -CH3 groups are not
affected by water, a permanent hydrophobicity is dotained. As a resulit, hydrolysis ceeses
10 take place within the ol-gel miatstructure, thus resultaing Inmore steble fibs. Intte
next ssctian, the use of FT IR spectrosoopy to daracterise these changes s rgorted.

All R=4 filswith 50% or greater MTES content were found to stebilisewrthin a day of
cating. For R=2 fillsanMTES content of 75% was required o yield steble fiks.

Sol-cel fils were also made up from a 1:1 (by weigtt) mixture of MTES ad
etharol without any waterl. The hydrolysis reectinwas catalysed by adding 1% (wAv) of
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concentrated HC1 dropwise 1o the solution. After ageiing for 24 hours, filhs were coated
oo gllass slidss at 0.971mv/sec as kefore. This recipe alo yielded extrerely steble fibhs
of thid<ess ~ 390nm.

2.5 FTIR OF SOL GELDERIVED THIN FILMS

Fourier Transform Infrared (FTIR) spectrosoopy hes for years proven  be a
useful tool for studying the structure of sol-gel-derivad filns atttremollecular kedl. Inthis
section, the structure of TEOS and omosill based fillhs coated onto  sillion wafers are
studied over the gectral range 4000-500cm”L using a Bomern MB120 FTIR. The
sighrhicane of the predominant features selained. All soectra are a reult of 50 scas
atnormal Incidence with a resolutaon of 4om’ 'L

In figure 2.8, the FTIR spectrun of an R=4 TEOS-based ol-cel film s shoan.
The main features of interest In the spectrum are assiged, according to Inmnocarzi et d.o,
as Tollans: the dominant band near 1070 an®1 s ascriibed to antisymetric stretchirg of
the oxygen atoms alog the SiI-Si directian: the wide band at around 34004000 an''l B
ascribad to molecular water (O-H stretching) with aontributias from hydrogen bonded
intemal silaols (3640 en'*D) and firee surface sillaols (3740cm): the peak at910-940 ar''1
s attributed to stretching vibratias of Si-OH or Si0" grayps.  The Si-O-Si band at 1070
an'"l s accompanied by a shoulder localisad at around 1200 an''L ithas been suggested
by Almeida and PantanoR thet the intasity of this feature can be correlated with the
porosity of the sol-gel filn. The authors suggested that: this component isactivated by tre
ol-cel pores that scatter in dll directios the normally incident IR figit.  This relatiaship
was \erified here by darsifying the TEOS filmshown infiguare 2.8 at 300°C folloned by a
further heat treatment at 500 °C. As prdicted, the decresse in porosity with heat
treatment coincided with a decrease in the strargth of this saulder.  The ratics between
the absorption of this shoulder and tret of the main peak can ths give a qalitathe
gyraisal of the change In porosity with thermal treatmantt or indeed process parareters.
This approach was used t© Inestigate the porosity of fibs as a fuction of MTES
antent. A <hift in tte position  of the Si-0-Si band was also dbsenved with changing
teperature.
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Frequency (cm-)

Fig- 2.8 FTIR spectrum of an R=4 TEOS-based sol-gel film

This band was observed to duft o loner frequencies (1070 t© 1055cm™1) with thermal
treatment at 300°C, folloned by a frequency Increese athigher arealing tenperatures. A
similar doservation was recorded by Almeida and VasconcelosB for tis feature.  The
intesity of the pesks at 910 cn®1and 3400 an™1 also decreesad, as woulld be expected,
with amealing tenperature.

In figure 2.9 and 2.10 the FTIR spectrun of R=4, 1:1 MTES:TEOS and 100%
MTES sol-cel fuls are showmn.  As mentioned esrlier, MTES fils are daracterised by
the presence of Si-CH3 groups. These groyps, which exibit the absorptiion bands at 1260
an*1land 2900-3000 an"1, can be seen © Iinoreese with MTES acotent.  However, the
corresponding expected decrease In the S1-0H band at 910cm*1with MTES acotent was
not dosenved. A decrease inthe intasity of the nolecular water band at3400 cn®1 with
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Fig. 2.9

Fig. 2.10

Frequency (cm-1)

FTIR spectrum ofaR=41:1 MTESrTEOS sol-gel film

Frequency (cm'])

FTIR spectrum of a MTES-based sol-gel film
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MTES content was also predicted by Innocerzi et dl. Whille taswas not dosernved nour
Sectra, the contribution of the hydrogen and free surface silaols (3640 - 3740 an™1) was
sigwficntly reduced in the MTES fibhs.  Moreover, conceming the porosity of the
ormosil based fibs, the ratio between the absorptiion of the Si-0-Si peak and that of the
shaulder near 1200 cm™ 1 increased with the percentage of MTES . Thus, itmay be deduced
thet the fils prepared fron MTES are kess porous (1e more dense) then TEOS-based
filne This B a eqectad, sine the reduced porosity B In agreement with the higer
fledbility and stragth of the modifiied network as pointed aut eardier-

FTIR spectra of sol-gel fals prepared from the organic precursor ethiyirietiog~
silae (ETEOS) were also studied. In figue 2.11, the IR trammission of a 1:1 ETEOS:
TEOS =0l ¢l film Bshomn. A band near 3000 an®1 represating the methyl grouss B
Clearly evideit.  Furthermore there isa complete absence of the Si-OH band at~ 900 cm 1
seen INteMTES and TEOS fils.  The cottrilbution of thewerter band centred around

Frequency(an™D

Fig 2.11 FTIR spectrum of a 1:1 ETEOS:TEOS sol-gel thin film



3400 am''1 can also be seen 1o be significatly reduced for the ETEOS-based filn  This
band was campletely aosent for 100% ETEOS fibhs. Thus, itwas deduced thet sol-cel
filns prepared fron ETEOS would be even more hydrophabic again then those prepared
TfronMTES, asexpected from the higher alidatac group.

To coclude, we may summarise tre reaults as follons:
@ A higer content of orgenic preaursors such as MTES  Inoreases tre stahillity and
aitical thidaess of ol-cel thinfibs.
® The hydrgohabicity of ol-gel filhs can be increesad through the addition of an
organic preaursor. The hydrgohobicity increeses in the order

TEOS < MTES < ETEOS
© The total porosity of the thin fils was also dependent on the ol precursor. it
was shown that a measure of this porosity can be derived from tre FTIR gectra. The
porosity appeared to Increese Inthe order

TEOS > ETEOS > MTES

2.6 CONCLUSIONS

A detailed acoount of the daracterisation methods for sol-gel-derived thin filhs
prepared in our laboratory hes been presmted.  Ellipsoretry and Spectral trasmittance
tedmiques were used 1O determine the effect of organic precursors on the stebilisataon of
Dl-gel thin fibs. The effect of thexe precursors on the film miaostrnucture was
daracterised using FTIR spectrosogpy.  ltwas dosenved thet the introductaon of e
methyl groups increesad tre attacal thidaess of ol-gel fibs, as vell as resultarg nmore
steble, less porous fibhs. A detailed knowledge of the effect of orgenic modifiers in
inorgenic matrixes s aitcal because italloss a antrol of the porosirty of fils alag with
the sizz and shape of pores.  This would be Inportant in the preparation of coataings to be
used s tailared hosts for gecific resgants.

28



REFERENCES

1. L. Yang, S. Ssavedra. “ Chemical sensing using sol-gel derived planar waveguides

and indicator phases “ Anal. Chem. 67 (1995), pp- 1307-1314.

2. B.D. MacCraith. “Enhanced evanescent wave sensors based on sol-gel derived

porous glass coatings” Sensors and Actuators B, 11 (1993), pp. 29-34.

3. F. Seridn. “ Characterisation and optimisation of sol-gel-derived thin films for

use in optical sensing” M.Sc. Thesis (1995) Dublin City Lhiersity.

4. I.M. Thomas. “Optical coating fabrication” Sol gel gotics:Processing and
parareters, Kluwer Academic Rblighers (1994), pp-141-158.

5. R.M.A. Azzam, N.M. Bashara. “Ellipsometry and polarised light” North Holland
Physics publishing (1987).

6. Rudolph Research AutoEL-111 Ellipsoeter, Condensed goerating instructias.

7. O.S. Heavens. “Optical properties of thin solid films” Dover pblicatias, New
York (19%).

8. Y. Hoshino, J. D. Mackenzie. “Viscosity and structure of Ormosils solutions”
Jourmal of Sol-Gel Science and Technology, 5 (19%6), pp-83-2.

9. P. Inmocazi, M.O. Axdirashid, M. Guglellmi. “Structure and properties of sol-gel

coatings from Methyltriethoxysilane and Tetraethoxysilane” Jourmal of Sol-Cel
Science and Technology, 3 (1929), p-47-56.

29



10. A,McEvoy “Development of an optical sol-gel-based dissolved oxygen sensor”
Ph.D. Thesis (1996) Dublin City Lhiversity.

11. T.M. Buder. “Development of evanescent wave pH sensors based on coated
optical fibres” Ph.D. Thesis (1996) Dublin Crty University.

12. R.M. Almeida, G.C. Pattano. “Structural Investigation of silica gel films by
infrared specrtoscopy” Jourmal of Agplied Physics 68 (1990) 4225

13. R.M. Almeida, H.C. Vasoconcelos. “Relationship between Infrared absorption

and porosity in silica-based sol-gel films” Proc. SPIE \ol. 2283 (19), - 678-
637.

30



CHAPTER 3

EVANESCENT WAVE CARBONDIOXIDE SENSING

3.1 INTRODUCTION

The development of sasors for the measurement of carbon diaxide concentration

sofmgjor importance formany irdbstrial, biaredical and enviromental gplicatias. To
date, ges phase C 0 2has nomal ly been monitored via iits strog absorbance in the infrared
region of the electraregretic spectrun (4.2 -4.4]im)". However inagueous phase many
interfaraits are known t compromise the acauracy of this tedmiqe. Furthermore,
gplicataas of IR monitors for CO2 are limited by treir price and ladk of medanical
senlity. As a result, much research interest hes been directed tonards qoacal sasors
utalisig an imobilised analyte-sasitive reegent as tre key element of the sasigy
deanstry.  This type of sensor can be smll, degp, digoosble and through tte
incorporation of faker qotacs, can be used for remote and distributed sersig.
Although a number of colorimetric C 0 2sensors have been reported?23, lunminescence-tased
indicators have predominantly been enployed. A cetailed review of luninesoence-besed
reegeits and sesor systens for CO2 detection s presented by Orellaa et dl4. As
highligtted in this review, the most popullar fluoraretric idicator, by far, fTor CO02 sasirg
hes been HPTS (Hydroxy Pyrene TriSulHfonic ecid - frequently referred t as Pranire).
This smainly due o two fectors @ tre ecitation band of HPTS stragly oerlgs tte
emission of camercially aaileble blue LEDs and (D) there s a relatinely lage Stokes
duftof 2800 an"L  In this dgpter, results for a filre gotac CO 2 sensor based on tre
evanesoat wave ecrtation of ol gel imuobilised HPTS are preserted.  The working
prrciples of the sersor, including evanescent wave theary, sansing anfiguration and
indicator demistry  are cesaribed.  Fectors which affect the sensor’s performance are
adird.
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3.2 EVANESCENT WAVE SENSING

An evanescat field B gererated whenever gt s toiElly inErally
reflected at an interface. Figure 3.1 depicts a plane wave propegatiing in an gotical fiae.
For dll agles of incidence greater then the attacal agle OCrepresented by

80 =sin~t"™ en. 3.1
nl

ligt 5 wElly inerally reflected and traels alog tre length of the waveguide. At each
reflection from the waveguiding interface the electric field arpl itude does not drop o zero
as might be eqpected, but irsteed extends a short distance into the lover refractive index
mediun. This evanescant field decays eqoentaally fron the waveguide interface. The
distane over which tre field decays 1 1/ or 37% of its aplituce at the interface B
defined as the paretration depthb,and sexpressed as

en. 3.2

21ZTin Sin2e -1
Vn2J

Figure 3.1 Propagation of light down an optical waveguide. The evanescent wave

decays exponentially from the waveguide interface as shown.
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T his eoonantial ly decaying field defires a dort distance where the Iigitmay interactwith
molecular secies in the kess dense medium. I these goeciies are aosorptive, Tigtwill be
coupled from the waveguide and the transmittted power willl be attenuated.  Altaretinely,
i fAluorescent gecies are located wirthin the evanesoent field, they can be ecirted and tte
resultarg Aluoresoence can cayplle back 1nto the waveguide. I the soectral prgperties of
these gecies B affectad by the presence of a particular aeliyte, the analyte concentration
can be determined by analysing the throughput of the filre. In this antext, a means of
immobi lising such species ato the surface of thewaveguide s nportant.

The 0l gell process described eardier s a relatively straightforvard and relicble tednige
for the production of gotacal supports for indicator goeciest. The sol-gel-dervad siliacan
be essily gplied onto tre filre by dipooating, to produce a thin microporous filmaround
the core of the filde. The resgent molleculles are entrgpped In the pores of the ol
metrix in a naareter-scale cage-like structure into which sraller analyte moleculles such
as hydrogen 1as can pemeate. Furtremore, the refractave Index and thidkess of trese
fils can be taiload 0 a5 1 maximise the Interactaan between the propegating modes n
the core and tre Indicator goecies.  One of the main advartages of this sensing approach B
thet no bulk components are required In tre sensing region as tre Interrogatang ligt
remains quided. As aresult consicereble sensor miniaturisation sfessible.

3.3 SENSOR PREPARATION

3.3.1 Preparation of HPTS doped sol

The HPTS doped ol was prepared as folloas: 0.08g of the HPTS
dye was placed na clean v, o which 4.08g of methanol was added.  This mixture was
stad ual tre dye was completely dissohad. To this soluaan, 2g of pH4 water was
adked. The pH of the water was chosen as a compromise between the dosernved
opaqueness of pH7 sol-cel-cerivad fils and the fest gelation taines of pHI sdbls. The
water was adjusted to the chosen pH using Hydrochloric acid. The solutian was now
stingd for a cowple of minutes.  Arally 4.22g of Tetrarethoxysilane (TMOS) was added
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in a dropwise manner, starrrg conanuausly.  The mixture was now stirrad for 1 hour ad
then aged for 17 hours at room tenperature.  After this periad, the ol produced good
gality filhs for between 2 t 4 hours, after which the ol became too visoous for coatirg
purposes. The <ol was foud t©© campletely el within 30 hours ageing at room

tenperature.

3.3.2 Sensor fibre preparation

The type of fibre used in this work was plestic clad silia (PCS)
fire of core/cladding diareter 600/760(im with a nurerical goerture of 04. This fiaxe
was prepared for coating with a sol-gel thin film as follons,

@ The fibrewas firstly aut into 10cm long sectias using a fibre atter. However due to
tre lage siz of tte fiae, a good finish on the filre ends was not possible by sinply
cleaving tre filxe. As result the filre ends had tobe polighed prior to tteir e, Thiswas
achieved using a polishing ng and two polishing plates. A steel plate was used with both
9rtn and 3]im polishing solutias while a polyurethare plate was used with a 0.125(im
partiaulate solubon.  The filreends were held Ina chuck on top of tre  rotatarg polishirg
plates whi le the pollishing soluaan was slovly added. The two larger particulate solutias
removed any crads or deformatians on the fibre ends whille the 0.125(N solution was
used to produce a good qality findy  Each polishing step took goproximately 3 hours.
After tre firal polishing step, the filre ends were ingoected, and the above process was
then repeated for the opposite edk.

(@) After polishirg, the filres were cleaned © remove any of the polishirg reside. The
primary coating was then removed from ~7cm of the fire legth using a saleEl. The
polymer cladding was removed using a camercially aailsble methylene dhlorice-besed
ohait. The fires were Kt n this soludan for about 5 minutes and then washed n
vater. Each fiorewas then irdividally cleaned with etterol and les tisse. The cleared
fibres were firally condirtioned n de-ionised water at 73°C for 17 hours prior 1 catarg.
This was considered as having the effect of incressing the concentration of silaol (SicH)
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groups on the surface of the glass and thereby Inproving the adhesion of the <olcel
coating o tre surface.

The goacal fibres were coated with the indicator-doped <ol by means of the dip coatarg
process described msection 22, In this coating tedmige, the susstrate s immersed 1o
the 0l el solutian and tren withdrawn at a costatt antrolled soeed. During
withdranal, a thin film ( 100nm - 1(im) becomes entraired on the aistrate. Using this
tedmique - 6¢cm of tre filre legth was coated with the HPTS doped sil. An epoxy was
placed on the filbre ends during coating © prevent direct ecitation of the irdicator de.
The coated filres were then stored at room temperature for 3 days prior to thelr ue.

3.3.3 Indicator Theory

Since 1ts inrodbcaan o gotacal pH sasig, HPTS s te mostly widely
used fluorescent pH  indicator due largely 1o its high quantum yaeld, iits high aosorbence
and ecellent gotostability. As a reallt, ithes been demonstrated to be a good doice for
carbon diaxide sasing.  Under bllue ecitation (450nm), where the besic form of the dye B
ecited, HPTS has apK of 6.5 and an goerating range of +/~ 1.5 pH units of the indicator
pK7. The pH range can be extended by ecrtirg the dye below 400nm, where both tte
acidic and besic forms of HPTS are excited with equal efficsey. A pH rage of 0 © 9
hes been reported by Schulman7by ecringHPTS inthe UV region of the spectrum.

In figure 3.2 ecitaticn and emission seectra of HPTS, dissolved in de-
ionised vater, recorded on a laboratory Auorimeter are shon.  The dye can be seen ©
absorb stragly inthe blue region of the spectrum wirth a fluoresoence emission pesking at
~515nm. The excrtation spectrum, which hes amaximum at420nm, closely matches tte
emission of blue LEDs.

The sensing mechanism ofFHPTS t©C02 sasfolloas: CO 2drffuess into the sol-gel film
and reects acoording 1o the fol loving equation’

CO2+ H20 4>H2C0O3 <> H++ HCO 3 egn. 3.4
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Vavelength (M)

Figure 3.2 Excitation and emission spectra of 8-Hydroxy-1,3,6 pyrenetrisulfonic
acid dissolved in pH 7 water. Also included is the emission spectrum of the blue

LED used to excite the HPTS dye.

The inareese In hydrogen 1on conoantration results inadecrease inthe pH of the sasing
layer and as a result irhibits the dissociation of the fluoresoent indicator acoording o tre
folloving equi librium

In" + H+ <> HlIn egn 3.5

where In" and HIn represant the deprotonated (bese) and protoreted(acid) form of HPTS,

regectively. Therefore, sinee the deprotonated form of HPTS (" ) B the fluorgdore,

the C O 2concantration can be determined from the change Inemission intesity. In effect
the hydrogen ias form a non-fluoresoartt compound (HIN) with the fluorgphore In®.
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3.4 EXPERIMENTAL SYSTEM

The eqerimetal system for an evanescent wave carbon diaxice sasor
based on a sol-gel-imuobilised HPTS dye sshown nfigae 3.3. The indicator dye was
imobilised oo the sansing filre as described el This firewas then placed ina
sxalad ges cll where the concentration of carbon diaxice was regullated using mass flow
atrolles.  Fluorescence intesity measurements of the ol gel entrgpped dye were
dotained using asimple and Ineasive LED (150mCd, 420mm) . Optamum launching of
the LED nto tre sensing filrewas achieved by first polishing the LED dome down © a
leel close o the enrtting surface.  Various grades of polishing paper were then used
achieve a good gality finih on tre LED aufae. A convex las (A) of 10mm foal
legth was then placed 10mm from the LED, resultarg in a collimated beam whiich filled
the goerture of the 0.65 NA microscope dojective les B, A bandpess filler A (340mm-
440nm) was used o prevent the output tail of the LED being launched into the fibre and

: GAS
LED Fi ™ P2

Figure 3.3 Experimental system for an evanescent wave carbon dioxide sensor
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pessing through the second fillaF2.The fibrewas positioned wsing an XY Z stage and tte
launched Intasity was maxiraised. The resubtang fluorescence was collected from the distal
end of the filre and focused using ancther 10mm focal legth les oo a photorultplier
tube for detection. Aler F2 was a highpess filla-with a 95% trammission above 490rm.

The tranamittance of the fillacorbinattion A and F2was measured using a spectrophoto-
meter and found o be kess then 0.1%. Therefore, the anlly sigel, tret should be detected
by te PMT i the fluorescence sigel from tre evanescantly ecited HPTS de. A further
inareese N sigeEl 1 oise ratio was achieved by pulsing tre ligt source and employing
lod-in detection tednigues. This was achieved using the draurtshown ingppendix 1

35 SENSORPERFORMANCE

The eqeerimental system described Insection 3.3 was sstup
0 ealuate tre sensor performance. Upon ecitataian with the 420nm LED, a low
intesity blue/green glow was vasible from the coated section of the filare. Using mass flov
antrollers, varying mixtures of nitrogen and carbon diaxiide ges  werre passed through tte
ges @l at a rate of 500 cm3 /min. Upon exposure t© CO2, fluoresoence quenching
oocurred as expected.  Fluoresoence intesity dcata dotained fram the sensor are shovn n
figres3.4and 35. Infigure 3.4 the response to alterratarg ocles of 100% N 2and 100%
C02ges Bshomn. The sensor shows good reeatebiliity with a reesoneblly high sigal
roise rato. It i diffiait © determine the response time of the sensor sinply from tre
ggh, due © the ucartainty n tre tire it Bes te cl © reech a pErtialar
concentration equilibriun. However b, the time taken by the sensor to reach 95 % of
its firal \valle, Bartainly ks then 20 seoods, whille the reverse reecion (C02 —>N2) B
between 20 t© 40 secods, hi figure 3.5 the sensor response © 20 % incraments nC02
aoncatration sshon. The lagst sasitvity 0 CO2 sdaarly mtterage O 020 %
CO02. Intte20 © 100 % range the response Bapproxinetely Irer-.
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Fluorescence (arb. units)

= 3.4

Fluorescence (arb. units)

Figure 3.5

Sensor response to repeated cycles of nitrogen and carbon dioxide gas

Time (Seconds)

Sensor calibration data in 20% increments from 0% to 100% carbon

dioxide
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Li order to determine the long term stability of the sensor, the sensing fibres were stored in
air for two months and then tested again using the system described above. Over this
period, the sensitivity of the sensor to C02 was found to have significantly decreased. To
guantify the sensitivity of the sensing films to carbon dioxide, the ratio Rnc = Fn / Fc
where FNand Fc are the fluorescence signals in nitrogen and carbon dioxide respectively,
was employed as a figure of merit. For the 2 month old films the Rnc value was < 0.2
compared to a value of ~2 for the new films. The response time of the sensor was
similarly affected, with typical response times of ~300 - 400 seconds for the 2 month old
films compared to original values of 20 seconds.

This decrease in sensor performance may have been related to the change in the
water concentration in the sol-gel matrix over the 2 month period. It was expected, that
over this period, the water content of the sensing films decreased due to evaporation to a
final level which is a function of the film environment. It is clear from eqgn. 3.4 that the
sensitivity to C02is directly related to the water content of the sensing films. In effect,
the C02 that diffuses into a completely de-hydrated film will not alter the pH of the film
environment, and thus the sensor output would remain unaffected. It should be noted that
the sensing films were aged at room temperature after coating, so the new films would be
expected to have a high water content.

The sensing fibres were now placed in water for 1 hour and then tested again. In
figure 3.7 the quenching response for one such fibre is shown. It should be noted that this
is not the same fibre as in figures 3.5 and 3.6 so variation in sensor response might arise.
Nevertheless, the change in the diffusion rate for N2 was unexpected. The reason for this
change is unknown. From the graph, however, it is clear that the sensing layer has
become re-hydrated, resulting in a recovery in the sensitivity to C02 Therefore, to
achieve a repeatable response to C02 , it would be necessary to either store the sensing

fibres in water or re-hydrate the fibres prior to their use.
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Figure 3.7 Re-hydrated (1 hour) HPTS sol gel film after storage in air for 2

months

3.5 CONCLUSIONS

In this chapter preliminary results for a fiber optic COi sensor,
based on the evanescent wave excitation of a sol gel immobilised fluorescent indicator,
have been presented. However, from the results it is apparent that two issues need to be
addressed:

(i) Ingas phase measurement, the films tend to dry out, resulting in larger response times
and reduced sensitivity. Thus, for gas phase measurements, a membrane which would
be permeable to CO? but impermeable to water vapour would be necessary to maintain
constant signal levels with time. Otherwise, applications of the sensor would seem to

be limited to dissolved C 0. sensing.
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(i) Sensor response is pH dependent, therefore in an agueous environment a gas
permeable hydrophobic membrane would be required to differentiate between CO2and pH
changes.

However, despite these drawbacks, the results still are a good basis for the further

development of a fiber optic CO2sensor.
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CHAPTER 4

POINT SENSING

4.1 INTRODUCTION

For many applications, especially in biological sensing, the design of
miniature sensors that permit in situ on-line measurements is of major interest. Optical
fibres would appear to be ideal for this application. Their inherent characteristics, as
discussed in section 1.2 along with their extremely small size, determined by the fibre
diameter, permits invasive measurements such as the analysis of blood arteries and cells. In
this regard, much research has been directed towards point sensing using the tip of optical
fibres. Much of this work has concentrated on attaching a membrane or capillary,
containing the specific reagent, to the fibre end1,2 However the commercial exploitation of
this technique have been limited by a number of factors: (i) the cumbersome task of
assembling the sensor head, (ii) the small signal return due to the small interaction area
with the fibre end, and (iii) the long response time, due to slow diffusion of the analyte
through the membrane wall. Recently, micron - size3 and even submicrometer4 optical
fibre sensors have been fabricated for pH and oxygen sensing. However due to difficulties
in capturing the fluorescence signal from the end of the sensing fibre, both these
approaches used a microscope objective at the distal end of the fibre to detect the
fluorescent signal. A more attractive approach would employ the same fibre to both
transmit the excitation light and collect the resulting fluorescence. In such a way only the
proximal end of the fibre requires coupling optics, thus facilitating remote sensing
applications.

In this chapter, the use of standard telecom fibre with a core size of 50|j,m
as a sensor support is discussed. Analyte-sensitive reagents are attached to the fibre via a
novel configuration at the fibre tip. This configuration was achieved by etching a cavity
into the tip of the fibre, which was then filled with indicator doped sol-gel-derived silica.

Results for oxygen and pH single point sensing using fluorescence based indicators are
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presented. In addition, preliminary results for single point ammonia sensing using an
absorption-based indicator are presented. Finally, problems associated with the absorption

approach are discussed.

4.2 SENSOR TIP FABRICATION

4.2.1 Preparation of indicator doped sol

The method of preparation for the indicator doped sol is as follows: 2.075g of water is
placed in a clean vial along with 4.15g of ethanol in which the dye is dissolved. The pH of
the water was adjusted to pH 1 using hydrochloric acid. These are stirred until the dye is
completely dissolved. 6g of methyltriethoxysilane (MTES) is then added dropwise to the
solution. The mixture is then stirred for an hour prior to coating. In contrast with
Tetraethoxysilane (TEOS)-based sols, ageing for a period of time at 73°C was not
necessary. This recipe used was preferred over a TEOS-based sol-gel recipe, as films
from the former recipe have proven to have better thickness stability over time (section
2.4). It was expected that the MTES derived silica would shrink to a lesser degree while
packed in the fibre cavity and would therefore be expected to be more securely bound to

the fibre tip.

4.2.2 Fibre preparation and sol-gel immobilisation

The technique employed for immobilising chemical reagents onto telecom
fibre is presented here. The fibre normally used is 50/125 graded index tele-
communications fibre. The polymer coating is removed from the fibre using a methylene
chloride stripper. The fibre is then cleaved using a commercial fibre cleaver (Fujikura
CT-07) and inserted into hydrofluoric (HF) acid. Telecommunications fibre has a
parabolic refractive index profile, the purpose of which is to minimise pulse spreading in

high speed communications systems. This profile is achieved by incorporating dopants
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such as germania into the silica, during fibre preparation. The index of refraction is
greatest in the centre and decreases approaching the cladding.  Since the etching rate
increases with dopant concentration, a parabolic shaped cavity is etched into the tip of the
fibre representative of its refractive index profile5,6. The result of this process is shown in
figure 4.1, where a standard refractive index profile of a graded index fibre together with
a magnified image of an etched fibre tip is presented. For 40% HF acid an etching rate of
approximately 10 microns/min was observed. After etching, the fibre is conditioned in de-
ionised water for 24 hours in order to improve the adhesion of the sol-gel derived silica to
the cavity walls. The fibre cavity is then packed with sol-gel-derived silica, doped with an
analyte sensitive dye, by means of successive cycles of dipping and curing. This produces
a micro-porous silica matrix which entraps the dye, while allowing access by the analyte7.
Moreover, the sol-gel support matrix is intrinsically bound to the fibre core in a manner
which yields a mechanically stable sensor tip which is not damaged easily. In figure 4.2, a
magnified image (head-on) of a cavity packed with a sol-gel matrix doped with a

ruthenium complex is presented. In figure 4.3, a side-on image, taken through a red filter,

Figure 4.1 Refractive index profde and HF etched cavity of a graded index

telecommunications fibre
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Figure 4.2 Front face magnified image of a ruthenium doped sol-gel packed fibre

tip cavity

Figure 4.3 Side view magnified image of a ruthenium doped sol-gel packed fibre

tip cavity



of the packed cavity, under blue excitation is shown. It can be seen from both images how

effectively the sol-gel-derived silica is packed into the etched fibre tip cavity.

4.3 SENSOR TIP EVALUATION

4.3.1 Fluorescence based indicators

The cavity sensor configuration described was initially evaluated as
a single point oxygen sensor using a ruthenium complex (ruthenium tris diphenyl
phenanthroline) as the sensing reagent. This complex was chosen for this work as it
exhibits high oxygen sensitivity due to its long unguenched lifetime To (~ 6fxs).
Furthermore it absorbs strongly in the blue region of the spectrum while its oxygen
dependent emission is at wavelengths > 600nm. Thus, due to this large Stokes shift, the
detection signals for sensor applications are easily distinguished. The experimental system
used to evaluate the sensor is shown in figure 4.4. The 488nm line (50mW) from an air-
cooled Argon ion laser was used to excite the ruthenium complex molecules entrapped in
the sol-gel-packed cavity. The resulting fluorescence was then detected at the proximal
end of the fibre, via a beamsplitter (1: 99) and longpass filter, using a photodiode detector.
The beam splitting ratio was selected in order to (i) reduce the excitation intensity and
thus avoid the effects of photobleaching, and (ii) to capture a large percentage of the
low intensity fluorescent signal. An optical chopper and Lock-in amplifier were used to
distinguish the fluorescent signal from external light fluctuations, and thus increase the
signal to noise ratio. Using mass flow controllers, cycles of nitrogen and oxygen gas were
passed at a rate of 500cm7min through the gas cell containing the fibre tip sensor. In
100% N2 a bright orange/red glow was seen from the fibre tip. Upon exposure to O2,
fluorescence quenching occurred as expected. A typical response curve for a fibre tip
oxygen sensor is shown in figure 4.5. The plot shows a high signal to noise value with
good repeatability. The response time of the sensor, as would be expected, was largely

dependent on the size of the cavity, due to diffusion effects. For a cavity depth of 100pm,
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Figure 4.4 Schematic of the instrumental set-up used for obtaining fluorescence

intensity measurements from the fibre tip cavity.

Time (Seconds)

Figure 45 Typical Oxygen response curve of a cavity immobilised ruthenium

complex
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response times of 5 to 20 seconds were typical. This compares to 3.1 seconds for an

evanescent wave fiber optic oxygen sensor using the same sensing chemistry?7.

Further evaluation was carried out using a fluorescent pH-sensitive
indicator dye which was entrapped in the sol gel cavity as before. The dye used,
fluorescein, is similarly excited in the blue region of the spectrum while its fluorescence is
modulated by the concentration of H+ ions. This modulation occurs via a shift in the
absorption spectrum with pH. As the pH is reduced, the absorption spectrum of
fluorescein shifts to longer wavelengths thereby resulting in a corresponding decrease in
the emission intensity. This change is most sensitive over the pH range 3 to 6.5 pH units.
In figure 4.6 the fluorescence intensity recorded as a function of 2 pH levels is shown. An
argon-ion laser was again used as the excitation source. The sensor response time is

longer than that for the oxygen sensor, but is still considerably less than 60 seconds.

lime (seconds)

Figure 4.6 Typical response curve to pH for a cavity immobilised fluorescein dye



4.3.2 Absorption based indicators

In the previous section, the feasibility of immobilising fluorescent
indicators onto the tip of an optical fibre was investigated. However a feature of currently
available fluorescent indicator dyes is that their absorption bands predominantly lie in the
blue region of the spectrum. This is unfortunate, since the lowest priced semiconductor
light sources are available in the near infrared (NIR) spectral region. Similarly, low-priced
silicon photo-detectors have much greater responsivity in this region of the spectrum.
Furthermore, with remote or distributed sensing in mind, most optical fibres are silica
based and thus have a minimum attenuation in the near infrared (NIR). Efforts at
immobilising a NIR dye onto the tip of an optical fibre will be discussed later. It was
necessary to investigate initially whether this sensing technique could be extended to
absorption-based indicators. To verify this, oxazine 750 perchlorate, whose absorbance is
ammonia dependent, was chosen9 In figure 4.7 results are presented for the spectra of
this dye immobilised in a sol gel thin film, before and after exposure to ammonia vapour.
As can be seen from the spectra, the absorption maxima of the dye coincides very closely
with 670nm laser diodes. Laser diodes offer a number of operational advantages over

Lasers as excitation sources

0] The output can be electronically modulated, thereby eliminating the need for
moving parts

(i) They are inexpensive, due to mass production

(in)  They are small in size and have low power consumption, thus facilitating a portable

system

The experimental configuration shown in figure 4.8 was set up using a pigtailed 20mW
670nm laser diode as the light source. A Levell function generator was used to modulate
the laser diode output at 1kHz to facilitate lock-in detection. A 50/50 fibre optic coupler
replaced the beamsplitter used in the fluorescence work while a Hamamatsu

photomultplier was used to detect the reflected light from the sensing fibre. Further
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Figure 4.7 Absorption spectra of sol gel immobilised Oxazine 750 perchlorate dye

(a) in air, (b) after exposure to NHs vapour for 10 minutes

simplification can easily be achieved by replacing the signal generator and lock-in amplifier
by simple pulsing and lockin circuitry. The indicator dye was immobilised onto the tip of
the sensing fibre as described earlier. In this configuration, however, steps must be
taken, to enhance the return signal from the fibre tip. Otherwise only a weak reflectance
signal is detected. In this regard, two approaches were examined: (i) covering the end of
the fibre cavity with an analyte-permeable reflective polymer coating, or (ii) coating the
fibre tip with an additional high refractive index layer. The second approach which
increased the reflectance by as much as 50% was easier to configure. This approach was
used in obtaining the data presented in figure 4.9. Here the real time response of the
sensor when exposed alternately to environments of air and NH3 vapour is presented. The

tcoresponse time when switching from air to NH3vapour is approximately 2 minutes
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Figure 4.8 Experimental configuration for a single point ammonia vapour sensor
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Figure 4.9  Absorption response from fibre tip cavity of sol gel entrapped

oxazine dye in repeated cycles of air and Ammonia vapour
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CHAPTER 5

QUASI-DISTRIBUTED FIBRE-OPTIC CHEMICAL
SENSING

5.1 INTRODUCTION

Fibre optic chemical sensing utilising evanescent wave interactions with a doped
polymer or sol gel coating has been an active research topic for a number of years1,2. The
potential of fibre optics, however, for fully distributed or quasi - distributed multipoint
sensing has not been exploited to a great extent. At present most reports of distributed
sensing describe systems using large core polymer clad silica (PCS) fibre with the analyte-
sensitive dye immobilised in the cladding or in a side coating. Evanescent wave
interactions between the guided light and the coating/cladding provide the sensor
modulation.

This technique has been used by Klimcak et al.3 for the detection of rocket fuel
propellant vapours (hydrazine and nitrogen tetroxide). In this work, a section of cladding
from a 200 micron core PCS fibre was removed and replaced with a sol-gel coating doped
with phosphomolybdic acid (PMA). PMA is a bright yellow oxidising agent that reacts
with the rocket fuel vapours to form molybdenum oxides and hydroxides that absorb
strongly in the deep red spectral region. The end of the fibre was then coated with a
reflective element to return light for detection. A number of these sensing fibres were then
coupled onto a fibre optic network similar as shown in figure 5.1. A pulsed IOmwW 680nm
laser diode was employed as the light source. The change in intensity of reflected light
from each of the sensing regions was then monitored using Optical Time Domain
Reflectometry while under exposure to the analytes under investigation. A modification
on this approach was developed by Kharaz & Jones4 for relative humidity measurements.

In this work, ahigh refractive index Cobalt Chloride - gelatin film was coated along
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facilitating sensing over several kilometres if necessary. Furthermore, one can exploit the
proven components and associated instrumentation of the mature fibre optic
telecommunications technology. In particular, connectors, couplers, cleavers, fusion
splicers and OTDRs are routinely available and well established.

In this chapter, the development of a quasi-distributed sensing system employing
telecom grade optical fibre is presented. The technique was enabled by the novel
immobilisation technique based on fibre etching and sol-gel technology described in the

previous chapter.

5.2 OPTICAL TIME DOMAIN REFLECTOMETRY

Since the late 1960’s, due to advances in the quality of optical fibre
material and design, the attenuation of optical fibres has decreased from over 1000dB/km
to around 0.2-1 dB/km today. As a result, repeaterless optical communication links of
longer than 50km are now an achievable reality. An offshoot of this increase infibre
lengths is the greater difficulty in locating breaks or imperfections inthe fibre. This
necessity has spurred the development of Optical Time Domain Rclfectometers
(O.T.D.R.) as essential tools in fiber optic testing applications.

An OTDR is fundamentally an optical radar. It sends out a signal and
detects the “echo” signal. The basis of the OTDR technique is shown in figure 5.2. Short
duration pulses (Ins-100ns) are periodically launched into the fibre under investigation by
means of an optical directional coupler. Since the injected light pulse undergoes Rayleigh
scattering whilst travelling down the core, some of the scattered light will travel back
towards the source. The properties of the optical fibre are then determined by analysing
the amplitude and temporal characteristics of this back-scattered tight. The backscattered
power for a graded index fibre as a function of time PRat) may be obtained from the

following equation,5

egn. 5.1



Sensing
Fibres

OUTPUT

Figure 5.1  Quasi- distributed fibre optic sensor network using an OTDR-based

system

sections of a 200 micron core fibre. In this case, since the refractive index of the film is
slightly higher than that of the fibre core, light in the optical fibre travels through the film
and interacts with the cobalt chloride molecules. As the external humidity varies so does
the light absorption in the sensitive wavelength region. As in the previous sensing
approach, an optical time domain reflectometer technique was used to discriminate
between the various sensing regions. This approach would seem to be limited to short
lengths of fibre, due to the high losses that would be incurred in replacing the fibre
cladding with the high refractive index coating.

These approaches suffer from a number of drawbacks which have restricted their
commercial exploitation. First, the type of fibre used is relatively expensive and there is
considerable effort involved in preparing the sensing regions. In addition there are
difficulties associated with cleaving and splicing such fibres. Finally, components such as
directional couplers and connectors are not as well developed or as routinely available for
these fibres as would be the case for standard telecom fibres.

With respect to these limitations there are clear advantages in using telecom fibre

as the sensor support. These include the low attenuation and low cost of the fibre thereby
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where Pi is the optical power launched into the fibre, Yr is the Rayleigh scattering
coefficient, Wo is the input optical pulse width, vgis the group velocity in the fibre, NA is
the fibre numerical aperture, n; is the fibre core refractive index and y is the attenuation
coefficient per unit length of the fibre. Therefore, a graded index fibre of numerical
aperture of 0.2 , core refractive index 1.5 and a Rayleigh scattering coefficient of 0.7km"1
the backscattered optical power from the fibre input, for light pulses of 50ns duration,
would be 47.9dB down on the forward optical power.

A typical output from an OTDR is shown in figure 5.3. Here, the log of the
Rayleigh backscattered power as a function of time (and thus distance along the fibre) is
shown. The initial pulse is caused by reflection and backscatter from the fibre input. The
downward slope in the trace is caused by the distributed Rayleigh scattering from the input
pulse as it travels along the fibre. Also shown in the plot are pulses corresponding to
reflections from a mechanical splice and the fibre end, as well as discontinuities due to

excess losses at fibre splices.

PhotoDetector

Oscilloscope and Amplifier

t

Cr=>

Test Fibre

Beamsplitter
or Coupler

Figure 5.2 Operating principle of an optical time domain reflectometer
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Backscattered Signal (dB)

Figure 5.3  Standard trace from an optical time domain reflectometer

Such a plot yields the attenuation per unit length of the fibre by simply computing the
slope of the curve over the length required. Also, the insertion losses of splices can be
obtained from the power drop at the respective splice positions while the location of

discontinuities in the return signal, can be determined approximately using the following

equation
r. eqn. 5.2
2n
where C speed of light in vacuum
t return pulse time delay
n index of refraction of fibre under test.
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Therefore, by measuring the time delay (t) between the excitation pulse scattered from the
fibre front and the subsequent scattered signals, the location of any number of features
may be determined. When this technique is combined with immobilised chemical reagents
it should be possible to determine the concentration and spatial distribution of an analyte

along the length of a single fibre or at discrete sensing points (quasi distributed sensing).

The main parameters of interest concerning OTDR systems are (i) the spatial resolution,
(if) the backscattered signal resolution and (iii) the dead zone.

(i) The spatial resolution (i.e. the minimum distance between two features which can be
resolved) of OTDR systems is dependent on a combination of the width of the light pulse
and the response time of the detection system. Detectors with sub-nanosecond response
times are now commercially available while pulse widths of around 5ns are easily

achievable, leading to spatial resolutions of around Im.

(i) The signal resolution of OTDR systems is dependent on the minimum detectable

power Pminof the systems detector. It can be shown that

1

NEP eqn 5.3
2NAt.

where NEP is the noise equivalent power, N is the number of averages carried out of the
backscattered signal, and At is the light pulse duration. Due to the small backscattered
signal (typically 45-60dB down on the forward power) a large number of averages is
generally necessary. The resolution of the system could also be increased by using higher

laser pulse powers. Commercial OTDR systems typically emit peak power pulses of

between 20-500mW.

(iii) The dead zone of an OTDR is the region where the electronics are saturated with the
reflected and backscattered signal from the fibre input. The dead zone thus determines the
minimum resolvable distance to the first feature in the fibre. A dead zone distance of 5m

is typical for commercial OTDR systems.
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5.3 FLUORESCENCE VS. ABSORPTION-BASED INDICATORS

In the previous chapter, both fluorescence and absorption-based indicators
were used as reagents in point sensors. In the sensing configuration employed,
fluorescence indicators proved to be more attractive, because, in general, they gave a
larger return signal than absorption-based indicators. However, for a quasi-distributed
system, one must consider the effect of fluorescence decay time on the achievable spatial
resolution. For example, the ruthenium complex referred to in the previous chapter has a
fluorescence decay time of ca. 5/0.s in nitrogen. Taking account of the speed of light in
the optical fibre, and the time delay between the excitation of the various sensor points,
this corresponds to approximately 500m spatial extent! In other words, to discriminate
between two successive sensor points, they would have to be separated by at least 500m
of fibre. Thus, long lived species such as the ruthenium complex would not be the ideal
choice of indicator in a quasi-distributed system. In this regard, some consideration was
given to using an oxygen sensitive osmium complex which has the dual advantage of deep
red excitation and shorter fluorescence decay times (typically <500ns). Fluorescence

quenching is described by the Stern-Volmer equation,6

VI=1+kTo[02] eqn. 5.4

where lo = Fluorescence quenching in absence of oxygen
| = Quenched intensity in presence of oxygen

k = Bimolecular quenching coefficient

to Unquenched lifetime of sensing complex

Therefore, sensors based on the quenching of a fluorophore have lower sensitivity the
shorter the fluorescence decay time of the fluorophore. As a result osmium complexes
exhibit much lower fluorescence intensities than equivalent ruthenium complexes.
Therefore a trade-off exists between spatial resolution and sensitivity in fluorescence
guenching systems. However this problem does not arise for absorption based systems.

The spatial resolution of these systems would only be limited by the system electronics.

Thus, despite the poorer sensitivity of absorption based indicators, it was concluded that
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this approach was the more attractive option for a quasi-distributed system. The viability

of this conclusion will be examined in the following sections.

5.4 DISTRIBUTED SENSING SYSTEMS

Two approaches were investigated in order to develop a quasi-distributed chemical
sensor system.

1. The use of commercially available OTDR systems which operate at telecom
wavelengths (850nm,1300nm,1550nm). This would necessitate the selection of an
appropriate indicator dye which absorbs in the appropriate spectral region.

2. The design and construction of an OTDR system at a wavelength compatible with a
particular indicator dye, which can be interrogated in the visible region using laser

diodes and fast electronic pulsing / detection circuits.

5.4.1 Commercial 850nm OTDR

An OTDR (EXFO-FCS-IOO)7 operating at 850nm was obtained from EXFO
Electro-Optical Engineering, Quebec, Canada. The OTDR is integrated within a PC
compatible card with variable pulse width settings of 5 to 275ns and an output power of
20mW. The signal resolution was found to be in the order of O.OldB, which corresponds
to a typical splice loss . The dead zone of the OTDR was 5m while its spatial resolution
was Im at the 5ns pulse setting. The test fibre was connected to the OTDR by means of a
ST coupled fibre which was fusion spliced onto the test fibre. The incident light was then
tapped off into 3 sensing fibres in a configuration similar to that shown in figure 5.1 using
fibre optic couplers. The coupling ratios were chosen so that each sensor point was
illuminated with approximately 15% of the launched intensity. These sensing fibres were
prepared as described in section 4.2. Approximately 4% of the incident light at each
sensor point was expected to be returned for measurement (fresnel reflection from a
glass-air interface). However as was described earlier, this signal can be enhanced by

using a reflective element at the sensing points.



5.4.2 Design and construction of a670nm OTDR

As mentioned earlier, one of the most fundamental parameters in designing an
OTDR system is the spatial resolution of the device. This is governed by a combination of
the laser pulse width and the detector response time. As a result, to achieve the goal of
high spatial resolution and high sensitivity, circuit design for both the pulsing and
detection systems is critical for the successful implementation of an OTDR device.

In Appendix B the circuit diagram designed to modulate the OTDR laser diode is
shown. The circuit was designed to output a TTL signal of 50ns duration with varying
duty cycle. In this work, a duty cycle of 14 was chosen, i.e. the 50ns pulse was repeated
every 700ns. The laser diode used, purchased from Laser 2000 (UK), had an output CW
power of approximately IOmW at 670nm. This signal could be modulated to achieve
IOmW pulses of 50ns pulse duration by means of an external TTL input from the

laser diode pulsing unit. This corresponds to a spatial resolution of 10 metres. In
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Figure 5.4 Timing diagrams for the laser diode pulsing unit and corresponding

Laser diode output
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figure 5.4 timing diagrams for the laser diode pulsing unit and the corresponding pulse
waveforms are shown for 50ns pulses at a repetition rate of 1.5 MHz. A pigtailed
photodiode (App. 3) along with a 250 MHz Hewlett Packard 54510A digitising
Oscilloscope was used to detect the back-scattered signal from the sensing fibre. The
photodiode has integral amplification with a rise time of 14ns along with a typical response
of 4mV per [4W. Approximately 30% of the laser diode intensity (~3mW) could be
launched into the core of the telecommunication fibre using a 0.22 N.A. microscope
objective lens. Therefore, for a three sensor system, as shown in figure 5.5 , assuming a
reflection of 4% from the sensing points, 3 pulses of approximately 3.75|j, W should be
recorded from the fibre ends.

The overall response time (and therefore spatial resolution) of the system was thus

mainly dependent on the laser diode pulse width. Unfortunately spatial resolutions in the

Figure 5.5 Quasi - distributed fibre optic sensor network using constructed
675nm OTDR. The theoretical power values at all points in the network are shown.
Assuming a fresnel reflection of 4% and neglecting fibre attenuation, 3 pulses of

approximately 3.75ji W should be recorded from the 3 fibre ends.
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order of metres can not be achieved with the type of laser diode used here. This is
because the laser diode is designed for CW use, i.e. the current is regulated to prevent the
device from overheating. This is opposed to pulsed laser diode systems which draw a
large current in a short time period. In this case, overheating is avoided since the device is
on for only a few ns. However, at present, the cost of pulsed laser diode systems can run

into several thousands of pounds and as a result, their use, was not feasible in this work.

5.5 DISTRIBUTED SENSING RESULTS

5.5.1 Commercial 850nm OTDR

The first objective in developing a distributed sensor system using a
commercial 850nm OTDR is the selection of an appropriate sensor dye which absorbs in
this spectral region. Such a dye ( Trimethinecyanine s was provided by Dr. P. Czemey of
the Institut fur Physikalishe Chemie, Friedrich-Schiller-Universitat, Jena, Germany. The
absorption spectrum of this dye dissolved in iso - propanol is shown for varying pH in
figure 5.6. However the spectral properties of this dye were completely destroyed when it
was immobilised in a sol-gel matrix. Initially it was expected that the low pH environment
of the conventional (pH 1) sol gel recipe was too harsh for the dye. However repeated
attempts at more basic pH values yielded similar results. The dye was next immobilised in
a range of polymers including polyvinylchloride (PVC), polymethylmethacrylate (PMMA)
and silicone. For the range of polymers tested, absorbance spectra with maxima centered
around 850 nm were recorded, but in all cases the absorbance was barely affected, if at
all, by pH variation. A range of other NIR dyes were then investigated but similar
immobilisation problems were encountered.

Due to the difficulties in immobilising the Trimethinecyanine dye, investigations
were carried out with the dye in solution phase in a variant of the immobilisation
configuration proposed earlier. Each of the fibre ends were placed into a iso-propanol /
near infrared (NIR) dye solution. A small mirror was then positioned less than a mm

from the fibre ends,so as to return light for detection. In such a way, the light interrogated
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Figure 5.6 Absorption spectra of NIR dye dissolved in iso-propanol for varying

pH

a short distance of the NIR dye solution. The pH was then varied by adding HC1 to the
solution. The attenuation was monitored as a function of pH for each of the three
sensing points using the commercial OTDR. In this experiment 5ns pulses were launched
into the fibre giving a spatial resolution of approximately 1 metre. Figure 5.7 shows the
reflected signal from one of the sensor points located 190m from the source for a range of
pH values. The response can be seen to be consistent with that shown in figure 5.6.
Although the pH resolution was not determined exactly, it is clearly less than 0.05 pH
units over the pH range 0.4 to 1.0. In figure 5.8, OTDR traces for 3 sensor points
separated by 100m are shown. The upper trace shows the response of the system to 3
different pH values at the three sensor locations. The lower trace, which is displaced for
clarity, is used for referencing purposes. The initial spike in each trace corresponds to the

fresnel reflection from the fibre proximal end while the reflection from the end of the fibre
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Figure 5.8 Reflected signal Vs, pH for 3 sensing points separated by
approximately 100m, The lower trace which is used for referencing is displaced for

clarity.
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is not shown. These preliminary data clearly demonstrate the potential of this approach
for multipoint/quasi distributed sensing.  Thus, the difficulty that has arisen, in
immobilising the NIR dye in a sol gel or polymer matrix is the only apparent factor which

is limiting the further development of this approach in a quasi-distributed sensing system.

5.5.2 670nm OTDR

As discussed in section 5.4.2, an OTDR operating at 670nm was
constructed. The system had a pulse width of 50ns leading to a spatial resolution of
approximately 10 metres. Analysis of the backscattered light was carried out using a 14ns
rise time photodiode and a 250MHz Hewlett Packard digitising oscilloscope. Initially, the
system was used to interrogate a fibre length of -30m using the setup shown in figure 5.9.
The resulting oscilloscope output is shown in figure 5.10. The first feature corresponding
to the reflection from the 15% coupler was used to signify the starting point of the fibre.
The second feature in the output corresponds to the reflection from the fibre end. The
propagation delay between the initial pulse and reflections from the fibre thus enables an
optical picture to be created in the time domain of the fibre under test. The fibre end was

now placed into a oxazine/ methanol solution repeating the experiment discussed in

Figure 5.9 670nm OTDR system
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Figure 5.11  Reflected signal from fibre end as a function of pH.
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section 5.5.1. A mirror was again used to return light for detection. As mentioned earlier,
oxazine is an ammonia and pH sensitive dye. It exhibits highest sensitivity over the pH
range 10-12. The effect of varying the pH on the reflected signal is shown in figure 5.11.
The reflected intensity can be seen to increase by a factor of 2 over the pH range 9-12.
The next step in developing an quasi-distributed chemical sensor using the 670nm OTDR
system was the immobilisation of the oxazine dye onto the fibre tip. However when this
was carried out the reflected signal was not discernible above the noise of the system.
This was due to a combination of the following factors (i) the attenuation of telecom fibres
increases significantly with decreasing wavelength e.g. the attenuation at 670nm was
measured to be 18.5 dB/km, compared to around 3dB/km at 850nm, (ii) the intensity of
the laser hght launched into the fibre was too low and (iii) the poor optical efficiency of
this sensing configuration. Thus, to successively implement a quasi-distributed system at
this wavelength, a higher intensity laser diode is required along with optimisation of the

immobilisation technique.

5.6 CONCLUSION

In this chapter, preliminary results leading to the development of a quasi-
distributed chemical sensor system using a commercial 850nm and a constructed 670nm
OTDR have been presented. A number of issues, however, need to be addressed to further
the development of this sensing technique. Firstly, the identification of a range of suitable
NIR dyes that are compatible with sol-gel or polymer immobilisation is required.
Secondly, the immobilisation method needs to be optimised so as to maximise the return
signal from the fibre cavity. This could be achieved by introducing scattering centres into
the sol-gel silica thereby increasing the amount of scattered fight received from the fibre
tip. Finally, to further develop a 670nm OTDR, a higher intensity laser diode is required
to overcome problems associated with the fibre attenuation and the low intensity signal

obtained from this sensing configuration.
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CHAPTER 6

CONCLUSION

The work presented in this thesis described a novel immobilisation approach for
analyte-sensitive reagents for point sensing and quasi-distributed sensing applications. The
sensing configuration was achieved by means of selective fibre etching and sol-gel
immobilisation techniques. The sensor configuration was evaluated initially for point
sensing applications using both fluorescence and absorption-based indicators. A pH -
sensitive NIR dye compatible with a commercial OTDR was used to demonstrate the
suitability of this approach for multi-point sensing.

A carbon-dioxide sensor based on evanescent-wave excitation of a pyranine dye
encapsulated in a thin microporous coating fabricated by the sol-gel process was also
presented. The sensing process was based on the quenching of fluorescence from the
pyranine molecules in the presence of carbon dioxide. The sensor was found to be
temporally unstable due to the relationship between sensor output and film water
concentration.

The characterisation of a relatively new family of materials known as organically
modified silicates (ormosils) was also carried out. It was found that the introduction of
the organic component increased the critical thickness of sol-gel thin films along with
improving the temporal stability of the films. The porosity of the sol-gel films was also
found to be affected by introducing an organic component. This was observed by
monitoring the microstructure of the films as a function of organic : inorganic precursor
ratio using FUR spectroscopy.

Further work based on the results presented here should initially concentrate on
the identification of a range of stable NIR dyes compatible with a 850nm OTDR. While
laser diodes are soon expected to be available in the blue/green region of the spectrum, the
high attenuation of optical fibres in this spectral region would make that approach

impractical. Optimisation of the immobilisation method needs also to be addressed. While
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the sol-gel-derived silica adheres well to the core of the optical fibre, the immobilisation
procedure is lenghty and difficult to reproduce. A new immobilisation technique known as
photo-initiated polymerisation might yield more reproducible results. Finally the

development of a dual wavelength OTDR system, which would offer the possibility of

inherent referencing is also of interest.
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APPENDIX A LED driver and Lockin detection circuitry



APPENDIX B

U2A

Laser diode pulsing circuitry
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