HJNIVERSITY OF

Southampton

University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other
copyright owners. A copy can be downloaded for personal non-commercial
research or study, without prior permission or charge. This thesis cannot be
reproduced or quoted extensively from without first obtaining permission in writing
from the copyright holder/s. The content must not be changed in any way or sold
commercially in any format or medium without the formal permission of the
copyright holders.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk



http://eprints.soton.ac.uk/

University of Southampton
Faculty of Engineering, Science and Mathematics

School of Chemistry

OPTOFLUIDIC BRAGG GRATING SENSORS FOR
CHEMICAL DETECTION

By

RICHARD MARK PARKER

Thesis for the degree of Doctor of Philosophy

September 2010






UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS
SCHOOL OF CHEMISTRY

DOCTOR OF PHILOSOPHY

OPTOFLUIDIC BRAGG GRATING SENSORS FOR CHEMICAL DETHION
By Richard Mark Parker

This thesis reports the development and potenppli@tions of direct UV written
Bragg grating refractometers for detection of cleainanalytes.

The technique of direct UV writing uses the locadigefractive index increase of a
photosensitive planar glass layer upon exposur tightly focussed UV beam to
fabricate a wide range of integrated optical dexid®ne such device, the Bragg

grating, can be used as an optical sensor for @sangefractive index.

This thesis reports upon the advancements madeido gptical Bragg grating
devices towards the development of practical “lakaechip” microfluidic chemical
sensors. This has been achieved through improusnrethe fabrication processes
and the inclusion of a high-index overlayer, shdaenhance the sensitivity by over
an order of magnitude. A novel method for compegngafor fluctuations in
temperature is introduced; with it demonstrated tha technique can be applied
towards the fabrication of an athermal Bragg grptievice. The encapsulation of
such highly sensitive refractometers within a miaidic channel allows for real-
time measurements of the dynamic composition adid.f This technology has been
further developed to allow for chemical reactioooth occur, and to be monitored
upon the microfluidic sensor surface. It is alssmdnstrated that using such a
functionalised surface allows for chemical spetifidco be introduced to these
highly sensitive optical sensors, with exampledath copper and sodium selective

sensors presented.
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Chapter 1 Introduction

1. Introduction

1.1 Introduction

From monitoring industrial processes and enviroralechange to detecting
pathogens and biomedical diagnosis, sensors plagssential role in modern life,
with the US demand for chemical sensors alone giggeto surpass $5 billion by
2012",

Integrated optics focuses on fabricating devicest tminiaturise and integrate
multiple photonic functions within a single smarevete, while microfluidic

networks enable small-scale fluid control and asialy The emerging field of
optofluidics combines integrated optics and miengdlics with one of the most
common applications novel “lab-on-a-chip” devicé&3ptofluidics lends itself to the
field of optical sensors; allowing for the develogmh of smaller, more powerful and

cost-effective devices that are changing the futdiensor design.

Furthermore, the low cost, small size and integratature allows for optofluidic
sensors to be deployed in a wide range of appbieatiincluding use within
hazardous environments where traditional electeormannot be used for safety

reasons.

1.2 Integrated Optics

The goal of integrated optics is to develop minmiaed optical devices of high
functionality on a common substrate. The conceptintegrated optics was
introduced in 1969 when Miller proposed the develept of “laser beam circuitry”
2. It was shown that in principle resonators, cetpland other functions could be
realised in a single device through the use of elubeé dielectric waveguides. Since

that time the optical component market has grovgmicantly with the use of



Chapter 1 Introduction

integrated devices becoming increasingly attractivdhe laser beam circuits
proposed by Miller are now referred to as planghtivave circuits, planar

waveguides and also commonly by the somewhat arabgyterm, waveguides.

Many parallels can be drawn between the field dkegrated optics and the
microelectronics industry, although contemporatggmnated optics is still far behind
its electronic counterpart. Unlike electronic gri&ion where silicon is the
dominant material, integrated optical circuits h&aeen fabricated from a variety of
material systems. These systems are typicallydbasesilica-on-silicon, silicon-on-
insulator, various polymers and semiconductor neder (used to make
semiconductor lasers such as gallium arsenidejutithniobate and indium
phosphide). Each different material system pravidifferent advantages and
limitations, making the choice of substrate dependen the function to be
integrated.

As with electronic integrated circuits, photolitmaghy is the dominant fabrication
technique and is used to pattern wafers for etcaivymaterial depositioh Optical
integrated circuits employ a broad range of opticaimponents, based on the
miniaturisation of bench-top devices found in camianal free-space optics. The
range of components required on a device rangaes fiower splitters, optical
amplifiers, and optical modulators through to fételasers and detectors, all linked
by optical waveguides, an analogous interconnecth# electrical wire. This
contrasts strongly to electronic systems where phenary component is the
transistor. With the variety of different matesiand fabrication techniques
required, these optical devices are more diffitultealise on a single chip.

Photonic integrated circuits can allow optical sys$¢ to be made more compact and
with higher performance than with discrete optimainponents. They also offer the

possibility of integration with electronic circuits provide increased functionality

1.3 Optical Device Applications

The market for integrated optical devices has ti@ually been focussed around the
telecommunication industry, where high consumer atemfor network bandwidth
and flexibility has driven technological developrmhen The optical

telecommunication industry is currently in a stafegrowth, which is driven by
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several factors including an increase in demand high-definition multimedia
information over the internet and a change of dlabymamics® including the

emergence of strong eastern econorhies

The rapidly expanding demand for higher bandwietivises in the commercial and
consumer sectors is starting to strain the ageifrgstructure. Telecommunication
networks are being enhanced to meet with an eweeasing demand by upgrading
traditional electronic systems to optical devict® (recent push by BT and Virgin
Media for optical fibre to the home being one sestample’) and increasing the
number of existing optical fibres. This increasohggire to switch to an all-optical
network (except at the end nodes) will provide ioyad economy, flexibility,
robustness and speed. For this to be achievedniédessary to convert the current
optical-electronic-optical network switches to oated optical devices. To this
end, the principal focus of much research intograged optical components has

been towards applications in the telecoms industry.

1.3.1 Telecommunications

The vast amount of optical telecommunication trassian is achieved through
silica-based optical fibres. The low optical leésuch optical fibres allows them to
transmit large amounts of information over verydatistances (1000’s of km). To
coincide with silica’s spectral regions of low lo@d the available light sources),
specific telecommunication windows exist. The mosimon window being the
infrared C-band window from 1530 to 1565 nm wavgtan this spans a spectral
range in silica of low loss sitting between regiaofs absorption and Rayleigh
scattering. This window also takes into considemata hydroxide resonance,

associated with 1400 nm wavelengths.

Despite the low loss of optical fibre, no mateimlperfectly transparent, with the
infrared signal attenuated as it travels along dpgcal fibre. The advent of the
erbium doped fibre amplifier (EDFA) has allowed tbe broadband amplification in
this spectral window, increasing the range of @ptielecommunication networks
while eliminating complex and inefficient convensiand electronic amplification

stages.

Network capacity has been increased by developmantgptical fibre and light

sources that have extended this spectral windom ftd60 to 1600 nm, however it
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has been shown that this can be extended everefursing “zero water peak” fibre,
achieved through fibre dryiny Network capacity can also be increased by either
laying additional optical fibre or increasing thendity of channels that exist within
the telecom window. Channels are defined in theelength regime using a system
known as Wavelength Division Multiplexing (WDM) WDM channels are spaced
to avoid inter-channel interference. These ared#gtcby taking into consideration
the guard band for the laser sources and the mimlulbandwidth used for each
wavelength. The bandwidth is assigned to take actmunt temperature effects and
ageing. Typical bandwidths of 0.4 nm to 1.6 nmemrgloyed, corresponding to 50
GHz and 200 GHz respectively, at 1550 nm wavelengifhe key feature of WDM
is that the discrete wavelengths form an independenof carriers which can be
separated, routed, and switched without interfewit one another.

However, as with most fields, there are many seapn@pplications that have
benefited from this investment. At the forefroftluis are optical sensors, covering
a wide range of stimuli from physical propertiestsas pressur€ or temperaturé*
through to targeted detection of biological andnoial species®. Optical-based
sensors are of particular interest as they possbsmtages which include immunity
to electro-magnetic interference, high sensitivignd the potential for mass

production.

1.3.2 Sensors

A sensor is a device that measures a physical iqpamd converts it into a signal
which can be read by an observer or by an instrum&mwide range of sensors exist
today for monitoring physical, chemical or biologicchanges. For good

performance, a sensor should:

* be sensitive to the measured property,

* be insensitive to any other property likely to lpe@untered in its
application,

* beincapable of influencing the measured property,

* have a large dynamic range.

Physical sensors monitor physical changes withair #nvironment and have a huge

expanse of applications ranging from large-scalecgiral monitoring of bridges and
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skyscrapers® **to the small-scale monitoring of temperature ofraegrated optical

15 or electrical chip. Optical physical sensors @ugrently increasing in popularity
in the physical sensor market, previously dominétgeélectrical devices. A notable
example being the increasing use of optical fikaselol sensors in civil engineering,

used as a tool for monitoring stresses in both aesvold construction.

While physical parameters are often easier to sépafor biological and chemical
sensors the scope and variety of potential meadusanameters is much higher,

with much greater risk of interference betweendtesor and its environment.

The chemical sensor market contains a variety ofpeding technologies, however
these can be generalised into four main categdties

* Chromatography chemical sensors involve the sdparaf complex
mixtures and include standard techniques founchatygéical chemistry,
such as high pressure liquid chromatography (HP£@hd capillary
electrophoresi$’.

* Mass sensors involve the detection of mass (or arecal modulus)
changes upon a surfate generally the detection is characterised by a
shift in resonance frequency, e.g. the resonaneecahtilevef.

« Electrochemical sensors involve the detection aélantrical signaf?
and monitor electrical change, such as resistahce

» Optical devices detect changes in the electromagwetes as they

interact with a chemical.

The majority of commercial optical chemical sensanes based on free space optics,
such as spectrometers and refractometers. Howkesr is a growing subset that
exploits optical fibré® or integrated optical structures for detectidn The compact
nature and ability to combine multiple functionsoira single device lend integrated
optical sensors towards lab-on-a-chip applicatian#ld of research that focuses on
replicating an entire laboratory process or systena single small-scale clifp?’
The transition to compact analytical devices wllba samples to be analysed at the
point of need rather than in a centralised laboyatbrevolutionising fieldwork and

point-of-care medical diagnostics.

Lab-on-a-chip devices have many advantages ovgg-scale systems, including:
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* low fluid volume consumption, generating less wagtlé lower reagent
costs and with a reduction in the required samplame for diagnostics.

» faster analysis and response times, due to sHusidin distances, fast
heating, high surface-to-volume ratios and smadk lsapacities.

« Dbetter process control through faster feedbachk f@sult of faster
analysis).

e compact systems.

* massive parallelisation allowing for high-throughpuoalysis.

* lower fabrication costs through mass production aselof existing
fabrication techniques from the microelectroniaustry leading to cost-
effective disposable chips.

* asafer platform for chemical, radioactive or bgptal analysis, through
reducing the quantities of hazardous material amdagning it within

closed systems.

However, there are some disadvantages associatiéd lak-on-a-chip devices,

primarily due to the lack of development in thiswtechnology. These can include:

» physical and chemical effects that become more dantias the scale
diminishes, such as: capillary forces, surface lhoegs and the chemical
interaction of the device material on reaction psses.

» detection principles that may not always scale dowanpositive way,
leading to low signal-to-noise ratios.

* microfabrication processes may lack the precistoproduce the desired

structures uniformly and reproducibility.

Optical sensors often exhibit greater sensitivitg éaster readings than conventional
sensing method€. They have the advantage of immunity to electrgmetic and
radio frequency interference and an inability tceate sparks, allowing for
implementation in explosive environments. Gengralhe materials from which
they are made can function under adverse tempergitgssure, toxicity or corrosive

atmospheres that would otherwise rapidly erode Isieta

The market for chemical sensors is large, with tf& market alone predicted to

surpass $5 billion by 2012 While biosensors will continue to be the larggpe of
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chemical sensor, overall growth will also be supgarby technological advances
that allow for price reduction, sensor miniaturisatand greater precision, all of
which expand the use of chemical sensors into neavkets or applications.
Demand for chemical sensors based on emergingdtatdies is predicted to see the
fastest gains with optical sensors seeing the ggegtowth of all sensor types. It is
expected" that they will continue to benefit from their higiensitivity, stability,
immunity to interference and product improvemenths as reduced size and
enhanced ruggedness.

Integrating optics within microfluidic systems tori “lab-on-a-chip” optofluidic
devices is an emerging technology at the forefafrsensor desigh®. The work
presented here focuses on the development of suoptacal sensor system from a

simple refractometer towards a working integratptical chemical sensor.

1.4 Aim of Research

This PhD thesis investigates direct UV grating tentintegrated optical devices, for
potential telecom and sensing applications. Dirbldf grating writing is a
fabrication technique for the definition of both weguide and Bragg gratings in a
one-step process. The system consists of a dualag&f-beam set-up, beneath
which a photosensitive silica-on-silicon compostample is translated. Exposing
these Bragg gratings to the environment providesfractometer that can be applied

to a wide range of sensor applications.

The original aim of this PhD thesis was to devettigct UV written devices for
chemical detection, by bringing together elemerftssupramolecular chemistry,
integrated optics and microfluidics. The aims listPhD thesis have been met
through the development of several novel directwhitten components/devices that
has culminated in a lab-on-a-chip sensor that tlteesupramolecular interaction of
the crown ether moiety to enhance the sensor regpnthe presence of a specific
cation; all within a microfluidic flow cell allowig continual sampling of a
feedstock.  This holistic proof-of-concept device competitive with rival
approaches in terms of sensitivity, robustnesspaacticality, while offering specific

advantages of its own.
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This work has yielded several journal publicatiofi§® and data that have been
presented at several national and internationaiecences (a complete bibliography
is detailed in Chapter 11.4).

1.5 Thesis Synopsis

Following from this introduction to integrated aml devices, a theoretical
understanding of optical waveguide and Bragg ggatoperationis tackled in
Chapter 2. In this, the fundamental physical cpteeescribing light propagation
through a medium and how this forms the basis ob@tical lightwave circuit are
defined. These are used to introduce the concdpiise optical slab and channel
waveguide structures. For channel waveguides noat@xamples of mode-solving
algorithms are discussed including the filmode matching (FMM) method in
preparation for later chapters where a commerdéiiFalgorithm (Fimmwave) has
been used by the author to model the guided motiéseopresented waveguide
systems. Chapter 2 concludes by exploring the eqginand spectral response of

optical Bragg gratings.

Starting from the fabrication of the silica-on-sdn platform by chemical vapour
depositionthe method of optical device fabrication is addedss Chapter 3. This
chapter covers the theory and history of direct Wkting, comparing it to other

competing methods of fabrication, including photolithographgnd direct

femtosecond writing. This includes the consideraiof the composition required
for direct UV writing, including the introductiorof germanium as a UV-
photosensitive dopant combined with the proposedcham@sms for this

photochemical effect. The dual-beam direct UV wgttechnique is described
including methods of grating design to achieve &®ul Bragg grating structures.
The chapter concludes by with a discussion of thtecal characterisation of Bragg

grating structures.

Chapter 4 provides an overview of chemical sensind focuses upon effective
refractive index-based evanescent field sensargidacing examples of such device
structures developed around surface plasmon resen&@PR) sensors, Mach-

Zehnder interferometers (MZI) and Bragg reflecefractometers.
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This overview introduces the Bragg grating senspresented in Chapter 5.
Enhancements to the sensitivity of such devices discussed, including
improvements to the fabrication process, waveguddsign and alternative
geometries. The concept of a high-index overldgerBragg grating sensors is

introduced, with an examination of the sensitiViityit of such a device shown.

Chapter 6 introduces the concept of reconfiguraigdical Bragg gratings for

telecoms applications, whereby a photoresponsiyenm is used to tune the Bragg

response of the optical device.

To develop these systems into practical chemicaksa@s, robust and reliable
referencing is necessary to remove the effects hylsipal changes. Chapter 7
outlines several approaches to temperature refiegrand their application in

fabricating an athermal Bragg grating.

Chapter 8 focuses on the development of the mighdl system and bulk sensing of
fluid transitions within these small scale channelsghlighting unexpected
observations. With the groundwork laid, the finahapters focus upon the
development of these integrated optical refractersetnto optofluidic chemical
sensors, including a discussion of chemically fiometlising the sensor surface and
the effect this has on both the sensitivity andédelity of these systems. Here it
will be shown that these sensors are capable dfcteetly detecting small
concentrations of an analyte within a fluid flonstgm.

Experimental methods, procedures and chemical sgisthare discussed in greater

detail in the experimental chapter (Chapter 12) fiblbows the main discussion.
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2. Theory and Analysis

2.1 Introduction

This chapter summarises the theoretical basis aatysis techniques that can be
applied to integrated optical circuits. There arany good texts which cover this

ﬁ), 34-38

topic in dept and so the purpose of this chapter is to compléthenliterature

and provide sufficient summary to introduce the kyaresented in this thesis.

This chapter introduces the theory behind opticaeguides, introduces Maxwell’s
equations and applies these to a weakly guidingegiaides. Using this theory,
analytical and numerical techniques, the analysisaveguide structures and Bragg

gratings are described.

2.2 Refractive Index, Dispersion and the Kramers-Konig

Relationship

To summarise the theoretical basis of the optightivave circuits presented here, it
is first necessary to introduce several physicaktepts relating to the propagation of
light through a medium.

The phase velocity of light (often simply referréaml as the velocity of light) is
defined as the rate at which the phase of a wamgagates through space. This can
be thought of as the speed at which the phaseyoba frequency component of the
wave travels, as illustrated in Figure 2.1 whererawe intervalAt the wave has
propagated byx, giving a phase velocity equal AxX/At in thex-direction.

11
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AX

x

Fig. 2.1 lllustrating phase velocity. In a timeAt the position corresponding to a given point on
the wave travels a distanc@x = cAt.

The phase velocity can differ from the group velgoivhich is defined as the rate at
which changes in amplitude (the envelope of theejgvopagate. In this way, the
group velocity can be considered the velocity aictvhenergy or information is
conveyed along the wave.

2.2.1 Refractive index
The refractive index of a conventional medium measure for how much the speed
of light is reduced within that medium. The refraetindex,n, is defined as the ratio
of the phase velocity of a wave in a reference medium, typically a vaxuto the
phase velocityy, in the medium itself. In the case of light, indae given by:

n= —p = V&l (2.1)
whereg; is the material's relative permittivity, andis its relative permeability. The
relative permittivity of a material is determineg the ability of the material to
polarise in response to an applied electric figld as such the refractive index of a
molecule should be determined by its polarisabilitySimilarly, the relative
permeability can be defined by the degree of masggtein that a material obtains in

response to an applied magnetic field. Both peiitit and permeability are given

relative to free space, such that:

€ u
& = E— and U = E (2.2)

0

whereg is the permittivity of free space, apgd is permeability of free space. For

most naturally occurring materiajsg,is very close to 1 at optical frequencies.

12
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While refractive index is almost exclusively positj recent research has also
demonstrated the existence of negative refractidex, which can occur if the real
parts of both permittivity and permeability havenaltaneous negative values. This
can be achieved with periodically constructed rniggaindex metamaterials, the
resulting negative refractive index offers the flmiisy of exotic phenomena such as

the superlen®’ — a lens that can go beyond the diffraction limit.

Refractive index is also frequency dependent ameéyaccording to the frequency
of radiated light. Measurements are normally taksimg the characteristic yellow
doublet of a sodium source at a wavelength of 5&n8(the Fraunhofer "D" line)

denoted asp. Therefore, the cited values of refractive indexasch as 1.33 for

water, are based on measurements with yellow &glatwavelength of 589.8 nm It
should also be noted that temperature also affedtactive index and literature
values are based on a standard temperature, sS2&h°&s

2.2.2 Dispersion
In optics, dispersion is the phenomenon in whicé finase velocity of a wave
depends on its frequency, or alternatively whengttoeip velocity (the rate at which

the envelope of the wave propagates) depends dretiigency.

The most familiar example of dispersion is a raimpm which dispersion causes the
spatial separation of white light into components dfferent wavelengths.

However, dispersion also has an effect in manyrotireumstances: for example,
group velocity dispersion causes pulses to spreagtical fibres, degrading signals

over long distances.

There are generally two sources of dispersion: natdispersion and waveguide
dispersion. Material dispersion comes from a fezguy-dependent response of a
material to waves. This can have both a desirablendesirable effect in optical
applications. The dispersion of light by glassspris is used to construct
spectrometers, while in a lens dispersion can cahsamatic aberration, degrading
images in microscope objectives. Waveguide dispersccurs when the speed of a
wave in a waveguide (such as an optical fibre) ddpeon its frequency for
geometric reasons and is independent of any mhatispersion. In general, both

types of dispersion may be present, although theyat strictly additive.

13
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In general, the refractive index is a function loé tvavelength). of the light, thus
n =n (1). The wavelength dependence of a material's g index is usually

guantified by an empirical formula, the Cauchy eli8eier equations.

From Snell's law (as discussed later in Sectioril2iBcan be seen that the angle of
refraction of light in a waveguide depends on th&active index of the prism

material. Since that refractive index varies witiivelength, it follows that the angle
that the light is refracted by will also vary withavelength, causing an angular

separation known as angular dispersion.

Because of the Kramers—Kronig relations (Sectio.32, the wavelength
dependence of the real part of the refractive indexelated to the material
absorption, described by the imaginary part of riéfeactive index (the extinction

coefficient).

If, as with most transparent materials, the reivacindex decreases with increasing
wavelength the medium is said to have normal dsper Conversely, if the index

increases with increasing wavelength the mediumahasnalous dispersion.

2.2.3 Complex refractive index

The dispersion of a material can be calculated fitsmespective absorption spectra,
using the Kramers-Kronig relation. The Kramers—+{gorelations are mathematical
properties, connecting the real and imaginary paft@a complex function. To
understand the formulism of the Kramers-Kronig tieteship the complex nature of
refractive index ought to be first understood. Tékeactive index of a medium(i)
can be split into a real dispersive park)nédnd an imaginary absorption pafd),

formulated as:
n(A) =n@) —ix(A) (2.3)

where, n is dispersion andis the extinction coefficient (it should be notibet this
differs from the molar extinction coefficienty, more commonly discussed in
Chemistry), which indicates the amount of absomptioss (or gain) when the

electromagnetic wave propagates through a material.

The spectral form of absorption can be mathem&fitcaterpreted by considering an

electron bound to the nucleus to be analogous smal mass bound to a bigger

14
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mass by a spring. If the system is driven by ghf)ivave, B€“* the resulting
oscillations can be approximated as a damped faseallator. Therefore,
considering an electron of mass and charges, there is a resonance ag, with a
particular viscous drag,formulated as:

d?*x,

d .
—=+ meyf + mewix, = eEje™ ¢t (2.4)

me

From Equation 2.4nd applying electomagnetic identities for an etecdensity N,
gives absorptiony, in the form of a complex Lorentzian:

_ _Ne? | 2.5)

a= 4egcmy [(wo—a))2+(y/2)2
This description of imaginary refractive index mherently linked to the real part
through the Kramers-Kronig relationsHip The significance of this relationship is
that it relates the refractive index at a particdtaquency (or wavelength) to the
absorption at other wavelengths. This treatmeaivdrheavily on the mathematics

of the complex treatment of signals and is notresseo the work presented here.

However, the interrelationship between n ammhn be understood by considering an
excited atom that vibrates at the frequency oflidiet that excited it and re-emits
this energy as light of that frequency. The ddlaye-emission retards the time
taken for light to travel through a material, thnsreasingn. Absorption is affected
by the relative phase of the light that is re-esdittvith respect to the incident light.
This relative phase shift will produce interferenegh the original light, with
destructive interference observed as absorptiohis & illustrated in Figure 2.2,
where it is shown that an absorption peak has eesponding change in refractive

index.
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—— Absorption
——Phase

Phase
Absorption

Wavelength (visible) / nm

Fig. 2.2 Anillustration of the relationship betwen absorption and refractive index*.

2.3 Optical Waveguides

The field of integrated optics relies on the pnodeiof controlling and guiding the
path of light through optical circuitry. An opticategrated circuit is much like its
electronic analogue, with a network of optical comgnts designed to work together
to achieve a function. Information transfer betw#ese components is achieved by
one of the most fundamental structures of an dpticeuit, the optical waveguide.
Just as electronic circuits manipulate current witines and conducting strips,
waveguides are used analogously to manipulate dfte @f light in an integrated

optical circuit.

A waveguide is defined as a structure capable wiiggy the flow of electromagnetic
energy in a direction parallel to its axis. In twntext of this work, the waveguide
structures are designed to transmit electromagnetices in the short infrared

wavelength region (telecoms C band, 1530-1560 nm).

2.3.1 Light incident upon a boundary

An optical waveguide can simply be considered asdracture that confines and
directs wave propagation by channelling light betwedwo interfaces. Thus, to
understand the optical waveguide it is first neagsto understand the interaction of

light incident upon a boundary.
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Incident wave Reflected wave

Refracted wave

Fig. 2.3 Reflection and refraction at a planar inérface,

As illustrated in Figure 2.3, when light interaetgh a planar boundary, reflection
and refraction occur. Snell’s latf states that the angles of reflection and refractio

of an incident electromagnetic wave are related by:
ny Sirﬂl =N Sirﬂz (26)

wheref; and0, are the angles of incidence and refraction respdygt n; andn, are
the refractive indices of the material on eithelesof the boundary. For the case
> n, and where the angle of incidence is givenéby sin(ny/ny), the angle of
refraction is'/, and the refracted wave travels along the interbmte/een the media.
This value o®; is known as the critical angle and any inciderglamgreater than this
will result in no transmitted wave, only total imal reflection, i.e. 100 % of the
light is reflected. However wham < n,, the angle of refraction can never eqlal
and total internal reflection is impossibife

2.3.2 Planar waveguides

Using the principle of total internal reflectiompkanar waveguide can be constructed
by confining a sheet of high refractive index miallefcore) between two sheets of
lower refractive index material (cladding), suclattthe light is trapped within the
plane of the waveguide, as illustrated in Figurd. 2.This trapping results in
propagation along theaxis, parallel to the plane of the waveguide.

17
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Fig. 2.4 Light guided by total internal reflectionin a planar slab waveguide.

While this would imply that any lightwave with amgle of incidence greater than
the critical angle for total internal reflection liWbe confined, for the majority of
waveguides there is a discrete set of angles grélasm the critical angle that
corresponds to successive boundary reflectionsnggshase fronts which coincide.
These discrete set of angles can be thought of discaete set of characteristic
waves, referred to as the supported eigenmodeshefwaveguide (or simply
“modes”). These modes are transverse field digiohs that maintain the same
distribution and polarisation invariantly duringopagation along the waveguide
axis. The effective refractive index of the proatigg mode is the average refractive
index experienced by the mode as it traverses dlomgvaveguide. It is found that
the effective index of a slab waveguide is lowemntthat of the core layer, indicating
the mode is not tightly confined to the core bud ha evanescent ‘tail’ propagating
into the cladding. It is this property that is &ifed in the development of optical

sensors described in this thesis.

2.3.3 Channel waveguides

The simple case of the planar (or “slab”) wavegudiscussed above, is not the most
practical waveguide design, as it only has confieeinof the propagating lightwave
in the x-direction. By adding a second degree of confingnsong they-axis a
channel waveguide can be formed (Figure 2.5). Ak the planar case, guided
modes are found to have an effective refractiveexntelow that of the core, so

thereforengjag< ni.
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Fig. 2.5 A rectangular channel waveguide.

Several possible geometries for channel waveguwegdes which confine the light in
two dimensions. These can be categorised as diffuske and buried channel
waveguides, as shown in Figure 2.6. The wavegg&mmetry used is generally
dependent upon the material and method of faboicalf, however the work
presented within this thesis will focus on buriedweguide structures fabricated by

direct UV writing.

Buried Rib Diffused

Fig. 2.6 The three basic geometries that supporhannel waveguides; buried, rib and diffused
structures.

2.3.4 Maxwell's equations

So far, light within a waveguiding structure hagmelescribed classically, with only
consideration of the interaction of a lightwaveadtoundary through reflection and
refraction. However, a photon within a waveguide also be described in a similar
manner to a “particle in a box” in quantum mechaniwith certain discrete
wavefunctions (eigenmodes) supported within thix.boThis discrete set of
supported modes gives rise to a discrete seriegffettive refractive indices

supported by the waveguide, much like the energgidefor a particle in a box.

If the barrier is finite, then the wavefunction magt be fully confined within the
box, but may exist outside. The probability ofdiimg the particle outside the box
can be modelled as an exponential decay. In tis® @d a weakly-guiding
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waveguide this gives rise to the “evanescent wiilthe guided mode, a property
heavily exploited in optical sensors (Chapter Aurthermore by describing this
finite potential well in two dimensions and considg the symmetry of the well, it
is possible to explain the existence of differeplbpsation states as a pair of discrete

orthogonal modes.

Maxwell’'s equations irrefutably hold the solutianall problems in electrodynamics.
Indeed the foundation of waveguide theory is botwgkther by four equations

published by Maxwell in 1873. These equations dan used to explain

guantitatively the concepts outlined above, whichilev not necessary for the

comprehension of the work detailed in later chaptéras been included in the
following section for completeness. The followisgctions introduce the Helmholtz
equations and the approximations of a weakly-ggidimaveguide. The key

conclusions that can be drawn from these are thigtdiscrete modes are supported
within the waveguide and that these can be sptittime transverse electric mode and
the transverse magnetic mode. In an asymmetriceguade these orthogonal

polarisation modes are exhibited as birefringendenis property is exploited in

Chapter 7 to develop an athermal Bragg grating.

The evolution with timef, of the Electric fieldE(t) and magnetic field(t), in a
medium of magnetisation densi/(t) and polarisation densif(t) can be described

by the following Maxwell’s equations:

JH@®)  aM()

VXE(t) = —pu, o o (2.7)
VxH(t) = J(t) + & a';(tt) + % (2.8)
V.g0E(t) = po(t) = V.P(t) (2.9)
V.H(t) = —V.M(¢t) (2.10)

Mo is the permeability of free spac®,is the permittivity of free space(t) is the
charge density and (t) is the free current density, which relates tocakrges not
associated with the polarisation den$t(y).

From these equations the full vectorial Helmhotjnagions for the electric field can
be derived (the full derivation can be found inntrbduction to Fiber Optics”, by
Ghatak®¥):

20



Chapter 2 Theory and Analysis

2 1 2 . 262E _
\Y E+V(?Vn E) Eolyn Pyl 0 (2.11)

and in a similar manner, the magnetic field carcdresidered to obtain:

0°H _
otz

VZH + - Vn? x (Vx H) — gouon’ 0 (2.12)

Note that these equations cover the situation wtiezepermittivity depends upon
position, as would occur within a waveguide. k& tpermittivity does not depend on
position then these equations would yield the weyeation for a uniform material.
The full vector Helmholtz equations are used in adoal mode solving techniques
(such as those discussed subsequently in Sec8of) 2nd have been described here
for completeness, however many waveguides disptagadled ‘weakly guiding’
characteristics that result in the simplificatiohtleis full vectorial equation into a

scalar equation.

The full derivation of these equations from Maxveelequations and a more
thorough discussion of their implications is givienChapter 7 of “Introduction to
Fiber Optics”, by Ghatak. To further aid in the comprehension of theseaéiqus,
a summary of thelel operator,V, and the corresponding vector prodwtyl (Vx),

and scalar produdtliv (7.), are given in the appendix.

2.3.5 Weakly guiding waveguides

The guided modes of a waveguide are a set of sakutihat fulfil the total internal
reflection condition and require the waveguide dorbave a higher refractive index
than the surrounding cladding. For many waveguithes refractive index contrast
between the core and cladding varies by only alsanabunt, ~0.3 %. These types
of waveguides are referred to as ‘weakly guidingiveguides. The term weak in
this context is not a reflection on the ability thie waveguide to guide light but

merely that the refractive index contrast is small.

With the optical mode not confined to the core, édnescently propagating into the
cladding, a weakly guiding waveguide can be usedktieelop an optical evanescent
field sensor. Further, such a waveguide struasiempatible with coupling to an

optical fibre, a similar weakly guiding waveguiddlowing for incorporation into an

21



Chapter 2 Theory and Analysis

optical network. The drawback of using a weaklydmg structure is that the

increased complexity of the mode makes the systeohrharder to model.

Following the treatment in GhataR* we can ask what happens to the
electromagnetic field at the boundary. This canubeerstood through further

consideration of Maxwell’s equatiori§ from which the following six equations can

be derived:
iBE, = —iwuyH, (2.13)
2 = —iwp,H, (2.14)
—iBH, — a;iz = iwegn? (E, (2.15)
ipH, = iwegn®(x)E (2.16)
% = iweon?(X)E, (2.17)
~iBE, - 22 = —iwp,H, (2.18)

wherex, y andz refer to the vector field components along:thg andz dimensions
respectively, as indicated in Figure 2.3, relativehe slab waveguide propagating

along thez-axis and3 is the propagation constant of the supported mode.

Consideration of these equations for light in anptawaveguide confined in the
direction, propagating along theaxis, results in two sets of solutions. Equations
2.13-2.15 involve only & Hy and B and Equations 2.16 - 2.18 involve only, E,

and H, meaning there are two independent sets of saitio Maxwell's equations.
One of these sets will correspond to non-vanishialgies of E Hy and H and
vanishing values of EE, and H. The mode solutions in this instance are known as
Transverse Electric (TE) as the electric field comgnt, E is in the plane of the
waveguide. For the alternative set of solutions ¥heishing and non-vanishing
terms are swapped with the magnetic field compgnEptin the plane of the

waveguide, producing a set of modes known as TeaseWWlagnetic (TM).
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4 Transverse Electric mode Transverse Magnetic mode
£ H, E,
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n, B H, = E,
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n

Fig. 2.7 The field components for the transversdezxtric (TE) and transverse magnetic (TM)
optical modes.

The physical interpretation of the two sets of 8ohs are one set of modes with its
electric field (E) oscillating in thg-plane and the other with its magnetic field (H)
oscillating in they-plane (Figure 2.7). From Maxwell's equations; la¢ boundary

between the cladding and the core, the modes neusbth continuous and smooth,
i.e. for the TE mode: Jand its derivative with respect xanust be continuous at the
interface, resulting in quantisation of the modiémswaed within the waveguide. For

a well-guided mode, the electric field is mostlynfioed to the core but decays
exponentially out into the cladding region. lItés evanescent field that is used in

optical sensing applications.

Polarised light launched into the waveguide eitbarallel or perpendicular to the
plane will only propagate exclusively in either thE or TM mode, depending on
the launch. However launching polarised light atimtermediate angle will not
propagate in an intermediate polarisation modealnattio of the orthogonal TE and
TM modes will be supported. Importantly these nsodannot be orthogonal in both

E andB and so are not equivalent to simple ideas of galton in free space.

Figure 2.8 illustrates the differences between pag of orthogonal polarisation
modes of an optical waveguide when in a highlyfbingent environment, compared
to a symmetric environment. The gradient mapsespnt the intensity (proportional
to the square of the electric field strength) @& uided mode across a 15 x 15 ym
cross-section of the waveguide, with a central sguare of dimension 5.6 um,
located between layers of cladding. (As discusee8lection 2.3.7, this modelled
data was obtained using Fimmwave, a commercial noatemode solver, based

upon the waveguide system presented in Chapter 5).
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Fig. 2.8 Modelled intensity maps for the TE and M modes of a waveguide sensor, showing the
greater penetration of the TE mode into an analytehan for the corresponding TM mode in the
birefringent system.

When in a symmetric environment the intensity disiions of the two orthogonal

modes within the core of the waveguide are simiéi) a Gaussian intensity profile

in all directions. However when the birefringermée¢he system is increased through
removal of the overclad and replacing it with a eniai of high refractive index, as

illustrated in Figure 2.8, the intensity distribarti of the two modes differs

significantly. While the TM mode remains mostlychanged, the TE mode is
pulled up towards the surface, with most of the @odistributed near the surface.
In the context of optical sensors, this resultsaingreater penetration of the
evanescent field of the guided mode into the aadigt the TE mode than for the
TM.

It is because of the differing responses of these orthogonal modes that the
polarisation state of the optical input must be sidered and defined when
constructing a planar waveguide circuit for optisainsing. The properties and
applications of birefringence within asymmetric vwguides will be discussed in the

context of Bragg gratings in Section 2.4.3 andpiéar.
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2.3.6 The Effective index method

The effective index method is one of several tegphes for analysing weakly

guiding two-dimensional optical waveguide structte ** The method assumes
that the refractive index can be split into sepaxatndy dependencies. Under these

assumptions it operates by simply repeating thegplaptical waveguide analysis.

The effective index method splits the problem iatcseries of one-dimensional
planar waveguide structures. The first step ofrttethod calculates the effective
indices along thex dimension, as if they constituted to an individydhnar

waveguide, as is illustrated in Figure 2.9 for aidaiwaveguide structure. Once the
effective indices,ng are calculated for th&-dimension, they are used to build
another one-dimensional structure in tiimension. From these an overall

effective index approximation can be made.

PRANY ’ : Step 1: Step 2:

n; Negrp

‘ n,  T4n, n; Negr I Ner3

- 1 n, "
------- S
X Negr Negr2 Negr3
y

Fig. 2.9 Calculation steps necessary to find théfective index of a buried waveguide, using the
effective index method

2.3.7 Numerical mode solving

The treatment of photonic waveguide modes hasrsmfasidered analytic solutions.
The effective index method and other such approtiona are idealised solutions for
weakly guiding modes and remain accurate for ondgyyvsimple waveguide
geometries. The geometries of real world wavegyidach as ones containing thin
index layers, are much more complicated and oeuire a full vectorial treatment.
Numerical solutions to a waveguide’s mode are reguin these situations where
there is no simple analytical solution. With th&pid increase in inexpensive
computing power, numerical tools have become commlace in industry and
academia, where they are used to optimise andléssgn parameters of integrated

circuits.

The solution accuracy gained by a numerical teakicelative to the required
computational processing (speed) and memory hdgitraally been an important
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factor for consideration. However, with exponelhtiancreasing sophistication of
modern computers the processing and memory reqeitesmare becoming less
important. Today, most mode solving algorithms tenexecuted on a desktop
computer. This is a contributing factor as to whg popularity of certain mode

solving techniques has increased at the expensthers.

Numerical methods are encountered in three maiasacé photonic waveguide
modelling; these include mode solving, beam proflagaand network simulation.
Waveguide modelling was carried out in this workngsmode solving techniques
for the calculation of the effective indices of imar and exposed channel

waveguides.

Most numerical mode solving techniques operate Ulydiwiding the space into
sections which can be more readily solved thawtihh@le problem head on. The list
of mode solving techniques that can solve theveattorial Helmholtz Equation in
this manner is an extensive offe*> The numerical methods that can find the
eigenmodes of an arbitrary waveguide include Fibit#erence Method (FDM),
Finite Element Method (FEM), Beam Propagation MdtH@PM) based mode
solvers and Film Mode Matching (FMM). The modeghis thesis are solved using
a commercial mode solving package called Fimmwewech is based upon a Film
Mode Matching (FMM) method.

Area used in Fig. 2.1£\ —— Analyte, A

Surface Layer, B High-index overlayer, C

UV-written Waveguide, F —— Core layer, D

—r— Underclad, E

Fig. 2.10 The cross-sectional area of an exposedweguide design for use in a sensor. The
cross-section includes an analyte A, two possiblargace layers of arbitrary thickness B, C and a
core layer D with a slightly higher index than theunderclad E with a UV written waveguide
approximated as a rectangle F.

The Finite Difference Method (FDM) has been a vewyccessful numerical
technique for mode solvin§’ ** because of the simplicity of its formulation. The
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basic operation of this method is to replace theigladerivatives of Helmholtz
equations (Equations 2.11-2.12) with finite diffece equations. This is achieved by
setting up a grid of nodes onto the cross sectibrihe waveguide (a typical
waveguide cross section to be modelled is illusttatin Figure 2.11).
Approximations of the partial differential equatsoat a node can then be made by
considering the finite differences between it asdcearest neighbours. The simplest

way of doing this is considering the four nearesghbours from which either full

|44 5, 46

vectorial™, semi-vectoria or scalar formalisms can be made. Fi3Melatively
straight-forward to program compared to other nucaétechniques and so can have
an associated lower development cost. Howevedigadvantage is that it has
difficulty discriminating certain structures, dueo tthe technique regularly

subdividing space, rather than having an adaptibeisision of space.

The Finite Element Method (FEM) was first reportsdYeh in 1975' and is now
considered to overshadow the FDM of numerical mamleing due to its versatility.

It overcomes the discrimination issue associated WiDM as its elements can take
the forms of various shapes. This is a computatipiaxing technique but with the
evolution of desktop computational power FEM hasnfib increased popularity in
industry and academia. The elements in FEM areaveniapping and usually take
the form of triangles. The field over each element is then expressedrins of a
low degree interpolating polynomial weighted by fiedd values at the nodes of
each element. This is then evaluated from theafisemmation of the fields over
each element. The limitation of this techniquesesiwhen modes are close to cut-
off. For these modes the field extends beyonatie and many more elements and

thus computational resources are required to nmniatxuracy
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Fig. 2.11 A comparison of the three mode solving ethods: finite difference, finite element and
film mode, for a region of the waveguide illustratd in Figure 2.10. The FMM method can
additionally take advantage of any symmetry presento reduce the computational load.

The waveguide modes are solved in this work usirgpramercial mode solving
package called Fimmwavewhich is based upon a Film Mode Matching (FMM)
method reported by Sudiid *° This full vector mode solver can be faster andemo
accurate than alternative methods based upon FRIMFEM. The algorithm used in
FMM inherently subdivides the geometry up into areérefractive index chunks,
illustrated in Figure 2.11, giving an advantage wiige waveguide is made up of
large sections of uniform refractive index. Thegéx the regions of uniform
refractive index are the less subdivisions exesulting in fewer calculations. The
subdivision occurs by splitting up the geometryoind sandwich of slices
(m=1,2,...M), each considered to be cut from a filmaveguide, with layer
(n=1,2,...N). It must be noted that just as witime FEM and FDM algorithms, the
Fimmwave package can take advantage of symmetridevice geometry to reduce

the required number of calculations.

Subsequent to FMM subdivision of space, the supporhodes of the defined
structure are obtained by the algorithm by coltertihe modes that have the same
wavevector along the propagation dimension and mraicthe field distributions at
the slice interfaces by adjusting the modal amg@étiin each film. The power of the
FMM compares fairly well against alternative FEMdafDM for application in this

work.

Another useful numerical method in waveguide desgythe beam propagation

algorithm® *”. While not used directly in this work, this caa bsed to simulate the

" FIMMWAVE is a product of Photon Design.
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evolution of a guided mode and is particularly useh structures whose index
profile is dependent upon the length propagatedkaniples of such structures
include tapered waveguide, X-couplers, Y-splittarsd multimode interference
(MMI) devices”; all of which have been fabricated using direct WWiting.

However due to the slowly varying envelope appration used in the method it is

limited to low-index waveguides.

2.4 Bragg Gratings

Wave propagation in a periodic medium is a weldgd phenomenon. The
diffraction of X-rays by a crystal lattice beinglassic exampl&®. Bragg diffraction
occurs when electromagnetic radiation or particlaves with wavelength
comparable to atomic spacings are incident uporystatline sample. The waves
are scattered in a specular fashion by the atomshénsystem, and undergo
constructive interference in accordance to Brafzgts For a crystalline solid, the
waves are scattered from lattice planes separagethé interplanar distance,
Where the scattered waves interfere constructiilgy remain in phase since the
path length of each wave is equal to an integetipt@lof the wavelength. The path
difference between two waves undergoing constractiterference is given by
2dsing, where6 is the scattering angle. This leads to Braggiswdnich describes
the condition for constructive interference front@essive crystallographic planes
(h,k,)) of the crystalline lattice:

= nl=2dsinb (2.19)

Bragg gratings in waveguides are only differenthi@ sense that light is confined in

the transverse direction so the interactions aeedimensional.

2.4.1 The optical waveguide Bragg grating
A Bragg grating is an optical wavelength filter “(@avelength selective mirror”)
created by the periodic modulation, of the effective refractive index of a

waveguide.

Gratings can fall into two categories, long-pergpdtings®, known as transmission
gratings and short-period gratings, known as réflacgratings or Bragg grating$
3 Long-period gratings are typically sub-millimetin period and couple specific

wavelengths of light from forward propagating guldeodes into other forward-
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propagating cladding or core modes. Cladding mogasally lose energy through
absorption and scattering, resulting in a transomssdip at wavelengths
corresponding to the coupled light condition. émirast, short-period gratings have
a sub-micrometre period, where mode coupling ocbataeen counter-propagating
modes. This results in a reflected peak as wedl mansmission dip for the coupled
wavelength (Figure 2.12). This work will focus upthre fabrication and application

of short-period gratings.

|_» Transmitted light
/

_A
Input light =

Reflected light

Transmitted Power

Reflected Power
|———

Wavelength Wavelength

Fig. 2.12 A schematic of a short-period Bragg gratg, showing the reflected and transmitted
response to a broadband source.

This effective index modulation can be achievecdettyer variation of the refractive

index or the physical dimensions of the guidingecoAt each change of refractive
index a reflection of the propagating light occurBhe repeated modulation of the
refractive index results in multiple reflections thfe light travelling through the

waveguide. The period of refractive index modolatielative to the wavelength of
the light determines the relative phase of all tbitected signals. At the Bragg
wavelength, all reflected signals are in phase aohdl constructively resulting in a
back reflected signal centred about the Bragg vesngth. Light reflected at other
wavelengths adds destructively and as a resuletines/elengths are transmitted

through the Bragg grating.
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Fig. 2.13 The incident, diffracted and grating waevectors of a Bragg grating.

The periodic structure of a Bragg grating can lierpreted as having a wavevector
componentkg (Figure 2.13), where the wavevector of an electigmatic wave has
magnitude equal to the wave numbek| &[?*/,) and in the direction of propagation
of the wave. If this wavevector component matcties wavevectors oforward-
propagatingk, and counter-propagating mod&g, the Bragg condition is satisfied,
defined as:

kR=k1+kG

= nsin(0c) = nsin(8p) +m 3 (2.20)

wherem is the diffraction order of the grating, as depicschematically in Figure
2.14:

Fig. 2.14 The diffraction of light by a Bragg graing.

Considering first order diffractionm( = -1) coupling a forward-propagating mode
into an equal but counter-propagating mode, thg@ondition is satisfied byrk=

k, and Equation 2.20 can be rewritten as:

A
“Neff = Neff — 3

=2> A=2 ‘I’leffA (221)
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Equation 2.21 defines the Bragg condition, with Weavelength which satisfies this
expression known as the Bragg wavelength. The®veayelength can be changed
through either variation in the effective indextbé mode and/or the period of the

grating.

For the fabrication of the direct UV written strusts included in this work, the
effective index of the waveguide is defined by phetosensitivity enhancement of
the germanosilicate glass layer. While this cdaddcontrolled through manipulation
of the fluence of the UV laser beam (see SectidhiBis more effective to alter the
period of the Bragg grating, as discussed in Se@&i6.1.

Bragg grating refractometers use the Bragg relatmnindirectly measure the
response of an exposed grating to changes in tlractige index of its environment.
This is achieved through detecting changes in ttegy@® wavelength, corresponding

to changes in effective index.

2.4.2 Bragg grating structures

A Bragg grating can be considered to be a unifonpeodic structure, which has a
sharply-defined beginning and endpoint. Ofterhezithrough design, fabrication, or
actuation the Bragg grating will deviate somewhatmf a uniformly periodic
structure. If a grating’s refractive index (orghi} varies slowly over its length, it is
defined as being chirped, while if a grating’s @renvisibility changes with position,
the grating is defined as being apodised (Figut&)2. Furthermore phase-shifts can
be introduced into the Bragg grating by refractindex modulation and result in

sharp spectral dips.
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Fig. 2.15 The refractive index profiles of a unifon and Gaussian apodised Bragg grating.

A good approximation to the spectral response gifating can be achieved through
taking the Fourier Transform of the spatial stroefe.g. a uniform grating has a ‘top
hat’ form and so transforms into a ‘sinc’ functiavhile a Gaussian apodised grating
structure transforms into a Gaussian function (FEg2.16). For a more detailed
analysis of a grating’s spectral form, includingporal components, co-directional
coupled mode theory is usually applféd®
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Fig. 2.16 The reflectance spectrum of a waveguidentaining a uniform Bragg grating (centred
at 1550 nm) and a Gaussian apodised Bragg gratin@%70 nm), demonstrating the high side-
lobe suppression.

2.4.3 Birefringence

Birefringence is the splitting of a lightwave intwo or more separate rays when
passing through an anisotropic medium. A uniforircular waveguide core
surrounded by uniform refractive index on all sisal have no birefringence. In
the case of the UV written structures presentethis work, the symmetry can be
broken for a number of reasons. Firstly, if theeéhlayer structure is not perfectly
index matched, the waveguide cladding refractivdeixnwill not be uniform in all
directions. Secondly, the geometry of the waveguitbss section depends on the
writing beam. A non-symmetric beam profile, in@atty focussed crossed beams or
a beam with too high or low fluence can all resula refractive index increase that
varies either in the vertical or horizontal directi Further, it should be noted that
the fabrication of the three layer guiding struetdeaves the material inherently
under compressive stress. As this stress is aofsot it leaves the substrate

inherently birefringent.

For a symmetric waveguide the two distinct modesam& TM, discussed in Section
2.3.5, will experience the same effective indexfilgo However, if (as is the case
for the structures discussed in this work) the wange is asymmetric, the modes
will propagate into the index profile differentlyesulting in different effective
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indices. Incorporating a Bragg grating into a wwide allows a simple means of
measuring this birefringence as, by the Bragg dawdi(Equation 2.31), if the
effective refractive index varies for different pokations then so will the

corresponding Bragg wavelength

Each of these two orthogonal modes can be guidddpendently by launching
polarised light either parallel or perpendiculaithe plane of the sample. However
if unpolarised light is used, both modes will bengitaneously supported by the
waveguide. Normally the birefringence is small bah still lead to broadening of
the Bragg peak, making it necessary to selectgespolarisation. However, using
the method proposed in Chapter 5 to enhance thsitiséy, the peaks can be
separated spectrally and the birefringence carsbd for self-referencing, as will be

introduced in Chapter 7.

2.4 Summary
This chapter has introduced the concept of refradgtidex. This has been applied to
optical waveguides and Bragg gratings, the fakiooadf which will be discussed in

the subsequent chapter.

The theory behind these devices, developed fromwdls equations, has been
introduced and the conditions for waveguide comfiart discussed. Guided mode
solutions, for TE and TM polarisations, have beenstdered using an analytical
technique. However, for more complicated wavegugkometries, analytical

techniques are generally not sufficient and so migalemode solving techniques
have been explored for this means. Finally thagiple behind Bragg gratings has
been introduced and the necessity to engineer twepeoduce a refractive index

sensor has been discussed.
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3. Fabrication

3.1 Introduction

Fabrication on the sub-micron scale is inherentlyemsive, often requiring the use
of complex techniques and clean-room conditiong.cdntrol the cost of developing
integrated optical devices it is common to devalppn the existing and relatively
cost-effective technologies found within the mideatronics fabrication industry.
This has led to a wide range of integrated optdmlices being developed either
directly around the silicon wafer platform or thgbusilica-on-silicon systems. This
adoption of the techniques developed for microedeits processing has the added
advantage of the potential integration of both phat and microelectronic

operations onto the same silicon cfiip’.

The fabrication techniques commonly used for d&éni of integrated optical

circuits within a silica-on-silicon platform are missition, photolithography and
etching. While these techniques are suitableHerlarge-scale fabrication found in
the microelectronics industry the need for contiltlean-room conditions, precise
unique lithography masks and aggressive etchankesrthem less suitable for rapid

prototyping and small-scale fabrication (100’s @®Q’s of devices).

This PhD thesis focuses on integrated optical dsvibat have been fabricated by
direct UV grating writing, an alternative technigtiat can be undertaken outside of
the clean-room and which does not require photmiitaphy. Direct UV grating

writing is a relatively new method used to fabrecat wide range of integrated
optical devices in a germanium-doped silica-oresili wafer. The technique is
based on the localised refractive index increase fiotosensitive planar glass layer

through exposure to a tightly focussed UV beam.

3.2 Silica-on-Silicon Platform

A planar waveguide, as discussed in the previoagptehn, can be constructed by
confining a sheet of high refractive index mate ebre) between two sheets of
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lower refractive index material (cladding), suclattithe light is trapped by total
internal reflection within the plane of the wavedgli Such a structure can be formed
from the deposition of three layers of silica oateilicon substrate (Fig. 3.). For the
device to guide light within the central core it shinave a higher refractive index
than the surrounding cladding; this is achievedcbmgtrolled doping of the silica

layers with germanium, boron or phosphorous.

The typical structure fabricated for direct UV wird contains two layers deposited
onto the thermal oxide (silica) surface of thecsiti wafer, where the thermal oxide
is used directly as the lower cladding. The thedshof the core is typically 3-7 um,
which ensures transverse single mode operation wWhénwritten at telecoms
wavelengths. The cladding layers are typically-120 um in thickness, to exceed
the maximum penetration depth of the evanescdntifttie first-order guided mode.
An exception to this is the “topless” wafer, soledlbecause the upper cladding
layer is not deposited; this leaves the evanegedrif the guided mode propagating
out of the silica surface and exposed to the enwuent.

Overclad | ~18 um
Core| 3-7 pm
Underclad | ~18 pm

| 0.8 mm

Fig. 3.1 Schematic of the silica-on-silicon subsite.

The first stage of fabrication involves the grovatha thermal oxide layer upon a
standard silicon wafer that aids the adhesion ef shbsequently deposited silica
layers. Thermal oxide growth is achieved by a lsimmethod to that used in the
microelectronics industry, whereby the silicon wafeare heated in a furnace
containing water vapour at ~1100°C. However, tkigl® thicknesses required are
up to a hundred times thicker than those traditiprencountered and take several

weeks to grow to the desired thickness of up tpiv

Upon this thermal oxide film doped silica is depediusing a derivative of the

Chemical Vapour Deposition (CVD) technique, Flamgdrblysis Deposition (FHD).
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The FHD process is briefly outlined below, with thelative advantages and
disadvantages over Plasma Enhanced Chemical Vapeyosition (PECVD)

discussed® °8 °°

3.2.1 Flame Hydrolysis Deposition, FHD

Flame Hydrolysis Deposition is a common technigeeduto deposit doped silica
glass upon a silicon wafer. FHD is a two-step pss¢whereby a glass soot layer is
first deposited upon the surface of the oxidiselicom wafer, followed by a
subsequent heat treatment step to consolidatesdbislayer to a glass ®* (Figure
3.2).

Burner with radial translation
—>

Bare wafer
Rotating Platten
%O '. 7 .. v

Deposited soot

Fig. 3.2 A schematic of the deposition of FHD sila upon a silicon wafer.

The precursors for FHD are required to be halidsta The soot layer is formed by
the oxidation of these halide precursors, primasilficon tetrachloride (SiG),
within an oxygen-hydrogen flame. The direct oxioiatof silicon tetrachloride
occurs principally at the centre of the flame, veh&mperatures reach 2000 °C.
However, if the temperature falls below 1200 °Cayygkis becomes dominant. The
resulting products are the solid silica soot andrbghloric acid vapour. The direct

oxidation and hydrolysis reactions of silicon tetroride are:
Direct Oxidation: Sig+0, — SiO,+2Ch
Hydrolysis: SiC] + 2H,0 — SIO, + 4HCI

Phosphorus, boron and germanium dopants can alsadtled to the silica by

introducing the corresponding halides i.e. phospfiooxychloride (POG) or
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phosphorous trichloride (P£] boron chloride (BG) and germanium chloride
(GeCl) respectively, the reactions in each instancegbein

Germanium: GeGH O, — GeQ + 2Ch
Phosphorus: 2PO¢H 3H,0 — P,Os + 6HCI
Boron: 4BCt + 6H,O — 2B,0O3 + 12HCI

Successive silica layers are deposited onto thelised wafer, with different
concentrations of the relevant dopants. At typteldcoms wavelengths, silica that
is doped with germanium or phosphorus has an iseckaefractive index, whilst
silica doped with boron has a decreased refragtdex. By careful manipulation of
the indices of the respective silica layers a plamaveguide structure is formed.
Phosphorous is known to reduce the melting pointhef doped silica and so the
phosphorus concentration is increased with eadr |@ych that the concentration in
the overclad layer is much greater than that ofurigerclad. This helps to keep the
integrity of the previous layers when consolidatthg subsequent soot layer. The
germanium dopant has the added benefit of incrgas$ia photosensitivity of the
glass to ultraviolet light, a phenomenon exploiiedthe fabrication of channel

waveguides within this thesis.

Fig. 3.3 A SEM image of the layered FHD silica-osilicon substrate (courtesy of Dr J. Gate&).

The refractive index of the core layer can eithemiatched to that of the cladding
layers An = 0) or it can be raised above that of the clagldityers An # 0). While
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the latter has the advantage of prefabricatingah slaveguide within the layered
silica structure, it can lead to less symmetrioncigh waveguides with more confined
evanescent tails, making them less sensitive tereat stimuli. Throughout this

work both structures were used, however an indetcimea core was favoured.

As a result of the fire in the Mountbatten buildiog 30" October 2005, the wafers
used in this work were fabricated using the FHCcpss by a company known at the
time of thesis publication as the Centre for Indéégd Photonics (CIP), formerly BT

Laboratories, Ipswich.

3.2.2 Plasma Enhanced Chemical Vapour DepositionHECVD

An alternative approach to FHD is the use of platmrassist in chemical deposition,
a technique known as Plasma Enhanced Chemical Ydpeposition (PECVD).
This was used to deposit the layered silica reduioe the first demonstration of
direct UV written planar silica-on-silicon wavegaslby Svalgaartf.

PECVD is an established process for layer depositouind in many industries

including microelectronics and photonid¥.  Gaseous chemical precursors,
commonly silane and nitrous oxide, are introduast® the PECVD chamber and
form part of a plasma through collisions with cletgoarticles, accelerated by an
radio-frequency electric field. This reactive prasinteracts with the surface of the
chamber and the silicon wafers, where energy isihted and absorption may
occur. Despite reaching the surface of the siliwairfer, the charged particles do not
become chemically bonded until a further reactiath wther absorbed species on

the surface occurs.

Inert gas  Process gas

ST

l RF power

Plasma

Wafer————@_———m:ated plate

By-products

Fig. 3.4 A schematic of the PECVD process.
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The deposition of PECVD silica typically resultsthe inclusion of free or bonded
hydrogen and nitrogen within the silica latticehig can result in the formation of -
OH, -H and —NH sites within the silica that cangaroe high optical losses of 3-10
dBcmi* at telecoms wavelengtfig ® These high losses can be reduced using a
thermal annealing process (several hours at 110MACthis negates many of the
benefits of low temperature deposition achievesbugh PECVD. With careful
process control and exclusion of nitrogen, opticates can be reduced down to 0.2
dBcmit without the need for high temperature annediing

PECVD does not require that the precursor be hélased, allowing for a much
greater selection of viable dopants to be depositad with FHD. However, this
benefit is countered by the restrictions on the imar deposition thickness of
PECVD of a single run, with deposition steps ofnganium-doped silica in excess
of 5 um found to result in blisterindf. With the thickness of cladding layers
required to be greater than 14 um to exceed thenmuax penetration depth of the
evanescent tail of the first order guided mode,tiplel deposition runs would be
required to overcome blistering. This would make technique more labour
intensive and expensive than FHD.

3.3 Photosensitivity

The technique of Direct UV grating writing is basmuthe localised refractive index
increase induced within a photosensitive planasglayer through exposure to a
tightly focussed UV beam. The photosensitive maltetetailed in this work is
germanium-doped silica (germanosilica). Under isigiit exposure to UV light,
germanosilica undergoes physical changes thattresah increase in the refractive
index. The integrated optical devices fabricatedthis work utilise this localised
index change to write optical structures within tlermanium-doped glass with a

focussed UV beam.

3.3.1 Photosensitivity of germanosilica

The first observations of a photoinduced refractivdex change in germanosilica
were reported by Hill and co-workers in 18 488 nm light from an argon ion
laser was launched into narrow core optical fidreavily doped with germanium.
They observed that over a one metre length of fithre launched laser light would

gradually become reflected, with the loss of traitteah light occurring over minute
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timescales. This phenomenon was the result osheblishment of a standing wave
along the core of the fibre. The points of higtemsity along the fibre photoinduced
a periodic refractive index change of®lth the germanosilica, forming a Bragg
grating structure. This structure was self-enhagclaading to the 100 % Bragg

reflection observed.

Bragg grating structures have become commonly @@etelecommunication and
sensing applications. However, as the Bragg waggteof Hill's device reflected
limited wavelengths outside the telecoms window,h#@d limited applications.
Furthermore, the strength of the index modulaticas welatively weak, requiring
long grating lengths to achieve sufficient reflecfwer, making them impractical

for localised sensing.

Investigations into the photosensitivity of germsifica by Lam and Garsidé

revealed that the magnitude of the photoinducectfe index change depended
upon the square of the power of the source. Fitom it was deduced that a two-
photon process was occurring; meaning that 244 arelgngth light can be used to

induce a strong refractive index change.

Photosensitivity is described as being quasi-peemtias although the lifetime is
long, annealing at temperatures below that requwec:flow glass can remove the
induced index change. Typical annealing condittongchieve erasure are 800°C for

30 minutes.

It is understood that the exposure of germanosilcdJV light results in the
bleaching of absorption defects It was discovered by MeltZ that exposure to
UV light in the region 240 — 250 nm directly resulh index change&’. These
wavelengths correspond to photon energies thatmaat@bsorption peak associated
with germanium defects within the silica latticBirect stimulation of germanosilica
with such wavelengths can improve the induced céfra index change by three

orders of magnitude (~1}.

3.3.2 Defects in germanosilica

Defects are present in both pure amorphous silimd doped silica, such as
germanosilica. The idealised structure of pureasiks tetrahedral, with each silicon
atom linked to four further silicon atoms by oxydgamdges (Figure 3.5). However
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within this structure defects can occur during igdtton. Oxygen deficiency is one
such cause of these defects. Defects that resutt this oxygen deficiency are
labelled Oxygen Deficient Centres (ODC). A spec@P®C is the Neutral Oxygen
Vacancy (NOV), where two silicon atoms are bounceatly without an oxygen

bridge, as illustrated in Figure 3.5.

Fig. 3.5 The tetrahedral structure of amorphous dica (left) and a neutral oxygen vacancy
defect within a silica lattice (right).

Germanium has the same valency as silicon, allokanggermanium substitution
within the silica lattice without significant digstion to the structure. Germanium
within the lattice can exist in two main forms; a&(®) centre corresponds to a
germanium atom bound through oxygen to four silie@@ams or a Ge(2) centre,
corresponding to a germanium atom bound througlgexyto three silicon atoms
and one germanium. The presence of germanium én ldttice results in
germanosilica forming a further two types of NOVedss, corresponding to silicon-
germanium and germanium-germanium direct bondibhgqiption at 245 nm). In
addition to NOV defects, germanium can also form@ " defect in germanosilica,
a bi-valent species (absorption at 241 nm). Thyesenanium specific defects are

illustrated in Figure 3.6, below:
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- Ge E’

Fig. 3.6 Common point defects of germanosilica thuight to be responsible for photosensitivity.
ODC:s (left) which are believed to absorb around 24¥m and produce the GeE’ defect and
liberate electrons which are captured to form Ge(1and Ge(2) sites (right).

Both NOV and G& defects demonstrate absorptions between 240-24% anmu are

understood to contribute to the photosensitivity germanosilica glass.
Photosensitivity theories suggest that the expostigermanosilica to UV light at
these wavelengths changes the concentration of QB8 the lattice. Exposure
to UV excites electrons; for the case of the NO¥edethe excitation of the Si-Ge
bonding electron and subsequent release breakslitbet bond creating a GeE’
centre. The released electron then may eithembrw® immediately with the GeE’
centre, to give recombination luminance or it m#éjude through the lattice. The
electron may eventually become trapped at a Ga(Geg2) centre to form Ge(1)

and Ge(2)defects respectively (Figure 3.6).

The change from the diamagnetic (where all elestgpins are paired) ODC defects
to paramagnetic defects (where unpaired electrais)ds widely thought to be
responsible for the observed photoinduced changefnactive index. However,
conversion of ODCs to the paramagnetic defectgasligted, using the Kramers-

Kronig relation to be responsible for refractiveléx changes around an order of
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magnitude less than is observed in experimentahyeaed results. It is therefore
apparent that this simple defect model does notesemt the full complexity of

476 possible explanations proposed have includedtiwuial

photosensitivity
thermal effects and stress modificatibh’”®. Densification is a thermally driven
process that also results in a refractive indexagba This phenomenon arises as a
result of absorption in the silica lattice beingneerted into thermal energy. At high
power densities this will result in local heatingffient to sinter, melt or even

ablate the germanosilica.

3.3.3 Hydrogenation

A further development was made by Lemaire in 1898/hereby high pressure was
used to diffuse a high concentration of hydrogeno the silica substrate, which on
exposure to ultraviolet light led to a significapermanent index change in
germanium-doped optical fibre. In this work it waBown that the change in
refractive index of germanosilica glass was enhanean order of magnitudér

= 10 through loading the samples with hydrogen gdsigit pressures (~120 bar).
There is a limit to the concentration of germanitirat can be present within the
silica lattice before excessive loss is introduoed the device. The advantage of
this technique over further doping is that aftep@sure the hydrogen out-diffuses,

restoring the glass to its prior state.

This enhancement to the photosensitivity througtirdigenation is believed to occur
through two mechanisms. The first is a result ydrbgen interacting with GeO

sites within the lattice. The proposed reactiorcuogs through thermal or
photovoltaic triggering resulting in the breaking @ germanium-oxygen bond
forming Si-OH and an ODC. The second mechanisneribiancement is believed to

be a result of the hydrogen acting as a photoblegatatalyst.

The increase of hydroxide bonds formed at defedthiwthe glass increases
absorption in the telecoms window, increasing thtical loss of the materidf-

This disadvantage can be overcome by alternatohiffiysing deuterium gas into the
sample. Like hydrogen, deuterium enhances thecedlundex change of the
germanosilica glass. However, the interaction mposure to UV results in the
formation of -OD bonds instead of -OH bonds. Aes thass of deuterium is greater

than hydrogen the resonant frequency of the -ORQibasmlower than for -OH bonds,
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this shifts absorption to higher wavelengths, stnet between 1300-1600 nm there

are no absorption peaks

Prior to direct UV writing the germanium-doped dliwafers in this work were
hydrogenated for a minimum of 5 days at 120 bardrbigen was selected over
deuterium as the reduction in absorption did nstifiyithe increase in cost over the
short propagation lengths used (typical sample®\#8r40 mm in length, resulting
in a maximum transmitted path length of 80 mm). otBkensitivity in the

hydrogenated FHD wafers used in this work was ofeseto induce a refractive
index change of 5 x 10to 2 x 10* *”. This resulted in the ability to directly UV

write weakly-guiding waveguides and Bragg gratings.

3.3.4 Hydrogen out-diffusion

While hydrogen will readily diffuse into silica, will also as readily out-diffuse at
room temperature and pressure, reducing the enmamteto the photosensitivity
over time (with notable changes to the photoseuitsitior timescales greater than
thirty minutes). The rate of hydrogen out-diffusican be reduced by lowering the

thermal energy of the system.

Diffusivity, also referred to as the diffusion cbeient, is defined as the rate at
which diffusing substances traverse between oppdates of a unit cube with unit

concentration difference between them, expressédjiration 3.1:

D =D, e(_%) (3.1)

whereDy is a pre-exponential factdg, is the diffusion activation energy, values for
which can be obtained experimentally (~40 kJhfd), R is the gas constant (8.3 JK
'mol™) and T is the absolute temperature. From theatitee®? it is known that the

1/e decay timeg,, can be expressed as:

E[l_i]
Tyy = — ln(a) To e RIT To (32)

wherea is the concentration of hydrogen ands the decay time at temperaturg T
This can be interpreted graphically through extraiing accepted value¥ for
silica-on-silicon wafers, as shown in Figure 3.Tole
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Fig. 3.7 The temperature dependency of availabléne for UV writing (1/e decay time,
extrapolated from data obtained by Svalgaard®).

As indicated in Figure 3.7, out-diffusion can beemome by transporting and
storing hydrogenated samples in liquid nitrogen Kj7r dry ice (194 K) until the
sample is used. At these reduced temperaturedirdnet UV writing time increases
from ~30 minutes at room temperature to days. hla way the sample is only
warmed to room temperature during the writing psscevith out-diffusion effects
minimal under typical direct UV writing durations.

For more complex integrated optical circuits or pls written at high fluence (see
Section 3.4 for a definition of fluence) temperatweduction during both the
transportation and direct UV writing steps is daisie. One method of temperature
reduction that has been demonstrated during UMngritvas the use of a cold chuck
37 This system kept the samples at -33 °C duririgngrand overcame issues of ice
formation and condensation, increasing writing tifren ~15 minutes to over 10

hours.

Out-diffusion can be controlled by locking the hygen in the germanosilica
structure through heating to high temperaftir® There are two ways of achieving
this, either through thermal hypersensitisatiohigh temperature flashing. Thermal
hypersensitisation occurs for temperatures of theéero of 400 °C %, high

temperature flashing, also known as OH-floodtd® occurs for temperatures of
the order of 1100 °C. However, high temperatuasHing can result in a significant

increase in optical loss at 1400 nm wavelengthsis ihcrease in associated loss is a
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result of the formation of additional hydroxyl spescin the germanosilica that have

an absorption peak near 1380 ffin

Hypersensitisation can also be achieved throughekfdosure (355 nm), achievable

through the use of a laser or standard UV stetitindamps®’ %2

For the work presented here, the simple naturehefdptical circuits fabricated
resulted in direct UV writing times of less thamrtyy minutes. For these devices it
was found that storage and transportation in liguiicbgen was sufficient to prevent

significant out-diffusion without the need for fher treatment.

3.4 The Direct UV Writing Process

Direct UV writing takes full advantage of the phetasitivity of germanosilica to
fabricate integrated optical circuits. Althougke tiiirect writing technique was used
as early as 1974 to produce single mode waveguitgmlymer layers®®, the
technique was predominantly developed by Svalg&head is now an established
methodology to fabricate a wide range of integradgtical circuits in silica-on-

silicon wafers’® %2

The technique is based on the highly localisedactfre index increase of the
photosensitive planar glass layer when exposeditghly focussed laser beam. As
discussed previously, a three layer silica-on-@iliavafer is used, with the central
core doped with germanium. If the UV laser is fesrd into this photosensitive core
layer there is a local refractive index changeanstation of the sample relative to
this beam with a set of high precision translatgtages allows two-dimensional
refractive index structures to be defined into gleemanosilica. This technique does
not require photolithographic or subsequent prangssnder clean-room conditions
(Figure 3.8).
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Fig. 3.8 UV writing into the core layer of a sili@-on-silicon wafer.

In Svalgaard’s early work® 514.5 nm wavelength radiation from an Argon-iom*JA
laser was frequency doubled to produce 257.25 mhatran. Whilst the 514.5 nm
line has the highest output power from the" Aaser, the 488.0 nm line can be
frequency doubled to a wavelength within the gemsdita absorption bands,
corresponding to a strong refractive index changle optical circuits detailed in
this thesis were written using frequency doublef.@&m from an Argon-ion laser

to produce 244.0 nm UV-radiation.

The refractive index contrast of these UV writtéustures have been demonstrated
to be as high as 2 x Tpbut are more commonly in the order of 5 x*@0lower.
The refractive index change photoinduced into teemgnosilica depends upon the
total number of incident photons on a point durihg UV writing process. The
number of incident photons will be dependent ndy on the power and focus of the
laser beam, but also the translation speed. Tatidyand regulate the degree of

exposure, the concept of fluence, F is used; shikefined in Equation 3.3:

F=lwd (3.3)

v

Fluence, F (kJ cif) is a measure of the energy delivered to the sarapH is
dependent on the UV power and the translation spe¢dm s'). UV power is
represented by the multiplication of the averagergyodensity of the writing spot,

luv (KW cmi?) and the spot diametat,(cm, with the typical 1/e width of the spot ~7
pm).
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As a technique, direct UV writing provides a sthdidorward route towards rapid
prototyping of optical channel waveguides. Onceable three layer substrates are
available, all layout work is carried out in softeabefore the UV exposure is
performed. Furthermore as the core layer is pteteby cladding layers clean-room

conditions are not required during the writing ss.

Complex or large devices can require long fabricatiimes, as each waveguide
segment must be written one after the other ratien in the ‘parallel’ fashion

allowed by photolithography. The minimum featureesthat may be defined by
direct UV writing is determined by the focus spatesand the resolution and
accuracy of the translation stages. In a very ggrsense UV writing is well suited
to the production of small to medium volumes wheapid development, design
flexibility and low initial investment (i.e. no pkaithographic masks) are a priority.
For medium to volume production, the ability to altaneously fabricate multiple

devices with high repeatability makes photolithqiria methods more appealing.

3.5 Competing Techniques to Direct UV Writing

Direct UV writing is a relatively new techniql for defining integrated optical
circuits, competing directly against establishedchimlogies such as
photolithography and etching. For completeness riaf boverview of these
techniques and their merits and weaknesses comparelirect UV writing are

included in the following section.

Direct UV writing is not the only direct writing ¢dnique. In recent years there has
been an increased interest in femtosecond (fs)rdase directly write both
waveguides and gratings in bulk transparent masefracluding fused silica glass.

3.5.1 Photolithography and etching

Photolithography, also referred to as optical ligfaphy, is a technique that has been
used for many years in the microelectronics ingqustHowever, it has recently
crossed over into the photonics industry for thieritation of integrated optical

circuits®.

To fabricate integrated optical circuits, first gtrer index silica layer (typically
germanosilica) is deposited onto a thermal oxidestexb silicon wafer (Step 1). A

photoresist (a photoresponsive polymer that criogs-lunder UV illumination, such
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as the commercial epoxy-based photoresist “S&8is then spun onto the surface
of the device. This is selectively exposed to Wht through a mask, to transfer the
desired circuit design onto the surface. The uaoseg@ photoresist is then washed
away to leave the desired design (Step 2). Theldpegd photolithographic design
Is then etched using a wet/dry etch technique tmel¢he circuit structure (Step 3).
An additional CVD run is usually applied to addeatively low refractive index
cladding layer to protect the circuit and shieltdm external stimuli (Step 4.

LT

STEP 1: STEP 2:
Thermal oxide growth and PECVD/FHD Photoresist spun onto silica, mask aligned
layer deposited. and sample UV exposed.

STEP 3: STEP 4:

Photoresist developed and device etched. Overclad deposition using PECVD or FHD.
Fig. 3.9 The photolithography and etching technige for optical circuit fabrication *°.
The advantage of photolithography is that it is astcefficient means for mass
production, with the ability to fabricate multiptevices in parallel. However, when
considering small device numbers (i.e. for rapiot@iyping and small scale
fabrication of 100’s to 1000’s of devices) the cadtthe technique becomes
prohibitively time consuming and expensive, withteedtions in the unique
photoresist mask requiring a new mask to be dedigine fabricated. Furthermore
the resolution of the structures produced is lichitey the quality of the mask
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manufacture and the UV exposure. Current capisiliallow rectangular cross
section waveguides of the order of a few hundredomeetres to be defined and
etched®. While for direct UV written devices germaniumpifng is important to

introduce photosensitivity, the primary reason fbwping the core layer with
germanium in this technique is to raise the reivactindex over that of the

surrounding cladding layers.

3.5.2 Direct femtosecond writing

The first demonstration of direct femtosecond wgtivas made by Davis in 1985
Femtosecond writing operates by focusing a neaaiiefl femtosecond laser into a
glass substrate. The high energy density at tbesfecauses localised densification,
leading to a positive change in the refractive inde large as 0.035. Waveguides
can be fabricated by translating the sample radatov the laser beam with Bragg
gratings fabricated by actively modulating the esqre®.

The femtosecond writing technique is similar innpiple to that used in direct UV
writing, in terms of focusing a laser into a madério induce a refractive index
change. However, the physical writing process amggely on photosensitivity but
nonlinear effects within the material. This allofemntosecond writing to write
three-dimensional circuits, thus, in many differbatk materials it has an advantage
over two-dimensional UV writing”. The disadvantage of femtosecond writing in
relation to UV writing is that the laser systemuigd for fabrication is much more
expensive and temperamental in terms of stability.addition, as the field is still
relatively new there are several issues that alletstbe addressed, including the
slow rate of writing and the propagation loss @& tbsulting waveguide.

3.6 Direct UV Grating Writing

The direct UV grating writing (DGW) technique isdarivative of the Direct UV
writing process, developed at the Optoelectroniesedrch Centre. The method has
the added flexibility of simultaneous waveguide @Bwhgg grating definitior?®.
Direct UV grating writing in this way allows the gquuction of a broad range of
optical devices based around combinations of custite Bragg gratings and

channel waveguides.

53



Chapter 3 Fabrication

3.6.1 Direct UV grating writing

Direct UV grating writing (DGW) is an establishedchnique for defining both
channel waveguides and Bragg gratifgs The technique is achieved through
splitting the single UV laser beam into two intenrig beams to give an inherent
interference pattern, illustrated in Figure 3.1The advantages of this direct UV
grating writing technique over other methods ofadticing Bragg gratings is that
the grating is not overwritten on top of a pre-&rig channel (as is often the case for
fibre Bragg gratings?) and by controlling the laser modulation, differgreriod

gratings can be fabricated without the need fariag the alignment of the system.

Pair of focused UV laser beams (244 nm)

Channel waveguide

13 l/'ﬁrﬁ 7
k= { 74x

’ y
l/ Computer controlled motion

Bragg grating

\U/Inherent interference pattern

Fig. 3.10 A schematic of the direct UV grating wting of a channel waveguide containing a
Bragg grating into germanium doped silica-on-silica substrate.

The focussed, coherent beams produce an intereeggattern, with a period defined
by the angle between the two beams (Figure 3.10%ing precision air-bearing
stages to translate the wafer under the focussemndeit photosensitises the
underlying core layer analogously to the singlenbéa Direct UV writing (Section

3.4), resulting in the fabrication of channel wawvelgs. However, by modulating

the writing beam during sample translation such i@ inherent interference pattern
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stamps periodically upon itself, the fabrication Bfagg gratings can also be

achieved.

Controlled modulation of this interference pattatlows for both the grating and the
channel structure to be formed simultaneously udimg same photosensitive
material response. As the grating and channettsirel result from the same index
change mechanism, the contrast of the grating eatobtrolled without affecting the
strength of the waveguide. This grating writingheique is highly flexible allowing
for a wide range of grating periods and profiledb®written with the same setup
system that is ideal for rapid prototyping of deat’.

To write Bragg gratings in the telecoms C band,0t5365 nm, the angle of the two
beams must be aligned to match the periodicityirequ Considering the effective
index of the guided mode in a UV written waveguidebe ~1.445, an intrinsic
period of ~540 nm is required (as dictated by tlagg condition; Equation 3.4).
The crossing angle between the two bedanssquired to achieve this perial, can
then be calculate®:

6 = 2 arcsin (%) (3.5)

wherelyy is the wavelength of the UV laser. For an intetisg angle of 26° an
intrinsic period of 542 nm is established, corresppg to a Bragg reflected
wavelength of 1566 nm. The system focuses thelokehs to a spot of diameter ~4
pm, using a pair of identical lenses of numerigadreure (NA) 0.18 and focal length

40 mm. The focussed beam contains approximatpgriods.

The concept is similar to the side exposure withlduV beam technique used in
fibre Bragg grating fabricatiof?, although this technique uses a much smaller spot
than the ~100 um diameter spot size used for fililee smaller spot size limits the
channel waveguides to a single guided mode andvalfor greater control when

engineering a Bragg grating structure.

The free space optical set-up for the direct UMiggawriting system is illustrated in
Figure 3.11. It consists of a frequency doublegbarion laser emitting typically 80
mW of continuous wave 244 nm UV light. After leagithe laser head, the output
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beam is directed into an Acousto-Optic Modulato©OW) that amplitude modulates
the beam. After this arrangement the power of taser has reduced to
approximately 40-50 mW. The beam is then sentutjinoa series of mirrors to
above the translation stages, where it passesghraibeam splitter to produce two
identical beams. These are then focussed (usipig &ole for alignment) onto a
point on the surface to produce the interferentepa

Fig. 3.11 A photograph of the dual beam direct U\grating writing into a photosensitive layer
showing the beam path, left; and the full systemlilstrating the high precision 4-axis stages,
right (courtesy of Dr J. Gates®).

To write the Bragg grating structure into the plsetasitive core, a high level of
positional accuracy is required. This is achiettedugh computer-controlled air-
bearing translation stages, with ~10 nm of pos#tioaccuracy. The positional
translation is controlled by G-code, a standard CR&Omputer numerically
controlled) software tool allowing for full autonnan of the writing process. A
typical fluence of 20 kJcth(relating to a translation speed of 0.2 mm/mirg haen

used in this thesis to write Bragg grating opticatuits. The AOM is necessary to
modulate the intensity of the laser beam, whichmt@upled with the translation of

the sample, imprints the Bragg gratings.

So far it has been described that imprinting a Brgmating, of a particular period,
can be achieved through using a specific crossngipebetween the two UV beams.
This would imply that to write multiple gratings @atultiple wavelengths this angle
would have to be adjusted for each grating, mu&e Ikthanging the mask in
photolithography. However the direct UV writing ségm can overcome this

limitation and access a variety of grating periadsund the intrinsic period without
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altering the angle of the cross beams. This alltwBragg gratings to be written
with different periods along a single waveguidaisingle process. This is achieved

through detuning the imprinted interference pattern

Detuning operates by introducing an additional ldispment, A added to or
subtracted from the inherent period of the intemee patternA, giving a Bragg
grating period ofA + A. There is a limit to how far the period can bédtsH, as the
greater the intrinsic interference pattern is detljyrihe weaker the reflectivity of the
grating becomes. However, using this detuningrtegle around a single crossing
angle (~26 °) the telecommunication E, S, C, L, Bndlands have all been accessed
19 The result of this is a spectral window spanrfiogn wavelengths of 1400 nm
up to 1700 nm.

The variables that can be manipulated across tigtHeof a grating include duty
cycle, pitch and refractive index. The deviatiortludse variables across a grating’s
length affects its spectral response. Changdsesetvariables may also be the result
of an external response, i.e. chemical or physgpbsure or be engineered into the
grating.

3.6.2 Duty cycle

When light moves from a medium of a given refraetimdexn; into a second
medium with refractive indexy, both reflection and refraction of the light may
occur. By considering the average refractive indéxhe Bragg grating and the
channel waveguide as two distinct media meetingrainterface; the greater the
refractive index contrast at this interface, theeager the degree of unwanted

reflected light (as described by Fresnel reflegtiteading to increased optical loss.

Impedance (index) matching a Bragg grating to tageguide leading up to it, such
that the average index across the interface isséime significantly improves the
reflected Bragg spectrum. In terms of Bragg grptabrication, the duty cycle is the
fraction of the distance of a single period for g¥hthe laser is on (Figure 3.12). By
adapting the fluence such that the duty cyclekenanto consideration, the channel

and grating can be successfully index matched.
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A
v

Laser on

A

Laser off

Duty =L/A

Fig. 3.12 The duty cycle of the laser.

A duty cycle of one corresponds to the laser beioigtinuously on, resulting in a
channel waveguide being written. Correspondingiyiy cycle of zero results in no

index structure being written into the germanaoailic

For impedance matching to occur, the lower the dwytsle the higher the index
contrast must b&®. However, this higher index contrast requiresighér fluence
and with laser power a constant, by Equation 318,structure must take longer to
write. This has the associated issue of the hyarogut-diffusing, reducing the
index contrast achievable in the photosensitiverlay

There is a maximum achievable index change limitgdhe photosensitivity of the

core layer and as such an optimum duty cycle ekstthe highest reflected power.
Previous investigations into this suggest optimurty @ycle of 0.35%. However, it

is understood that this value is very much dependpan the wafer used and the
fluence at which the waveguides are written. Thty @ycle for Bragg gratings in

this work was set at 0.5 for fluences of 20 k¥cm

3.6.3 Grating engineering

As discussed previously, the spectral response oBragg grating can be
approximated by the Fourier Transform of its phgkishape. Uniform Bragg
gratings have a physical shape that can be appabedrby a ‘top-hat’ function, with
the expected spectral response approximating sme’ ‘function. The spectral side
lobes associated with uniform Bragg gratings casobe problematic, especially for
gratings that are close spectrally, complicating tbxtraction of a grating’s

individual spectral information.
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Apodisation suppresses the spectral side lobedefuhiform grating spectrum.
There are different types of apodisat®nbut the work presented here focuses on
Gaussian apodisation. The Fourier Transform ohadgSian function is expected to
have an approximately Gaussian response. Theredograting written with the
physical structure of a Gaussian is expected tee hav approximately Gaussian

spectral response, as observed in Figure 3.13.
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Fig. 3.13 The experimental reflection spectrum cd uniform Bragg grating ( centred at 1550
nm) and a Gaussian apodised Bragg grating (centreat 1570 nm).

Over each consecutive period the average refragtidex of a Gaussian apodised
grating must remain constant; otherwise unwantesgttsal fringes can arise as a
result of Fabry-Perot resonances, whereby lightives trapped in an optical cavity

formed between peripheral sectiotfs**

To achieve period-averaged refractive
index for a Gaussian-apodised Bragg grating, bl¢hduty cycle and the induced

index change are given a Gaussian profile, dematestin Figure 3.14.
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Fig. 3.14 The fluence variation used to achievenstant period averaged refractive index.

For the grating response to be truly Gaussiangtaegng would need to be infinite in
length. Limiting the physical Gaussian gratingusture does result in spectral
cropping of the Gaussian form, with the deviatioonf an idealised Gaussian
increasing as the structure is shortened. It waserwed experimentally that a
Gaussian-apodised grating with a FWHM set to 35f%he grating’s length gave
significant side-lobe suppression, for typical grat lengths written, without

compromising grating strength or introducing spalainging®*.

Grating engineering is not limited to modifying thpodisation of a Bragg grating,
other more complex grating structures can also tittew (Chapter 2.4.2), including

chirped Bragg gratings and phase-shifted gratiagshown in Figure 3.15:
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Fig. 3.15 The spectral response of a linearly choed Bragg grating (left) and a phase-shifted
Bragg grating (right).

3.7 Device Characterisation and Packaging

Once an optical circuit has been UV written, theegnity of the waveguides and the

spectral response of the written Bragg gratingschegacterised. This process tests
if the device has been successfully written anasid to calibrate grating properties

such as reflectivity, birefringence and effectivdex before undertaking any post-

writing fabrication steps, such as etching or déjmrs

The in-diffused hydrogen will begin to diffuse dudm the moment the sample is
removed from the hydrogen loading chamber and byithe it has been UV written
and characterised, typically 3 hours later, therbgedn is depleted. Negligible
differences have been observed for samples chasstte3 hours after writing and
several weeks after writing. Therefore, no anmgatitage has been applied to the

fabricated devices post direct UV writing.

Characterisation is achieved by aligning an optidak linked to an interrogation
system to the direct UV written waveguide. A filmeupled helium-neon (HeNe)
laser source (~633 nm wavelength) is first usedlign the respective waveguides
via a single-mode optical fibre. This is achievied visual inspection of the
transmitted red light, and the alignment adjustiedav3-axis stage until the guided
mode is observed. The light source is then switclzean amplified stimulated
emission (ASE) broadband infrared source and laeshalown the same fibre into
the UV written waveguide. Depending upon the Braggdition of the grating, the
light is either coupled back into the launch fitheough reflection or transmitted and

can then be coupled out through an additional apfiore. The alignment is further
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refined through focusing the transmitted broadblggitt (1400 — 1600 nm) through
a lens to image the end facet upon a CCD cameaacoliple the transmitted light
out of the device, a similar process is used on dbgut side of the planar

waveguide.

Circulator

ASE " Polarisationf —/ -~
source control *+-----

Computerf— OSA

Fig. 3.16 A schematic of the optical interrogatiorsystem.

After alignment the reflection and transmissioncf@e can be measured using an
optical interrogation system similar to that depitin Figure 3.16. A circulator or
coupler delivers the broadband light reflected fribra optical waveguide circuit to
an Optical Spectrum Analyser (OSA), where the otélé Bragg spectrum can be
analysed. At this point fine tuning of the aligmmhé¢akes place to maximise the
signal-to-noise ratio of the Bragg response. Spkdata were collected from the
OSA and transferred to a computer running Labvieftware via a GPIB (General
Purpose Interface Bus) connection. The Labviewa daterpretation algorithm
(originally written by J. C. Gate¥) fitted a Gaussian profile (Equation 3.6) to the
reflected spectrum using a least squares methoddendtanding the form of the
Bragg grating, the central Bragg wavelengt)y bandwidth ¢), amplitude §) and
background intensityaj could be inferred.

—_\2
P=a+bexp [— (%) ] (3.6)
where P is the reflected power ant the wavelength.

This demonstrates the need for a good Gaussiaiephaim the UV written Bragg

grating. If the spectral response is not a truesSian, the algorithm will not be able
to achieve a good fit and this in turn will lead i@rse resolution of the grating
parameters, including the central Bragg wavelengthd to determine changes in
refractive index in sensors. Poor spectral respamsa weak reflection from a
grating leads to increased noise with the potefiiathe Bragg wavelength to jump

dramatically as spectral fringes move across tlg@peak.
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For long term interrogation, the optical fibre daa replaced with an optical fibre
pigtail. A pigtail consists of an optical fibre tiione facet mounted into a silicon V-
groove while the other is fitted with a fibre coot@. This can then be permanently
attached to the UV written device using an optigade UV-curing epoxy. The
resulting packaged device is sufficiently robustwahstand larger temperature
differentials, mild solvent exposure and prolongedstant use.

Fig. 3.17 The optical fibre pigtail, mounted withn a silicon V-groove (left) and the pigtailed
integrated optical device with two etched sensor ggons (right).

The asymmetry that arises in the channel waveginaa the differing refractive
index profile along the plane and across the FH{era leads to birefringence
between the orthogonally polarised Transverse #tedfTE) and Transverse
Magnetic (TM) modes. When characterising a reflécBragg spectrum it is
important to distinguish between TE and TM modegh&se modes can exhibit
differential responses to analysis. There arerhatn methodologies to separate and

individually interrogate these two modes, as disedshelow.

To selectively choose a particular polarisatior ifput light itself must firstly be
polarised (for an unpolarised source this can Ieesed through the use of a fibre
polariser). The polarisation state launched it® device can then be controlled
through using a standard single mode fibre (SMHg) apolarisation controller. The
polarisation within the device can be monitoredfbgusing the transmitted light
from the device’s end face through a free spacarigelr and upon a CCD camera.
The polarisation controller can then be adjustedeiectively minimise the imaged
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light to align the output to a particular polarisat However as the polarisation is
wavelength dependent, it is only possible to enthegolarisation at the wavelength

of the output polariser is correct.

Alternatively, polarisation maintaining (PM) commamns can select distinctive
polarisations launched into a planar waveguidanil&ily to above, a PM polariser
can be introduced into the system (Figure 3.16h witow return loss of > 60 dB. A
PM polariser differs from a conventional fibre padar in that the output of the
polarising element is launched aligned either paral perpendicular to the axis of a
PM fibre. This maintains the polarisation from tA#& polariser through the PM
pigtail to the planar waveguide ensuring that tgbktllaunched into the waveguide is
set to one polarisation. The input polarisation tteen be rotated between the two
orthogonal states using either a linear or a 9@&ted fibre connector. The main
advantage of this technique is that it removesnised to restrict movement of the

optical fibre interconnects to maintain the corqgafarisation.

The PM polariser method was introduced into therattarisation set-up for this
work where studies of the birefringence were ofeliest as these required

reproducible and robust methods of switching betwibe two polarisation states.

3.8 Accuracy and Stability of the Bragg Measurement

The direct UV writing system can produce strongdgrgratings with good quality
Gaussian responses in the reflectance spectruns. allbws for a good Gaussian fit
to determine the central Bragg wavelength. Fouratched grating this is certainly
true with sub-picometre resolution of the Bragg elamgth achievable. In these
cases most “noise” on a temporal trace of the Bragxeelength exists in the form of
wavelength drift, however this is normally causedtbe high sensitivity of the
Bragg grating tracking changes in physical propsri most commonly temperature,
rather than an uncertainty in the measurement. s&tedfects can be normalised
through use of a reference such as a thermocoupleraugh comparison with a

reference Bragg grating, such techniques are disdus detail in Chapter 7.

For an etched evanescent-field sensor the fluctostin Bragg wavelength increase.
This can be due to fabrication flaws — such asushioor uneven surface that can

lead to fringes or deformation of the Bragg responsleading to poor fitting, or
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surface fouling. Deposition on the sensor surfatearticulates or precipitates
while in use can also lead to corruption of theggraesponse, again increasing the
“noise” on the signal and showing the need to aersfouling within microfluidic

sensor design.

Graphs where multiple readings have been takertamdined have been fitted with
error bars and unless otherwise stated, the ears @iven represent the standard
deviation for a series of measurements. When miegsa constant condition the
fluctuations in Bragg wavelength due to optical atectrical noise (plus fitting) is
typically less than one picometre; this is far derahan the line widths on graphs.
As such all graphs showing a raw trace of the Braiggelength have error bars too
small to show, any fluctuations represent real maysor chemical effects being
detected by the grating. Noise present withinrfeectance spectra present is not

due to the OSA and represents genuine spectréheide

3.9 Summary

Silica-on-Silicon substrates for direct UV gratingiting are fabricated by a FHD

process. The technique of Direct UV grating wgtis based upon on the localised
refractive index increase induced within a photsgere planar glass layer through
exposure to a tightly focussed UV beam. This pbensitivity is introduced through

doping the core layer with germanium, which can foether enhanced by

hydrogenating the sample at a pressure of 1200bapjproximately one week.

The direct UV grating writing technique allows farcombination of waveguide and
Bragg gratings to be defined simultaneously int® shbstrate. This process relies
on a photoinduced index change of 5 X310 the germanosilica core layer of the
waveguide. These Bragg gratings can be writtem fi@g00 nm to 1700 nm by
detuning and modulating the inherent interfererattepn produced by the overlap of

two focussed coherent UV laser beams.

The reflectance spectrum in the infrared region bte&nanalysed remotely by
commercial telecoms test and measurement equipweera fibre pigtail, allowing

the sub-picometre resolution of the central wavgtleiof the Bragg peak.

Direct UV grating writing in this way allows for ¢hproduction of a broad range of

optical devices based around combinations of custite Bragg gratings and
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channel waveguides. This has an advantage oveplhographic and etching
techniques, as it allows for rapid prototyping amdiuced cost for small scale

fabrication.
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4. Evanescent Field Sensing

4.1 Introduction

Integrated optical devices are being increasingldufor chemical and biochemical
sensing applications. These devices have prirgifmen developed in the slip-
stream of optical telecommunication technology &nmel success of optical fibre

Sensors.

The first optical chemical sensors were based enmntbasurement of changes in a
compound’s absorption spectrum and were developetthé measurement of carbon
dioxide and oxygen concentratiof. Since then a large variety of optical methods
have been used in chemical sensors and biosensotsding ellipsometry,
spectroscopy (luminescence, phosphorescence,  dlemee, Raman),
interferometry, spectroscopy of guided modes inicaptwaveguide structures
(grating coupler, resonant mirror), and surfaceipl@n resonance. In these sensors
a desired quantity is determined by measuring éfieactive index, absorbance or

fluorescence properties of analyte molecules dreanw-optical transducing medium
12, 103-105

Integrated optical chemical sensors typically ofgerahrough monitoring a
perturbation of an evanescent field as a resulthef presence of a chemical or
biological species'®. Perturbations in the evanescent field can be itored
through a change in effective index, absorptioragimary part of effective index) or
luminescence. These techniques cover a huge randéferent devices that have
been reviewed in many books and journal artidf®s'%” The following work
focuses upon effective index-based evanescentdeidors, which generally operate
in an interference-based regime. Examples of sigsfice structures include Mach-

Zehnder interferometers (MZI), ring resonators dfabry-Perot resonator¥®,
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Typically the refractive index resolutions of thesterferometric devices are up to
the order of 18 °" 1 The most well-known representatives of this <lase
grating couplers (including Bragg reflectorsf and Surface Plasmon Resonance
(SPR) ! based devices, of which the interference mechanisfmboth are not
immediately obvious. While SPR devices and gratocaypler-based devices
typically have lower sensitivities compared to otimterference based devices (~10
®), their advantage lies in the fact that they haverge dynamic range and are less
sensitive to variations in supplied optical powerhese strengths allows for the

deployment of such optical devices into real-wdthsor applications.

4.2  Surface Plasmon Resonance (SPR) Sensbfs

The potential of surface plasmon resonance (SPRyHaracterisation of thin films
112 and monitoring processes at metal interfatéswas recognized in the late
seventies. In 1982 the use of SPR for gas detectind biosensing was
demonstrated by Nyland&f* ***and Liedberd'®. Since then SPR sensing has been
an area of active research within the optical sgnsommunity. A great deal of
work has been done in the exploitation of SPR fuical biosensing where SPR has
shown a great potential for affinity biosensordowing real-time analysis of bio-
specific interactions without the use of labelledlecules. The SPR sensor
technology has been commercialised by several colepand has become a leading
technology in the field of direct real-time obsedrwa of biomolecular interactions.

421 Plasmons’

Plasmons can be described classically as an dimllaf free electron density
against the fixed positive ions in a metal. Thas e visualised by a cube of metal
placed in an external electric field. If the etecfield is to the right, electrons will
move to the left side (uncovering positive ionstioa right side) until they cancel the
field inside the metal. If the electric field isein switched off the electrons move to
the right, repelled by each other and attractethéopositive ions left bare on the
right side. They will oscillate back and forth thie plasma frequency until the
applied energy is lost through resistance or dagipPlasmons are a quantisation of
this type of oscillation.

Plasmons play a large role in the optical propertE metals. Light of frequency

below the plasma frequency is reflected, becauseltdttrons in the metal screen the
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electric field of the light. Above the plasma foegcy the electrons cannot respond
fast enough and light is transmitted. In most tsethe plasma frequency is in the
ultraviolet, making them reflective in the visiblenge. Some metals, such as copper
and gold, have electronic interband transitionthevisible range, whereby specific

wavelengths are absorbed resulting in their distotours.

4.2.2 Surface plasmons

Surface plasmons are those plasmons that are edntiinsurfaces and that interact
strongly with light resulting in a polariton (a ciparticle that results from of the
mixing of a photon with an excitation of a material. They occur at the interface
of two media with dielectric constants of oppossigns; often a material with a
positive dielectric constant and a negative digleconstant (typically a metal). A
surface plasmon resonance is a charge-density was@ociated with an
electromagnetic wave, the field vectors of whicactetheir maxima at the interface

and decay evanescently into both media.

In order to excite surface plasmons in a resonantn@r, electrons or photons are
used. The incoming emission source has to matdmjtulse to that of the plasmon.
In the case of TM polarised light, this is possiWepassing the light through a block
of glass to increase the wavenumber (and the irapudsd achieve resonance at a
given wavelength and angle. While TM polarisechiigan result in a periodic
surface charge-density, TE polarised light possessly an electric field component
parallel to the surface and hence is unable tocediie surface charge-density wave

necessary for electronic surface plasmons or dispig angular dependent?.

Typical metals that support surface plasmons dversand gold™® but metals such
as copper, titanium or chromium are also known daoapplicable. Owing to high
loss in the metal, the surface plasmon wave prdpagaith high attenuation in the
visible and near-infrared spectral regions. Theetedbmagnetic field of the surface
plasmon wave is distributed in a highly asymmetaghion and the vast majority of
the field is concentrated in the dielectric. Afage plasmon wave propagating along
the surface of silver is less attenuated and etghifigher localization of electro-

magnetic field in the dielectric than for gold.

A typical experimental system for generating swfatasmon resonance is shown

below (Figure 4.1), where the metal film is evapedaonto a glass prism. The
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surface is illuminated through the glass, and amescent wave penetrates through
the metal film. At a particular wavelength andrtiination angle the light is coupled

to the plasmon at the outer side of the film aredehs absorption.

Optical wave

Prism coupler

Metal layer AN\ NN

Analyte

Fig. 4.1 The Kretschmann attenuated total reflectace (ATR) configuration for Surface
Plasmon Resonance.

4.2.3 Using surface plasmons in sensing

Surface plasmons have been used to enhance theceswsénsitivity of several
spectroscopic measurements including fluorescéfitesurface enhanced Raman
scattering (SERS)? and second harmonic generatiir **> However, in their
simplest form, SPR reflectivity measurements canubed to detect molecular

adsorption, including polymers, DNA or proteins.

It is common that the angle of the reflection minmm (absorption maximum) is

measured. This angle changes in the order of @urifAg thin (about nm thickness)
film adsorption. In other cases the changes in ahsorption wavelength are
followed. The mechanism of detection is basedhenatdsorbing molecules causing
changes in the local index of refraction, chandimg resonance conditions of the
surface plasmon waves. The sensor sensitivitijliya and resolution depend upon
properties of both the optical system and the thacsg medium. While the

selectivity and response time of the sensor aragily determined by the properties

of the transducing medium.

Sensitivity of SPR sensors is defined as the deveaof the monitored SPR

parameter (e.g. resonant angle, intensity or wagéhg with respect to the parameter
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to be determined (refractive index, thickness tiia overlayer concentration, etc.).
The sensitivity of SPR-sensing devices has beerelwidtudied ***?”  The
sensitivity of SPR angular interrogation-based senso changes in the refractive
index has been found to increase with decreasingratipn wavelength'?’,
conversely, the sensitivity of SPR refractive inds&nsors using wavelength
interrogation and intensity measurement increasits the wavelength'?®®. In
addition, SPR sensors based on wavelength intd¢roogand intensity measurement
may benefit from using silver as an SPR-active hiesiead of gold® **° Typical
values'*! for different SPR systems vary from refractiveércchanges of 2 x 10
for intensity measurements on grating coupler-be&8B& sensors to 5 x 1Cor
angular interrogation on prism coupler-based SPRs@s measured at 630 nm
wavelength, and an analyte of index 1.32.

Sensor resolution is the minimum change in thempater to be determined which
can be resolved by a sensing device. The sensotut®n depends upon the
accuracy with which the monitored SPR parametebeadetermined by the specific
sensing device and as such is limited by sensdemsygoise. The noise in SPR-
sensing devices has been systematically studielliding an analysis of the

influence of temperature, the light source, andt@detector noise on SPR sensor

resolution'?® 12°

Another important parameter of an SPR sensor isgerating range, which is the
range of values of the parameter to be determihatl ¢can be measured by the
sensor. While the operating range of intensity sueament-based SPR sensors is
naturally limited by the limited width of the SPkpdthe operating range of angular
and wavelength interrogation-based SPR sensorsbeamade much wider. In
principle, the operating range of these sensadgtermined by the detection system,
more specifically by the angular or spectral rangeered by the optical system-
angular position detector array or spectrum analysspectively. However, there is

a trade-off between the dynamic range and resolutidhese sensors.

4.2.4 Waveguide surface plasmon resonance sensor

The use of optical waveguides in SPR sensors peevwidimerous attractive features
such as a simple way to control the optical patthensensor system, small size and
ruggedness. The process of exciting a surfacemplaswave in an optical
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waveguide-based SPR-sensing structure is, sinal#ndt in the Kretschmann ATR
coupler, shown in Figure 4.1. A lightwave is gud®y the waveguide and, entering
the region with a thin metal overlayer, it evanesigepenetrates through the metal
layer. If the surface plasmon wave and the guidede are phase-matched, the light
wave excites a surface plasmon wave at the outerface of the metal that
penetrates up to 200 nm into the anafjfe The sensitivity of waveguide-based
SPR devices is approximately the same as that ef dbrresponding ATR
configurations. Despite increased design conggaompared to bulk prism-based
SPR-sensing devices, all the main SPR detectioroappes have been implemented
in waveguide SPR sensors.

Guided optical mode Analyte Metal layer
= / D / .-
) ) Waveguiding layer
~ /
Waveguide

Fig. 4.2 A schematic of an optical waveguide basedrface plasmon resonance sensor,
illustrating the evanescent wave at the metal surfze.

Currently, optical fiore SPR probes present thenésg level of miniaturisation of
SPR devices, allowing for chemical and biologicaisng in inaccessible locations
where the mechanical flexibility and the ability t@ansmit optical signals over a
long distance make the use of optical fibres véinaetive. The use of optical fibres
was first proposed by Jorgenson and Y&e They used a wavelength interrogation
technigue and formed an SPR sensing structure @sicmnventional polymer-clad
silica fibre. The cladding was partly removed amdactive metal layer deposited
symmetrically around the exposed section of thee.coiThis approach allowed
construction of miniaturised optical fibore SPR peslwith a limited interaction area
of ~10 mm along the fibre. This fibre optic SPRs®& is capable of detecting
variations in the refractive index from 1.2 to Wvith a resolution up to 5 x TOat
higher refractive indices of analyte with a resdnaavelength resolution of 0.5 nm

131 however this can be improved by raising the rtiva index of the core layér?

Integrated optical waveguide SPR sensors appearigirg for the development of
multichannel sensing devices on one chip with thiemial for efficient referencing

and multi-component sensor analysis of complex $esnpResearch into integrated
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optical waveguide SPR sensors was pioneered barasgs at the University of
Twente in the late eightie$>. Since then, various groups have developed SPR-
sensing devices using slal" **and channel*® **single-mode integrated optical
waveguides. Similar to single-mode optical fibfeRSsensors, the integrated optical
SPR-sensing devices exhibit a rather limited opegatange. Various possibilities
for tuning the operating range of the sensor hasenbexplored, such as using
waveguides fabricated in low refractive index gla¥s a buffer layer*®, a high
refractive index overlayer*® and more complex multi-layer structuré® 4°
However, all the approaches that introduced adthtidayers were found to yield
less sensitive SPR sensing devices because of der | concentration of

electromagnetic field in the analyte.

4.2.5 Chemical sensing using surface plasmon resomce

While in specific systems of limited complexity iations in the concentration of
analyte may be determined by directly measuringactiVe index using an SPR
sensor (e.g. monitoring distillation proces$&y, most chemical SPR sensors are
based on the measurement of SPR variations duedgor@ion or a chemical
reaction of an analyte at the surface, resultinghanges in its optical properties.
The surface of these sensors is usually composedofaf, which is a well-
documented substrate for surface functionalisadimh sensitivity enhancement. The
applications of such a system include monitoringhef concentration of vapours of
hydrocarbons, aldehydes and alcohols by adsorjrtipolyethylene glycol films*?
monitoring of vapours of chlorinated hydrocarbonsy hadsorption in

3

polyfluoroalkylsiloxane **3  detection of vapours of tetrachloroethef® by

adsorption in a polydimethylsiloxane (PDMS) filnmdadetection of vapours of

aromatic hydrocarbons by their adsorption in Teffoms *°.

It has been also
demonstrated that SPR sensing devices using patlads an SPR-active metal can
effectively detect molecular hydrogen because tfise adsorptiotf® *’ Recently

a sensitive sensor for nitrogen dioxide detectititizing chemisorption of N@
molecules on a gold SPR active layer has been texptf. SPR structures have
also been exploiting the interaction between thalyw® molecules and the
transducing layer allowing toluene detection vipmer and nickel phthalocyanine
149" The use of SPR for detection of ammonia vapsimgithe reaction of ammonia

with a bromocresol purple film has been also regabft®. Combined with anodic
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stripping voltammetry, the SPR method has beerseadilfor the detection of copper

and lead iong®® %2

4.2.6 Advantages and disadvantages of surface plasmresonance

Surface plasmon resonance sensors offer good iségsib changes in refractive

index. While silver yields a better evanescenkdfienhancement of the sensing
surface, gold is typically used for SPR sensordis Ppreference is pragmatically
based on the greater stability, biological compliiband the ease of controlled
functionalisation that a gold surface offers. Aqudial solution to this shortcoming
is through use of a bimetallic silver—gold film feurface plasmon excitation. This
has been shown to enhance the sensitivity by arfatttwo without compromising

on the integrity of the surface®

Through well-known thiol based coupling reactionsface functionalisation with
both chemical and biological agents is possibldis, Tcombined with the relatively
short penetration depth of the evanescent tahefsurface plasmon, allows for the
changes in refractive index detected to be as®atiaith a specific target binding at
the surface, with little interference from bulk @oewmental changes. The
technology has been well refined and many variatigmon the SPR sensor can be

purchased commercially today.

However, there are several drawbacks with using.SHRe nature of evanescent
field sensing limits the potential range of refragetindices detectable, where indices
greater than the waveguide core will couple ou sladding modes. Referencing of
physical effects is also necessary, but is not ywstraight forward, often for
temperature referencing a second SPR sensor igregdgincreasing not only the
redundancy, but the cost and size of the system.

4.3 Mach-Zehnder Interferometer (MZI) Sensors

The Mach—-Zehnder interferometer (MZI) is an optidalice used to determine the
relative phase shift between two collimated beaims fa coherent light source. The
apparatus is named after the physicists Ludwig Maath Ludwig Zehnder. The
integrated optical Mach-Zehnder interferometer s @anescent refractometer
whose surface may be modified to render it sermsitiv specific chemical species.

Mach—Zehnder devices generally show high sensitiaite straightforward to design
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and fabricate and can be very tolerant of manufaxgerror. In principle the Mach-

Zehnder interferometer is more sensitive than wawmkgsurface plasmon resonance
based sensors because it does not employ couplingdssy waveguide, although
exploitation of this enhanced sensitivity may reguihe sensitive region to be

longer.

4.3.1 Integrated optical Mach-Zehnder interferometes

Mach-Zehnder interferometers can be fabricatedtegrated optical circuits using a
wide variety of waveguide fabrication techniquéspically, the input waveguide is
split equally into two arms using a splitter befarecombining into a single
waveguide to the detector. This results into aputy R that depends on the phase
difference,A¢ of both beams in the combination area. It is piiase difference that

is used for interrogation in Mach Zehnder interfester based sensdfs.

Interaction region

e

-

Reference

Fig. 4.3 Schematic of an experimental Mach-Zehndentegrated optical device with an

additional reference channel to allow compensatiofor input power fluctuations and coupling

efficiency ***,

If the structure is fabricated such that the wavdegi are buried, there will be no
phase difference in the two beams, yielding cocsire interference. However if
the waveguide core is exposed to the environmeaugn removal of this overclad,
the evanescent tail of the guided mode will interath the media above it.
Changes in the refractive index of this medium waflér the effective path-length of
the two beams, resulting in a phase difference éetvihem. From this phase shift,
the change in refractive index can be derived, fogna refractometer. Typically
one arm will be exposed to the analyte, becomieg‘sensor”, while the other will

remain covered to give a constant reference farghiase shift, as shown in Figure
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4.3. An additional reference channel can alsonicuded to compensate for input

power fluctuations and coupling efficienty/.

4.3.2 Mach-Zehnder Interferometers for sensor apptiations

There are many examples of Mach-Zehnder sensorsbifiogical **>**” and
chemical sensing applicatiof8" **® Much like SPR sensors, these systems utilise a
surface functionalisation to induce specific intdi@ns at the surface. This allows
for the differentiation between bulk changes inraefive index and the change

induced by the presence of specific species.

It has been shown that the sensitivity limit of adl-Zehnder interferometric sensor
can be enhanced further with an overlayer of a mgdlex material that acts to pull
the guided mode further into the analyte (see @ndpd for a discussion on the use
of high index overlayers). Quigley** has demonstrated a highly sensitive
refractometer with a detection limit better thar 50" through use of a 30-nm-thick
high index overlayer of tantalum pentoxide, an orde magnitude improvement
over the uncoated MZI sensor.

4.3.3 Advantages and disadvantages of Mach-Zehndeterferometers
Mach-Zehnder interferometers have the highest sehsio refractive index change
of all the techniques discussed within this chaptdBy using a comparative
measurement many physical properties can be negalleding for precise
measurements of the analyte in question, as witR 8# can be made specific
through functionalisation of the surface, in theea®f silica-based systems this is
typically achieved through silane chemistry. Fotuaate negation of these physical
effects, such as temperature, the two arms of ghtes must be in close proximity
with good thermal conductivity between the t#, limiting the design of the
sensor. This can be overcome through careful desighe dimensions of the two
waveguides, as described by Gdfa however this requires an intimate knowledge
of the system to be studied and precise fabricaifahe waveguides. The changes
in refractive index are derived from monitoring tiedative output power, allowing

for continual measurement, unlike techniques baget scanning wavelength.

While Mach-Zehnder interferometers have many strengtheir susceptibility to
changes in the optical power of the system makesntimore susceptible to

misreading without suitable power referencing. Thability to measure the
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refractive index directly, introduces the requiremehat their output must be
continuously monitored, with any pause in measurgneading to uncertainty in the
measured value of refractive index. Changes imtbasured refractive index must
also be of a timescale compatible with the inteaitmyn system or again the absolute
refractive index value may be lost. Furthermoris imore complicated to network
multiple interferometers into a single device thHan other sensor systems as each
interferometer must be interrogated directly reqgir parallel outputs and/or
detectors.

4.4  Optical Fibre Sensors

The applications of fibre optics to analytical st and sensors are numerous,
taking advantage of many different properties efrtiwaveguiding structure and low
optical loss. The simplest application is in ogtispectroscopy, where they enable it
to be performed at sites inaccessible to conveati@pectroscopy, over large
distances, or even at multiple points along theefib However, the waveguide
structure of fibre optics enables less common nustlad interrogation, in particular

evanescent wave spectroscopy.

Commercial optical fibres are available with tramssions over a wide spectral
range, allowing for use with a wide range of liglturces. Current limitations are
not so much in the transmissivity of the fibre, loutthe background fluorescence
inherent of most of the materials used in fabrargtin particular plastic. With much
of this occurring at or near the UV region thera isend toward long-wave sensing
where background signals from the fibre are legnifitant. Typical applications
are in sensing gases and vapours, medical and chleranalysis, molecular
biotechnology, marine and environmental analysidustrial production monitoring,

bioprocess control, and the automotive industry.

Fibre optic sensors are based on either direahdirect sensing techniques. In the
first, the intrinsic optical properties of the aytal are measured, for example its
refractive index, absorption, or emission. White the second, the colour or
fluorescence of an immobilised indicator or latsefionitored. In recent years, fibre
bundles also have been employed for purposes ofjifmgafor biosensor arrays

(along with encoding), or as arrays of non-spea@asors whose individual signals

may be processed via artificial neural networkegehnon-integrated approaches to
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optical sensors are discussed further in Secti6p As mentioned in Section 4.2.4,
SPR sensors fabricated from an optical fibre haenlshown to be highly effective
at both direct measurements of properties suclefegctive index and for detection
of biological species through stimulation of a sog layer upon bindinty®

Wolfbeis ' has written a thorough review of fibre optic sessfr chemical and
biological applications detailing the different apaches necessary for different
analyte types and the novel structures appliech@sea systems. As this thesis is
focussed upon chemical sensing, a brief overvieth@fapproaches used is given in
the following subsections, however for brevity l@nsing is omitted. Although it
must be noted that optical fibres are frequentlgdufor biosensing and much like
their SPR or Mach-Zehnder analogues, they rely upmn use of enzymes,
antibodies, nucleic acids and whole cells to indaee detect specific interactions at

the sensor surface.

4.4.1 Sensors for gases, vapours and humidity

Hydrogen, along with flammable alkanes, is the yealvhere safety considerations
have led to a substantial amount of research mgef fibre optic sensing. Since
hydrogen gas does not display intrinsic absorptmmemissions that could be used
for simple optical sensing it is always detectedirgctly. Hydrogen interacts

strongly with metallic palladium and platinum filmend with tungsten oxide,

resulting in both spectral changes and an exparditime material. This effect has
been applied to fabricate a hydrogen sensor based palladium coated side-

polished single mode fibré™.

In contrast to hydrogen or oxygen, methane andraflydrocarbons are almost

exclusively sensed via their intrinsic absorptionthhe near-infrared or via Raman
scattering. An example fibre optic Raman sens@ weported for sensing ethanol
and methanol in gasoline or watéf. It employed a frequency doubled 532 nm
Nd:YAG laser and a specially designed fibre optasrRn probe that enabled online
determination of the sample constituents withoupleying an expensive infrared

fibre.

Oxygen sensing remains an area where fibre optematal sensors are quite
successful. Oxygen is almost exclusively sensedifye of the quenching effect it

exerts on certain fluorophores. CH3 demonstrated the sensing of oxygen gas
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down to 0.6 % through use of the reversible quenglif a methylene blue dye

encapsulated within a silica sol-gel, coated orgala-polished multi-mode fibre.

Numerous materials have been shown to work in aptiamidity sensors, including
Nafion films (a sulphonated tetrafluoroethylene kase-polymer developed by
DuPont), which when doped with crystal violet (ernylmethane dye) responds to
humidity by a change in its reflectant® Relative humidity between 0 and 0.25%
was determined with the respective sensor, witktadtion limit as low as 0.018 %
relative humidity, defined as the percentage ofdbiecentration of water vapour in
the gas to the saturated concentration at the saimgerature and pressure (equal to
~ 4 ppm volume concentration) in process gases ssicht@gen and hydrochloric
acid. The response was fully reversible (with sdipsteresis) in dry nitrogenN-
confused porphyrins immobilised within Nafion filmsixdergo a water-induced
tautomerism that forms the basis of a novel typdilwe optic, relative humidity
sensor that exhibits long-term stability and adineesponse over the humidity range
from O to 4000 ppm®.

4.4.2 Sensors for pH and ions

Optical sensing of pH remains to be of great irtieexen though all optical sensors
suffer from cross sensitivity to ionic strength. hWé pH fibre optic sensors are
commercially available, sensing of pH values beloand above 12 still represents a
substantial challenge. In most cases, opticalgnit$ars respond over a limited range
of pH only.

Martin et al **° described a new organic pH indicator dye (merdurmme) that was
immobilised in a sol-gel matrix placed at the erican optical fibre that enabled
measurement of pH in the range pH 4 — 8. The semas constructed from a low
cost optical fibore and optoelectronic componenidukiing a blue light emitting
diode and a photodiode. This sensing scheme relethe measurement of the
fluorescence intensity of the pH indicator relatiiee the intensity of the blue
excitation light reflected by the sensing phasée Tatio between the two signals is
proportional to pH but independent of excitatiaghti intensity. The applicability of
this sensor has been tested for its performangeHiranalysis in tap and bottled

mineral water®’.
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lon sensing often employs similar methodology to ggtisors; an example of such
an evanescent wave direct spectroscopic senschfomate anions was reported by

Tao 18

This used a flexible fused silica light guidingpillary as a sensor. The
capillary had a cladding layer to guide light angdratective polymer coating on the
outer surface to increase mechanical strengthe &iilar sensors described before,
the sensor was based on the intrinsic evanescarg al@sorption by chromate ions
in a water sample inside the capillary, with a 30lang capillary capable of

detecting as little as 31 ppm of chromate.

4.4.3 Sensors for organic chemicals
Much like biosensors, chemical sensors utilise ifipe@cognition through binding

to the target molecule. Molet al **°

give an example of such, where they describe
fluoro-reactands for the determination of sacclemidbased on hemicyanine dyes
containing a boronic acid receptor. These receptye capable of forming a
covalent bond between their boronic acid moiety #reddiol moiety of saccharide
with a resultant increase in fluorescence. Thé@man be photoexcited at ~460 nm

and emits a peak at 600 nm, and can be used aheeizal pH.

Dissolved organic compounds in water samples casepsed with a nanoporous
zeolite thin film-based fibre sensbf’. A Fabry-Perot interferometric system was
developed containing a thin layer of nanoporouditeesynthesised on the cleaved
end face of a single mode fibre. The sensor wasabed by monitoring changes in
the thickness of the thin film caused by the adsonpof organic molecules by white

light interferometry, allowing for the detection iwfethanol, isopropanol, and toluene
with high sensitivity. Furthermore, a fibre opticemical sensor for toluene in water
was described by Consales al *"* which utilised the reflectivity changes when
single-walled carbon nanotubes are introduced lgete. These systems feature

good stability of the steady-state signal, sengjtiand rapid response.

4.4.4 Advantages and disadvantages of fibre optiemssors

In the simplest case, optical fibre allows for tméniaturisation of conventional
spectroscopy techniques, allowing for more compawutces that can be used in new
environments and on a much smaller scale. Etchiegcladding generates an

evanescent field that can be used to probe lota#lge environments and through
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functionalisation introduce specificity. Furthemadhe use of novel fibre structures,
such as micro-capillaries allows for the mergefilofe optics with a microfluidic

system, producing compact, multifunction sensors.

While these methods are all effective, they mog#lg the optical fibre as an optical
probe; coating an etched fibre with a metal camfarSPR fibre sensor that combine
the strengths of both these techniques and allowis Kitu interrogation of a sensor

site. This approach is discussed further in theeod of fibre Bragg grating sensors

in the following section (4.5.2).

The main drawback of these techniques is that tiédly require many of the
components found within a conventional spectromateriuding a source and a
detector. While the miniaturisation of fibore comeats, such as lasers, is rapidly
improving, these systems are still some distanam florming truly integrated lab-

on-a-chip devices.

4.5 Grating Couplers

In contrast to SPR sensors, grating couplers makeof dielectric waveguides in
which there are no metallic elements and in whibk modal properties are
dominated by the real part of the refractive inddxthe waveguide and of the
measurand. The most familiar format for such aageis an optical fibre sensor.

Grating couplers can be classified as long-peritatings (LPGs) or short-period
gratings (Bragg gratings). As with Bragg gratingBGs have proven to be effective
refractive index sensord 1’2 1”3 The shorter physical length of a Bragg grating
(typically 1 mm) is 10-100 times smaller than thata long-period grating, giving
Bragg gratings an advantage in near point sengpljcations.

Gratings can be written into many different sulistigeometries, the most common
of which is into the core of an optical fibre bbhey can also be fabricated into two-
dimensional and three-dimensional systems usindgy $achniques as direct UV

grating writing or femtosecond writing.

45.1 Optical fibre Bragg grating sensors*®
Although the formation of fibre gratings had beeaparted in 1978% ®° the

intensive study of fibre gratings began after atiiable and effective method for
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their fabrication was devised in 1988 From add/drop filters and dispersion
compensators to fibre lasers, optical fibre gratihgve been used in a wide range of
components for optical communication¥’. Extensive studies have also been

performed on fibre grating sensors with some reachommercialisation.

Optical Fibre:

Core Refractive Index:
A

i

Spectral response:

/aVaNne

Input Transmitted Reflected

v

Fig. 4.4 A long-period fibre Bragg Grating structure with the associated refractive index profile
and spectral response.

In these systems, a periodic refractive index strecis induced into the core of a
waveguide; typically through exposing a germaniurpeat optical fibre to UV light
through a mask. Many different grating structwas be written into optical fibre; a
long-period fibre grating can couple the forwar@gagating core mode to one or
more forward propagating cladding modes, while igoelal fibre grating has a wider
reflection spectrum through reflecting each wavglencomponent at different
positions. A tilted fibre grating can couple tloeviard propagating core mode to the
backward propagating core mode and a backward gatipg cladding mode. All
these have been applied to optical sensors bsttita fibore Bragg grating that is

most commonly used.

As discussed in Chapter 2, Bragg gratings resportabth strain and temperature.

To study or exclude these properties from the nmaasuresponse a reference
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grating is often usetf>. Another fibre Bragg grating (the reference gmg)i which

is isolated from the analysis parameter is placedr the sensor Bragg grating.
Another method is to use two fibre Bragg gratingshwignificantly different Bragg
wavelengths which respond similarly to physicaéet but show different responses
to the same measurad®f. This concept can be applied to chemical senbing
applying the unique dispersion properties of a gigaalyte to detect it within the

optical sensot".

From fibre optic gyroscopey’’ to sensors for current’® or pressure'®, many
physical properties can be measured by opticak fé&ensors. The fibre Bragg
grating can also be used for chemical sensing basethe fact that the central
wavelength of an exposed Bragg grating varies véftactive index change, through
an evanescent field interaction. An approach based fibre Bragg grating written
onto an etched D-fibre has been demonstrafédénd more recently, a modified
version based on a side-polished fibre configunalias been reported as a refractive
index sensor, allowing fast on-line measurementchamicals, such as carbon

hydrides for the petrol indust/§°.

Because of the constraint of current interrogatiechniques, with a typical sub-
picometre resolution for static wavelength-shift asirement, the sensitivity
obtained for fibre Bragg gratings is lowekn(~ 10°) than for other fibre optic
techniques. Long-period gratings have been foundbd more sensitive to the
refractive index change than fibre Bragg gratirmy&rcoming this limitatiort®’. As
LPGs couple light from the forward-propagating momhto several forward-
propagating cladding modes, any variation on tHeactve index of the material
around the cladding modifies the transmission spetiproperties to generate loss
peaks. A sensitivity of up to 10is possible with further improvement of the
interrogation resolutioi®. The concentration of a number of organic chelwjca

2

including ethanol, hexanol, methylcyclohexane, kiexane!®> and inorganic

chemicals; calcium chloride and sodium chloritfehave been tested with LPGs.

4.5.2 Integrated optical Bragg grating sensors

Compared to optical fibre Bragg sensors, a relbtismall number of Bragg grating
sensors have been considered and implemented itararpform factor. The

approaches demonstrated cover a wide variety bhtgaes and material platforms,
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including: polymers'®*" sol-gel systems®®, silicon-on-insulator™ *# [ithium

190

niobate*®® and silica-on-silicor®! 2

The wave-guiding and Bragg grating structures gs¢hoptical sensors have been
fabricated by a number of different approachesifgpdo sensing elements with
ridge waveguide$®™ UV written waveguides and grating¥' ' etched corrugated

194

gratings ' and even Bragg gratings through selective pretipit of

nanoparticles®.

Such planar Bragg grating devices are appealingdosing applications for several

reasong®®

e Multiple wavelengths may be usedfaying the possibility for analyte
identification through optical dispersion measuretae

« Arange of evanescent field penetration depthsbea@mployed which may
provide additional information on the structure meethe surface; this can be
applied to determine such properties as the dirnas%f biological entities.

* Multiple separate sensing regions may be incorpdrahto a single sensor
chip. This can be an advantage particularly in itnoassay based bio-
detection where it is advantageous to test foriplaldifferent targets
simultaneously without the need for duplicatioregtiipment or time delays.

« A monolithic silicon chip-based design is robusguires no electrical signal
and is resistant to a wide range of chemicals ngaltiase devices suitable

for deployment in a wide range of environments.

Integrated optical Bragg grating sensors have minctommon with fibre Bragg
grating sensors, utilising the same underlying pisyand thus affording all the same
benefits. Just as for the majority of optical &lirased sensors these devices have the
principal attraction of high sensitivity with retine and on-site measurement.
However there are several key differences thaihsetwo approaches apart, the most
significant being the ability to produce complexhser networks within a single
device. The planar geometry allows compatibilitgtizeen a diverse range of
technologies from optical fibre sensors to micromaicig and microfluidics. This

allows for the development of these sensors inghlizi compact lab-on-a-chip
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devices that aim to achieve multiple functions isirgle device, such as the one
pictured below.

Fig. 4.5 A planar Bragg grating sensor incorporatd into a microfluidic flow cell, with an
optical fibre pigtail for optical interrogation.

As discussed in the previous chapter, the planag@rsensors developed in this
work were fabricated by direct UV writing into dica-on-silicon platform and a
detailed discussion of these techniques can balfthere. These sensors have been
shown®! to be able to detect changes in refractive indexrdto 10°.

4.5.3 Advantages and disadvantages of integrated &yg grating sensors

Despite the lower absolute sensitivign(~ 10° versus 10 for MZI sensors), the
ability to measure the absolute Bragg wavelengtth thns the absolute refractive
index of the analyte is a major advantage over Masinder interferometer based
sensors. In this way the interrogation setup aah bontinuously measure a single
sensor (that can still contain multiple Bragg grgs), sample at set times or even
sequentially interrogate multiple independent senlgvices. This would be much
more challenging with a Mach-Zehnder based systedmgre even integrating

multiple sensors within a single integrated devsceore complex.

While the underlying physics is markedly differeintegrated Bragg grating sensors
are in many ways similar to waveguide SPR sens@&asth refractometer systems
have similar sensitivities to refractive index charfan =~ 10°), they can integrate
multiple sensors into an array and can be readignacally functionalised for
binding at the sensor surface. However some adgastexist for an integrated
Bragg grating sensor over its SPR counterpartstljirtemperature referencing is

much simpler to achieve with a Bragg grating sensith approaches including the
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use of reference gratings and comparison of orthalgmodes (Chapter 7), all of
which can be integrated into the same waveguidé wid additional fabrication
steps. Secondly, fabricating an integrated Braggjingg sensor (particularly by
direct UV grating writing) is more straightforwawdith less fabrication steps and
clean-room processing, even for complex waveguelgvorks. In contrast, most

waveguide SPR sensors are developed upon the Idfiireaplatform.

SPR requires a metallic surface to support thenpbdas mode, typically gold.
Deposition of this thin gold film to a suitable stiard of uniformity, thickness and
coverage is not trivial, particularly as gold wibt robustly bind to silica directly.
While both gold and silica can be readily chemicdlinctionalised with a thiol or
silane respectively, gold is more chemically inerThis has the advantages of
biological compatibility and minimising secondanmytaractions that may interfere

with the intended binding events.

The gold layer is typically attached through anamig mercaptoalkylsilane linker, as
discussed in Chapter 9, where a silyl group at eme of the linker can bind to a
silica surface while a thiol at the other end tethtd a gold surface. Silica is
sparingly soluble in agueous solutions, with itfubiity reported as 113 mg/L in
distilled water and 85 mg/L in seawater, with théial rate of dissolution much
greater in seawatér’. In long-term sensor applications, particularythe harsh
environments found in oceanographic sensing, s8masors will slowly dissolve.
For a Bragg grating sensor this will have littléeef, other than to subtly increase the
sensitivity over time. In contrast, this erosionai SPR sensor can remove the silica
that is attached to the organic linker, necessarytife adhesion of the gold film.

This ultimately can lead to degradation of the galdace, causing the sensor to fail.

There may be some applications where the deepetraéon of the evanescent field
of the Bragg grating sensor over that seen for 8BRan advantage, particularly
when the bulk analyte is of interest in additiorstwface binding. The converse will
also be true of SPR however, where the shallowtsrrimgation depth will be

beneficial in localised studies of interactions$he surface.
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4.6 Cross-responsive and array-based optical sensor

While the discussion of optical sensors up to pust has focused upon integrated
optical sensors; as previously mentioned optidakfican also be used as a medium
to transport an optical signal from an interrogatsite to the analysis system. Such
a system has been demonstrated by Waltvhereby the individual fibres within an
optical fibre bundle were selectively coated witHlworescent dye, encapsulated
within a series of different polymer environmeniBhe fluorescent dye within each
polymer environment was shown to respond diffeyetatla range of analytes; based
upon changes in polarity, hydrophobicity, pore siflexibility and swelling
tendency. By investigating the outputs of thisagriof fluorescent probes, a
fingerprint could be developed for an individuaganic vapour without the need for
the presence of a specific receptor (Figure 4T8)is process acts as a simple model
of the vertebrate olfactory system, whereby a langenber of smells can be

identified despite a relatively small number ofeptors.

to CCD
detector

Polymer/dye deposits Fibre bundle

Odour delivery

Fibre bundle response:

Response

Fig. 4.6 A schematic illustrating the fibre bundleemployed by Walt'*®for array-based optical
sensing. Not only the presence of fluorescence,tline fluorescence lifetime of the individual
coated fibres was used in identification of an angte
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By not only using the presence and intensity of ftherescence emitted by each
polymer, but also its temporal response, the newetalorks presented by Walt were
able to identify compounds with a high degree otatety. They demonstrated that
the system was able to differentiate individual poments in mixtures and identify
analytes based on their chemical characteristiciding the presence of functional

groups and relative molecular weight.

The main drawback of such a sensor system targatingad range of analytes is
that the ability to quantify the presence of anivithhal analyte is reduced. While
Walt demonstrated that the system could identifylyas at both a saturated vapour
and in a 50% vapour/air mixture with high certajritywas not possible to give the
detected concentration or a calibration graph. Mlike the biological nose the
system aims to mimic, this sensor can also be omeedy strong vapours that could
mask the response of others in lower concentrabopsevent quantitative analysis.

An alternative array-based optical sensor systesnbean developed by Suslitk:
this again aimed to mimic the mammalian olfactory froducing composite
responses unigque to each odorant. The use ohtmically selective response of a
library of immobilised vapour-sensing metalloporphydyes permitted the visual
identification of a wide range of ligating (alcoBplamines, ethers, phosphines,
phosphites, thioethers and thiols) and even welgddying (arenes, halocarbons and
ketones) vapours. Where this approach differs fiteenwork of Walt®® above, was
that selective and specific interactions betweeratialytes and the metalloporphyrin
library is employed rather than the use of a simggkcating fluorophore doped in a
variety of matrices, where weak matrix—analyte rextéons are required to provide

selectivity.

While the metalloporphyrins were originally dispedtsupon reverse phase silica
because of its hydrophobic ability to mitigate theesence of water (a major
advantage over mass-sensing techniques) it wasgudstly found that a Teflon

support allowed for miniaturisation of the metathophyrin targets to spots of just

500 um, with much faster response times for vapouncentrations below 1 ppm.

Through use of a wide range of colours, both smegbantification of a single

analyte and the identification of a mixture of vapowere achieved. This process
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allowed for the determination of the composition afh unknown blend of
trimethylphosphite and 2-methylpyridine.

It should be noted that while this system is anmga of a multiplex optical sensor,
it is not an integrated optical device, for exampleterms of form-factor or

integratability with microfluidics, and as such met directly comparable to the
examples discussed in the previous sections. Hemvéwe concept of a colorimetric
array of receptors used by Suslit® to identify and quantify a wide range of
analytes is directly applicable to those integratetical refractometers, offering a

clear direction for future developments in thedief integrated optical sensors.

A further example of an optical array-based semsts demonstrated by Anslyf,

however this device differed in that it aimed ttaste flavours” rather than “smell

odours”.
Optical interrogation
| |
FlowIn ) =
Functionalised
microsphere
Etched silicon well
vq
Flow Out <  —
| |
——

Fig. 4.7 A cross-section schematic showing of tRaid delivery method and bead confinement

strategy. Fluid samples containing the various angte species are introduced from the top side

of the chip, pass through the analysis chamber, anekit out the bottom region of the assembly.
The small size of the hole at the bottom of the wigdrevents the loss of the microsphere.

As illustrated above in Figure 4.7, polystyreneypetihylene glycol) co-polymer
microspheres were selectively arranged in micronmmach cavities localised on a
silicon wafer. Each microcavity can act as eitl@emicroreactor or analysis
chamber, with the derivatised microsphere withitingcas a probe. The sensor
array chips are sealed within a customised flow ceimposed of two siloxane

polymer layers held together by a two-piece alumneasing. Solutions are then
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introduced to the flow cell using a liquid chromgitaphy system. The flow cell sits
atop the base of an optical/fluorescence microsaouitte the array observed and
analysed through the microscope optics using a CCIhe immobilised beads
function as micro-cuvettes, through which analygeeptor interactions can be
observed optically with both fluorometric and caiowetric procedures used to

guantify analyte concentration.

Through use of a wide range of receptors, Ansi¥ftvas able to successfully
demonstrate the near-simultaneous collection obréasice or fluorescence signals
at multiple sites with the detection of pH over @ml@vrange of concentrations with
agreement to within £ 0.02 pH unit of that acquisgdglass electrodes. A typical
sensor equilibration time of two minutes was obsdrwith uniform flow

characteristics and little noticeable motion of theicrospheres detected.
Incorporation of receptors/signalling agents suédbr the analysis of acids, bases,
numerous metal cations, enzymatic substrates, ipsptend antibodies, allowed for
the acquisition in near-real-time of data that da@ used to interpret the

chemical/biochemical content of complex fluids.

This system differs from the previous exampleshdttit demonstrates a high-
throughput approach to array-based sensing. Thanéabe of flowing the analyte
solution through the porous microsphere is thatdteases the interaction volume
over that observed with functionalised planar stefadramatically improving the
equilibration time. The modular approach appliegtehto assembling the device
allows for the system to be tailored through appate choice of functionalised
beads making it suitable for a wide range of ajploms. However, the system
makes use of bulk optical components and is thusnaturally well suited to

operation outside the lab.

4.7 Summary

There are many different technologies that utihglt to sense changes in the
surrounding environment actively under developmeott, which several key
approaches have been described. While the metlddenterrogating the
environment, device fabrication and underlying ptgysliffer wildly, they can all be
applied to physical, chemical and biological segsirFor analysis systems based

upon a refractometer, the sensitivity limit is tglly 10° to 107, with interferometer
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systems demonstrating the highest sensitivity. r@ e no clear answer as to which
is the best optical sensor system, but rather élsé $olution is specific to the desired
application. For highly parallel systems, an inédgd solution may be more
appropriate than a fibre-based one, while the e&skrect incorporation into fibre

networks over large areas can make a fibre solutiore appropriate in others.

While great success in chemical identification beasn demonstrated in array-based
optical sensors, these systems all rely on largerédory systems to interrogate the
sensor chip. By learning from the strengths ok¢happroaches in terms of high
parallelisation and throughput and combining theith whe miniaturisation and
sophistication of integrated optical sensors, l@stcsensitive and specific optical

sensors should be possible.

The work described in the subsequent chapters slissuBragg grating sensors
incorporated into compact planar integrated optigalices. The work focuses upon
enhancing and quantifying the sensitivity of suehsors, incorporating them into a
microfluidic system and developing surface funaigation to induce chemical

specificity. These approaches will investigatéh# chemical sensor proposed here

is able to compete with current developments ifcapsensing.
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5. Bragg Grating Sensor Development

5.1 Introduction

The previous chapters have introduced the theolgptital waveguides and Bragg
gratings UV written into a silica-on-silicon sulz® and described the current
fabrication techniques used by the author to t@nsfthe commercially produced
wafer into a Bragg grating refractometer. Thes#écap devices were placed in

context and compared to competing integrated dpgerasors in the literature, with a
focus upon surface plasmon resonance, optical fired Mach-Zehnder

interferometer-based systems. The following chaptgll discuss the developments
made by the author to develop these simple proabotept Bragg grating

refractometers into optofluidic chemical sensors.

For practical sensor devices, the fabrication meses must be robust and
reproducible. While this is true for the FHD waftabrication (an industrial
technique) and the direct UV grating writing meth@ekll established within the
University of Southampton and the associated sptreompany, Stratophas®) the
methodologies used to transform these optical kg @oto practical chemical sensors
had not been developed in any way at the statisfwork. This chapter discusses
the developments made by the author to develofatirecation process and enhance

the sensitivity of these integrated Bragg gratiegssrs.

This chapter will introduce a study made to optenike etch medium towards the
optimum etch rate, while still maintaining surfageality. Furthermore, it will be
shown that a post-etch polishing step allows fer sbnsor surface to be restored to
near-optical quality. This was confirmed via atoniorce microscopy (AFM),
where the surface roughness after polishing waspaaable to that of the unetched

surface.
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The design of the lightwave circuit has been oedito allow a broader range of
applications, with integrated temperature refemregp@nd multiple Bragg gratings in

different sensor regions.

Finally in this chapter, it is shown that the séwgy of these sensors can be
dramatically improved through the inclusion of attindex overlayer, such as
tantalum pentoxide. Within a vacuum system, tlesick was able to detect sub-
nanometre thickness changes of a silica layer dkpolosnto the surface.

5.2 Surface Etching

As discussed in Chapters 3 and 4; direct UV gratimiging can be used fabricate
integrated optical devices containing Bragg graing he reflectance spectrum in
the infrared region of these gratings can be aedlyemotely by commercial
telecoms test and measurement equipment via a fig&il, providing sub-

picometre precision of the measured Bragg wavetfengt

Such Bragg gratings are inherently sensitive topenature and strain. However, to
convert the buried grating into a refractive indensor the Bragg grating must be
exposed to its environment, as shown in Figure B¥.etching away a portion of

the upper cladding, the mode within the gratingamegan be exposed to an analyte
192

Sensor window
< : : ; Overclad
Guided mode >—> k) /\\; k) Core
( / ( Underclad
/ Silicon substrate
7

Evanescent tail of the guided mode

Fig. 5.1 A symmetric mode travelling along a wavegde with a Bragg grating exposed within
an etched well, showing the evanescent tail of tleode within the cladding and into the etched
region.

5.2.1 Masking
To etch the overclad selectively a mask must beleyed. For wet-etched samples

this can be achieved by coating the surface witlegative mask that only exposes
the regions to be etched to the etchant solution.
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Early work used a silicone mask to conceal theoredo be etched, before coating
the remaining surface and end facets with acictasi UV-curing glue. When the

silicone mask was subsequently removed, the gliedd a negative mask over the
surface. While this method worked well, it wasslgsactical for more complex etch
designs. For this reason, it was decided to svidalsing a polyimide adhesive tape
for all further work. The polyimide tape uses kcene-based adhesive that is acid
resistant but easily removed without leaving adwsi The tape can be easily
applied to the surface before cutting out any eesnegions to be etched. After
etching, the tape is simply removed. The precigibithis method can be further

enhanced by using the high-precision air beariages used for the UV writing

process. By translating the taped device undercassed 100 mW 1064 nm laser
beam precisely located windows can be cut intotdipe to any design that can be

programmed in G-code. A schematic of the systeshasvn in Figure 5.2.

Mirror Mirror

Focusing lens o>
Polyimide tape / e
7 _ =/

Sample

1064 nm, 100 mW
4-axis translation stage

Fig. 5.2 A schematic of the system used for thesker cutting of polyimide tape for precision
negative masks used in wet etching.

5.2.2 Wet etching

Silica glass is a commonly used substrate matanalmicromachining and
microfluidics. Glass offers high chemical and heeasistance, high electrical
isolation, large optical transmission range and épiical absorption, making it ideal
for a wide range of applications from laboratorgsgware through to window glass.
While silica is resistant to most acids, it is Higbusceptible to hydrofluoric acid,
HF and its less aggressive analogue ammonium depNHF. Commercial glass

etchants typically contain a buffered blend of ®iluhydrofluoric acid and

95



Chapter 4 Evanescent Field Sensing

ammonium fluoride. The low concentrations founduch solutions result in a slow

etch rate, with an 18 um overclad layer taking aloee hours to etch.

As the overclad is slowly etched away, the propartof evanescent tail of the
guided mode exposed to the etchant increases. loWer refractive index of this

aqueous etchant, compared to the removed silicaclade reduces the effective
index of the waveguide; this is detected as a megahift in the Bragg wavelength.
As the etch depth increases, the proportion of mthede exposed increases
exponentially, increasing the rate of the Bragg elewgth shift. This is shown in
Figure 5.3(a), where a pigtailed Bragg device wasiersed in an etchant with real-

time monitoring of the Bragg wavelength (and anuolé).
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Fig. 5.3 The Bragg wavelength shift (a) and change Bragg peak amplitude (b) upon etching,
demonstrating the negative shift in wavelength andecrease in amplitude. The device was
immersed in the etchant at point | and transferredto deionised water at point Il.

Initially the amplitude increases (Figure 5.3(bjhis has been attributed to
preferential etching of the Bragg grating, givimgerto a ‘relief grating’-like periodic
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structure on the surface, that enhances the rafeaictdex contrast of the grating,
increasing the strength of the spectral Bragg nespo This effect was first observed
by Snow?%? where, as shown in Figure 5.4, detectable groowe® found to be
preferentially etched into a surface, matchingltoation of the waveguides within
the silica. This localised increase in etch rads heen attributed to the increased

density of defects within the photosensitised ailic

0.6 T T T T

04 1 Waveguides -

Height /um

-0.6 t t i f

0 100 200 300 400
Scan length jim

Fig. 5.4 A transverse surface profile to show thpreferential etching of four UV written
waveguides (data courtesy of B. Snot?.

As the etch depth approaches the core layer, thditade of the reflected Bragg
peak reduces, until eventually the peak is lost mmdBragg response is detected.
This effect is two-fold. As the etch depth incresspropagation losses at the
boundary between the silica overclad and the etcbgin will increase, reducing
the power in the waveguide. Finally, as the ctgelfi is etched, the strength of the
periodic index modulation is reduced, further weuakg the grating, until ultimately

the core is fully etched and the waveguide is lost.

Clearly this etching process needs to be contrptleal optimisation is a compromise
between the sensitivity of the etched device aedstrength of the Bragg response.
Monitoring this etching process situ through the Braggesponse allows for the
etch depth to be accurately and reproducibly ctiatto It was empirically found
that etching until a Bragg wavelength shift of hrh was detected gave the best

sensor devices.
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Two main factors have been identified as being g during the etching process;
the etch rate and the surface roughness. Itnacétte that the etch rate should be
able to be increased dramatically without a largedase in the surface roughness.
Low surface roughness is important to prevent fbssugh scattering at the interface
with the analyte, reducing the amplitude of thdea®d signal. As such, a target

etch rate of ~1 um/min was set, in order to achass/emooth a surface as possible.

For pragmatic reasons of preparing the etchingtisolin situ on the acid bench in
the clean room, concentrations were consideredairts pneat acid (commercial
concentrated hydrofluoric acid is 48 %) to partgena Initially the etch rate for a
range of concentrations of HF was investigatedghasvn in Figure 5.5; the etch rate
was calculated by measurement of the step etcthadé@ masked FHD sample by
surface profiler, after immersion in the etchanttieo minutes. The surface profiler

was able to calculate one-dimensional surface noesh from this same cross

section.
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Fig. 5.5 The etch rate and one-dimensional surfaceughness of a FHD silica-on-silicon wafer
as a function of percentage concentration of concemted hydrofluoric acid, HF to water.

Clearly, as the ratio of concentrated hydroflu@gid to water increases both the rate
at which the surface is etched and the surfacehrmegs (as defined by,Rthe
arithmetic average roughness of absolute deviatimm the mean surface level)
increase. However this shows that the relationshgiween the rate and
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concentration is not linear. Further, to achiesmaoval of 1 um of silica per minute

only ~30 % concentrated hydrofluoric acid in waserequired.

While the trend above indicates that the surfacegmoess increases with HF
concentration, it is unclear whether this is duéh®more aggressive etch or simply
a function of etch depth (the surface may contitméncrease in roughness as
material is removed, irrespective of the rate ofgeal). As such the time required
for an etch depth of 10 um was predicted for sohdiof 17, 25 and 50 %

concentrated hydrofluoric acid in water. The stefaoughness was additionally
quantified in two dimensions by an atomic force noécope (AFM) in addition to

the one-dimensional analysis by a step profileedusbove.

Conc. HF / %4 Etch duration / mifi Etch depth / um] R1-D] /A | Ra[2-D] / A

17 23:00 7.637 1376.8 168.0
25 14:46 8.872 805.8 1022
50 4:40 9.997 982.4 1242

Table 5.1 Surface roughness of a FHD silica-on-isibn wafer for different hydrofluoric acid
concentrations when etched to a predicted depth Gf0 um.

While the one-dimensional values of surface roughrage much higher than those
from the two-dimensional AFM data, the trend is slaene. The roughest surface is
seen for the slowest but shallowest etch, indigatimat this is not simply a function
of depth. Further AFM analysis for equivalent eshat 20 pum showed similar
surface roughness data, reinforcing this conclusitime lowest roughness is seen for
the intermediate strength solution (25 %) and &b sthe surface roughness appears
to be dependent on more factors than concentratre.

5.2.3 Hydrofluoric acid/hydrochloric acid etchant ®lutions

The defects generated after deep wet etching carexipdained by the glass
composition. Some oxides, give insoluble produaotHF solution. For example,
typical oxides found in common glasses include: C&IQO or ALOs all of which
form insoluble fluorides on etchirf§®, although it must be noted that these specific
examples are not expected to be present in the $ilitld fabricated for this work.

These insoluble products are deposited on the gwmtkesurfaces and act as masking
layers. As a result, after etching the surface =0 rough, with much non-

uniformity. By adding hydrochloric acid, HCI toghetchant mixture the insoluble
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fluorides will be transformed to chlorides, impnogi the quality of the etching
process. Furthermore, increasing the acidity efdtch solution with hydrochloric
acid increases the acidity of the etchant solutiorther acting to increase the etch

rate.

A series of etches were undertaken with both thecgmeage of concentrated
hydrofluoric acid (20, 33 and 50 %) and concenttdtgdrochloric acid (0 — 50 %)

being varied:
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Fig. 5.6 The etch rate and surface roughness offHD silica-on-silicon wafer as a function of
percentage concentration of hydrochloric acid, HCfor 20, 33 and 50 % hydrofluoric acid
solutions.

Figure 5.6 shows that the etch rate can be draafigtiocreased with the addition of
hydrochloric acid, but this effect will saturate evhthe HCI concentration is greater
than that of the HF. While the etch rate is insegh the surface roughness is not
significantly affected by the presence of HCI. rbasing the volume of the etch
solution used over the 4 mL needed to fill the $esalPTFE beaker into which the
sample would fit was shown to have little influerme the etch rate. From these
preliminary experiments it was believed that arhieig solution of volumetric ratio
conc.HF/conc.HCI/KD of 4/3/9 would give the best compromise of swefgoality

and etch rate.

5.2.4 Etch rate as a function of immersion depth

The limitation of usingn situ monitoring of the Bragg response during etching is
that it must be linked to the characterisationugety a fibre pigtail. While, the
glues used to attach the pigtail to the wafer a@eegally acid resistant, the optical
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fibre needs to be protected. This introduces ¢a@irement that the sample must be
mounted vertically on etching. For small sampteswith only a single, small etch
region this does not cause a problem. Howevelafger or multi-etch samples, any
gradient in etch rate will introduce discrepanciesthe process. To investigate
whether such gradients exist, the etch depth oHB Eilica-on-silicon wafer was
measured after exposure to the above etchant @oltdr a typical etch duration of

18 minutes, comparing both stirred and unstirreddesys.

30
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20 T
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Depth from base of sample / mm
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Fig. 5.7 The etch depth of a silica sample on immson into a hydrofluoric acid etching solution
for 18 minutes as a function of immersion depth, v (blue) and without stirring (red). Error
bars represent the standard deviation of a seried smeaszurements.

Figure 5.7 shows that the etch depth of both systegaries with the depth of
immersion. While stirring the etchant solution noyed the etching gradient it was
still not uniform. This is a problem for any systevhere multiple regions need to
be etched equally. This could be resolved usiegramercial glass etching cream,
allowing the device to be laid horizontally allowinniform etching. Alternatively a

‘topless’ wafer can be used, as detailed in Se&i6rR.

5.3 Surface Roughness and Polishing

The volumetric ratio of HF:HCI:D was investigated and it was found that the
optimum etch rate to surface roughness was achievitdld a ratio of 4:3:9
respectively. While the etch rate was ~1 pm/miexggected, the surface roughness
increased dramatically gR-d) = 165.8 A) from predictions and was still 230
times greater than that of an un-etched samplefurther test confirmed that the
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orientation of the sample does affect the surfacghness. To overcome this, the
concept of a fast etch with a subsequent polisktage to restore the surface was
considered.

This was achieved through mechanical erosion of sindace with a felt-ended
handheld commercial polisher (Dremel 400 seriegaligotary tool) with an alkali,
colloidal silica solution (Logitech SF1). Whileetbe are designed for use in glass
polishing they had not been used as a method fishoog an FHD wafer or for
restoring an optical surface. Profile data co#ddndicated that the polished surface
was near to the quality of the original silica;(-D) = 17 A), as illustrated in
Figure 5.8:

Polished surface, R, (1-D) = 34.6 A
; Ve — o

Fig. 5.8 An optical microscope image showing theear optical quality of the polished surface
compared to the etched surfaces, one-dimensionalrface roughness values are inset.

A polish of one minute increased the measured é¢gith by no more than 400 nm.
In contrast, polishing by hand removed less bulkenia, but it only reduced the
surface one-dimensional roughness from 836.5 t09780

As the following AFM images show (Figure 5.9), thgo-dimensional surface
roughness was dramatically reduced from 165.8 Aa& A without loss of the
Bragg gratings. As noted previously, the two-disienal AFM measurements of R
are much lower than those measured by the surfaéep but show the same trend.
Furthermore the polished surface roughness isJseli¢o be limited by feedback

102



Chapter 4 Evanescent Field Sensing

errors within the AFM, and is likely to be more qoanable with bare silica ~ 3 A.
The quality of the surface was good enough to Beemaveguides within the core
layer. The presence of two holes on the polishethse indicated that only a thin
layer of bulk material had been removed. If thizge features are excluded, thg R
for the remaining surface is 8.3 A. The lines i particulates are silica particles

from the polishing solution that have become botanithe surface during polishing.

(b)
50um| 188 24 nm
25 pn
. ¥. z it Opm B ,
Opm 25 um 50 um Oum 25 um 50 um

Fig. 5.9 AFM images of the surface of the etchedel (a) before [R, (2-D) = 165.8 A] and (b)
after polishing [Ra (2-D) = 10.5A]. The lines of particulates on theeft image are silica residue
from the polishing step.

5.4 Waveguide Design

As mentioned previously, Bragg gratings are inhiéyesensitive to temperature, and
strain. These effects can interfere or mask anyeleagth shifts caused by
refractive index change making situ referencing necessary. In order to
compensate for thermal errors, an additional I@ralgg grating of different Bragg
wavelength was written near to the etched regidhis was left un-etched, and as
such was insensitive to analyte but remained seadt changes in temperature and
strain. In this way the Bragg response to chamgesalyte refractive index within
the etched region could be separated from othesigdlyeffects by a simple first

order approximation.

The simplest design involves a linear channel waiig containing two Bragg
gratings, one to act as a buried reference andttiex to act as the exposed sensor.
While this system works sufficiently, it was deaid® develop a device to include a
“Y-splitter” junction after the buried referencélhis allowed the design to include
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two exposed gratings 100 um apart. Including mpldtgratings in parallel within
the etched region afforded several advantageslyfitancreased the success rate of
device fabrication, with wafer defects or etchimpmmalies less likely to interfere
with the sensor grating; secondly by increasingriimber of sensor gratings, the
average response can be derived, reducing the asthndeviation in the
measurement. If these sensor gratings are wattemarkedly different wavelengths,
the ‘dispersion fingerprint’ of the analyte canreasured, with analytes of similar
index at 1550 nm often having different dispersmnofiles leading to different

responses at other wavelengths

Figure 5.10, shows the typical dimensions of a @&wontaining three waveguides,
each containing a reference grating, r followedby-splitter to two sensor gratings,
S12. The disadvantage of using a Y-splitter is théB6loss incurred at the splitter,
however as the Bragg gratings written are typica0y30 dB above the noise floor,
this loss does not significantly affect the premsiof the Gaussian fit used to

ascertain the Bragg wavelength.

10 :

Reflected power / dBm
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Fig. 5.10 A schematic of the UV written “y-splitte” optical device incorporating an etched well
(pink); 2,=1530 nm,As,=1540 nm,Asz=1550 nm and the corresponding reflectance spectrum
showing the Bragg responses.

5.5 High-Index Overlayers*

The sensitivity of the device to refractive indexstrongly dependent on the fraction
of the evanescent modal field that penetrates inéoanalyte. In air, the lower

refractive index above the waveguide results immasgtry in the guided mode. This
shifts the mode further away from the surface, cedusensitivity. This effect may

be countered by the addition of a thin layer ofghkindex material such as titanium
dioxide or tantalum pentoxiden & 1.90-2.56°%* and 2.08°°° respectively), which

increases the sensitivity by pulling the guided maog into the analyte. This has
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been previously been shown to enhance the surfawsgtizity on Mach Zehnder

interferometer-based sensors

Guided mode >—>

(@

(b)

Guided mode >—> k)

C. \ :/ \
C C i

Tantalum pentoxide

Fig. 5.11 The enhanced symmetry of the guided mod&velling along an exposed waveguide
with an overlayer of tantalum pentoxide (b) compard to without (a).

5.5.1 Tantalum pentoxide — a high-index overlayer
For this work it was decided to investigate thea$#on of tantalum pentoxide, a

® onto the sensor

material that is well suited for sensor surface liappons 2°
surface. Tantalum pentoxide has a similar morgholo silica and thus not only
produces good adhesion between the layers but @afomthe direct application of
surface techniques and chemistry developed aroilind surfaces to be appli€d’.
Tantalum pentoxide also has the advantages of ls&imgle to deposit reproducibly
by sputtering; a physical vapour deposition (PV&hinique of depositing thin films
by ejecting a material from a target with argonspia, which then deposits onto a

substrate (Figure 5.12).
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Fig. 5.12 A schematic of magnetron sputter deposii.

The thickness of the tantalum pentoxide overlayas wmpirically determined by
several calibration samples and modelling the wasmkgwith Fimmwave to give the
optimum sensitivity without loss of guidance, atfadhat depends on the index of
the analyte being studied. Room temperature spd#eosition of 80.9 nm of
tantalum pentoxide under ultra-high vacuum by amft@ Instruments Plasmalab
400 plus” directly onto the sensor surface was dfotoincrease the sensitivity to
changes in refractive index. This sensitivity gese was shown through comparison
of the Bragg response to a series of “Cargilleaative index liquids” (Series AA
and AAA) with index from 1.30 to 1.44, both befaed after deposition of tantalum
pentoxide (Figure 5.13). The sensitivity was foundhave increased by over an
order of magnitude relative to the bare surfacé¢hout altering the reflected Bragg
spectrum. This is shown by the gradieffts{) where for a typical analyte of index
1.38 this is found to be 73.0 nm with the high-xdayer of tantalum pentoxide,
while only 1.63 nm without.

106



Chapter 4 Evanescent Field Sensing

Ang [ X103
w ES ol

[N]
t
1

1+ -

PR

0 f t - } t t
130 132 134 136 138 140
Analyte refractive index (at 1550 nm)

Fig. 5.13 The measured change in effective refraeé index of the Bragg grating, for the
transverse electric (TE) mode, when exposed to aris of analytes before (dashed) and after
deposition of tantalum pentoxide (solid). Error bas are too small to show.

5.5.2 The sensitivity limit of Bragg grating sens®

As discussed in the previous chapter, to form anitedly selective optical sensor an

active surface monolayer is often be employed. I&Vihis refractometer has been
shown to be very sensitive to changes in refradgtidex in bulk analytes, having the

ability to detect changes in index down to°18etection of a surface monolayer is a
significantly harder challenge. A molecular mowelatypically consists of discrete

molecules bound to a surface, forming a layer thas 1.5 nm in thickness. To

monitor the deposition of, and changes in, suchhdle layer requires a very high

sensitivity to index change within a tiny fractiohthe evanescent regime.

At these high sensitivities it becomes increasingjifficult to make quantitative
measurement of the absolute sensitivity limit idaboratory environment. The
challenge comes from the interference of minutéasereffects and water adsorption
that dominate at the limits of detectith ?° Consequently to provide experimental
verification of the sensitivity limit of the sensaibeit in an idealised environment,
the response of the Bragg wavelength to the deposf ultra-thin layers of silican
vacuowas investigated. In this way, the sensitivityiti of the Bragg sensor was
defined by the thickness limit of the silica laykatectable by the system. Silica was
chosen as it has a comparable refractive insex (1.44) with that of a typical

organic monolayer and can be deposited reliablycangistently.
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The silica was sputtered onto the surface, allowirgcise deposition of silica in
11.5 nm steps (Figure 5.14). An optical fibre f¢ecbugh allowed the Bragg
grating to be interrogated during the depositiod eooling phases without removal
from the sputterer. By measuring within the vacusystem it was possible to avoid

surface contamination that would otherwise leaflitther thickness changes.

Vacuum chamber

— Magnetron
— Silica target
Circulator

ASE —> | == ==—1— Heatshield
| =
Rl \T — Water cooled mount
Fibre feed
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<-- <~

Fig. 5.14 A schematic of thén vacuo measurement apparatus used to monitor silica depivien.

As the Bragg gratings respond linearly with changasmperature, (~10 pm / °C), it
was necessary to uge situ temperature referencing. In order to compensate f
thermal errors, an additional local Bragg gratifiglifferent Bragg wavelength was

written near to the etched region. In this way Bragg response to changes in
analyte refractive index within the etched regi@uld be separated from thermal
effects by a simple first order approximation, eier configuration than that of

current SPR technolody".

Silica was deposited in steps of 11.5 nm up toicktiess of 103.5 nm, the sample
being allowed to cool between each deposition (figul5). Region in Figure
5.15(a) corresponds to the deposition of silicajing rise to a shift in Bragg
wavelength. However there is also a temperatumgonent in this response, caused
by heating of the surface by the argon plasma duwsputtering. RegiolH shows
the subsequent cooling of the sensor by ~15 °Cghe rise to a reverse shift of
~150 pm. A first order compensation was applieddébermine the deposition
response separately from the thermal effects, fwameg the raw data into a series
of stepped plateaus (Figure 5.15(b)). Despiteedmding the relatively small
tantalum pentoxide temperature coefficiefifs¢) and the changing fraction of the
mode exposed to the vacuum, this first order appratton gave a standard

deviation on the plateau of 1.0x10
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Fig. 5.15 The observed shift in effective refractie index on depositing silica onto the surface in
steps of 11.5 nm (a) and after a first order compesation by the temperature reference Bragg
grating (b).

Taking the average of each data series on eackapldtetween depositions allowed

the change in the effective index of the Bragg seras a function of silica
deposition thickness to be derived (Figure 5.16).
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Fig. 5.16 The effective refractive index increasebserved upon deposition of silica onto the
Bragg sensor surface, compared to the modelled sgsh. Error bars are too small to show.

The modal sensitivity to silica deposition was mitetk using Fimmwave (Figure
5.17). This model was validated against the belksgivity measurements taken

before and after deposition of tantalum pentoxae,shown previously in Figure
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5.13. These gradient maps illustrate the interfityhe mode across a cross-section
of the waveguide for both the bare sensor and ¥t nm of silica deposited. The
change in effective index for the transverse eledffE) mode was found to be
consistent with that observed during fimevacuo studies. In contrast to the TE
mode, the transverse magnetic (TM) mode was foartgktrelatively insensitive to
silica deposition on the surface.

Investigation into the modal overlap of the TE aid modes with the tantalum

pentoxide overlayer revealed birefringence betwden modes. The TE mode
penetrates much further out of the surface thanTidemode, resulting in high

sensitivity (Figure 5.17(a)). In contrast, as show Figure 5.17(b) the

perpendicular TM mode is suppressed from the senfath little enhancement from

the tantalum pentoxide overlayer. The insensitigitthe TM mode can be used for
in situ temperature referencing through differential stgdof the two modes, as
discussed further in Chapter®%%:

(a) TE:
vacuum
silica layer
- 5
underclad

(b) TM:

- 8

Fig. 5.17 On deposition of a 100 nm silica layemto the surface of the waveguide, the modelled
TE mode (a) is pulled up much further into the tanalum pentoxide overlayer than the TM
mode (b), resulting in higher sensitivity to surfae changes.
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Investigation of the uncertainty in the experimémavelength measurement for
each silica deposition indicated an overall Bragyelength shift standard deviation
of 1.18 pm, where this was obtained from the stahdkeviation of the Bragg
wavelength measurements for each of the plateatgimre 5.15. From the Bragg
condition, this wavelength variation of 1.18 pmresponds to an effective index
change of 1.1 x I® This uncertainty in wavelength can be used ferithe

minimum detectable increase in silica film thickeegon the sensor surface.

(a)

0.2 T T T T
d(Ang)/dx = 0.0056

0 5 10 15 20 25
Silica thickness / nm

(b)
2.0 . . . .

d(Angg)/dx = 0.0314

1.0 } } } }
80 85 90 95 100 105
Silica thickness / nm

Fig. 5.18 Plots to show the increase in effectigdex with deposition of silica at both (a) small
and (b) large silica film thicknesses. A simpletiiear trend line has been included to illustrate
the sensitivity to deposition in these two regimes Error bars are too small to show.

In the thin silica film regime as illustrated ingkre 5.18(a), the effective index
response of the Bragg sensor to increasing filcktiess, dines)/dx, is given by the
gradient of the linear trend line. Using this gead of 0.0056 and the uncertainty in
the effective index allows for the smallest detbleiachange in silica thickness to be
inferred as 0.20 nm. This corresponds to the @sialincrease in silica film
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thickness that would be detectable above the randmise in wavelength

measurement.

Similarly the thick film regime can be consider&igre 5.18(b)); here the gradient,
d(Aneg)/dx, is much greater allowing for much smallerrgases in film thickness to
be detected. By applying the same approach, tfeeréd silica film thickness

detection limit would be 0.035 nm. This increasesensitivity occurs because the
optical mode of the waveguide is pulled up as theuum is replaced by the higher

refractive index silica layer.

As previously discussed, the growth of a thin finsilica acts as a suitable model
for the deposition of an organic molecular monotayeon the sensor surface, with
typical monolayer thicknesses of 0.7-1.2 nm expueatethe context of this work
(this is discussed further in Chapter 9). The &&ngmalysis above of the gradient in
the two thickness regimes combined with the ungdstain the Bragg grating
wavelength measurement indicates that these Beggpss should be able to detect
increases in silica thickness of ~ 0.2 nm in a vatu This thickness threshold is
below that expected for an organic monolayer andua$ it should be possible to
detect the presence of an organic molecular moaolagon a tantalum pentoxide
enhanced Bragg grating sensor. It should be nibtedthese measurements were
carriedin vacugq introducing the Bragg grating to the environmenit increase the
uncertainty in the Bragg wavelength, as physical ahemical variables can no
longer be restrained. However, much like the tHibk regime above, the higher
refractive index of a solvent will act to pull tloptical mode further out from the
waveguide increasing sensitivity such that it maynter the increased uncertainty
in the measurement. Chapter 8 will further disdings successful attachment and

detection of such a molecular monolayer upon a @agting surface.

These results have led to a publication in therjalifApplied Physics Letters™

5.6 Alternative Bragg Grating Sensor Geometries

In addition to the etched sensor geometry, sewatar methods of fabricating a
refractive index sensor exist. Fundamentally afithmds focus on exposing the
evanescent tail of the guided mode over the Bragtng; however the approach to

achieving this varies. While this work focusesymarily on the ‘etched’ geometry,
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both ‘groove’ and ‘topless’ geometries have beewestigated and have been

included here for completeness.

5.6.1 ‘Groove’ sensor

Most sensor geometries focus on accessing the svamiefield of the waveguide
from the top; however side access is just as @ffectTo attain side access of the
evanescent field, grooves were fabricated into ditiea-on-silicon wafer using a
dicing saw, with a 50 um thick saw blade (fabridaby the Centre for Integrated
Photonics). As the direct UV writing system’s shation stages are of higher
absolute accuracy (<10 nm) than the saw bladeissikation stage (~ pum), the
devices were fabricated by first cutting grooveso ithe substrate and then

subsequently direct UV writing.

When cutting a groove into a silica-on-silicon wafthe quality of the surface
roughness is an important parameter to quantifst, #s with wet-etched devices.
Surface quality of the side walls is dependent ughencutting conditions including
feed-rate, depth of cut, coolant used and coollmt fate. It was recorded that
typical grooves’’, as illustrated in Figure 5.19, have awRlue of 141.3 nm and a
summit density of 13 &

An advantage of the groove geometry is that it ms imherent platform for
microfluidic operations. The side access geomalsg has the benefit of utilising a
combination of S-bends and gratings, such thaingstcan be placed at different
distances from the edge of the groove. If theeddiit gratings are located at
different distances from the edge, their modes malte different penetration depths
into the analyte. This information could be usedirtterrogate refractive index
gradients on the surface of the groove walls.
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(a) Pair of focused UV laser beams (244 nm)

Microfluidic .
Channel agg grating

(b)

Fig. 5.19(a) A schematic of direct UV grating writng a Bragg grating into a groove substrate
using a S-bend waveguide to approach the groove.) (A photograph of such a tantalum
pentoxide coated groove sensor.

Furthermore, the high-index overlayer used to eocbahe etch geometry can be
applied to groove sensors as well. By mountingdé&ece at 45 ° in the sputterer,
with the sensor face exposed, tantalum pentoxidebeasputtered onto the side wall
of the groove. Figure 5.20, shows the sensitietyhancement and induced
birefringence for the orthogonal TE and TM modesdeposition of ~100 nm of
tantalum pentoxide into the groove. With the etehsor, the TE mode is seen to be
the more sensitive, when switching to the side ggomthis geometrical factor is

reversed with the orthogonal TM mode the more s&esinode.
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Fig. 5.20 The change in Bragg wavelength for theansverse electric (red) and transverse
magnetic (blue) modes of a Bragg grating groove ssor, before (solid) and after (dashed)
deposition of tantalum pentoxide. Error bars are bo small to show.

5.6.2 ‘Topless’ sensor

The etched devices discussed up to now are UVenrjttior to etching into a three-
layer silica-on-silicon substrate. If during thdB process, the top cladding layer is
not deposited a two-layer structure is formed, wlbe core layer is exposed. Such
a ‘topless’ geometry instead uses the air as tiperupladding layer. Waveguides
and gratings can then be written into the wafdofaihg the same procedure (Figure
5.21). The advantage of this approach is thaetramescent tail of any waveguide
written will be exposed without the need for etchor a subsequent polishing step
to remove surface defects. This process greatipldies the fabrication process for
refractive index sensors. Furthermore a high-indeerlayer can still be used
analogously to the etched geometry to enhanceeth&tvity.

Fig. 5.21 A ‘topless’ tantalum pentoxide coated feactive index sensor with (right) and without
(left) an FEP overlayer, containing two sensor windws.
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When a ‘topless’ geometry is employed the entineglle of the waveguide is
exposed to the environment. This has several aagdins; firstly it is no longer
possible to use a chemically insensitive referegcating to monitor physical
changes and secondly any material of high-indexI¢ss) anywhere along the
waveguide length will result in propagation lossaking packaging the device
significantly more challenging. For a tantalum foirde-coated etched sample the
birefringence of the TE and TM modes is only stramghe etched region, with the
remainder of the waveguide still buried under thladding layer. For a ‘topless’
sample this birefringence is present along therengngth of the waveguide,
resulting in a different vertical alignment of theput optical fibre for each
polarisation state. Due to this misalignment, mfis to simultaneously monitor
both modes in such a system result in one modeyhmigxkedly weaker than the

other.

Many of the drawbacks of using a ‘topless’ overetonhed’ device can be resolved
by attaching a cladding layer over the non-sensgrons post UV writing. While
this could be achieved through deposition of a nmetesuch as silica through
techniques such as sputtering, the high cost aahbom requirements defeat the
advantages of using this approach over an etchethetey. However a low cost
approach has been developed. Fluorinated ethyplepylene (FEP) is very similar
in composition to the fluoropolymer PTFE (polytdéimaroethylene) sharing in it's
useful properties of low friction, non-reactivitpé low refractive indexn(~ 1.3380
2123 put is more easily formable with a low meltingimoof 260 °C, high

transparency and resistance to sunlight.

By heating the UV written ‘topless’ device to 300, a layer of 25 um FEP sheet
can be melted onto the surface. In this layer@ewsdows can be cut and peeled
away to produce a device much in appearance tettined geometry (Figure 5.21).
This results in a device very much like the etcbexsors discussed previously. This
regains the ability to use buried references anttipiel sensor regions on a single
device. However, with an etched sample, the ceretched into, increasing the
proportion of the mode penetrating into the analytat enhances the ultimate
sensitivity limit over the FEP coated topless agat
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On a more practical note, the adhesive used ta@hattihe optical fibre pigtails
(Dymax Ultra Light-Weld High § Optical Adhesive: OP-4-20632 = 1.55) is
sufficient to pull the guided mode out of the wawvielg if any spills over the joint
onto the top face of a topless device — a problean is not normally encountered
with etched samples. This can be overcome by fryggalication of the adhesive but
this leaves a much less robust joint. The FEP layer prevents any adhesive
contacting the sensor surface, not only making swciplings more straightforward
to fabricate but restoring the robustness.

If a good level of adhesion is achieved betweerFtEE and the silica surface such a

device is suitable for use in a microfluidic systesmch as discussed in Chapter 8.

5.7 Summary

In summary, direct grating writing can be used dbricate planar Bragg grating
sensors. Fabrication of these etched sensorsdwas dptimised by using a mixed
hydrochloric and hydrofluoric acid etchant solutievith a post-etch polishing step

being introduced to restore the surface.

The sensitivity of these sensors can be dramatigalproved through the inclusion
of a high-index overlayer of tantalum pentoxide.hd&s been shown that, within a
vacuum system, the device can detect sub-nanonmtieness changes of a silica
layer. This demonstrates that detection of anrocgmonolayer on the surface is
within its capabilities. Although, it must be ndtéhat within a real environment
effects such as stress, small-scale temperatuceuéitions and contaminants could
well increase this sensitivity limit. These resultave led to a publication in
“Applied Physics Letters®”.

While the majority of the devices presented in twsrk are etched, alternative
geometries have been proposed, which for spedidiaations, offer advantages
over the etch geometry. Topless devices have bppled to the fabrication of a
reconfigurable Bragg grating in Chapter 6 and comiwith the groove geometry,
these have been used to develop prototype micdoflsensors in Chapter 8.
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6. Reconfigurable Optical Bragg
Gratings

6.1 Introduction

The optical telecommunication industry is currentlya state of growth, which is
driven by several factors including an increasedemand for high-definition

multimedia over the internet and a change of glalyalamics. The vast capacity of
optical telecommunication transmission is achietredugh the use of silica-based
optical fibre; an overview of which can be foundhe introductory chapter.

To allow for high capacity, optical telecommunicatinetworks require the routing
of signals between Wavelength Division Multiplexi(dyDM) channels. This can
be achieved using various optical filtering techusg including arrayed waveguide
gratings, diffraction gratings, thin film filterdBragg gratings, micro-resonators,
photonic crystals or liquid crystals and furthesclgtion of these methods can be
found in a review by Eldad&> For control over network routing these filters
require tuning, which can be achieved through tleeoptical, electro-optical or
mechanical-optical means, achieved using optidaieficomponents or integrated
optical circuits. The elegance of using integrabgtics is that many components
can be compactly fitted onto a single device.

6.1.1 Reconfigurable optical Bragg gratings

Reconfigurable optical devices are of great intefest telecoms applications;
including dispersion compensation and tuneable dadd- multiplexers. Bragg
grating filters, with the advantages of potentiatrow bandwidth and low crosstalk,
are potentially important elements in such systerasr these applications, optical
Bragg grating structures need to be reconfigurablle both fine control and wide
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tuneability of the Bragg wavelength desired. Rwasiapproaches to this problem
were to incorporate a degree of reconfigurability iexisting Bragg devices through
tuning of the refractive index by temperatdté piezoelectric*®>, magnetostrictive
218 or mechanically induced strafft’. With some exceptions, these all require a

continual supply of electrical power to maintaie titered wavelength.

6.1.2 Photorefractive organic materials

Organic polymers have found many applications actebnic and optical devices.

They offer process compatibility, flexibility in degn, and the ability for integration

of electronic and optoelectronic functions. Numer@olymer systems have been
developed for optical applications, the key requeat imposed for such materials
being transparency. Much interest has focusseatopiic polymers because of their

218 - Furthermore,

well-known optical properties and good film-formigpability
azobenzene-based polymers can act as photosensitowdinear optical, or
photorefractive materials with ever increasing dgelof application, including:
programmable optical interconnects; electro-optiodoiation; coherent image

amplification; and holographic storagé.

Barley?®® has reported an example of a siloxane-based polfgmetionalised with a
photoresponsive azobenzene derivative. This haftactive index compatible with
that of telecommunication grade devices (~1.46¢fully lower than that seen in
other active materials such as liquid crystals. e Polymer contained only 5 %
azobenzene units but still exhibited a change fracéve index of 3.5 x 16

Incorporation of such a polymer into an integraBedgg grating device would allow
a latched reconfiguration of the Bragg wavelengithout the need for continual

electrical input by photo-switching between isoroetates.

Examples of such a reconfigurable Bragg gratingagesxist within the fibre regime
221 These differ from the approaches presented inetieat the grating is written
directly into the photoresponsive polymer. Throwgimg the induced index change
to modulate the polymer index and use of a widgeaot different period masks, a
wide range of Bragg wavelengths can be achieveth wisimple heating step
necessary to erase the grating. While the turnigalbil the Bragg wavelength is
orders of magnitude higher than those presentddmtitis chapter, there are several

compromises that make this proof-of-concept impecatt The largest constraint is
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the weak reflectivity of the induced grating sturet that would need to be much
longer than the gratings used here to achieve ipahdevels. In addition such
grating lengths would have too small a bandwidthré&al world applications. By
coupling a prewritten integrated Bragg grating deviwith a photoresponsive
polymer, this chapter shows that a suitable turfimg practical applications is

achievable while still maintaining a good qualitaiing response.

6.2 Azobenzene
The simple azobenzene motif can undergo revergibt#oisomerisation allowing
the photoactive units to be optically pumped alnestiusively from thdransto the

cisisomeric state upon exposure to ultraviolet light.

/@ hv (350 nm)
N=N —>5 N=N
hv (525 nm)
or heat

Fig. 6.1 Transto cis photoisomerisation of the azobenzene unit.

Upon isomerisation there is a change in the palbiiisy of the azobenzene
molecule, resulting in a change in refractive inddixhas been reportéd® that the
transisomer is thermodynamically more stable by 50 lal“mwhile the barrier to
photoisomerisation is approximately 200 kJ TholThecis-isomer will slowly relax
thermally back to théransisomer in the absence of light, but the activatianrier
for this process is 96 kJ mbin solution or 130 kJ mdlin the solid state. The
corresponding half-life of theis-isomer is of the order of a day at room tempeeatur

6.2.1 The effect of para substituents on the azobeene absorption spectrum

The absorption spectrum of the azobenzene unitacentan intense peak
corresponding to the-n* electronic transition of the trans-isomer and @aw peak
that originates from the weak xt—electronic transition of theis-isomer®?® The
change in absorption upon photoisomerisation isctly related to the change in
refractive-index. This is defined by the Kramersaiig relationship (Chapter 2),
whereby a larger change in absorption or an adsorgtoser to the wavelength of
interest implies a greater change in refractiveeind This allows the change in
refractive-index to be predicted from the magnitofi¢he change in the absorbance
spectrum. To investigate the change in refradtidex upon photoisomerisation, a

121



Chapter 6 Reconfigurable Optical Bragg Gratings

family of para-substituted 4-phenylazophenoxyaceticid derivatives were
synthesised, as shown in Figure 6.2. Further ldetai the synthesis and
characterisation of all compounds discussed in Wngk can be found in the
synthesis section of Chapter 12.

Ra =_
Rp = -NO,
R = -OMe .

O\)kOH iv O\)Oj\o/\
T =

Fig. 6.2 The synthetic pathway towards a family opara substituted azobenzene derivatives; i)
NaNOQOs, HCI, <5 °C, ii) phenol, <5 °C, iii) ethyl bromoaetate, K,;CO3, Nal acetone, iv) NaOH,
ethanol.

The relative absorbance of the two isomers is di#gr@non the electron density
within the conjugated azobenzene motif. Upon pisotaerisation, the azobenzene
passes from the plantmansisomer to the twistedis-isomer in which the phenyl
rings are rotated out of alignment to avoid sterierference. This results in reduced
conjugation in thecis-isomer. Increasing electron density within thenjogated
system exaggerates this difference in orbital atignt between the fully conjugated
and partially conjugated states. This resultsigmiBcant differences between the
UV-visible spectrum of the electron righmethoxy derivative3c, and the electron

deficientp-nitro derivative 3b.

The solution phase UV-visible absorption spectracimpounds3a, 3b and3c are
shown in Figure 6.3, for a concentration of 2.50¢ oldm?® in methanol with a
path length of 1.0 cm. For all three compoundgosig thetransisomer to
ultraviolet light, at 365 nm, induces photoisomatisn to thecis-isomer with a
reduction of the peak at 340-370 nm. Boythe strong peak at 356 nm undergoes
complete loss while simultaneously a second peatkesponding to theis-isomer,
is observed to form at 444 nm. A similar transitis observed foBa, albeit to a

lesser extent, with only a decrease in the absorgteak at 342 nm. In contrast, the
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p-nitro-functionalised derivativBb shows a much less marked spectral change, with

the formation of the new peak at higher wavelemgthbeing observed.

While 3b is the most polar of the three compounds, it haddwest electron density
within the conjugated system and this is seen whth smallest transition in the
absorption spectrum upon photoisomerisation. Intrest 3c has two electron-

donating groups on the periphery of the azobenzene and this correlates to the

most marked change in the UV-visible absorptiorcspen.

The reverse isomerism back to tihensisomer can be achieved thermally, but for
absorption studies this was achieved through exposiuthe azobenzene derivative
to laboratory fluorescent ceiling lighting. Thisohdband white light source was
able to stimulate the absorption band of tigisomer at 450 nm, leading to
reconversion to thgansisomer in a comparable timescale. Using an opfioaler
meter calibrated to 450 nm in combination with bat400 nm long-pass’ filter and
‘5600 nm short-pass’ filter, the intensity of thedrescent ceiling lighting at 450 nm
was estimated to be 19.6 pW upon the bench-topected for the transmissivity of
the pair of filters, measured as 72.8 % at 450 nmabUV-vis spectrometer).
Without use of the notch-filter, the optical powafr the white light source was
measured to be 180.6 pW.

It should be noted here, that the Bragg gratingiggwatching studies discussed in
Sections 6.4 and 6.5 used an alternative stimumlaad 254 nm to achieve

reconversion using a UV light source.
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Fig. 6.3 The absorption spectra for para substitied azobenzene derivatives 3a-c in methanol,

illustrating the difference between thetrans ground state (solid) and the photostationary state

(dashed):cis-3a (Amax = 320.5, 450.5 nm) anttans-3a (vmax = 342.0 NM) €is-3b (Ayax = 367.5 Nnm)
and trans-3b (Amax = 370.0 NM)Cis-3C (Amax = 444.0 nm) andrans-3¢ (Amax = 356.0 nm).

The relative populations of the photostationaryestdor 3a-c (defined here as the
point at which further irradiation with UV light &65 nm does not result in further
spectral changes) were investigated by NMR spemms As reported by Wazzan
224 the chemical shift of the aromatic protons ofaanbenzene dye can differ by as

much as 1 ppm between the two isomers, with thisars¢ion sufficient to
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distinguish between these isomeric states. Thrasghof the integrals the cis:trans
ratio can be calculated. Figure 6.4 highlights #@mematic region of the NMR
spectrum for3a at the photostationary state (a) and after thers@nversion back
to the initial state (b):

638
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Fig. 6.4 The NMR spectra in deuterated methanol fo3a at the photostationary state (a) and
after thermal reconversion back to the initial stat (b), demonstrating photoisomerism to the
cisisomer. Thecis:transratio is calculated to be 63:37 at the photostatiary state.

NMR spectra were collected for the initial statettee photostationary state and

again at the ground state after thermal reconversidemonstrating the reversibility
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of any observed changes, with the initial and rgeaied spectra observed to be
identical. It was found that unlike the dilutewobns used in the absorption studies,
the more concentrated solutions required for NMRIysis resulted in much slower
photoswitching (2-4 h). To ensure that the phatostary state was achieved,
samples were taken, diluted with methanol and bs®mgtion spectrum compared to
those in Figure 6.3, when no further change waserwkd the solution was

transferred to a NMR tube in the dark and the specttollected.

tran:cisratio
Compound :
ground state photostationary state
3a 100:0 3:63
3b 100: 0 66 : 34
3c 100: 0 33:66

Table 6.1 The relative populations of the photostenary state for compounds 3a-c.

While compounds3a and 3c show a significant proportion have isomerisedhe t
cis-isomer,3b demonstrates a much smaller conversion, withtriduesisomer still
dominant. This is consistent with the much smadleginge in the absorption upon
irradiation (as shown in Figure 6.3). While théaaf conversion to theis-isomer
is much lower than would be expected, with nearmlete conversion reported in
polymer systemé®, this may be due to a combination of the high eot@tion of

solution and the low power of the UV light sourced.

6.3 An Azobenzene Functionalized Methacrylate Co-pymer.

Methyl methacrylate-derived co-polymers, such al/(pwethyl methacrylate / 2-
hydroxyethyl methacrylate), P(MMA)(HEMA), have salile refractive-indices for
use in waveguide systems (refractive-index of P(MHEMA) = 1.497 — 1.516,
depending on the MMA:HEMA compositid%), with the pendant hydroxyl groups
in the latter component allowing for further fumctalisation. The present work
describes the radical copolymerization of methykhaerylate and 2-hydroxyethyl
methacrylate to form a 51:49 P(MMA)(HEMAX, co-polymer, into which 4.8%
para-methoxy azobenzene molecular unritsyere incorporated along the polymer
backbone,6 (Figure 6.5). The resulting MMA/HEMA ratio was tdemined by

comparison of the integrals of the peaks in the NMR spectrum?3  This
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technique was further applied to calculate the m@igo of azobenzene units present

along the polymer backbone as a ratio of functisedlmonomer units present.

The weight average molecular weight fMexpressed as ‘PMMA equivalent’
molecular weight) of5 was determined to be ~190,500 by GPC (gel peroreati
chromatography), increasing to -~301,500 after httet of the pendant
azobenzene arm$§, A similar trend was observed for number averagdecular
weight, My, which increased from ~65,200 to ~90,850, resgltim the
polydispersity increasing from 2.9 to 3.3.

00" o 0" o
\ I \ J/o _0
OH }o OH HO
0
5 HEMA MMA
P(HEMA)(MMA)
N=N
6

<|3 P(HEMA)(MMA)(Azo-HEMA)

Fig. 6.5 The synthetic pathway towards an azobenze functionalised methracylate co-polymer;
i) thionyl chloride, reflux, ii) AIBN, methanol, ii i) triethylamine, 2-butanone.

The UV-visible absorption spectrum for the co-pogynfilm, 6, spun onto a silica
substrate, shows that there is an intense absorpgak at 361 nm (Figure 6.6)
corresponding to theansisomer and a weak peak at 451 nm which origintrtes

the cisisomer. When the film is irradiated by ultravibleght at 365 nm, the
azobenzene units within the co-polymer undeirgms-cisisomerisation; indicated
by the decline of the stronfgans and increase of the wealts absorption band.

After twelve minutes, no further change was detkdtethe absorption spectrum,

127



Chapter 6 Reconfigurable Optical Bragg Gratings

while the reverse isomerisation frokis to trans took fifteen minutes when

illuminated by laboratory fluorescent ceiling ligid.
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Fig. 6.6 Time-lapse UV-vis absorption spectra shang the trans-cis transition of a 191 nm thick
p-methoxy azobenzene containing methacrylate co-paher film, on exposure to ultraviolet light
(354 nm) over 12 minutes.

6.4 A Reconfigurable Optical Bragg Grating.

As discussed in Chapters 3 and 5; a ‘topless’asibie-silicon sample was fabricated.
On exposure to a pair of interferometric UV laseafms, four Bragg gratings of
different periods were written simultaneously aldhg channel waveguide (Figure
6.7) that can be interrogated at both 1550 andnn8®ands.
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Fig. 6.7 Un-normalised reflected spectrum of theopless Bragg grating device (the response at
~1543 nm corresponds to a wafer defect crossing theveguide).
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The exposed evanescent field caused the opticalentodbe sensitive to the
refractive-index of its surroundings and the cqroesling shift in peak wavelength
of the Bragg spectrum was used to interrogate awaingthis environment. Onto
this surface a 413 = 27 nm thick film of the azatere-functionalised co-polymer,
6, was spun (Figure 6.8). The presence of the &iml its ability to undergo
photoisomerisation was confirmed by diffuse-retiacte UV-visible spectroscopy.

) Core
Photoresponsive polymer

Optical Fiber \ _
S s

Underclad
A A
!

Optical mode Bragg grating Substrate

Fig. 6.8 A schematic of the evanescent field ofdtoptical waveguide penetrating into the photo-
responsive azobenzene co-polymer film.

6.4.1 Interrogation of the Bragg response at 780 nmvavelength

Analysis initially focussed on the interrogationtbe Bragg responses around 780
nm, spectrally near to the absorption feature aedcé a large refractive index
change should be seen (Chapter 2: Kramers-Kronigtiomship). At this
wavelength, the co-polymer induced high opticaklasto the waveguide device,
with almost total loss of the optical mode afteavelling only 20 mm along the
polymer-coated waveguide (~1 dB/mm). Despite tloss, it was possible to
interrogate the reflectance spectrum of two Bragafimgs within the waveguide.
The sample was alternately exposed to ultravioggtt lat 365 and 254 nm, with
thermal changes being monitored by a thermocouplthérmal contact with the
optical device. The Bragg response demonstratgadecible wavelength tuning
between the two isomeric states, separated by 30 awell-resolved transition that

corresponds to 17 GHz of spectral tuning at 78(QFigure 6.9).
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Fig. 6.9 Reversible photo-switching between the tWisomeric statesof 6 results in a detectable
optical Bragg shift of 30 nm when interrogated at #80 nm. Photoisomerisation was achieved
through alternate exposure to 365 nm and 254 nm Ukght.

It is well known that planar waveguides exhibitefingence as a result of the
geometry of the waveguide and these are definethasorthogonal transverse
electric (TE) and transverse magnetic (TM) modé&ke different mode profiles of
these modes results in the TE mode penetratingguftom the surface than the TM
mode. Individual modes were interrogated by psiag the input light to be parallel
or perpendicular to the sensor surface, coupling ithe TE and TM modes
respectively. Purely due to this geometry, them@te is more affected by changes
in the azobenzene-functionalised co-polymer overlahan the TM mode. This
manifests itself as a greater range of tuning fier TE mode than that of the TM
mode (Figure 6.10). It should be noted that thefinigence of the waveguide was
consistent with the modelled system previously remb*! and further, that no

evidence for optical anisotropy in the co-polymbniwas observed.
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Fig. 6.10 The transverse electric (TE) mode (a) stvs a much larger response to the refractive-
index change upon photoisomerisation of 6 than thigansverse magnetic (TM) mode (b).
Photoisomerisation was achieved through alternatexposure to 365 nm and 254 nm UV light.

6.4.2 Interrogation of the Bragg response at 1550mwavelength

Switching the interrogation to telecomm waveleng{ls band, 1530-1565 nm)
resulted in a reduced transition upon isomerisatioconsistent with being much
further from the absorption feature. However as twavelength the co-polymer
demonstrated greater transparency to the evanesweld resulting in full guidance
along the waveguide with little optical loss (~@B / mm). The higher transmitted
power along the waveguide resulted in the reflegiedk intensity of the Bragg
gratings increasing from 6 dB to 22 dB above thsenfloor, improving the signal-

to-noise ratio.

The lower loss at ~1550 nm allowed for the depasitf a thicker film (719 + 23
nm), resulting in a greater evanescent interachietween the waveguide aré
increasing the Bragg shift upon photoisomerisatiprover an order of magnitude to
486 pm (Figure 6.11). The maximum Bragg shift esponds to 63 GHz tuning at
telecomm wavelengths, sufficiently broad for preati optical tuning within a

telecomm channel.
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Fig. 6.11 Reversible photo-switching between thavb isomeric states of 6 results in a detectable
optical Bragg shift of 486 pm when interrogated at-1550 nm. Photoisomerisation was achieved
through alternate exposure to 365 nm and 254 nm Ulight.
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By limiting the duration of the UV exposure, tles:trans ratio within the co-
polymer can be regulated, allowing fine controltbé Bragg wavelength to any

value within this half nanometre tuning band. Timdex change showed thans-
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cis transition is faster than the reverse processsistant with observations in the

time-lapse UV-visible absorption measurements (feigu6).

There has been no evidence of degradation of texirchange response upon
repeated switching of the device during evaluatibtowever, whilst theis-isomer
has long-term thermal instability at room tempematwith Barley*?° reporting ~20
h for a 50 % reconversion, the methacrylate polymeported here shows a
significantly slower linear reconversion over 5 slay the dark, with a 50%

reconversion taking ~60 h at 21 °C in the dark.

As expected from the 780 nm data; the TE mode paestfurther from the surface
than the TM mode, resulting in a greater sensytisdgtchanges in the refractive index
of the co-polymer upon photoisomerism (Figure 6.12he relative insensitivity of

the TM mode could be used for situ temperature referencing through differential

studies of the two modes allowing for the fabricatof an athermal optical device
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Fig. 6.12 The TE mode (a) shows a much larger respse to the refractive-index change upon
photoisomerisation of 6 than for the TM mode (b).Photoisomerisation was achieved through
alternate exposure to 365 nm and 254 nm UV light.

6.5 An Azobenzene Functionalised Siloxane Co-polyme

The magnitude of the photoisomerism response oBthgg grating is dependent on
the thickness of the co-polymer film to which iteisposed. For the methacrylate co-
polymer discussed above, the thickness was belewntiiximum penetration depth
of the evanescent field of the waveguide; howevtricker film resulted in loss of
guidance as the high index of the polymer pullesl tiode out of the waveguide.

While increasing the density of azobenzene undegthe polymer backbone would
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increase the co-polymer’s refractive index furtheeducing the optimum film

thickness and negating any benefit.

Switching to a polymer backbone of a lower refraetindex would overcome this
problem, allowing for the mode to sense a muchk#ritayer. The knock-on effect
of this would be that a greater number of azobemaamts would be within the
evanescent tail, enhancing the change in effeatdex upon photoisomerism. Non-
uniform film deposition, much like the unpolishedcleed sensors discussed
previously, can cause scattering loss and Bragl pesmdening. By using a thicker
film these effects are much reduced as the layiekribss can now be considered

infinite to the mode and the surface will no longgeract with the mode.

6.5.1 Silicone co-polymers

Siloxanes such as polydimethylsiloxane (PDMS) bgltm a group of polymeric
organosilicone compounds consisting of an altemgasilicon-oxygen chain with
groups tethered to the remaining silicon sites. MBDis the most widely used
silicon-based organic polymer, and is particulakiyown for its unusual flow
properties. Its applications range from contactsés and medical devices to
elastomers; it is also present in shampoos, caglkmbricating oils, and heat-
resistant tiles. PDMS is optically clear, and,general, is considered to be inert,
non-toxic and non-flammable. It is commonly usedatamp resin in the procedure
of soft lithography, making it one of the most coormmaterials used for flow
delivery in microfluidics chips. The process oftd@ghography consists of creating
an elastic stamp, which enables the transfer dépett of only a few nanometres in

size onto glass, silicon or polymer surfaces.

The similarity of such siloxane-based polymers tooghous silica results in
typically low refractive indices which, coupled tvithe ease of processing, ideally
lends themselves to this application. To this end4-(4-
methoxyphenyl)azo)phenoxyacetyl chloride4, was peptide-linked to the
commercial poly[dimethylsiloxane-co(3-aminopropyBthnylsiloxane] (50:50N20p

= 1.4055), a PDMS analogue with pendant amine gro{fifigure 6.13). This
resulted in 10.4 % of the amine sites being fumetised, giving an overall coverage
of 4.9 % of the monomer units — comparable to tlethacrylate polymer discussed

previously.
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Fig. 6.13 Synthetic pathway to an azobenzene funahalised siloxane co-polymer.

Much like the methacrylate analogue, the silicomepalymer 7 demonstrated
reversible switching in methanol (5.5 mg/L), asedétd by UV-visible spectroscopy
(Figure 6.14).
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Fig. 6.14 Time-lapse UV-vis absorption spectra shong (a) thetrans-cis transition of a p-
methoxy azobenzene containing silicone co-polymer methanol, on exposure to ultraviolet
light (354 nm) over 14 minutes and (b) the reverseis-trans transition on exposure to laboratory
fluorescent ceiling lighting over 40 minutes.

6.5.2 Spray coating — an alternative deposition teaique

If the refractive index of the co-polymer is lowoeigh (less than the waveguide core
of n = 1.445), deposition of a film on the surface Wil unable to pull the mode out
of the waveguide, irrespective of the film thickeesBy removing the need for

carefully controlled film thicknesses, fabricatioh such devices can be simplified

without the need for clean-room processing or goiating.
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Spray-coating was proposed as a low-cost altemabspin-coating. The technique
uses a jet of compressed gas to aerosol the polgnterthe target surface through
an atomiser nozzle. This allows for uniform filro§ controlled thickness to be
easily deposited. To aerosolise the co-polymevais necessary to first dissolve it
into a volatile solvent, in this case acetone. sTWwas then sprayed onto the same
device as used above — to allow direct compari$dinectwo polymer systems.

Fig. 6.15 The Bragg device spray-coated with a ttik film of the azobenzene functionalised
silicone polymer, 7. The first 4 mm were left unceered to leave a reference Bragg grating.

6.5.3 Interrogation of the Bragg response at 1550mwavelength

First, a thick film was deposited to test if thdymeer was below the refractive index
threshold and that it was possible to fill the easgent sensing region with the co-
polymer without loss of guidance. It was foundttiwéh a thick film of 3.0 um the
Bragg peaks were all clearly visible with a redoigtin amplitude of just 5-10 dB for
a Bragg wavelength shift of 0.40 nm. It shouldnioéed here that the soft nature of
the silicone film made precise film thickness meaments by surface profiler less

accurate than that of the methacrylate co-polymers.
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Fig. 6.16 The un-normalised reflected Bragg speatim of a linear waveguide containing 5
Bragg gratings, before (blue) and after (red) depason of a thick film of the azobenzene
functionalised polymer 7, relative to reference grang at 1525 nm. Optical loss estimated at 0.4

dB/ mm

However it was found that there was no Bragg respoto any induced

photoisomerisation of this layer. This was du¢h® upper part of the polymer film

absorbing the incident UV light, preventing the laemazene units near to the
waveguide undergoing photoisomerisation to givéange in the effective index of
the grating. To resolve this, a second, thinnken fivas investigated. By using a
similar approach to the feedback technique useden etching (Chapter 5); the
polymer was spray-coated until no further changBragg wavelength was observed
(Figure 6.17). This allowed for the maximum effeetfilm thickness (1.0 pm) to be
deposited.
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Fig. 6.17 The step-wise increase in Bragg wavelghgvith each subsequent spray-coat, after 5
coats no further shift was observed. The sharp dmafter each coat is due to residual acetone
solvent evaporating.

Optical microscopy of the sprayed polymer surfaeendnstrated a rough surface

with a clear droplet pattern (Figure 6.18), howetle® underlying bulk material

should be homogeneous, resulting in the low séatfdnsses observed.

Fig. 6.18 Optical microscope images of a 1 mm byrin square of the surface of a thick film
(left) and thin film (right) of the functionalised siloxane 7, showing the rough, droplet-like
surface.

The sample was alternately exposed to ultraviogit lat 365 and 254 nm, thermal
changes being monitored by a thermocouple in thiecoatact with the optical
device. The Bragg response demonstrated reprddusdvelength tuning between
the two isomeric states, separated by 45 pm fofl thenode and 25 pm for the TM
mode (Figure 6.19).
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Fig. 6.19 The transverse magnetic mode (a) showsmaller response to the refractive-
index change upon photoisomerisation than the trangrse electric mode (b).
Photoisomerisation was achieved through alternatexposure to 365 nm and 254 nm UV light.

While the thinner film exhibits optical switchinthe magnitude of the wavelength
change is much smaller than for the methacrylatgnper, despite containing a
comparable density of azobenzene units within thenc With both polymers, the
change in refractive index is solely due to thetpisomerisation of the azobenzene
motif and will thus be similar in magnitude, regudt in similar changes in effective
index. However the absolute effective index is mlawer for the silicone variant.
As discussed in Chapter 4, the wavelength resptmshanges in effective index
increases exponentially with increasing index, stiwdt the same magnitude of
refractive index change centred at 1.40 will beoater of magnitude smaller than at
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1.44. Furthermore any changes in the film thickngson isomerism would enhance
the magnitude of the refractive index change, thosgch effects would be more
apparent within the thinner methacrylate film whtre mode still penetrates all the

way through the layer.

All of these explanations assume that the illungdatight is fully penetrating
through the azobenzene film allowing switching tlgloout. As the evanescent talil
decays exponentially out from the sensor surfdeecloser to the surface the larger
will be the induced change in effective index olsedrupon photoisomerisation. If
the incident UV light is not fully penetrating thugh in the thicker silicone film,

then the effective index response will be much cedu

To overcome these drawbacks, several approaché&sm®made. Firstly a tantalum
pentoxide overlayer could be deployed; this wouldréase the sensitivity of the
device to refractive index, increasing the respdosphotoisomerisation centred at
lower indices. However the thickness of such & fould need to be carefully
calculated, were as it to be too thick, the samaptications discovered with the
methacrylate film would again arise. An alternatapproach would be to slightly
raise the index of the silicone polymer to ~1.4%s would increase the magnitude
of the response to photoisomerisation but wouldl igmain low enough to allow
spray-coating. This could be achieved in two wéystly residual amine sites could
be capped off by a subsequent reaction with acétgride, or secondly the degree
of azobenzene units could be increased, both isicrgahe bulk index and the
magnitude of the index response to photoisomeoisatiHowever as Barle§?°
reported®®®, there is an optimum azobenzene concentrationeandeding this can

lead to a reduced index response.

6.6. Summary

A family of azobenzene derivatives have been swmbkd and their optical
properties have been studied. From these findmgsmethoxy azobenzene-
functionalised methacrylate co-polymer has beehggised that has been shown to
undergo reversible photoisomerisation when expasedJV light, producing a
corresponding change in refractive index. Thispobaner demonstrated high
thermal stability to isomerisation, giving rise applications in passively latched

devices. When deposited upon an optical surfagecanfigurable Bragg grating
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was formed that has the potential for a range dfcalp applications. In this
prototype device the maximum observed tuning wed @8, corresponding to 63
GHz at telecomm wavelengths. This level of tunmgufficient for future devices
that could find application for wavelength trimmid) lasers or for reconfigurable

dispersion compensation.

A second system has been investigated using amatitee silicone co-polymer.
This polymer has been shown to undergo a simitatransphotoisomerisation with

a corresponding change in refractive index. THeosie co-polymer has been
shown to have a lower bulk refractive index, belthat of the waveguide core,
allowing for easier deposition by the spray-coatiaghnique. While this method
removes the need for clean-room processing, regutia cost and complexity of
fabrication, further optimisation is needed to ioye the response to that observed
for the methacrylate system.

Further work on these systems would focus on tlwesiigation of non-uniform
exposure patterns. For example, using a gradiemtrad density filter it would be
possible to induce a gradient refractive index ifgdhat would introduce a degree of
chirp into the grating, while using a periodic mastuld introduce additional

spectral features.

These results have led to a publication in “JoumiaMaterials Chemistry™,
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/. Temperature Compensation

7.1 Introduction

As discussed previously, the evanescent tail ahqrosed Bragg grating can be used
to form a highly sensitive refractive index sensehere sub-picometre changes in
the Bragg wavelength can be used to provide infaanabout the refractive index
of the analyte. However, as these Bragg gratingssically respond linearly with
changes in temperature, (~11 pmi*jCfluctuations in the ambient temperature is a
significant problem when making precise measuremehthe refractive index. In
practical sensor applications, thermal control i ambient environment is not a

viable solution, making temperature referencing@eessity.

To overcome this problem several approaches todeatyre referencing have been
employed in this work. The simplest of these imeslusing a second Bragg grating
that is not exposed to the environment. This geatif placed locally on the device
to the sensor grating will experience similar res@as to physical stimuli such as
temperature, allowing for a first order deductioh tbhese fluctuations. This
technigue was demonstrated to work to great efifetttein vacuosensitivity studies
discussed in Chapter 5. However, this techniquess applicable when the sensor
is coated with a thin layer of a high-index mateach as tantalum pentoxide. The
physical environments of these two gratings aréonger comparable, with a much
larger component of the sensor grating exposedg@nvironment and thus dictated
by the thermal properties of the analyte. This@ffs particularly well demonstrated
for solution phase sensing, where the propertiesliqpfids and solids differ
substantially. In this situation the strong bimedence of the device can be used to
its advantage by carrying out differential studadsthe orthogonal TE and TM
modes™.
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Developing from this approach is the concept oéirermal Bragg grating devicé
whereby the modal penetration into each mediumdjasted so that the thermal
components act against each other giving no overalperature response over the
desired operational range.

This chapter will discuss the development of ealcthese techniques, highlighting

their strengths and weakness and the relevantigabhapplications of each.

7.2 The Thermo-optic Coefficient

The refractive index of a material is not const@rtpth varies with the properties of
the light interacting with it (dispersion) and thieysical environment. The refractive
index response of a material to changes in temera known as the thermo-optic
coefficient of the refractive indexn@lT and is a fundamental property of a material,
with many studies in the literature to quantifygbeconstants for common materials.
Theoretically, the refractive index is a functidndensity and the mean polarisability

of the medium??®

, which varies with pressure and temperature. @tiiects of
pressure, temperature, and wavelength of the intilight on the refractive index
were investigate®?’?**’by noting that the mean polarisability dependshendensity
of the medium. The change in refractive index widmperature is closely

associated with the phase transitions in transpalielectrics®*°,

Under typical laboratory conditions, the index efraction of most organic liquids
decreases by approximately 0.00045 + 0.0001 forryeve °C increase in
temperature, as shown in Figure 7.1. This rednasgrimarily associated with the
decrease in density upon heating a liquid. Thexnaf refraction of water is much
less dependent on temperature than most organiddigdecreasing by about 0.0001
for every 1 °C increase in temperature. Liquid perature coefficients are usually
so much higher than for solids that the temperatdira liquid must be known to

predict its refractive index.

144



Chapter 7 Temperature Compensation

—Isopropanol ——Acetone ——Ethyl acetate —— Water
1.38 — 
1.37 +
o
=)
x
]
2 136
()
2
8 135+ -
@
04
1.34 + .
1.33 } } } }
15 17 19 21 23 25

Temperature / °C

Fig. 7.1 The reported temperature dependence of ¢hrefractive index of common solvents atf
(589.9 nm).

With solids, temperature is less critical. Howeites important in optical design,
where investigation of the temperature dependerfceh® refractive index in
different frequency regions is important for undansliing effects such as thermal
lensing®! and light scattering®? processes in glasses. The thermal coefficient of
the refractive index, mldT of silica glass is found to be strongly deperdan the
temperature and the wavelength of the incident.ligks a whole, the value ohdlT

increases with increasing temperature for a givamnelength of the incident light.

As discussed by Taff"; to describe the temperature dependence of rafeaictdex

of glasses it is necessary to consider two couctiaa factors, the thermal
expansion and the electronic polarisability. Thecteonic polarisability being the
relative tendency of a charge distribution, suchhaselectron cloud of an atom or
molecule, to be distorted from its normal shapeahyexternal electric field. For

233 yariations of the

silica glass, due to its very low thermal expansioefficient
density with temperature are small. However, given wavelength, the change in
refractive index with temperature is much largertithat associated purely from this
change in the glass’'s density, indicating that tdmperature dependence of the
refractive index of silica glass is mainly assomihivith the change of the mean

polarisability. The temperature coefficient of #lectronic polarisation and thus the
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mean polarisability increases with increasing terajee, resulting in an increase in

the thermo-optic coefficient.

7.3 A Reference Bragg Grating for Temperature Compesation

The simplest solution to compensate for thermdit,dutilises an additional local
Bragg grating of different Bragg wavelength writtegar to the etched region, a
technique that works equally well within both fiffé ***and planar Bragg grating
sensors™. If this is left un-etched, it remains insengtiw changes in analyte but is
still sensitive to changes in temperature andrstrdm this way, the Bragg response
to changes in analyte refractive index within thehed region can be separated from

thermal effects by a simple first order approxiroati

There are two disadvantages with this approachlitbebme more apparent as the
sensitivity of the system increases. Firstly, whihe reference Bragg grating is
located close to the sensor grating, temperatwadignts can exist between the two
locations even on the same device. In fast chgngimnmicrofluidic systems this lag
in temperature referencing reduces the effectieméghe thermal compensation.
Secondly the mode structure and composition atvieeBragg gratings is markedly
different; each grating will sense different theroqtic properties. This results in a
difference in de/dT between the reference and sensor gratings. leWthis
temperature referencing technique is sufficientsionple systems; for the detection
of the subtle changes in refractive index neededpfactical chemical sensors,

precisen situtemperature referencing is required.

In this chapter it will be shown that by using tbghogonal polarisation mode
responses of the transverse electric and transuggaetic modes, we can provide a

more accurate compensation that addresses bdtle dfrtitations discussed above.

7.4 Using Orthogonal Polarisation Modes foin situ Temperature

Compensation

When an exposed waveguide is coated with a higeximdaterial, the mode is pulled
into the high-index material (Figure 7.2) resultinga greater proportion of the mode
exposed to the environment (Chapter 5). This efteexperienced differently by the
two polarisations modes, TE and TM, resulting ia ghysical environment of the

two modes no longer similar. The TE mode is moftuénced by the high-index
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overlayer, resulting in a much larger componentosegd to the environment. This
results in the thermal-optic coefficient of the WBde being principally dictated by
the thermal properties of the analyte. This effisgbarticularly well demonstrated
for solution phase sensing where the propertiesligqpfids and solids differ
substantially. In this situation the strong bimedence of the device can be used to
its advantage by carrying out differential studadsthe orthogonal TE and TM

modes.
(a) / (b)
V \‘ L — Analyte
\ﬁ S Tantalum pentoxide
- .
Guided mode Bragg grating

Fig. 7.2 A schematic of the Bragg grating sensoa), showing the effect of a high-index
overlayer on the guided mode (b).

The Bragg gratings fabricated for this study weferdm long with a period between
525 and 542 nm, satisfying the Bragg conditiorefitect wavelengths between 1520
and 1570 nm. All the modelling presented in thiaater was performed using the
commercial mode solver “Fimmwave”. The waveguidaswnodelled as a 0.005
step index increase for a square cross-sectiohjniihe 5.0um core layer of index
1.4465. The index of the underclad was modellededl.444, while the 72.5 nm
thick tantalum pentoxide overlayer was found to 285. The indices and
thicknesses of the planar silica layers used inrbdelling were determined using a
Metricon prism coupler as part of the fabricatiorogess, while the tantalum
pentoxide thickness was measured using a surfag®epr Although the real
refractive index profile of both the planar coregda vertically and the channel
laterally exhibit Gaussian-like profiles, the pmairefractive index profile of the
waveguide is unknown. It has been previously shthat, for weak index guidance,
a step refractive index profile for the modelledveguide gives good agreeméfit
The model was corrected to compensate for thesstnésiced birefringence inherent
within the waveguide of the silica-on-silicon dexidormed as a result of the flame

hydrolysis deposition fabrication process.
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7.4.1 Birefringence

The effective refractive indexyer, Of the Bragg grating response represents the
overall refractive index to which the guided modeekposed to within the Bragg
region. As such this is a combination of the reive indices of the silica
waveguide, the high-index overlayer and any angbyesent. In this work, this is
presented as a shift relative to an initial valaéher than as an absolute index
measurement. The shift in effective refractiveeixdAnes) is simply calculated
from the shift in Bragg wavelengthXg), according to Equation 7.1:

Anest = Ahg | 2A (7.1)

whereA is the period of the Bragg grating and is exgiicttefined during the UV

writing process.

For the un-etched Bragg grating, the fundamentaents largely symmetric.
However, etching introduces strong birefringencewhin the waveguide, greatly
modifying the transverse magnetic (TM) and transeezlectric (TE) mode profiles
of the Bragg grating waveguide. It is found ttreg TE mode is much more sensitive
to changes in the overclad than the TM mode. Tange in birefringence of the
Bragg grating £Bes) can be expressed as the difference in the shifte effective
index of the TE and TM modes as temperature oryemare changed (Equation
7.2):

ABett = ANt 1= — ANegt '™ (7.2)

ABet, is defined as zero at the initial conditions n&lgte and temperature for the

Bragg grating.

Sputtering the sensor region with tantalum pen®Xit2.5 nmn = 2.05) pulls the
evanescent field of the TE mode further out of seface, not only increasing
sensitivity but also further increasing the binefignce of the modes. This effect is
illustrated in Figure 7.3, where the TM mode rersaimithin the core of the

waveguide while the TE mode is pulled into the higthex overlayer.
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analyte

tantalum pentoxide

core

underclad

Fig. 7.3 The modelled intensity shows that the TEhode is pulled up into the tantalum
pentoxide overlayer, resulting in a greater modal werlap with the analyte. In contrast, the
evanescent field of the TM mode penetrates less aftthe surface, resulting in much lower

sensitivity to surface changes.

This increase in the birefringence of the two pektron modes is sufficient to
spectrally separate the two Bragg reflections,valig simultaneous acquisition, as

shown below in Figure 7.4:

-45 T T T
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Reflected power / dB
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Fig. 7.4 The reflectance spectrum of a highly bifengent Bragg grating sensor in water,
illustrating the spectral separation of the orthogmal polarisation modes; TE and TM.

Figure 7.5 shows the response of the Bragg gratiiy a central wavelength of
~1540 nm, to a series of Cargille refractive indiepids (Series AA and AAA)
illustrating the increased sensitivity and birefi@émce of the two modes to changes in

the analyte refractive index.
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Fig. 7.5 Experimental data showing that an overlagr of tantalum pentoxide pulls the TE mode
(cross) of the Bragg grating further into the analye, enhancing the sensitivity to changes in

refractive index of the analyte. The TM mode is &o shown (circle) with little sensitivity. Both
modes are consistent with modelling of the systerting). Error bars are too small to show.

7.4.2 Thermo-optic effects upon the birefringencef@a waveguide

While the TE and TM modes have dramatically difigrsensitivities to changes in
the refractive index of the analyte, the TE and T&kponse to temperature
fluctuations are much more closely matched. 8taal ! has shown that these
properties can be used to decouple temperaturguditions from changes in the
analyte under interrogation. This method of terapee referencing allows fon-
situ monitoring, an improvement over using a seconeéregice Bragg grating as

previously discussed.

However at the high sensitivities and broad randeawalytes necessary for
functional chemical sensors, these assumptionstetdoreak down. Dai’'s method
%11 relies on two assumptions. Firstly that only omede is sensitive to changes in
the refractive index (i.e. d' " )/dn = 0) and secondly, that the thermal responses
for both polarisation modes are comparablegd!")/dT ~ d(nex' -)/dT); combining

these two assumptions into Equation 7.2, gives &mud.3.
ABest = AneﬁTE(n,T) _AneffTM (nT)= Ar\effTE(n) (7.3)

This shows that the expression approximatesAtg:' -(n), i.e. the change in
birefringence of the Bragg response is solely ddpethon the TE response to an

analyte.
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Figure 7.5 has shown that for small changes irattayte the assumption that TM is
chemically insensitive holds up well. Even wheramfing between two pure
solvents, such as water € 1.315 af. = 1550 nm) and ethanah € 1.354)%%, the
shift in the peak Bragg wavelength of the TM maslstill small Ane ™~ = 0.0003),

and is an order of magnitude smaller than thaT®KAne = = 0.0034).

For the un-etched Bragg grating, the assumptionktbtn fundamental modes have
the same thermal response is reasonable (Figufa));.both modes are exposed to
similar silica environments and thus similar theramaic properties (a/dT). The
thermo-optic constant can be measured for the dhlragg grating to be 10.49 x'10
6 oc! at a wavelength of 1550 nm, consistent with tylpicaues for bulk silic&®’.
Etching and sputtering the surface with tantalumt@eade, as described previously,
increases the birefringence of the modes, butvatdoalyte indices the assumption
still holds true. For example, in air the low eeftive index pushes the two modes
back within the silica waveguide and underclad Wwhimombined with the lack of a
thermo-optic component for air T = 0), again results in similar thermal

properties between the two modes.

While this assumption has been shown to hold welkir %, for the solvents

required for chemical and biosensors the systerorbes more complicated. The
higher index of common solvents pulls the evandsioeld from the waveguide into

the solvent. The Bragg grating no longer sensststiie silica, but a mixture of the
silica, the tantalum pentoxide and the surroundiunigl, and hence their associated
thermo-optic components. If the TE and TM modesewequally affected by the
presence of the solvent, the gradient of Figuréay @ould be altered to reflect the

amalgamation of the variousdT values, but the modes would respond equally.

However, as shown in Figure 7.3, the penetratiomhefevanescent field into the
analyte differs considerably for the two modes.e Effect of this is that thengk/dT

of the TE mode is dominated by the/diT of the analyte, opposing that of the TM
mode, which is still dominated by the intrinsic ffm@ent of the silica waveguide.
This is demonstrated in Figure 7.6(b); where imingrdhe sensor in deionised
water results in little change in the.g/dT of the TM mode, which contrasts with
the suppressed response observed for the TE mbuke suppression of theng/dT

of the TE mode is a result of the negative/dd of water. This is further
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complicated by the temperature dependence of grentiroptic coefficient of water
increasing the degree of suppression with temperatbor real world applications a
simple subtraction between the modes as previquslposed by Dai is not only
insufficient, but would enhance the thermal compomather than negate it.
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Fig. 7.6(a) The thermal response ofng; for TE (solid) and TM (dashed) modes within an un-
etched Bragg grating. 7.6(b) The thermal responsaf Ang; for TE (solid) and TM (dashed)
modes with a Bragg grating exposed to water.

Although the two modes are different, an understanaf the system allows the

temperature dependence to be compensated. For sssyng applications the
solvent used is consistent or at least known inaade. For example, many bio-
sensing devices are run in water or a saline swiutiFor the TM mode to be used
for temperature referencing to produce temperangensitive Bragg grating

sensors, a scaling factor can be employed. Madethe system for the desired

analyte or solvent allows the thermal propertiesheftwo modes to be calculated.
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In addition this model can be used to determineairgy factor,K, between the

modes. Equation 7.3 can thus be modified to irm@ateK, to give Equation 7.4:
ABett = Anggr '°(, T) —K.Anggt (N, T) (7.4)

7.4.3 Application of birefringence temperature compnsation to a real system
For most solvents this approach works well, provgdaccurate thermal referencing.
With a suitable database of/dT for commonly used solvents, at the interrogatio
wavelength, this method can be fully incorporatad the grating analysis software.
Figure 7.7 shows the measured response of a Gargfllactive index liquid (Series
AAA, “1.3000") to changes in temperature and theed response of the model of
the system from Figure 7.3. This model was vatigainst the analyte data shown
in Figure 7.5 and can be used to find the valuk td allow temperature referencing
for this fluid (K = -1.21, in this example).
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Fig. 7.7 The thermal response okng; for TE (blue line) and TM (red line) modes with aBragg
grating exposed to a Cargille refractive index ligid of index 1.296 at 1550 nm, compared to the
modelled system (points).

To test this approach, the Bragg grating sensorshagly cooled from 40 to 22 °C
with the same Cargille refractive index liquid dmetsensor window while the
temperature was monitored with a thermocouple. siA@wvn in Figure 7.8, the TM
mode and TE mode demonstrated very different bebaviduring this cooling curve
experiment; however applying the scaled TE-TM ndisaton removed the thermal

component, and in the absence of any refractivexirchanges in the analyte, gave
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the flat line (red line). In contrast, applyingethimple subtraction of the two modes
without the scaling factoiK, was shown to increase the thermal componenteof th
TE mode rather than remove it (blue line). Thisvgh that by monitoring the TM
mode a temperature-insensitive Bragg grating sewsor be produced that can

compensate for analytes with very different prapsrtfrom those of the silica
waveguide.
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Fig. 7.8(a) The cooling curve recorded by the themocouple. 7.8(b) Applying the scaling

factor, K to the TM (dashed line) and subtracting from the E mode (solid line) makes the

Bragg response insensitive to temperature change®( line). Without scaling TM by K, the
thermal response of the TE mode is increased (blli@e).

For more complex solvents, such as water, wheregthdient, d/dT is highly

temperature dependent (Figure 7K)s no longer a constant but becomes a function
of temperaturel(T), giving the relation:

ABest = Anegt (N, T) —K(T).Anest "™(n,T) (7.5)
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This would imply that the temperature must be knanvadvance to be able to apply
this approach. However, over small changes in &atpre (i.e. < 5 °CK can be
approximated to a constant and only an initialneste of the ambient temperature or
a temperature range is needed to apply this mdthoeedmove thermal fluctuations
from the system. An un-etched reference gratinglmused to provide this initial

information.
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Fig. 7.9 The thermal response okng; for TE (blue line) and TM (red line) modes for a Bagg
grating exposed to water, compared to the modellesiystem (points).

Not only does this approach simplify the systemnasadditional components are
necessary such as a second Bragg grating or theuples but it makes use of the
previously redundant TM mode of the Bragg responEkle high resolution of this
method of temperature compensation combined wahhigh sensitivity of a planar
Bragg grating makes this system ideal for deteatioime subtle changes in chemical

and bio-sensing applications.

These findings have been published in the jourr@&tnSors and Actuators B:

Chemical"°.

7.4.4 Hybrid local reference Bragg gratings

While the method described above works successfatligl allows both sensor
measurements and temperature compensation to bevedhin a single Bragg

grating, it is reliant on a highly birefringent weguide. While it has been shown
that the thicker the high-index overlayer, the tgethe sensitivity enhancement, this
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comes at a cost. As the layer increases in thgkitepulls the guided mode further
out of the waveguide and into the analyte, lowethmg maximum analyte refractive
index possible before the mode is no longer efiitye reflected by the Bragg

grating.

To maintain guidance at these higher indices a nthickmer film is employed, often
resulting in incomplete resolution of the two modas distinct peaks in the
reflectance spectrum. In these instances modateneding is not possible, limiting
the system to using a reference grating, yet asusi®d previously a buried
reference is not sufficient for precise sensinguftle interactions. If the medium
the analyte is dissolved in is constant (e.g. aMmnaqueous buffer solution is often
used in bio-sensing), a second etched Bragg gratamgbe employed that has a
sealed aliquot of this medium over the surfacethisway the modal penetration of
the two Bragg gratings into the different material be similar, leading to similar

effective thermo-optic components, as shown schealigtbelow (Figure 7.10):

Etched windows

Referencle medium Anailyte
I |
\_ ¥ Y, \ \VA4 Ny
— ) ) )] ) )
d C C
Guided
mode
Reference grating Sensor grating

Fig. 7.10 A schematic of a Bragg grating sensor thia localised etched reference grating
covered with a sealed aliquot of a reference medium

7.5 Athermal Planar Bragg Grating Devices for Integated

Photonic Networks

Complex, narrow band optical components, suchl&sdj can be an important part
of multiple-wavelength telecommunications systerikere are already many forms
of optical filters in use, often utilising the Brageffect for effective wavelength

filtering. One difficulty in the use of these grags is the inherent sensitivity of the
Bragg wavelengthig) to variations in temperature (and strain). Tikisbserved as

the shift of the central Bragg wavelength of thatigig with changes in the local
temperature. The thermo-optic responsg/@l) for a UV written planar Bragg

grating is measured to be 11.1 pm/°C at a waveheoigt 550 nnf>2
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7.5.1 Athermal Bragg gratings

A method of making an athermal Bragg grating i€aatrol the temperature of the
grating with an active stabilisation system, howe¥és is both costly to implement
and requires electrical power. A second approaséd in fibre, involves creating a
negative expansion via a hybrid mounting arrangenmr@nvhich materials with
dissimilar positive expansion coefficients createeduction in the length of the
Bragg grating as temperature increa$8s Such devices have several undesirable
properties, these include the fabrication of aat#& union with the fibre and the
fabrication costs associated with the mechanics¢rably and adjustment of such
devices. Such systems have also been found to bigsteresi$*®, degrading the
performance under repeated thermal cycling. Furibee the requirement that the
grating be suspended within such a device can ntakeompatible to applications
requiring tolerance to mechanical shock and vibrati Instead of creating a hybrid
mounting it is possible to use composite matetialachieve an athermal response
241 A fourth method of incorporating negative expanss to provide a substrate
for mounting the Bragg grating that is fabricatedni a material with an intrinsic
negative coefficient of expansion. An example oths a material is the beta-
eucryptite solid solution of cerammed lithium alnwsilicate**> However such an
approach is less well suited to integrated photodige to difficulties in overcoming
the substrate expansion.

7.5.2 Using the negative thermo-optic constant offauid

In general fluids have a negative thermo-optic ficieht that can counter the
thermo-optic coefficient of the silica waveguideduacing the thermal sensitivity of
the Bragg grating (as shown previously in Figui®).7.The evanescent field of the
TE mode penetrates further into the analyte resultn the suppression of the
effective thermo-optic responseé\gddT) of the TE mode compared to the un-etched-
like response of the TM mod® However, to produce an athermal grating, the
modal overlap with the analyte needs to be finedunWhile switching to a fluid of
higher or lower refractive index would allow thegdee of overlap to be controlled,
changing the fluid used changes many other pragserincluding the thermo-optic
coefficient. As such it is useful to be able toduhe index independently from other

properties.
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While water is not an ideal fluid for telecoms apations, due to absorption losses
with the TE loss modelled at -3.8 dB ¢nits large thermo-optic coefficient of -8 x
10° /°C at 1550 nnf** #*is particularly effective at reducing the thermesdponse

of a Bragg grating. A practical alternative to aratvould be the use of deuterium

oxide, shifting the inherent absorption losses tolwahe mid-infrared.

7.5.3 Tuning the thermal response

The refractive index of a solvent can be tuned isgalving a solute, such as the
addition of glucose into deionised water. Smallnaantrations of glucose

significantly alter the refractive index of theitly but by retaining the same solvent,
other properties remain relatively unaltered. Feg7.11 shows the effect on
increasing glucose concentration on the Bragg respéor both TE and TM modes,
demonstrating the induced birefringence. By chagmdhe refractive index of the

glucose solution, the balance between the diffetfegrtmo-optic coefficients sensed
by the mode of the waveguide can be altered, atigior the temperature range of

the athermal region to be tuned for the desiredicin.

Bragg wavelength shift / nm

0 4 8 12 16 20
Glucose concentration / %wt

Fig. 7.11 The response of the two orthogonal modeEE (cross) and TM (dot), to increasing the
concentration of an aqueous solution of glucose.rier bars are too small to show.

Over typical operating temperatures of 20 to 5@G°€dncentration of 1 — 8 wt% was
found to compensate well for temperature. Ovesdhmncentrations the maximum
of the curve (caused by the temperature dependanite thermo-optic coefficient

of water) shifted with glucose concentration, pdivg a tuneable athermal response.
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At higher concentrations the negative thermo-omoefficient of the solution

dominates, resulting in a negative thermal response

By choosing the correct concentration for the aéestemperature range of the Bragg
response, devices can be fabricated to cover a raidge of temperatures. For a
concentration of 2.0 wt% of glucose, the Bragg oese was found to vary by only
3.7 pm with a standard deviation of 1.1 pm overXBe’C range from 37 to 47 °C,
showing reproducible athermal behaviour. This isvah in Figure 7.12, where the
TE mode is unaffected by changes in temperaturdewthe TM mode is still
comparable to that of an un-etched Bragg gratifigis is an improvement of nearly

two orders of magnitude over the un-etched Braggjryy.
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Fig. 7.12 The thermal response of the TE (blue l&) and TM (red line) modes of a Bragg
grating from 37 to 47 °C when exposed to a 2.0 wt%olution of glucose, compared to an un-
etched grating (black line).

In this way, tuning the proportion of the mode esgub to the negative thermo-optic
coefficient of a fluid by altering its refractivadex has been shown to improve the
temperature independence of an etched Bragg gralihgse devices are resistant to
mechanical shock, vibrations and strain. Combingd the low cost of fabrication
compared to traditional athermal Bragg devices makem ideal for incorporation
within integrated photonic networks. While the usieliquids is not currently
favoured in telecoms, packaging such devices cosédtechniques employed in the

fabrication of liquid crystal displays.
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This proof-of-concept device was reported in thetjal “Electronics Letters®.

7.6 Summary

Temperature referencing has been shown to be raegdes a Bragg grating sensor
to demonstrate sufficient sensitivity to be suigatlr common sensing applications.
Fortunately this can be achieved in several simgobel robust ways without

significantly modifying the existing fabricationdeniques.

While it has been shown that simply using a refegegrating is sufficient in simple
systems or specific examples, for precise compemsatf temperature, a modal

comparison is a much more accurate.

It has been previously reported in the literatina the birefringence of the mode in
an evanescent sensor can be used to compensaiperature fluctuations™.
Here we have shown that the assumption thag8¢)/dT = d(nes' )/dT is not well
suited for a liquid environment. By using the Thbae to monitor temperature
fluctuations and, in conjunction with the thermaioonstants for the solvents of
the system, a temperature-insensitive Bragg gra@mgor can be fabricated. It has
been shown that for a real system this approactsgaressfully remove the thermal
component from the Bragg response while the sirapfgoximation fails. Not only
does this approach simplify the system, as no it components are necessary
(e.g. a second Bragg grating or thermocouple), akes use of the previously
redundant TM mode of the Bragg response. The tagblution of this method of
temperature compensation combined with the higlsigeity of a planar Bragg
grating makes this system ideal for detection ef $hbtle changes in chemical and
bio-sensing applications. These findings have bpahlished in the journal

“Sensors and Actuators B: Chemical”

Furthermore, the use of the negative thermo-optefficient of a fluid has been
shown to improve the temperature independence atelmed Bragg grating. This
can be enhanced further through use of a soluteotdify the refractive index of the
solvent, allowing this response to be tuned to dbsired operating temperature
range. This has been demonstrated with an aqugocsse solution, where over a
10 °C range the Bragg response was found to vargrdy 3.7 pm. This is an

improvement of nearly two orders of magnitude ower un-etched Bragg grating.
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The low cost and resistance to mechanical shotkations and strain makes these
devices ideal for incorporation within integrateabpnic networks. This proof-of-

concept device was reported in the journal “Elett® Letters™2

The following chapters will focus on using the hijlermal stability that the systems
discussed here offer to produce chemical sensqrabta of looking at the subtle

responses from chemical binding.
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8. Optofluidic Sensors

8.1 Introduction

The previous chapters discussed the design andcdéibn of a highly sensitive
Bragg grating refractometer. While several appilices have been alluded to, the
primary aim of the project was to use the integtratgtical devices fabricated here as
chemical sensors. Similar sensors have been deératats previously by applying
an analyte to the sensor windd®’. This sampling method was shown to be
effective at identifying an analyte from a seriels kmown compounds through
accurate measurement of the refractive index andoraparison with known

calibration curves.

The logical extension to this approach is to inooape the sensor directly into a flow
system which would have the potential to monitantowally either fluids or gases
autonomously. This has several advantages oveprindous method: dynamic
changes in the system can be monitored in real itnmeore detail; and the system
does not require manual loading or cleaning ofsiresor surface, allowing for it to
be incorporated directly into many industrial preses for in-line monitoring. The
increased stability of the optical system allows lfagher sensitivity with fewer

anomalies through the reduction in surface contatitin, a problem with bench-top

and dip sampling methods.

To achieve this, a microfluidic system was devetbpieat allowed the sensor to
monitor a flow of liquid passing over the surfa@ntinuously and in an automated
fashion for multiple days at a time. Automationakeries of valves allowed for
control of the fluids through the system, enablthg study of the transitions at
solvent interfaces, chemical reactions and ultilgatBemical interactions upon the

sensor surface.
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The following chapter will focus upon the developthef the microfluidic system
and the unexpected refractive index profiles ob=grmvhen common solvents were

flowed through this system.

8.2 Microfluidics

The behaviour of fluids at the micro-scale T8 10?2 litres) can differ from the
macrofluidic, with factors such as surface tensiemergy dissipation, and fluidic
resistance becoming much more dominant in the systéhe field of microfluidics
deals with the behaviour, control and manipulatminsuch fluids constrained

geometrically to the micrometre scale.

Microfluidics has the potential to influence diverareas, from chemical synthesis
and biological analysis to optics and informatienhnology. While the field is still
in an early stage of development, it has beersatlin a wide range of applications
from analytics and high throughput screening thirotagheterogeneous catalysis and
chemical reactors. A comprehensive review of tatesof the field of microfluidics
was written by Whitesides in 1996°, covering the history and development of the
field from early work on micro-analytical methodsdamolecular biology through to

commercial products.

Continuous-flow microfluidic networks are based t@me manipulation of the
continuous flow of liquid through micro-fabricatetiannels under the actuation of
mechanical pumps. This approach is easy to impierued is typically insensitive
to fouling problems. Typical channel diameters-@00 nm to 100’s um are used
and at these small scales some interesting andtise@senon-intuitive properties

appear.

At these dimensions the nature of the flow of flhelfbecomes significant, with two
distinct flow regimes; laminar and turbulent. Laani flow can be considered
"smooth” flow while turbulent flow is often desceith as "rough”. Laminar flow
occurs when a fluid flows in parallel layers, with disruption (or mixing) between
the layers. The fluid particles move in definitedasbservable paths (streamlines).
In fluid dynamics, laminar flow is a flow regime atacterised by high momentum
diffusion and low momentum convection. Turbuldotf is the opposite of laminar

flow and is characterised by the irregular movenwéithe particles of the fluid, with
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no observable pattern and no definite layers. fldve regime influences the amount
of fluid friction, which in turn determines the amu of energy required to maintain
the desired flow. Laminar and turbulent flow ah@wn schematically in Figure 8.1,
indicating the characteristic bullet profile of lamar flow. This is caused by the

higher friction at the side walls producing a véipgradient across the channel.

Laminar flow; ———o»

— > > >

— > > >
—_— > ——> ——> ——»
—_— > ——> ——> ——»
e e
— —> —> —> —>

Turbulent flow; ————»

N

o D(,C("

Fig. 8.1 A schematic of laminar and turbulent flow showing the velocity profile.

The Reynolds number,.Rompares the effect of momentum of a fluid to effect
of viscosity. It is a dimensionless quantity thateg a measure of the ratio of inertial
forces to viscous forces and consequently quastifie relative importance of these

two types of forces for given flow conditions.

_a

o =
va (8.1)
whereQ is the volumetric flow rate (m3/dl),is a length of the object that the flow is
going through or around (my,is the kinematic viscosity (the ratio of the dynam
viscosity of the fluid to the density,= u / p, m?/s) andA is the pipe cross-sectional
area (m?). However, for flow in a circular pipaetReynolds number is generally

defined as:

QD
¢ va (8.2)
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where D is the diameter of the pipe. Full develephof the flow occurs as the flow
enters the pipe, where the boundary layer thiclkemsthen stabilises after several
diameters distance into the pipe. Experimentakeniations show that for 'fully
developed' flow, laminar flow occurs where R 2,300 and turbulent flow occurs
when R > 4,000%*, In the interval between 2300 and 4000, laminat @mmbulent
flows are possible (‘transition' flows), dependong other factors, such as the pipe

roughness and flow uniformity.

In microfluidic systems the Reynolds number canobsz very low. A key

consequence of this is that fluids, when side-big,sdo not necessarily mix in the
traditional sense and molecular transport betwdwmmt must often be through
diffusion alone. These effects become more appaneGhapter 10, where binding

to the surface of the microfluidic channel is invgsted.

8.3  An Optofluidic Sensor

Microfluidic networks allow for the precise controf the chemical and physical

properties of the system, such as the concentstth, temperature and shear force.
This results in more uniform reaction conditionsl d&agher grade products in single

and multi-step microfluidic reactors.

Optofluidics 2%’

iIs a relatively new field, integrating aspects dfiemistry,
microfluidics and integrated optics. However, cameld with traditional “lab-on-a-
chip” devices it has attracted much interest withrpals such as “Sensors and
Actuators B” containing a section dedicated to “Mid otal Analysis Systems” and
with the journal “Lab on a Chip” focusing on thesdegrated systems. The
following sections will discuss the incorporatioh a Bragg grating sensor into a

microfluidic flow cell to fabricate an optofluidgensor.

8.3.1 Sensor design

For practical measurements it is desirable to po@te the device into a
microfluidic system as this offers increased repaioility and control over that of
an open system. To this end, a simple continulmws-microfluidic system was
engineered. The typical system comprised of sékesacomponents linked by 400

pm internal diameter PTFE pipe, as shown in Fig.2e
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“6 input-1 output” valve (PC controlled)

Pump

Waste

Channel faceplate

Sensor device

/ ; Optical fibre to OSA

Etched channel Gasket (PC controlled)

Fig. 8.2 A schematic of the microfluidic flow systm.

The input can be selected from one of six resesyaiontrolled by a solenoid valve
under the control of Labvie#?® allowing automation to be introduced. The output
of the valve is pulled through the system and floww/er the sensor surface
(typically an etched region of dimensions 3 mm m# x 18um), before passing
through a diaphragm pump to waste. The pump pé&siatso controlled by Labview
providing control of the flow rate of the systenT.he planar optical sensor was
sandwiched between a faceplate, with the etched alighed with the input and
output ports. To ensure a good seal a gasket wad, wypically an O-ring. As
discussed in Chapter 3, the sensor can be remmiggrogated by an OSA via
optical fibre. This is further controlled througlabview code, allowing the system

to be controlled and interrogated by the same coenpuorkstation.

An advantage of this system is that all componesti® constructed from PTFE and
were immune to most chemical erosion, includingnuicals that are unsuitable for
the common polydimethylsiloxane (PDMS) microfluidigstems. This allows the
system to be easily modified to undertake reactions the surface without
modification, i.e. each reservoir can hold a ddfdrreagent or solvent allowing
sequential steps to be automated. Alternativelallbws full automation via

Labview when analysing a series of different areafidws.
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While this system does not represent a lab-on-p-chihe truest sense, the potential
for miniaturisation into a single device is readilyailable. Examples of integrated
pumps, valves and switches have been reported, asidm the work of Ungef*®,
where all three components have been demonstréwedigh soft lithography
processes in a single device. Furthermore thrabghuse of a tuneable laser the
characterisation circuit can be compacted from onentated towards laboratory
prototyping to a commercial system as demonstrhie®tratophasé® with their
portable Bragg grating-based biosensors. Such |scelke Bragg grating
interrogators are commercially available, with tf&martscan” by Smart Fibres
Limited #*° a notable example. This device combines theeeititerrogation system
within a single, small 14 by 11 cm case. Usingyonl5 W of power it can
interrogate up to 16 sensors to sub-picometre ugeal with a sampling frequency
of 25 kHz, outputting the data over Ethernet. Sactievice would allow for the
miniaturisation of the lab-top sensor into a paeatystem-in-a-box, no larger than a

suitcase.

8.3.2 Considerations on the faceplate

The faceplate was designed to cap the etched weheoBragg sensor making a
sealed microfluidic channel, allowing for the flaf fluids through the evanescent
field penetrating from the sensor surface. Tovallbis flow, a port was installed at
either end that was compatible with the 408 core pipe used to link to other
components. The seal between the faceplate ansilitee sample was achieved by
sandwiching the device between a top and bottorte plader compression with a

gasket to ensure a good fit.

The gasket was initially constructed from PTFE #ldresealant tape which while
inert, suffered from low compressibility which Iéadl air leaks and the formation of
micro-bubbles after several hours of use. As thed®les passed over the sensor,
generating “spikes” within the data as the effexivdex of the grating jumped from
that of the fluid (1.30 — 1.44) to that of air (@)Qincreasing the inherent uncertainty
of the system. To overcome this issue, a refimegglate using a “Kalrez” O-ring
was fabricated. Kalrez is a fluorinated elastompesduced by DuPonf™ that
combines the high chemical stability of PTFE withe t compressibility and

malleability of latex components. It is known t@ave a high resistance to
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temperatures of up 327 °C and has been shown woimgatible with over 1800

chemicals to date.

The first iteration of the faceplate was fabricafemm aluminium, because of the
ease of milling and its reasonable chemical restgta This faceplate was found to
be sufficient for most microfluidic applicationsjtiv no observed degradation upon
exposure to a wide range of common solvents. Hew#we main shortcoming of
this device was its high susceptibility to stroragés, which were required to prepare
the surface for functionalisation (as discussethenfollowing chapter). Over time
the aluminium was etched away by base producingpekprecipitate that could
block the flow system and also bubbles of hydrogas that interfered with the
readings of the refractometer. While this did pog¢vent the intended chemistry
from proceeding and though bubble formation woudse upon changing to the
next reagent solution, these effects were unddsirab

To overcome this problem, a second generationaafiate was commissioned from
stainless steel, grade 303. This was inert to,lsdeing the previous issue but was
now susceptible to acid treatment; with hydroclid@gid found to be corrosive at all
concentrations. Grade 303 stainless steel is dep#d sulphur to improve its
machinability, however upon contact with acids il wapidly etch and discolour as
the acid reacts with the sulphates and sulphidesept. To prevent this it is
necessary to passivate the surface before usesttips any sulphur from near the
surface and thickens the oxide layer, protectiognffuture attack or discolouration.

Passivation was achieved by sequential washinthidy minutes each in:

I. 5% sodium hydroxide solution at 70 °C
ii. 10 % citric acid at 60 °C
iii. 5 % sodium hydroxide solution at 70 °C
It was found that after passivation visible etchifighe steel by acids no longer

occurred.

It was considered that in order to analyse fluidteractions and chemical reactions,
multiple sensors sites would be of use. One soténpial use would be to measure
the sensitivity enhancement of a functionalisedas@. To this end a double well
sensor was proposed. This could be incorporatélirvihe microfluidic network

either in series or in parallel, such that eacH welld simultaneously be exposed to

169



Chapter 8 Optofluidic Sensors

the analyte solution. If one well were functiosati while the other was left
unfunctionalised, any difference in sensitivitiesul be due to the surface binding.
A schematic of the double well faceplate is showrFigure 8.3. The Faceplate
consists of the two oval grooves on the lower fémethe Kalrez O-rings to housed,
marking the two flow regions. Each region com®iséan inlet and outlet channel
that links through to ports on the top face, miltedoe compatible with commercial
PTFE ferrels. The Baseplate contains a vacuumkciiuat is used to assist in
aligning and securing the optical device. By saotimg the etched sensor between
these two plates a secure, water-tight seal canfobeed, completing the

microfluidic flow cell.

Bottom face: Top face:
microfluidic
channel
. A\ microfluidic port
O-ring groove (compatlble with

pigtail recess commercial ferrel)
alignment hole

The microfluidic flow cell:

The two halves
are secured by a
threaded bolt

vacuum
chuck

vacuum pump

Fig. 8.3 Schematics of the double-well microfluidiflow cell. The Faceplate (top) comprises of
two oval chambers on the lower face, linked to twmput and two output ports on the top face.
The pigtailed device is then sandwiched between th&aceplate and the Baseplate (bottom)

In practice it was found that because of the etgiprofile illustrated in Figure 5.6,

etching two wells of equal depth and thus equasiseity was not easy to achieve.
This could be resolved using the FEP-coated topiessmetry, as discussed in
Section 5.6.2.
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8.4 Solvent Transitions in a Flow Cell

Initial work focussed on flowing common solventsatiigh the microfluidic system

to check for chemical compatibility and flow propes. The system was found to
be stable to a wide range of solvents, from vaatibrganics, such as

dichloromethane and acetone, through to water andttylsulphoxide.

It was expected that for fast switching times lainar regime, little mixing would
occur between the proceeding and receding solMeat]ling to sharp solvent
transitions that would be detectable as sharp asang refractive index. For
immiscible solvents this was found to be the caségure 8.4 below shows the
refractive index profile for transitioning betweerater and ethyl acetate. As no
stable mixed state can exist, there are no possitdemediate stable refractive
indices and the sensor must switch smoothly from vadue to the other. However
the leading edge of each transition did not risevextically as expected. Further
investigation with a faster refresh rate on the G®wwed that initially the Bragg
sensor sees alternating “bubbles” of ethyl acesaid water resulting in the index
jumping quickly between the two bulk indices - whiwere averaged over the scan

to give the slope.

11 ; : : ; :
09 1 .
07 1 ]
051 .

03T .

Time / min

Bragg wavelength shift / nm

Fig. 8.4 Switching between water of index 1.33 arethyl acetate of index 1.37 produced a sharp
transition in refractive index; the “spikes” observed are due to pockets of the receding solvent
forced through the system at the interface betweesplvents.

When miscible solvents were investigated, the o#ifra index profile upon solvent

transition differed. Figure 8.5 shows that swibtchibetween methanol and
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isopropanol within the microfluidic system resulteéd a reproducible series of
changes in the effective index of the grating, Ento those seen for water and ethyl
acetate. However upon closer examination it is $bat it takes over five minutes
for the refractive index to normalise to the inaéxhe new solvent, as shown in the

inset.

1.025 T T T T T

1.020 A

1.015 A

1.010 A

1.005 f f f
26 30 34 38

" — S .

0 10 20 30 40 50 60
Time / min

Fig. 8.5 The effective index response to transitis between isopropanol and methanol within
the microfluidic system; the inset shows the slowansition to pure isopropanol.

Furthermore, on exploring the mixing of a rangaifferent solvents, it was found
that the shape of the transition was dependenh@mature of the previous solvent.
This is shown in Figure 8.6 where all possible sraons between the common
solvents isopropanol fn= 1.3772), acetone (1.3586), methanol (1.3284)vaair
(1.3330) are demonstrated. While for most trams#ithe same initial rise followed
by a gradual transition curve was observed, forharatl-water and acetone-water
transitions a large “spike” was observed at thaditeon. These were reproducible

and not due to air bubbles in the system — somgtiiait could not cause an increase
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in refractive index above that of the pure solveht understand the nature of these
transitional structures and explain the natureheflong timescales observed it was

chosen to focus on the methanol-water transititspakes”.

1.1 1 ( ' ' ' : : ! ——  jsopropanol
1.0 - (—‘ ( .

0.9 + .
0.8 + 8
0.7 + 8

0.6 + T\ ;
acetone
0.5+ [ 1

03+ .
0.2 -

0.1 \ i | methanol
0.0 ; —

Bragg wavelength shift / nm

0.1 } } ' | water

0 50 100 150
Time / min

Fig. 8.6 The shift in peak wavelength observed upaswitching between isopropanol, methanol,
acetone and water within a microfluidic flow cell.

8.5 Methanol-Water Mixtures

On exploring the mixing of a range of solventswés found that the nature of the
transition was dependent on the solvents being dnix&hile isopropanol-water

gave a square wave like response but with a smalhgitransient (comparable to
that for isopropanol-methanol, above in Figure 8M®ixing water with other

alcohols such as methanol or ethanol produced &e’spn the refractive index

during the transition. These “spikes” are partciyl significant for the interchange
between methanol and water, where the peak indexgehis over an order of

magnitude larger than the difference in the buliidf.

8.5.1 Methanol-water “spikes”

Successive switching between the two solventsemtlethanol-water binary system
demonstrated that the “spikes” are both reprodacéid consistent, as shown in
Figure 8.7. On switching from methanol to wateraarower “spike” was observed,
while the reverse transition produced a much bno&jeke”. The raw spectra were

studied and it was found that the response of ttagd@ grating remained Gaussian

173



Chapter 8 Optofluidic Sensors

across the “spike” transition. This confirmed ttte profile was genuine and not an
artefact of the fitting algorithm such as the réesfilbubbles passing over the surface

or rapid changes in the reflection spectrum.

1.8 T T T T T T T
water methanol water methanol water
1.6 + .

14 4 -
124 .

1.0 -

0.8 -

Angg [ X104

0.6 T .

0.4+ .

0.2 + -
0.0 i t t } } i 1

0 5 10 15 20 25 30 35 40
Time / min

Fig. 8.7 The change in effective index upon cyclirbetween methanol and water within a
microfluidic flow cell, showing the “spikes” causedby transitional solvent mixing.

Comparison of these TE data with those for thetivaly insensitive TM mode
(Figure 8.8) shows that the ratio of the magnitafithe “spikes” to the bulk change
is consistent for both — it is believed that ifstiwere a thermal response (arising
from the enthalpy of mixing), the two modes woulkehse this thermal change
comparably and would give similar “spikes”, but webinave differing sensitivities
to the bulk change. As such it was concluded tihese “spikes” are the result of

genuine increases in refractive index at the ftuidterface.
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Fig. 8.8 A comparison of the “spike” transition profile for the TE (blue) and TM (red) modes.

8.5.2 Methanol-water, a binary liquid

Work by Katz®*? on methanol-water mixtures in liquid chromatognapliscussed
the formation of a methanol-water associate phasa& mixing. This resulted in a
ternary mixture of associated water, associatedvamei, and water associated with
methanol producing a significantly different stiwet They showed that the bulk
refractive index aip is dependent on the proportion of this methandkwassociate
phase, producing a significantly humped curve whemparing refractive index

against solvent composition.

To investigate if the “spikes” observed on solveniitching were genuinely the
result of large changes in refractive index, a kimcurve was recorded in the
microfluidic system by switching between a seridspeemixed methanol-water
solutions, as shown in Figure 8.10. As predictgd KatZ°> a much higher

refractive index (corresponding to a larger wavgtbnshift) was observed for
mixtures of methanol and water than for either sptvseparately. The peak
refractive index found in an aqueous solution cioimig 60% methanol is consistent
with the amplitude of the “spike” in the flow syste This confirms that this is a
genuine refractive index change and it was hypatkdsthat the “spikes” on the
microfluidic data correspond to the change in aifecindex upon travelling across

this curve — as the two solvents mix and exchatgeyahe microfluidic channel.

175



Chapter 8 Optofluidic Sensors

18 T T T T T T T T

16 .

14+ :

12 + .

10 + .

0.8 T .

Angg | Xx10%

0.6 T 1
0.4 1 \

0.2 + .

0.0 = f : | t : : I |
0 20 40 60 80 100
Percentage methanol compostion / %

Fig. 8.9 The change in peak Bragg wavelength withe composition of the methanol-water
binary mixture.

The curve shown in Figure 8.9 is asymmetric. Th&y explain why the peaks are
broader when switching from water to methanol @raing from left to right on the
figure above) than for methanol to water (rightefi). The isopropanol-methanol
data seems to imply there is an initial rapid cleamgindex followed by a slower
transient; applying that rate to the case of meaih&ém water this would result in
passing over the hump much more quickly when switcifrom methanol to water

than for the reverse process.

With a central Bragg wavelength sensitivity of 1,porresponding to a change in
effective indexAnes of 10°, it should be possible to determine compositiowrmito
0.3 %, although the error increases near the pktdeacurve where the curve levels

out.

8.5.3 Investigation of the nature of these transibins

The laminar flow regime model predicts a gradiamtflow velocity across the

channel, with side wall friction slowing the flumhd producing the bullet velocity
profile, illustrated in Figure 8.1. At the inteckabetween two fluids, such a profile
could lead to a concentration gradient at the whlen the proceeding to the
receding solvent. With the TE and TM modes petiagadifferent distances into

the fluid, it would be expected that, if these f&s” were due to such a localised
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concentration gradient at the surface, the modgdaese would differ, with the TE
observing a more “bulk” like transition. As wasosin in Figure 8.8, the profiles of
the two modes are identical, implying the conceéitna gradient is effectively
uniform across the evanescent length scale ofethsirgg region.

It was found that turning off the pump during tihansition between methanol and
water allowed these “spikes” to be frozen for uséweral hours without change or
degradation. Furthermore, on re-engaging the puh#p spike profile would

continue unperturbed (Figure 8.10). The long 8fan of these profiles further
indicates that the concentration gradient deteatpdn transitioning between
solvents is a bulk effect rather than a short-rargmcentration gradient
perpendicular to the flow which would become logdiffusion over the time scales

observed.

01 methanol I metlhanol—water Itransition I water|
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Bragg wavelength shift / nm
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i
\

0 } f
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Fig. 8.10 The transition from methanol to water ca be paused by switching off the pump and
subsequently resumed to complete the “spike” spect response.

The width of the “spikes” is not insignificant, Wwitthe effective index taking
between two to five minutes to normalise to theklmallue. When put in context, the
diaphragm pump pushes through up to thirty timesvitiume of the sensor channel
with each pump and is pumped once every 1.5 svadyng the pump period from
0.5 to 5.0 seconds, an order of magnitude increhgeduration of each of these

spikes increased as expected. However, when teeglas a function of pump cycle
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rather than time, comparison of the full width halbximum (FWHM) of these

transitions showed that the spike duration was amiigndependent on the number of
pump pulses — irrespective of the time left to dthatween them (Figure 8.11). This
indicates that the mixing occurring within the noituidic channel is not dependent

on diffusion occurring within the system, but by therturbation of the pump.
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Fig. 8.11 Comparison of a range of transitions as function of pump cycle indicates that the
period of pumping has little effect on the spike dration; water-methanol transitions indicated
in blue and methanol-water in red.

The diaphragm pump pushes 4l0with each pulse. While this pulse lasts for 100
ms, the piston is much quicker and the majoritthefdisplacement occurs in a much
shorter time (~1 ms). The microfluidic setup uae400um diameter pipe, which
when calculated with the peak velocity of the pumpes a Reynolds number of
~9,600 indicating that, initially at least, thevilavith each pump pulse is turbulent.
This would result in any mixing at the fluidic imtece being dominated by the
pump, with diffusion a minor influence — consisterith the above conclusions.

8.5.4 Laminar versus turbulent flow

Ethyl acetate and water are immiscible, while methand water are fully miscible.

As shown previously in Figure 8.4, ethyl acetateéewdransitions give a sharp
transition, giving rise to a square-wave like gefn repeated switching. However
with methanol-water the transitional spikes areeolsd, as previously illustrated in
Figure 8.7.
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Introducing a water soluble blue dye, “Quink” paik,iinto the water phase allowed
the solvent front to be visualised. With the n$eiwater-methanol transition a
gradual change in bulk concentration occurred @eseral inches of the pipe until
the clear solution had fully switched to the dyduson. However this could be
visualised as both the initial front which movedally with pump rate and a tail of
a dynamic mixed solution. In contrast the immikeibthyl acetate-water transition

produced a sharp solvent front.

While the ethyl acetate-water transition was shdhe refractive index profile
indicated that bubbles were present. But with imvmiscible liquids why are there
bubbles forming rather than a sharp solvent frait@ answer again is linked with
the high Reynolds number introduced by the pulssdre of the diaphragm pump.
After each pulse of the pump, visible drops of dpadensed out of suspension in
the ethyl acetate giving rise to alternating wated ethyl acetate regions along the
pipe. This effect explains why the transition & as sharp as expected, despite the
lack of a mixing region and gives further eviderioe turbulent flow within the

system introduced through the pulsed nature otlilyghragm pump.

Switching to a peristaltic pump allowed the floweréao be both reduced and to be
constant. The much lower Reynolds number of 9agukkhremove any turbulence
from the system and any pressure effect that maydseciated with the high
velocity pulse. This was observed with a sharpandition profile in refractive

index between ethyl acetate and water from the sl@aent front.

It was observed that the spikes on transition froethanol to water, and the reverse,
were still present with the peristaltic pump (Fig@.12). The spikes on switching
between the two pure fluids lasted for several tasubut typically had half the life-
time of those of produced with the diaphragm purg.the Reynolds number is far
below the limit for turbulent flow, this indicatethere must still be sufficient
diffusion-controlled mixing within the laminar flowegime to produce the long

concentration gradients observed.
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Fig. 8.12 The change in Bragg wavelength upon traitioning between methanol and water
within a laminar flow microfluidic network, demonstrating the continued existence of “spikes”.

Figure 8.9 showed that the relationship betweerceamation and refractive index
for methanol-water mixtures is linear for low contations of methanol. By
investigating this regime, the concentration peotian be easily be explored without
confusion from the non-linear index relationshiigure 8.13(a) shows the transition
profile on switching between pure water and a 3&eéthanol solution. The profile
is similar to that previously observed for methaisolpropanol, that of a sharp initial
rise followed by a gradual tail over several misutéAs these concentrations avoid
the spike in index, this profile can be consideete representative of the change in
concentration. Figure 8.13(b) plots the naturgldbthis transition. After the initial
few points the plot shows a linear negative graglierdicative of an exponential
decay. This implies that there are two aspecthédoconcentration gradient as the
solvent front mixes along the pipe. Firstly thésea rapid change in concentration
which is followed by a secondary slow exponen@dlds it normalises to that of the

new bulk fluid.
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Fig. 8.13(a) The change in effective index upon djng between water and a 33 % methanol-
water solution within a microfluidic flow cell. Fig. 8.13(b) The log plot of this transition (red)
showing the linear gradient, indicative of exponernal decay.

Within a laminar flow regime the velocity along acalar pipe is greatest at the
centre, while tending to zero at the walls. WHhk telatively high velocities of the
peristaltic pump, lateral diffusion along the pipenegligible resulting in a “solvent
front” where the concentration jumps from thatloé teceding bulk solvent to that of
the new solvent. This will give rise to an initiedpid change in concentration.
However when mixing can occur, diffusion with tleeeding solvent moving slower

at the side walls will be high. This will initigllbe greatest at the “solvent front”
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where the concentration gradient is highest, aridcantinue but diminish down the
pipe until the bulk approaching solvent is achievEus will result in a long mixing
regime that will exponentially tend towards the nawlk index (Figure 8.14). With
the relatively large bore of the microfluidic pipsed (D = 40Qum) the time for
diffusion will be of the order of a minute - cortsist with the lifetimes observed for
the spikes. As the “front” travels along the sgstehis diffusion will result in the
profile switching from the Gaussian like distritmrti shown on the left to the bulk
profile shown on the right. This long bulk congatibn gradient is what is then
detected at the Bragg grating sensor— the lengthisfregion is much greater than
anything lateral diffusion can broaden (in any rix@e scale) explaining why the

spikes could be paused (Figure 8.10).

water methanol

Fig. 8.14 A schematic of the laminar flow profiledown the pipe indicating diffusion in from the
side walls (left) and the resultant bulk concentrabn gradient seen as this broadens along the
pipe to produce a plug of concentration gradient (ight).

8.6 An Optofluidic Flow Sensor for Determining the Water

Content in Alcohols

8.6.1 The fluid composition sensor concept

For continuous monitoring of a dynamic fluid systesauch as within a chemical
reactor, an understanding of these mixing effestsrucial to be able to extract
conclusions from the observed changes in effectidex. However, this property
can also be exploited to produce a real-time setedrhas the capability to detect

accurately the fluid composition of a dynamic mnetu

As demonstrated in Figure 8.15, it would be difficio differentiate an aqueous
solution containing 33% methanol from one contani80% with a single

measurement of refractive index, as indicated urebl However if each of these
solutions were diluted by half to 16 and 45 % methaespectively, as indicated in
red in Figure 8.15, the difference in the effectinelex is exaggerated greatly,

corresponding to a well resolved ~0.1 nm differenoe Bragg wavelength.
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Furthermore the nature of the transition will changon the dilution. Switching
between 33 and 90 % will result in a solvent fratith a concentration gradient that
passes through all intermediate compositions thiit produce the characteristic
“spike” as discussed previously. In contrast shitg between 16 and 45 % does
not encompass the peak at ~ 60 % methanol, andinsitad produce a rounded
square-wave, similar to Figure 8.13(a). Comparsiiie nature of these transitions

would give further confirmation of the original caantration.
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Fig. 8.15 A plot to illustrate that a dilution stgp can lead to better differentiation between
solutions of different composition but similar refractive index.

A Bragg sensor concept was developed with two saegmons along a microfluidic
channel, as illustrated in Figure 8.16. The faemsor (A) measures the index of the
aqueous methanol mixture, narrowing the compositiown to two points on the
parabolic index curve (Figure 8.15); the mixtureghsen subsequently diluted with
water (or methanol) before a second sensor (B) mmeasthe index again. For
concentrations below 60% methanol the second rgadslith be lower than the first,
while for concentrations over 60% the refractivele@r will have increased upon

dilution.
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Fig. 8.16 A schematic of the integrated optofluidi Bragg grating device acting as an alcohol
concentration sensor

This concept is demonstrated in the following sexi where 30% and 90%
methanol solutions are flowed alternately throuwgh microfluidic cell. Without any
mixing, there is little separation between the tvadutions other than the “spikes”
that are seen on jumping between such extremeswanst this can be used to
determine that a large change in composition hasroed, this method only works
for relative continual measurements. However, wihensame flow is repeated with
an intermediate dilution between the two sensaprega marked change is observed
in the shift of the second sensor, B, allowing fouch greater differentiation
between the two similar solutions, without the neéedcompare to a reference

solution.

8.6.2 Development into a lab-on-a-chip device

This concept was first confirmed through the usetwb etched sensors of
comparable sensitivity, encased in two flow cedlach with its own independent
optical characterisation system. The methanol-watetyte was passed through the
first cell, giving rise to the primary refractivedex measurement (sensor A), by
comparison with the calibration curve (Figure 8.1B¢ composition could be
narrowed down to two possible values. The fluiehtlis mixed with a separate flow
of deionised water before entering the second(sefisor B) and the refractive index
IS measured a second time, the nature of the shifthe calibration curve (i.e. to
higher or lower wavelength) relative to the firstasurement allows confirmation as

to which side of the 60 % composition peak theinabanalyte composition was.
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The calibration curve of the refractive index ofiaqus solutions containing 0 — 100
% methanol was collected for both sensor A (pre)rand sensor B (post mix), and
iIs shown below (Figure 8.17). With only one sideh® characteristic peak being
observed by sensor B, the shape and magnitudermenthat a dilution of ~ 50 %

with water is occurring between the two sensoramsgi resulting in a change in the

refractive index profile.
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Fig. 8.17 The shift in peak wavelength with the coposition of the methanol-water binary
mixture, before (blue) and after (red) a dilution with water in the microfluidic flow cell

To demonstrate that the system can detect thereliffe between two similar index
solutions of wildly differing concentrations; 30 #d 90 % methanol in water
solutions were alternated through the system. hsva below in Figure 8.18(a),
without mixing the indices of the bulk solutionga&imilar with only the “spikes” to
indicate that a significant transition in solverdngosition has occurred. After
subsequent dilution the “spikes” are no longer olexk but the difference in index
has been greatly enhanced. As expected, the tiggandex of the 90 % solution
increases upon dilution while that of the 30% Solutecreases upon dilution. The
noise present in the post-dilution sensor tracgréster than that observed for the
pre-dilution sensor; however, as demonstrated guriei 8.18(b), for the undiluted
equivalent system, this is not an inherent featfréhe second sensor. The large
fluctuations in Bragg wavelength are the resulgehuine fluctuations in refractive
index, caused by non-uniform mixing within the fleystem. This is confirmed by
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larger fluctuations observed for the diluted 90 %tmanol solutions; where mixtures
can vary from 90 % down to 45 % methanol, givingp@ential peak-to-peak
fluctuation of 0.07 nm with poorer miscibility due the wildly varying solvent

properties. In contrast the consistently high watentent of a diluted 30 %

methanol solution leads to smoother mixing.
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Fig. 8.18(a) The differing Bragg response for twaensor regions within a microfluidic cell to
switching between 30% and 90% methanol in water sations before (Sensor A, red) and after
an intermediate dilution step(Sensor B, blue); thisesponse contrasts with the Bragg responses

for the unmixed system shown in Fig. 8.18(b).

It should be noted that the sampling rate of tleemix trace (red) is lower than that
of the post-mix (blue) as a result of the needde a second, less powerful PC for

the second characterisation system. This redumegblgng rate, in conjunction with
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the shorter “spike” lifetimes observed with the ipitic pump (as illustrated
previously in Figure 8.12), has resulted in lonesalution of these “spikes”, leading
to a reduction in the observed amplitude. As shawirigure 8.18(b), when no
dilution occurs the same spikes have a comparafdémnie but greater, more
consistent amplitude when observed by the secondosgB) that are consistent
with the height expected from the amplitude of ¢hieve upon passing from 30% to
60 % in Figure 8.17.

Secondly it is also apparent that there is a tiagebletween detection of the solvent
front by sensor A and sensor B as a result oféhgth of microfluidic pipe between
the two cells (~ 40 cm). Such lag is undesiralslét @an lead to slower sampling

rates or confused composition readings.

8.6.2.1 Using the groove geometry to fabricate tHfeow sensor

While the above system demonstrated the sensorepbrsuccessfully within a
microfluidic system, it is not an elegant lab-ockap integrated device. To further
miniaturise the system into a single device, it wassidered that the groove sensor
geometry, introduced in Chapter 5, would allow thee mixing and sensing steps to
be achieved along a single microfluidic channelhisTshould also remove the

response lag seen between the two sensor regienpseviously.

A 50 x 50 um groove was cut into the silica-onesifi substrate using a dicing
technique described previously in Chapter 3. A eganding circuit containing a
“Y-splitter” was then UV written into the core layeas illustrated schematically in
Figure 8.19. Each arm of the splitter was brougkd proximity of the groove
through sequential “S-bends” and Bragg gratingsewsaced parallel to the groove
to produce two sensor regions along the channpgratged by 8 mm.a, acts as a
reference grating, whil&, 4andXs.; act as sensors, with increasing sensitivity as the
mode penetrates further into the groove. Thiswaléor the grating with the best
sensitivity and dynamic range for the applicationbe chosen post fabrication —
improving fabrication tolerances and thus yield.tHis case, the relatively low index
of methanol and water made thg and s gratings the best choice. To further
enhance the sensitivity, a tantalum pentoxide ayerl was deposited into the

groove.
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Solution Water Waste
in in out
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Guided >
mode

3dB Y-splitter Bragg grating

Fig. 8.19 Schematic of the integrated optical Bragsensor device, viewed from above.

To package the groove sensor, a cap was constriroradPerspex. This had three
ports allowing the flow of the analyte in, waterand waste out of the microfluidic
channel. The two halves were aligned by eye aatbddhrough a layer of double-
sided polyimide adhesive tape. The tape usescars#-based adhesive that did not
lose adhesion upon exposure to alcohols or watanally, to seal the ends of the
channel a small amount of silicone sealant was tisatlwas viscous enough to
prevent wicking along the channel that would inhigensitivity. The complete
packaged microfluidic device is shown in Figure(8.2 is robust enough to be
moved around and used continuously for multiplerbat a time. A PM optical
fibre is linked to the standard characterisatiaruge while the two inputs are linked

via a peristaltic pump to reservoirs with the otfpiped to a waste receptacle.

| USSR E————

20 nun

Fig. 8.20 The fabricated integrated optofluidic sesor device

188



Chapter 8 Optofluidic Sensors

Unfortunately it was found that the adhesive usedhe polyimide tape would press
into the groove upon assembling the device, iningpiflow rate. To resolve this, a
slot was cut in the tape and was aligned over tlo®wg preventing the groove
coming into contact with the tape directly. Thiadhthe effect of increasing the

vertical dimension of the groove by ~ 100 um.

Calibration indicated that a mixing ratio of 45 %ater to analyte solution was
occurring within the microfluidic system. The effehis had upon the input flow of
alternating between thirty and ninety percent mathaolutions is shown below
(Figure 8.21). As shown in blue, sensor A deteetesinall difference in refractive
index between the two solutions, with the charastierspike at the interface of each
transition. In contrast sensor B showed a largguare wave” response upon

switching between solutions.

The diluted trace at sensor B appears to have nwse on the signal than observed
for the original analyte at sensor A, with largectuations in refractive index,
especially apparent when the 30 % methanol waseptesThis is not a reflection
upon the quality of the Bragg grating, but a dinedtactive index measurement of
the fluid. The perpendicular geometry of the watégt and the short mixing region
before reaching sensor B did not result in homogsnmixing but in regions of
highly diluted methanol followed by regions of lawglution, resulting in the sensor
detecting refractive index fluctuations betweersthevo extremes. In contrast, the
humped nature of the refractive index response oocentration leads to
concentrations from 50 to 80 % having a much smeadiege in refractive index than
for 0 to 30 % methanol. This results in the suppi@n of the detection of these
fluctuations when 90 % methanol is passed throbglsystem. This is the converse
effect to that seen in the linear network descrilredhe previous section, and

demonstrates the importance of the channel georapty the sensor operation.
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Fig. 8.21 The differential response upon switchingetween 30 and 90 % methanol in water
solutions (blue), showing enhancement upon dilutiotred).

While the magnitude of the refractive index enhameet shown in Figure 8.21
appears impressive at first glance, a comparisdh thie magnitude of the spikes
observed for the initial concentrations indicatésttsomething is awry. As
discussed previously, the peak of the spike reptssie highest refractive index
achievable through mixing methanol-water, at aro66d% methanol. The spike
between 30 and 90 % solutions (~ 0.15 nm from EiduR1) should be ~ 50 % of
the amplitude of switching between pure solventsctvwould imply the maximum
refractive index range achievable is ~ 0.3 nm. rEagsuming that the short lifetime
of the spikes observed has resulted in the fulllangde not being observed, the
diluted differentiation of the two analytes at s&nB is too large. This was found to
be the result of differing sensitivities betweea fhair of sensor gratings, and can be
caused by a number of issues, ranging from unewposgition of the tantalum
pentoxide overlayer or uneven side walls duringlingl during fabrication to the
waveguide not being written perfectly parallel e groove resulting in the second
arm penetrating further into the analyte.

To simplify the system it was felt both sensor oegi needed to have comparable
sensitivity, which combined with the poor mixingdaflow rate observed within the

narrow groove, it was clear that an alternativerapgh was necessary.
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8.6.2.2 Using the topless geometry to fabricate tHilww sensor
To overcome the drawbacks to the ‘groove’ sensongry, a second approach was
taken, built upon a FEP-coated, tantalum pentogpldtered (44 nm), ‘topless’

Bragg grating sensor device.

Rather than machining a channel into the siliceahannel was built up around it,
with the sensor lying along the bottom. This wakie@ved through cutting a thin
window of dimensions 34.0 x 0.5 mm into the 25 pBPFoverlayer (as discussed in
Chapter 3). This was then aligned with a similt sut into the double sided
polyimide adhesive tape to produce a similarly giesilow sensor to the one
pictured in Figure 8.20. As the groove was nowfioaa within the device, no

sealant was needed.

35 . T
90%| 30% 90 % 30 % 90 % 30 %

Bragg wavelength shift / pm
[N
(]

10+ |
|~ '

0+ L/_J

5 : : : :
0 5 10 15 20

Time / min

Fig. 8.22 The Bragg response to switching betwe8&0% and 90% methanol in water solutions
for Sensor A (red) and Sensor B (blue) within a miofluidic cell.

As shown in Figure 8.22, above, flowing alternatB@ % and 90 % methanol in
water solutions through the flow cell without autibn step produced similar
responses at both sensor regions. Sensor B dighmt as large a response to
switching as observed for sensor A, leading tdelittifferentiation between bulk
solvents. The difference in sensitivity were nbserved during calibration steps,
but was introduced during the cell assembly. Tasld be caused by any contact
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with the silicone adhesive leaving a residue onstrgsor surface that would inhibit

the proportion of the mode sensitive to the fluadging over it.
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Fig. 8.23 The Bragg response to switching betwe&0% and 90% methanol in water solutions
for two sensor regions within a microfluidic cell lefore (Sensor A, red) and after an
intermediate dilution step (Sensor B, blue).

Upon introduction of a flow of water to dilute th@alyte, the sensor traces became
quite different (Figure 8.23). As before, sensors#ll demonstrated little bulk
difference in index, with clear spikes, while sen& adopted a larger “square
wave” like response. As with the groove sensomitise has increased dramatically
for sensor grating B, as a result of non-uniforming, however this is not as severe
as observed previously. Unexpectedly, this in@des also been seen for sensor A,
implying that the proximity to the second inlet Haad to a degree of back-mixing

or fluctuating flow along the channel.

This device has shown, as a proof of concept, thatmethanol water “spike”
phenomenon observed can be applied to a pracébabri-a-chip sensor to solve a
genuine difficulty in measuring the compositionaf alcohol-water solution. To
develop the sensor further, a longer mixing regionurbulent mixing chambéer®
would be needed, to reduce the fluctuations seem upixing. Furthermore, the
sensitivity of the topless sensor, even with a caraiple high-index overlayer, was

found to be an order of magnitude less than anedtdensor. If the difficulty in
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producing etched sensors of equal sensitivity @avercome, this will allow for the

signal to be improved, enhancing the resolutiothefsensor.

8.6.2.3 Comparison of the three sensor geometries

Of the three approaches demonstrated here, eadireagths and weaknesses. The
simple proof-of-concept device used two separate@s to demonstrate the concept
succinctly but suffered from a time-lag betweenentisig an event at the first sensor

and the second. Incomplete mixing with the intitl water was also observed,

leading to fluctuations in the Bragg measuremerthasnhomogeneous fluid passed

over the sensor surface.

Use of a groove allowed for the microfluidic sengobe miniaturised onto a single
device, removing the apparent time-lag of the pafedoncept device. However the
small dimension of the channel further reduced hgeneous mixing in this highly
laminar-flow regime. The high back pressure a&btb signs of mixing occurring

at sensor A, impeding the ability to measure cotra&on.

The use of the topless geometry allowed for a lacpannel to be fabricated, this
allowed for simpler fabrication and deposition ofbatter tantalum pentoxide
overlayer. The larger channel improved mixing witthe channel and reduced

evidence of back-mixing further up the channel.

To optimise the design further, a combination @fsthapproaches would be desired.
The ability to isolate the sensors, shown in thet fipproach improves the quality of
the data which when combined with the short chaneeyths seen in the later
examples gives a rapid and strong sensor responseachieve this improvement
homogeneous mixing is required with no back-floWsing a more sophisticated
microfluidic channel incorporating valves* and passive mixing structurés®
combined with an optical device comprising multieklehed Bragg sensors, such a
device could be realised.

8.6.3 Applications

Bioethanol >*®

is the principle fuel used as a petrol substitiote road transport
vehicles and is mainly produced by the fermentatdnsugars from renewable
energy crops, such as maize, corn and grassesygltht can also be manufactured

by the reaction of ethylene with steam).

193



Chapter 8 Optofluidic Sensors

Ethanol is a high octane fuel and has replaced dsagn octane enhancer in petrol.
By blending ethanol with petrol, it is possibleaxygenate the fuel mixture so that it
burns more completely and reduces polluting emissioEthanol fuel blends are
widely sold in the United States, with the most coon blend of 10% ethanol and
90% petrol (E10) requiring no vehicle engine maddifion. Further, “flexible fuel”
vehicles can run on up to 85% ethanol (E85). Udmaethanol in fuels is predicted
to cut carbon dioxide emissions and to extend thieeat oil reserves without major

changes to the transport infrastructure.

For ethanol to be usable as a fuel, water musteh®ved. Most of the water is
removed by distillation, but the purity is limitéd 95-96% because of the formation
of a low-boiling water-ethanol azeotrope. The 96.%86 ethanol / 3.5% v/v water
mixture may be used as a fuel alone, but unlikeydrdus ethanol, it is immiscible
in gasoline, leading to the water fraction beingoged in further treatment in order
to burn in combination with gasoline. Furtheraiwid phase separation, the water
content must be kept below the tolerated limit,hwitiel mileage declining with

increasing water content.

This method described here to determine the wabeteat applies equally to
aqueous ethanol mixtures, where a similar refradtidex profile is observed® >’
with the ethanol-water analogue to the methanokwepike” illustrated in Figure
8.24. With the increased interest in bio-etharolafuture environmentally clean
fuel, such monitoring of the wetness of methanal athanol solutions in a spark-
free environment may become increasingly of inter&sirther, it must be noted that
such profiles are not unique to alcohol-water nmes$y as illustrated by acetone-

water in Figure 8.6, and other applications maybee apparent over time.
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Fig. 8.24 The change in Bragg wavelength upon cymd between ethanol and water within a
microfluidic flow cell, showing the “spikes” causedby transitional solvent mixing.

8.7 Summary
A microfluidic flow cell has been developed thdbwals the Bragg grating sensors to
sample a continuous flow of fluid over the surfadéde system is compatible with a

wide range of chemicals and has been fully autodnate

Transitioning between isopropanol and water withis microfluidic flow cell gave
an expected square-wave like response in refrastoex, but with a small mixing
transient. In contrast, mixing water with otheradlols, such as methanol or ethanol,
produced a “spike” in the refractive index durirge ttransition. This spike was
shown to be caused by the formation intermediatarliliquids of higher index to

the constituent solvents.

This spike was shown to have a long life-time, vatability to interruptions in flow,
suggesting a bulk concentration gradient alongstfs¢em that formed independently
of the pump rate of the system. Furthermore thgtkeof the microfluidic channel
was observed to be independent of the spike formiitty the increase from 0.3 m

to 9.0 m having little effect on the spike duratmmshape.

This unusual transitional flow property was appltedfabricate a proof-of-concept
microfluidic flow sensor. This has been developeddemonstrate a method of
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measuring the water content of an alcohol-water, mercoming the issues of the

parabolic refractive index profile previously refeat.

With the development of the microfluidic system aad understanding of the
properties of bulk fluids flowing through the systethe following chapter will focus
on functionalising the sensor surface with an oigamonolayer within this
microfluidic reactor. The formation of such a sué layer should be detectable by

the highly sensitive Bragg grating refractometsrpastulated in Chapter 5.
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9. Surface Functionalisation

9.1 Introduction

In the previous chapter the development of a pl&8ragg grating sensor into an
optofluidic sensor capable of detecting subtle geanin the refractive index of a
fluid was discussed. Physical properties can pars¢ed from chemical fluctuations
through a combination of referencing and compagathode techniques. However
such a system cannot differentiate between diffeceemical analytes in a mixed
system. For example the methanol-water composgarsor discussed previously
can precisely measure the water content in a kreystem through comparison with
a known calibration, but upon introduction of ardiéidnal component such as a
solute (e.g. glucose) into the system, the seresamtings will become meaningless.
To overcome this limitation it is necessary to safmthe refractive index response

of an individual chemical species from bulk changes

As discussed in Chapter 4, many biosensors usboam®s, enzymes or peptides
tethered to the surface to control specific bindavgnts. If the desired analyte is
present, the preferential binding will enhance tbsponse over that of the bulk

solvent. In this way, bio-specificity can be irduzed into a sensor system.

A similar approach can be applied to chemical sensind examples of surface
functionalisation being applied to a range of agtisensors were discussed in
Chapter 4. There has been much work in supramlaiechemistry investigating the
nature of intermolecular associations and muchnesgghas been made on designing
specific receptors that can preferentially binctoanalyte in the presence of others.
Bringing together the high sensitivity of opticaénsors with the selectivity of
supramolecular chemistry offers the potential tedpice a highly sensitive

chemically specific sensor.
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To fabricate such systems it was first necessargeteelop a robust method of
introducing an active surface layer, confirm itseggnce and characterise the
functionality. This chapter will focus on the déyament and characterisation of
such a layer through organosilane chemistry and @eimonstrate use of the
microfluidic system as a microreactor for surfaoectionalisation, with real-time
feedback.

9.2 An Organic Monolayer on a Surface

Functionalising the sensor surface with an actiupramolecular layer should
introduce a degree of chemical specificity into fystem providing discrimination
between different analytes, from pH and ion detectio the concentration of
contaminants and pollutants. A straightforward hodt to generate modified
surfaces is through synthesis of a self-assembtatbrayer (SAM).

A SAM is an organized layer of amphiphilic molecil® which one end of the
molecule, the “head group”, shows a special affifor a substrate. Incorporation of

a functional “tail” at the terminus leads to actisfeemical surfaces. A SAM can be

utilising a wide range of substrates.

Functional group—o1.

Tail

formed on a wide range of surfaces from nanopadidb macroscopic sheets
Head group—— ’

D'
PR i

Fig. 9.1 A schematic of a self-assembled monolaygpon a surface.

To fabricate a SAM, it is necessary to clean angpare the surface ready for
reaction; this generally involves removing greasel airt, stripping surface

oxidation or other bound analytes. The depositiba SAM is directly applicable to

a microfluidic system, since the reagents can girbplflowed through the channels,
in series to any cleaning and preparative stepgstifenalising the surfacan situ

before recontamination can occur.

198



P

Chapter 9 Surface Functionalisation

Sulphur-based thiol head groups are often usedbifaling organic molecules to a
wide range of metals, including gold, platinum atmpper®® With its many
applications in SPR and SERS analytics, the gatthse is one of the more common
surfaces encountered in the literatfifeand it is in conjunction with this that the use
of thiols is most widely known. In contrast a thi@ad group is of no use to bind to
a silica surface, where a silane must be empléyedHowever if the substrate is
switched from silica to silicon, silane chemistsyno longer applicable without first
growing an oxide layer. In photovoltaic applicato where an oxide layer is not
viable, direct silicon-carbon bonds are employeauph a variety of techniques,
including: surface halogenation-Grignard alkylatfSfi hydrosilation mediated by
metal complexe$®, thermal grafting of alkyl Grignard reagerifé?®® and photo-
oxidisation of the surface and subsequent reactith an alkene®®! 2° This
demonstrates that the chemistry used to fabric&8AM is highly dependent upon
the nature of the substrate. With the choice dissate often limited by the
application of the device, it is necessary to desige chemistry around this
restriction. For further examples, Lo%® has included a comprehensive table on
the combinations of head groups and substratesatteatcompatible in a review

concerning thiolate self-assembled monolayers.

R

R %
S
S [

Fig. 9.2 Several common head groups used in surfatunctionalisation.
In the work presented here, silane chemistry hag leeployed to functionalise the
silica sensor surfaces to form a robust organicatayer. A functional head group
was employed to allow for the potential of a dieemmnge of receptors to be

subsequently incorporated onto the sensor surface.
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9.3 Using Organosilane Chemistry to Functionalise &ilica

Surface

In some circumstances, functionalising a silicdexg is relatively straightforward,
with many examples in the literature of organic ecoles tethered to a surface via
chemical deposition. Commonly this is focusseduadosilica nanoparticle€* 2
but the same approach can be applied to planaa slirfaces. This is primarily
achieved using a functionalised alkylsilane to piela surface monolayer of the
desired species. For example, Perruéfthas shown that glass can be coated with
polypyrrole under relatively mild conditions usiren alkylsilane linker. The
alkylsilane can be added straightforwardly andhwite correct choice of linking
group, can be linked to a range of functional males. This linker is robust, as
shown by Macquarri&®’, who successfully carried out a series of Hecktieas on
silica-immobilised compounds with no evidence ok thinker interacting or
decomposing. The ease of work up, by washing tinlace with solvent without
risk of removing the organic layer, is also useftilen dealing with a microfluidic

system.

A wide variety of organosilanes are commerciallaitable allowing for a wide

range of organic moieties to be introduced ontdieassurface. In basic aqueous
conditions organosilanes will polymerise througltleaphilic attack on the silicon
to form silicone polymers. For this reaction ailalbeaving group is required on the

28 or ethoxysilane&®®

silicon atom, with common examples including chillane
derivatives. The degree of cross-linking is degemdn the number of leaving
groups bound to the silicon core, with tetraethdape producing a highly cross-
linked silicone, contrasting with the polymerisatiof dimethyldichlorosilane that

will lead to unlinked chains of polydimethylsilicen

Fabrication of an organosilane surface monolaykes@n similar chemistry, with
the S2 nucleophilic attack of the silanol groups on @ad silica substrate forming
new oxygen-silicon bonds. Depending on the natfr¢he silane, further cross
linking can then occur with a bound (triethoxy)angailane represented as either a
pyramid of three surface bonds, or as a layer wite surface bond and two cross-
linked bonds. The issue of which process is coresomething that will depend
upon the surface density of silane molecules aedctinditions used, however the

200



Chapter 9 Surface Functionalisation

low surface density of silanol groups (reportétias ~ 5 nrh for amorphous porous

silica) will tend to favour the second pathway.

o R=Si(OEt); R=Si(OH)s o R-ASi
— ' HO— s — ' 0
R-Si(OEY) R-ISi(OEt); R~ Si(OH); . O\S,
HO— R7s1 3 : HO— - HO— TS0
— > R-Si(OEb); —— > R=Si(OH); — > 9
HO—{ Adsorption : HO— Hydration | HO—{ Dehydration R:—\S"O_
R-Si(OEt) R~ Si(OH); (Sx2) e
HO—| ; HO— : — 1 0. .0
water : water : water R Siyater

Fig. 9.3 The typical silanisation mechanism to fon a silane monolayer’* 2

The exact mechanism of silanisation depends uperrdhction conditions present
and multiple mechanisms have been reported intdrature, however it is generally
accepted that the silanisation process is a thegepocess in solutioi™ 2’2 First,
the silane forms a silanetriol by hydrolysis in firesence of water on the surface or
in the solvent (as has been observed by secondoharngeneratiorf’d). These
silanetriols are then physisorbed, via hydrogendbay) onto the substrate surface
where the silanol groups react with the free hygr@roups on the surface by an
Sn2-like mechanism, resulting in dehydration. Thiutlined in Figure 9.3, where
hydrolysis occurs in the inherent water layer om shirface. It should be noted that
while the physisorbed system is often presehteds a reciprocal hydrogen bonding
network between the surface silanol and the sitentett is not apparent how this
structure promotes any&like dehydration mechanism without the interactif

neighbouring silanol groups.

The quality of the silane layer is highly sensitigehe cleanliness of the surface (the
degree of free silanol groups at the surface)ptiesence of water and the nature of
the leaving groups present. Too much water waldléo polymerisation and the
formation of a polymeric film, while a low degre€&foee surface silanols will lead to
patchy or poor surface coverage. Furthermore cheniaation is severely limited
over chemistry in the solution or solid phase, wettmmon techniques such as
nuclear magnetic resonance (NMR) spectroscopy asns@ectrometry rendered

useless.

9.3.1 The typical methodology used for the formatio of a silane surface
Preparation of a silane surface can be subdividedtwo distinct stages; cleaning

and functionalisation. While initial work focussed developing this processsituy,
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it was later adapted for application within the raftuidic cell (further details of

these experimental methods can be found in Chagjer

To clean the surface it is necessary to both rentovdaminants from the surface
and to restore the chemistry of the surface to dwgrgroups. This is achieved

through successive washings in deionised water aretone to remove both

inorganic and organic impurities, followed by antezded exposure to a basic
sodium hydroxide solution. The sodium hydroxideniecessary to restore the
surface silanol groups, to ensure the reaction édvogtur. In some cases where a
previous functionalisation or heavy contaminati@ud loccurred, an additional wash
with “piranha” (3:1 concentrated sulphuric acidnydrogen peroxide) was deemed

necessary to activate the surface.

Immediately after cleaning, the surface would becfionalised by immersion in a
10 % solution of the silane in distilled ethanol methanol. While the pathway
described in Figure 9.3 requires water to activhee silane, this can also lead to
polymerisation. Initial work using an aqueous atilssolvent and a short reaction
time (~5 min) yielded poor surface quality with @emnce of polymerisation resulting
in layers up to tens of nanometres thick. The gmes of 3-APS was exemplified
with the attachment of a fluorescent dansyl headigito a partially functionalised
glass slide and as a result of which the functisedl region of the glass slide was

visibly seen to fluoresce when illuminated by Uyhi.

This method of functionalisation was later refined produce more consistent
monolayers on the surface. The refinement involvem major steps: firstly a more
rigorous basic cleaning procedure removed the sairfayer, activating the silanol
surface; and secondly, reaction with the silaneammydrous conditions thereby

limiting the amount of the catalytic water presantl so preventing polymerisation.

An alternative solution was to bake the sample betwseveral short exposures to

the silane solution to crosslink the depositechsijaagain preventing polymerisation.

9.3.2 Functionalising a tantalum pentoxide surface

As discussed in Chapter 5, the high refractive xndtantalum pentoxide can be
used to increase the sensitivity of the Bragg sensbhe structure of tantalum
pentoxide is not unlike that of silica, with indiial tantalum atoms linked by
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oxygen bridges to form either an amorphous or pgstelline structure. A clean
tantalum pentoxide surface will, again like silica covered in hydrophilic hydroxyl

groups and it is this property that allows it tofbactionalised analogously to silica
207

The ability to functionalise tantalum pentoxidengsstandard silane chemistry was
tested by tethering a layer of (3-mercaptopropyhgthoxysilane to the surface,
before subsequently depositing a 50 nm film of gmidop®”® using a BOC Edwards

E-beam crucible linked to a vacuum deposition systés discussed above, gold is
known to tether to thiols, but will not adhere sty to silica or tantalum pentoxide

surfaces, allowing for functionalised and unfuncéiised areas to be differentiated
(Figure 9.4(a)).

(a) (b)

B B |

Fig. 9.4 (a) (3-Mercaptopropyl)trimethoxysilane ca be used to bond gold to a silica surface.
Fig. 9.4(b) Demonstration of the successful tethieig of gold to both a silica and tantalum
pentoxide surface via (3-mercaptopropyl)trimethoxygane.

Adhesion tests demonstrated that untreated surfieatasied no gold, while both
silica- and tantalum pentoxide-functionalised scefaretained complete gold films,
as illustrated in Figure 9.4(b) above. This teaswonclusive that silane chemistry
was compatible with tantalum pentoxide and as altred the higher density of

surface hydroxyl groups may even be superior idibgpa monolayer.

9.3.3 Diverse surfaces from (3-aminopropyl)triethoysilane

It was believed that to produce a wide range otfional surfaces, a diverse, robust
linker was required. In this way the surface carcleaned and functionalised by a
routine method, to give a wide range of selectivityich can be introduced by the
use of the correct receptor for the applicatiadrA(ninopropyl)triethoxysilane, often

abbreviated to “3-APS” or “APTES”, is a common exaenof such a linker in the
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literature?’%.  The incorporation of the amino functional groalfows for a wide

range of functional moieties to be introduced othi® surface via peptide coupling
274 Appropriate choice of the subsequent group toattached allows for the
properties of the surface to be controlled, fromatree hydrophobicity or charge to

potential receptor interactions. This principldlisstrated in Figure 9.5, below:

OYRO R
NH, _NH, NH _NH
0
(Et0);Si7 > NH, RJ\CI
(|)H OH — —O—Sli—O—S|i—O— — —O—S|i—O—S|i—O—
sio, sio, sio,

Fig. 9.5 A generic scheme for the synthesis of fationalised organic surfaces on planar silica
using the functionalisable alkylsilane tether, 3-AB.

Initial work concerned with attaching (3-aminoprpyethoxysilane to silica was
successful, with surface attachment being monitbsedontact angle goniometry of
a 1.0 uL water droplet (Table 9.1). An unactivasdita surface was found to have
a contact angle of ~ 35 ° that corresponded to ldlynihydrophobic surface. On
cleaning, the contact angle reduced to below thst Iof the goniometer (<5 °)
indicating a hydrophilic surface. This was visyadipparent, with the surface no
longer sustaining individual droplets, but with easpreading to the boundaries of
the wafer. Upon functionalisation with 3-APS, tlwentact angle increased,
consistent with literaturé”. This chemistry was shown to work equally welthwi
the FHD silica samples used to make the opticgdsshwvith the resultant organic

layer proving to be resistant to abrasion and comsudvents.

Contact angle / ©

Unactivated surface 30-35

Cleaned surface <5

3-APS functionalised surface 53+4
(lit 2™ 52 + 2)

Table 9.1 Contact angle goniometry for a droplet fowater (1 pL) on functionalised FHD silica

While this chemistry was compatible with tantaluenfoxide, it was found that an
additional clean in concentrated “piranha” solutismas required to restore the

hydrophilicity of the surface before chemical fuootlisation:
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Contact angle / 9

Unactivated surface 75-90
Cleaned surface <5
After 12 hin air 60-65

Table 9.2 Contact angle goniometry for a droplet ater (1 uL) before and after surface
preparation, showing subsequent rapid recontaminatn.

For silica and tantalum pentoxide surfaces recomation was observed in air, with
the hydrophobicity of a freshly cleaned sample seemcrease over the course of
several minutes. This recontamination was moreigp for tantalum pentoxide,
where after twelve hours the hydrophobicity hadune¢d to near that of an
unactivated surface (Table 9.2). These obsenatid@monstrate the need to
functionalise the surface immediately after clegnimithin an enclosed microfluidic
system the risk of recontamination is lowered amchssteps can be automated to
immediately follow each other to ensure the bedasa. Once the surface is coated
with 3-APS it is much more resistant, with greastability being observed, as
demonstrated by consistent contact angle measutstneimg observed over several

days.

9.4 Characterisation of Functionalised Silica Surfaes

Robust and reliable methods of independently ingating the functionalisation of
the silica surface need to be developed to provetiven any observed change in
refractive index upon functionalisation of the optidevice is genuine. There are
many approaches to measuring the functionalisatfomesoporous silica particles,
where the flexibility of analysing in suspensiortioe solid state and the high surface
area give clear results. However, such measuremardg significantly more
challenging on a planar surface. While the presesfc3-APS upon mesoporous
silica particles can be readily identified by contienal tests, such as ninhydrin, in
the planar geometry alternative approaches musbtured. The successful (and less

successful) approaches used in this work are disdus the following section.

9.4.1 Contact angle goniometry

The simplest technique discovered thus far usedrdact angle goniometer to

measure the tangent that a jlOdroplet of deionised water makes with the surface
This gives an indication of the hydrophobicity betbulk surface. The uncertainty

in contact angle measurements was determined fnermeximum range of a series
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of measurements upon the surface, which was signifiy larger than the
uncertainty in fitting the tangent to the droplefo explore the sensitivity of this

technique for different surface functionalitiesfaaily of organic compounds were

9?9

?/ o /

.Si~ .Si~

Fig. 9.6 A family of functionalised surfaces derigd from coupling to a 3-APS linker on silica.

synthesised, as shown in Figure 9.6.

The contact angles, CA in Figure 9.7 show that esacface is distinguishable from
each other within the family, even with subtle ope® in the substructure. This
indicates that the folding of the chains and pagkitust vary significantly between
each species, which may also result in changeshé& density of surface-
functionalised sites.

silica

(4-(4-methoxyphenyl)azo)
4-methoxybenzamide phenoxyacetylamide 4-methoxy-4’-biphenylcarboxyamide

Fig. 9.7 Droplet shape and corresponding contachgle for the family of silane-SAM surfaces
above (error determined by the range of 5 repeat nasurements).
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9.4.2 Fluorescence microscopy

Fluorescence microscopy can be a powerful techrfigjudetecting subtle structural
and surface motifs on a microscopic scale. As suishoften used in biochemistry
for visualising cells and tracking the chemistrythin. As reported by Meld’®
fluorescence microscopy is able to detect changdhiorescence of a fluorescent
tag bound to a surface monolayer. In this wdgnts itself ideally to the 3-APS-
coated surface as a means of at least checkinghhgurface chemistry is occurring
as predicted. It can be used in conjunction withtact angle measurements to
develop an understanding of the nature of the eserfa Furthermore, as the
fluorescence wavelength is specific to the fluosesdag used, it is less susceptible

to contamination or a misreading that goniometry saffer from.

Fluorescein isothiocyanate (FITC) is a fluorophooenmonly used in microscopy,
as a dye laser and to probe biological systemdludtesces strongly at 521 nm, a
property that allows it to be detected by fluorem@emicroscopy down to very low
concentrations. FITC will readily react with angniae groups present within a

molecule or protein making it an ideal tag for @éten of an aminated surface.

FITC will not attach itself to the bare surface it bind to the amine groups of the
3-APS monolayer. To this extent a scheme was pexpdo produce a simple
striped surface that allows for contrast between régions of functionalised and
bare silica (Figure 9.8). Under the fluorescengéerascope, regions functionalised

with FITC would fluoresce green while all otheraseavould remain dark.
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HNV Functionalised Bare

S

Fig. 9.8 Reaction scheme for striped functionalisesilica surfaces; (i) evaporated chromium
onto masked surface, (ii) cleaned with acetone/watehen piranha solution followed by 10% 3-
APS in ethanol, (iii) BogO DCM with TEA, (iv) “MS 8 chrome etchant” (acetic acid/ceric

ammonium nitrate) for ~1 min, (v) 50% TFA in DCM, (vi) FITC in DMSO/DMF.

The chromium was evaporated onto the surface ipestrusing a tape mask. This
produced a distinct boundary between the maskeduanthsked regions for easier
identification of the functionalised regions. Thikane reacted only with the clean
silica regions allowing for selective functionatism of the surface. While the
chromium can be removed easily, in mildly acidiaditions, it was believed that
the ceric ammonium nitrate, a strong oxidising agenesent within the “MS 8
chrome etchant” solution may oxidise the amine pgrodw as such atert-
butyloxycarbonyl (Boc) protecting group was applieéfore removal of the
chromium. On removal, stripes of differing hydropictity were clearly seen — with
the freshly exposed silica exhibiting a highly hyghilic surface, while the amine-
coated regions showed a much more hydrophobiccurfa

Figure 9.9 shows the fluorescence microscope intdgbe boundary of a stripe.
When illuminated under blue light, regions of grdkmrescence, characteristic of
fluorescein, were observed in sharp stripes adtessurface, contrasting with the
dark regions of bare silica. This surface was ftbtmbe more robust than expected,
with the surface unchanged by sonication in a rasfgerganic solvents and even
surviving wiping with a cloth, with only mild damagvisible by fluorescence

imaging.
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Fig. 9.9 Fluorescence microscopy image of a fluorted surface; fluorescein-functionalised
region (left) and unfunctionalised (right) shown wih the structure of the fluorescein silane-
SAM.

9.4.3 Ellipsometry and EDX, Raman, IR and UV refletance spectroscopy’s
Mela reported that such surfaces can be furthenactexised and their thickness can
be quantified by ellipsometry/®. Imaging null ellipsometry is a technique than ca
accurately measure the thickness of a surface,légsed on changes in refractive
index?”’". The technique relies on minimising the transioissf polarised light in a
region and looking for contrast with other regiontn this way, the change on
moving from the bare to the coated region couldepdlly be quantified, and

through modelling, the thickness can be estimated.

Initial work focussed on the striped fluoresceirpées used for fluorescence
microscopy. While it was clear from the image izt there was something on the
surface, it was not possible to detect a measunifitrence between the two bulk
surfaces. This was a result of complications ohiced by the planes of differing

refractive index within the silica of the FHD sampl To overcome this problem
samples were re-synthesised on an oxidised sihafer. The higher refractive

index of the silicon was different enough from tb&the organic layer to allow the

two regions to be faintly distinguished on the imagap, with this difference being
guantifiable. However, the ellipsometer was unableuse this to calculate the
thickness of this film. Further work with a wavedgh scanning ellipsometer again
confirmed the presence of a surface film but wasatde to quantify the thickness
because of difficulties in background deductiontloé native thermal oxide and

silicon signals.
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Based on literature discussing the characterisatfanesoporous silica surfac&s,

reflectance UV-visible spectroscopy was identifiag a viable characterisation
technique. Three dyes were investigated: fluoiascansyl and anthracene, each
being tethered to the surface via 3-APS. The sstide absorption spectra were
compared with the solution phase. The spectromeisrshown to be easily able to
detect thin films of each of the dyes evaporatet time surface; however it was not

possible to reproducibly detect any SAM present.

A similar result was found when using infrared dta@man spectroscopy to detect
the presence of a monolayer. The IR spectrum wasraéited by water peaks and
the Raman spectrum, without the benefit of the pobment layer employed in
SERS, could only detect peaks corresponding taitloa substrate. As such, while
these techniques have the potential to detecffithis, it was found that the surface
layers (confirmed by contact angle goniometry) wasbow the sensitivity limits of

the spectrometers available during the courseisfioject.

Energy dispersive X-ray spectroscopy (EDX) usesragtaristic X-rays emitted
from a surface undergoing scanning electron miaegc(SEM) to produce an
elemental map of a region. While this techniqudl yiobe the top micron of
material it was believed that it would have the sty to detect an organic
monolayer — if it contained a characteristic elemelro this end attempts were made
to tether ferrocene carbonyl chloride to the swfacThis resulted in an iron-
containing monolayer across the surface, an elertteit was not detected in
background EDX scans. To give contrast, regionseweated with narrow stripes
(~ 1-10 um) of chromium metal. It was expected that theneletal maps for
chromium and iron should be the inverse of eaclkrothwith ferrocene only found
in the exposed silica regions. However, no sigaift iron trace was detected
(Figure 9.10). Further, the 50 nm thick layer ofarhium required continuous
scanning for up to an hour to give a well-resolwagge, demonstrating that the
technique lacked the sensitivity to probe thin §jma conclusion compounded by the
evidence of surface ablation by the electron besaan when comparing the SEM

image before and after exposure.
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Fig. 9.10 EDX spectroscopy of a ferrocene functiatised surface; (a) SEM image of the
chromium silica boundary, (b) chromium EDX map, (c)iron EDX map.

9.4.3 Summary of techniques

A broad range of analytical techniques have begqplieap to characterising the
functionalised surfaces. The success of thesenigpobs has ranged from
fluorescence spectroscopy and contact angle gomipniieat have successfully
detected specific changes in the surface chemigtrpugh to infrared and UV-
visible spectroscopy’s which, while having the i@ to detect these subtle

surface layers, were not able to do so with thepegent available.

However, other than the partial result with ellipsiry, these techniques are not
sufficiently quantitative to confirm the thicknesd the “monolayer” upon the
surface. To overcome this shortcoming, modellirfigtltee waveguide will be
employed in the subsequent section to corroboreeobserved Bragg wavelength

shift upon functionalisation.

9.5 A Microfluidic Reactor for Surface Functionalisation

The stepwise washing and functionalisation processed themselves ideally to
application within a microfluidic system. By comhiion with the optical Bragg
grating sensor, the surface can be probed in imal-tiuring reaction, allowing for

characterisation of the surface to ocicusitu.

9.5.1 Fluorescein functionalised surfaces

Initial work focussed on functionalising the sensorrface with a FITC-derived
SAM in situ, within the microfluidic cell (Figure 9.11). Thisianofluidic reactor
allowed real time, automated monitoring of the dem at the surface by the

evanescent field of the Bragg grating.
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Fig. 9.11 A schematic of fluorescein functionaliskonto the microfluidic Bragg grating sensor
surface.

An etched Bragg grating sensor was fabricated @&ithO nm tantalum pentoxide
overlayer and installed into the microfluidic flosystem. The sensor surface was
cleaned within the automated microfluidic systemabgeries of washes with water
and acetone followed by potassium hydroxide tooresthe silanol surface. The
cleaned surface was then exposed to an ethanoliosoloontaining 10 % (3-
aminopropyl)triethoxysilane. After a second waghstep, subsequent reaction with
fluorescein isothiocyanate in dimethylsulphoxideswmdertaken. The presence of
the resultant fluorescent surface was confirmedflbygrescence microscopy and

contact angle goniometry (Figure 9.12).

Fig. 9.12 Fluorescence microscopy image of a sucaboundary between regions of fluoresein
functionalised and unfunctionalised silica for themicrofluidic Bragg grating sensor.
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After cleaning the surface and after each subsdduectionalisation the shift in
peak Bragg wavelength was compared in an etharieterece solution. With

temperature suitably normalised, any change obdershould arise from

displacement of ethanol at the surface with théadrigndex SAM substrate. It was
observed that after functionalisation with 3-APSaaerage shift of 5 (£2) pm\ Qe

= 4.7 x 1¢°) was observed, which increased to 56 (+4) pm 30°) with the

subsequent attachment of fluorescein isothiocyanate

9.5.2 Modelling of the interaction of the evanescefiield with an organic self-
assembled monolayer
The intensity distribution of the optical modes hiit the fluorescein-APS SAM

sensor system were modelled using Fimmwave (FigLre).

ethanol

- surface layer
tantalum pentoxide

15um core

underclad

15pum

Fig. 9.13 The modelled cross-section of the wavede for the TE mode, showing the high-index
overlayer and organic layer on the waveguide surfag in ethanol.

The initial model was calibrated against bulk sevisy measurements recorded for
both the bare silica surface and after depositfoBOonm of tantalum pentoxide, as
shown in Figure 9.14. This allowed for factorstsas the etch depth, the index step
of the waveguide core and the tantalum thicknes®etoorroborated. This tantalum-
coated system was then used to model the effedepdsiting a film of index 1.44
(comparable to that of 3-APS SAM, Figure 9.15) aamdfilm of index 1.74
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(comparable to that of the fluorescein-APS SAM,urey9.16) with an effectively

infinite layer of ethanol (1.35) above it.

O x : 1 : T T : T
105 11 115 12 125 13 135 14

analyte refractive indexy

[EEN

Fig. 9.14 A comparison of the modelled (line) anexperimental (cross) effective index of the TE
mode of the waveguide for increasing analyte indefor both bare (red) and tantalum pentoxide
(blue) coated sensors.

Figure 9.15 shows the effective index change ofwheeguide as a function of the
(3-aminopropyl)silane film thickness. The initigtadient predicts that for a thin
film of index 1.44, a shift in peak Bragg waveldngtf 10 pm for each nanometre
deposited would be observed. A monolayer of 3-AP&proximately 0.7 nm thick
2’® and therefore should yield a shift of 7 pm. Thedel assumes an amorphous
region and not a discrete molecular film with aitifo packing density. The
predicted shift is consistent with the experimentue of 5 (x2) pm allowing for

the assumptions made.
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Fig. 9.15 The modelled change in effective indexidncreasing the thickness of a film of index
1.44, comparable to 3-APS.

Figure 9.16 shows the effective index change ofvtheeguide as a function of the
fluorescein film thickness. It shows an order adgmitude increase in sensitivity
compared to 3-APS as a result of the higher refrmdhdex of fluorescein. The
initial gradient predicts that for a thin film ohdex 1.74, a shift in peak Bragg
wavelength of 51 pm per nm deposited will be obsgrv A monolayer of

flourescein-APS is approximately 1.2 nm thidR and therefore should result in a
shift of 60 pm. This is again consistent with terimental value of 56 (£4) pm,

allowing for the assumptions made in the model.
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Fig. 9.16 The modelled change in effective index amcreasing the thickness of a film of index
1.74, comparable to fluorescein-APS.

Overall both of these shifts are consistent with thodelled planar sensor system
and are the best analytical evidence for the poesesf a deposited organic

monolayer on the surface.

9.5.3 Comparison with (3-aminopropyl)dimethylethoxgilane

To prove that the fluorescein layer is a discret;nobayer and not oligomeric, the
deposition of the analogous (3-aminopropyl)dimegtiybxysilane (3-APDMS) was
undertaken. As 3-APDMS contains only a singlkoxy-ligand, it is restricted to
binding to the surface, preventing the potentiadsstlinking or polymerisation
present with 3-APS. This limitation ensures onlgilgle monolayer can form on
the surfacé’®. However the single bond to the surface resnlteé 3-APDMS layer
much more labile than the 3-APS analog(fe with a higher susceptibility to base,
making it less robust for use in sensor applicatioAs demonstrated by Dagenais
2’ the refractive index of 3-APS and 3-APDMS are pamable. It would be
expected that, if 3-APS formed a single, discretsmatayer, the magnitude of the
Bragg wavelength shift would be comparable with tf&88-APDMS.

A standard device comprising of a buried referegcating and four tantalum
pentoxide coated sensor gratings, within the etetef was functionalised with 3-
APS by the standard method discussed previoustgdsed further in Chapter 12).
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This device consisted of a thicker tantalum pemtexobverlayer than the one
previously compared to the modelled system (Sediér2) and was thus expected
to show a larger response to surface functionahisatThe surface was cleaned with
a combination of conc. #3$0/H,0O, followed by KOH and then functionalised
analogously with 3-APDMS. Deposition of 3-APS oitkis sensor was found to
give an average shift in Bragg wavelength of 13t98.81 pm for the four sensor
gratings, while 3-APDMS was found to shift the age Bragg response by 11.06 +
2.6 pm. Allowing for subtle differences in refraet index, the surface topography
and the uncertainty of the Bragg sensitivity of fber sensor gratings, these shifts
are comparable. This combined with the modelling #he fluorescence microscopy
using FITC indicates that the assumption that thethod produces a molecular

monolayer is reasonable.

9.6 Summary

A method for functionalising the silica surfacesoBragg grating has been described
using a self-assembling monolayer of an organosilaffhis chemistry has been
shown to be applicable to the tantalum pentoxidéasas present within the higher
sensitivity Bragg grating sensors discussed withis work. Through use of an
organosilane linker, such as 3-APS, a diverse rafhgerface functionalities can be

introduced to dictate the physical properties dmehaical interactions at the surface.

Through gold adhesion tests, these films have Istenvn to be robust to both
chemical attack and physical abrasion, an observdhtirther confirmed by the

fluorescein-silane surfaces.

While many conventional characterisation techniqdies not have the resolution
needed to characterise these surfaces, successitdcterisation by contact angle
goniometry and fluorescence microscopy allowed lsultthanges in surface
chemistry to be detected. However, these techsigqoeld not confirm that the
surface was only a single monolayer and not oligaang-urthermore, the ability to
monitor and detect such films formimg situ within the microfluidic Bragg sensor
cell bypasses the need to independently charaetevisry surface produced once the

initial chemistry has been proved.
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A fluorescein-silane surface has been formed withis microfluidic cell, using the
two step approach. Both the attachment of 3-AP& farorescein yielded well-
resolved Bragg wavelength shifts, consistent witie tmodelled response.
Comparison with the analogous 3-APDMS experimehtsved that the magnitudes
of these shifts were indeed comparable, furtheficoimg that by functionalising in

anhydrous conditions, only a molecular monolaydoised upon the surface.

The following chapter will discuss how such surfa@an be used to introduce
chemical specificity into the Bragg sensor systaiith two distinct examples being
explored.
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10. Optofluidic Chemical Sensors

10.1 Introduction

It has been shown in the previous chapters thédraapBragg grating sensor can be
developed into an optofluidic sensor capable okedétg subtle changes in the
refractive index of a fluid. The surface of suckemsor can be functionalisedsitu,
with the presence of the resultant surface monolagang confirmed by the Bragg
sensor itself. Through careful selection of theurea of the surface layer, the
chemical interactions at the surface can be cdattohllowing chemical selectivity

to be introduced to the optofluidic sensor.

There has been much work in supramolecular chemistestigating the nature of
intermolecular associations and much progress das lmade on designing specific
receptors that can preferentially bind to a paléicanalyte in the presence of others.
Bringing together the high sensitivity of opticaénsors with the selectivity of
supramolecular chemistry will introduce chemicataficity to a sensor otherwise
incapable of distinguishing between different atedywith the same refractive index

response.

While the scope of supramolecular receptors pregewithin the literature is near
limitless with many examples available for seleetbinding of anion§®® %! cations
281, 2823nd small molecule®’ #*2in a broad range of solvent systems, it was chosen
here to present simple examples where the recppbperties were well known and
beyond question. This allows for the success efsénsor system to be restricted to
that of the optofluidic sensor and not to be depehdipon the receptor system. |If
these simple systems are proven to be succedssislinot unreasonable to presume

that many of these other receptor systems woutdtssapplicable.
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This chapter will focus on how such surfaces caruded to introduce chemical
specificity into the Bragg sensor system and wijplere two distinct examples for
detecting cations. The first investigates the ofea simple amine surface to
coordinate copper (Il) cations from aqueous softytishile the second develops this
surface to include a crown ether motif — a sizedele cation receptor that

demonstrates selectivity towards sodium catiomaethanol.

10.2 An Optofluidic Sensor for Copper (Il) Nitrate

10.2.1 Copper in the environmeng®*?%

The detection and measurement of heavy metal icesept in aquatic streams is of
great importance in assessing environmental danaage possible strategies for
remediation. Copper can be released into the @mvient by both natural sources
(wind-blown dust, decaying vegetation, forest firesd sea spray) and human
sources (mining, metal production, wood productemd phosphate fertilisers)

leading to widespread environmental exposure.

Most copper compounds will settle and be bounditteee water sediment or soll
particles. When copper ends up in soil it strongffaches to organic matter and
minerals. As a result it does not travel far aftelease and it hardly ever enters
groundwater. In surface water, copper can travehtgdistances, either suspended
on sludge patrticles or as free ions. Water solebjgper compounds occur in the
environment after release through application irricagure and it is these

compounds that form the largest threat to humaittthea

Immediate effects from drinking water which contaielevated levels of copper
include: vomiting, diarrhoea, stomach cramps antsea. However the seriousness
of these effects will increase with increased codpeels or length of exposure.
Children under one year of age are more sensitivapper than adults, with long-
term exposure to over 1 mg/L of copper in drinkivagter found to cause kidney and
liver damage. People with liver damage or Wilsodisease are also highly

susceptible to copper toxicity.

10.2.2 Selective copper (Il) coordination
(3-Aminopropyhtriethoxysilane (3-APS) functionadis surfaces have been shown to

extract copper from solutié?f. This has been used for a range of applicatibos)
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copper selective electrochemical sens8fghrough to the removal of copper from
aqueous solutiorf$®,

As reported by Kangt al ?®

, an aminated surface can be used to selectivaly bi
copper (Il) cations in aqueous media. This surfeae then be recycled through
subsequent washings with an acid to un-coordirtegecopper ions, followed by a
base wash to prime the surface for the next binéwent. While the previously
reported work used 2-aminoethanethiol to functiseah gold surface for Surface
Plasmon Resonance spectrosc8flythe silane analogue using 3-APS should work

equally well, as illustrated in Figure 10.1.

Acid
(ium
Base cu”
_
0 I\\O 0 Sl\\o Sl\\o
| 0| | | [0}

Fig. 10.1 The binding of copper (Il) cations to ammine functionalised surface can be
controlled through pH.

Surface Plasmon Resonance studies by K&haf the resultant change upon copper
binding demonstrated sensitivity down to @, below the 1.3 ppm (0.02 mM)
threshold permitted by the US Environmental Prad@acAgency (EPA). As SPR is
the main competing sensor technique to the intedraptical Bragg grating sensors
presented here, it is important to compare theitbaties and dynamic ranges of the

two systems.

10.2.3 An optofluidic sensor with selective bindingf copper

As discussed previously, the deposition of a flsoen SAM was found to be
detectable by a Bragg grating sensor. FurtherrtiegeBragg shift was found to be
reproducible and consistent with the modelled sgst&his sensitivity was believed
to be sufficient to observe monolayer binding te Waveguide surface, allowing for

the development of highly sensitive chemical spesénsors.
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A standard sensor device comprising of a buriedresfce grating and four sensor
gratings was fabricated by UV writing. The sensmion was etched, polished and
sputtered with 72.5 nm of tantalum pentoxide, kefencapsulating it within the
microfluidic flow cell. The high sensitivity of th sensor (as a result of the thickness
of the high-index overlayer) reduced the dynamicartive index range to 1.00 —
1.35; this was sufficient for the study of aquecapper solutions, but was too low
for ethanol solutions. As such it was necessaryswitch to the lower index
methanol as a solvent to allow real time monitorfighe functionalisation of the
surface with 3-APS (Figure 10.2).

1550.9 .
acetone

1550.4 + i
1549.9 4

KOH

1549.4 4
water

1548.9 1
1548.4 1

1547.9 4 methanol 3-APSimethanoI methano

1547.4 L
1546.9-{ l ;
1546.4 + L :u : : : : :

0 2.5 5 7.5 10 12.5 15 175
Time /h

Bragg wavelength / nm

Fig. 10.2 The Bragg wavelength response to a serief sequential washing and functionalisation
steps: water, acetone, water, agueous potassium hgdide, water, methanol, 10 % 3-APS in
methanol, methanol.

It was observed that the Bragg response to methedtesl surface functionalisation
was shifted to higher wavelength by 54 pm and¢hrsesponds to a monolayer of 3-
APS on the surface of the sensor. This is alsopewable to the 38 pm increase in
Bragg wavelength over the period of the 3-APS/mmthavash. The high refractive
index of acetone was at the upper limit of the dyicarange of the sensor, leading to
the increased noise observed for the weak Bradgctien. It is interesting to note
the presence of a methanol-water “spike” for thetfmethanol wash, a spectral
artefact that would have caused confusion withdwgt preliminary microfluidic
studies discussed in Chapter 8.
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To investigate the potential applications of theactionalised surface as a copper
sensor, a series of copper (Il) nitrate solutiscoef0.1uM to 1.0 mM were prepared
in a pH 5.5 buffered agueous solution ofN2riorpholino)ethanesulphonic acid
(MES) /sodium hydroxide, by serial dilution. Thiggktly acidic pH was deemed
necessary to prevent any precipitation of coppématei that can occur in basic
conditions®®. MES was selected as a buffer because of itatdaibuffering range
and its inability to chelate copper (AJ°, an issue found with acetate, citrate and
phosphate buffered systems.

On washing the protonated amine surface with acbssilium hydroxide solution,

Kang 2

observed a change in the SPR angle, attributéidetaleprotonation of the
ammonium salt back to the neutral amine. A simiksult was observed for the
amine-functionalised waveguide surface; the surfaes first washed with citric
acid (1.0M) for 10 minutes, followed by the pH %Hbffered agueous MES/NaOH
solution. Upon subsequent washing with a weakwodiydroxide solution (pH 11)
the Bragg wavelength upon returning to the buffdvielS solution had reduced by
10.1 £ 3.7 pm on average (Figure 10.3). Comparedegrevious work on the FITC
surface and the shift seen upon forming the SAM,rttagnitude of this shift is not

unreasonable for the dissociation of citric acidimbto the amine surface
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Fig. 10.3 The change in peak Bragg wavelength upa®protonating the amine surface (average
of 8 datasets).
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The microfluidic, tantalum pentoxide-enhanced Bragmsor was prepared by a
series of washes consisting of citric acid to cldensurface of previous coordinated
cations and a basic wash to restore the neutradeamiith intermediate washes with
the MES-buffer to remove residual acid and bagas Was followed by exposure to
the various buffered copper nitrate solutions, atipg the acid/base washing steps
between each solution. Figure 10.4 illustratesctienge in Bragg wavelength upon
transitioning from the aqueous MES buffer to a @ppitrate containing buffer
solution. In all cases the Bragg sensor respansenstant prior to the addition of
copper to the surface. Upon switching to the commataining solution, a sharp
initial increase is observed followed by a subsetugradual increase, with the

magnitude of this initial increase increasing watdpper concentration.
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Fig. 10.4 The Bragg response upon switching frompH 5.5 MES buffer to a MES buffered
copper nitrate solution (0.01 — 1.00 mM), demonstting the binding at the amine surface.

The Bragg sensor demonstrated a gradual increase exposure to the copper
solution, levelling off over six hours. The rawtalguncorrected for temperature

fluctuations) is shown in Figure 10.5, below:
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Fig. 10.5 The uncorrected Bragg response upon biirdy copper nitrate solutions (ImM to 0.1
uM) to the amine surface.

As seen in Figure 10.5, the Bragg grating is semesiio the concentration of the
copper nitrate, suggesting that an equilibrium fewmith the surface, rather than just
the rate at which a complete surface-bound lay&rieed. This is again consistent
with the observations of Karf§®>. While the Bragg wavelength shifts show that it
takes up to six hours for equilibrium to form beémethe flowing copper nitrate
solution and the Bragg surface, this is still sigantly shorter that the 18-24 hour
equilibrium time required in the unperturbed systased by Kang. While this
sampling rate is not practical, it still is a matkenprovement and demonstrates the
advantage of the microfluidic flow cell over sanmglitechniques. Furthermore, after
1.5 hours a clear separation of the different cotre@ons has been achieved (as
indicated on Figure 10.5), demonstrating the paéid increase the sampling rate

of the sensor.

The exposure to each concentration was repeated times sequentially, allowing
for the reproducibility of the sensor to be assgss€he error bars indicated in the
following figures represent the standard deviafimm the average shift observed
over these three repeat measurements, calculateedumally for each concentration.
It was found the range of values varied more gydatin would be expected simply
from the uncertainty in the Bragg measurement (aglthat demonstrated by the

silica deposition experiment in Chapter 5) with tangdard deviation of ~3 pm
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common. This order of magnitude increase in n@smostly due to the increased
difficulties in temperature referencing this higtdgnsitive device over long time-
scales within a dynamic fluid environment; howewsviations in the chemical
composition of the analyte solutions and physide#nomena such as bubbles and
pressure changes are likely to have had an effétiese effects are likely to be
similar in all the following sensor work, justifiedy the comparable standard

deviation values recorded across both sensor sgstem

The surface was cleaned with “piranha” to remoweamine SAM and the exposure
to the buffered copper nitrate solutions was reggbaExposing the unfunctionalised
surface to the same copper solutions gave a mstantaneous square-like response,
without the slow increase seen in Figure 10.5 -sisb@nt with a reduction in a slow
binding mechanism at the surface. As shown inréid.6, the sensitivity to copper
is much reduced, with concentrations belowuM undetectable. This shows that
the sensor is highly sensitive to bulk measuremehtsw concentrations, but also

that the sensitivity is enhanced by the presentkeecémine surface.
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Fig. 10.6 The wavelength response to a series opper nitrate solutions from 0.1 to 1000 uM
for an amine functionalised Bragg grating sensor @d), compared to the unfunctionalised
surface (blue). Error bars represent the standardieviation of a series of measurements.

Plotting the data for the amine functionalised acefas a log-log plot (Figure 10.7)
generates a straight graph, again following theestrend as reported by Kany.
This suggests that the surface is working succkgsfsl a copper sensor at very low
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concentrations. The equivalent SPR plot demomrsirauccessful detection of
copper in the range 1.0 mM to 0.1 uM and this milarly demonstrated by the
sensor presented here. For both the SPR and Byagiopg systems, the lowest
detected concentration is well resolved above #selne, implying that more dilute

concentrations may be detectable.

100

/// '
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Bragg wavelength shift / pm

Fig. 10.7 The Bragg wavelength shift as a functioof the copper nitrate concentration, plotted
on logarithmic axes. Error bars represent the stadard deviation of a series of measurements.

Further work was undertaken to show that this temulnot dependent on the
presence of the MES buffer. The surface was cteameiranha, refunctionalised
and the microfluidic study was repeated with theSttiffered solution replaced by
a weak nitric acid solution, made up to pH 5.5. gk®wn in Figure 10.8, the
functionalised surface was found to still be sévsito the presence of copper ions
resulting in a Bragg wavelength shift that was olsderved with an unfunctionalised
surface. The shift upon binding is smaller thaat threviously observed in the
presence of the MES buffer. This is likely to arfeom the presence of MES raising
the background refractive index of the aqueoustisuols, thereby increasing the
sensitivity of the Bragg grating and will thus leiada larger wavelength shift for the

same change in effective index.
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Fig. 10.8 The peak Bragg wavelength shift as a fation of the concentration of copper nitrate
flowed over the surface. Error bars represent thestandard deviation of a series of
measurements.

As discussed previously, in addition to enhancement sensitivity, surface
functionalisation should reduce possible interfeeerfrom other metal ions in
realistic samples. The sensitivity of copper wampared with that of nickel and
zinc, reported as common competing metals for sstsor systems by Karft.
Nickel and zinc are both divalent cations with $miionic radii to CA@".
Specifically, Nf* has a similar hydrodynamic radius, ionic mobilignd limiting
ionic conductivity. It is known to interfere witBu”* detection as both ions form
square plana#¢N complexes with a “nitrogen” containing functiongroup?®*.

While there was little enhancement to the zinc amdkel response upon
functionalisation, as shown in Figure 10.9, thepmpresponse is amplified by six
times — demonstrating that the functionalised Brggging is acting as a chemically
specific sensor. Such increased sensitivity isbatied to increased binding at the
surface; this is believed to be due to the incrédsend strength of the copper
complex over the nickel and zinc analogtis
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Fig. 10.9 A comparison of the Bragg response to0LmM M(NO 3), for amine functionalised and
bare surfaces, where M = Cu, Ni, Zn. Error bars r@resent the standard deviation of a series of
measurements.

In summary, the aminated surface shows high seitgitio dilute copper nitrate
solutions with good selectivity over common comipgtmetals; nickel and zinc.
The chelation of copper to the surface requiresstiméace to be restored with an
acid/base wash between measurements. The obsesvatiere all found to be
consistent with the analogous SPR system with coabpa levels of selectivity and
specificity, with the additional advantages introed by the microfluidic flow cell of
faster sampling rates automation and a protectesbosenvironment, increasing the
SAM lifetime.

10.3 An Optofluidic Chemical Sensor for Sodium Chlade
Supramolecular chemistry is an area of chemistat focuses on non-covalent
bonding interactions; specifically the weaker andversible non-covalent
interactions between molecul8. These forces include hydrogen bonding, metal
coordination, hydrophobic forces, van der Waalscder n-n interactions and

electrostatic effects.

A major field within supramolecular chemistry, st of "host-guest”" complexes, in
which a host molecule recognises and selectivelddn certain guest. One of the
earliest examples of a synthetic host-guest complas that of the crown ethers,

discovered in the 1960s by Pederé&h Crown ethers are macrocyclic molecules
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that consist of a ring containing several etheugsy and as such represent one of
the simplest host-guest systems in supramolechkmnistry. The size of the cavity
within the crown ether ring strongly determines ethication will bind most
favourably and this property has been used to detrair selective binding to a
specific cation from a mixture. Benzo-15-crownds, illustrated below in Figure

10.10, has a fifteen-member polyether ring contgjrilve oxygen atoms.

Fig. 10.10 The crystal structure for sodium boundvithin the benzo-15-crown-5 heterocycle
(including coordinated water) 2%

As shown in Figure 10.11, benzo-15-crown-5 is knawnpreferentially bind to

sodium over other Group | met&fS.
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Fig. 10.11 The formation constant, K, for complexes of benzo-15-crown-5 with Group | aléli
metals in methanol at 25 °C as a function of ionicadius (as reported by Takeda®®), showing
the selectivity for sodium.

For a host-guest system to form a good candidate feensor it must selectively

bind the desired species from a series of simigci®es in a reasonable solvent.
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However, for the sensor to be viable, this bindmgst be dynamic with a high
turnover rate. If the host binds the guest toorgjly or irreversibly the sensor will
rapidly saturate. This concept has been shownairt by Nakajima®®’, who

demonstrated that crown ethers can be immobiliseca csilica surface and the
resulting complex has sufficient cation selectivitybe used in chromatography for

separating mixed salts.

As discussed earlier, crown ethers will selectivi@hyd cations of comparable radius
within the pore. Tethering crown ether to the scef was seen as a good starting
point to investigate whether specificity could #roduced to the bulk refractive
index sensor, as it represents a simple and welvkn interaction. 4'-
(Chlorocarbonyl)benzo-15-crown-514) was synthesised following literature
procedures®®3% from benzo-15-crown-5 in three steps, each in ggelil (Figure
10.12, synthetic methods are detailed in Chaptgr 12
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Fig. 10.12 The synthetic pathway towards 4’-(chlarcarbonyl)benzo-15-crown-5 (3).

To maximise the detectable wavelength responsesahee highly sensitive sensor
was used as in the copper work above. The croher @as attached to the surface
via a peptide bond to the amino head group of tteeajkylated sensor surface
(Figure 10.13). It was observed that the Braggpaese to methanol after
functionalisation with the crown was shifted to leg wavelength by 455 pm. This
Is comparable to the 464 pm increase in Bragg veaggh during flow of the crown

ether solution over the surface. While this sksifmuch larger than that measured
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for the fluorescein work presented previously,sitaigain the result of the higher

sensitivity that this thicker tantalum pentoxidgdaaffords.
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Fig. 10.13 The surface functionalisation of the Bxgg sensor with 4’-(chlorocarbonyl)benzo-15-
crown-5 within the microfluidic flow cell .

The crown ether-functionalised surface was expdsed series of Group | metal
halides, varying concentration from 10 mM down taM in HPLC methanol, as
shown in Figure 10.14. Unlike the co-ordinationaomipper discussed above, the
cations are more weakly bound to the crown ethdase resulting in an equilibrium
forming with the solvent. The surface can thusdstored for the next measurement
by simply flowing pure methanol over it. It wasufal that it took up to an hour for
the surface to fully equilibrate with no further acflyes in Bragg wavelength
(depending on the strength of the salt solutioritf) whe reverse cleaning step taking
a comparable time to restore the surface. Thederpnary results showed that the
sensor was selective to sodium, as expected fazobgb-crown-5 (Figure 10.11),
with the shift due to binding sodium twice thatrséer other Group | cations.
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Fig. 10.14 The Bragg response of the benzo-15-cnes functionalised sensor to varying
concentration of lithium, sodium, potassium and rulidium cations in methanol. Error bars
represent the standard deviation of a series of mearements.

In contrast to the copper system, the shift uparibg was observed to result in a
decrease in Bragg wavelength, and therefore réfeactdex. This is contrary to the
effect observed in bulk sensing of salt solutiomsere a positive shift is measured
for increasing salt concentration. Looking at the data for the 10 mM solutions
for both the bare and functionalised systems (lEigl®.15), it was observed that
there are two components, a fast initial positilét sthat is equal in magnitude for
both surfaces, which is then followed by a slowrdase in Bragg wavelength for
the functionalised surface. For more dilute sohsithe bulk is below the sensor
threshold, and only the slow decrease is obsemvldst for higher concentrations

the sharp bulk transition becomes dominant.
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Fig. 10.15 Comparison of the Bragg response upowisching to a 1 mM sodium chloride
solution for the bare (blue) and crown ether functbnalised (red) sensor surfaces.

A reduction in refractive index could be the resofita variety of causes. Any
rearrangements at the surface arising from bindirig the crown can cause changes
to the shape and packing of the SAM. This cancedhbe density at the surface and
thus may further influence the arrangement of sulveolecules near the surface —
amplifying this effect. Alternatively it may bedhesult of electronic changes in the
SAM upon binding the sodium to the crown ether,ngiiag the polarisability of the
nearby phenyl ring.

Weak binding is clearly occurring with lithium, esium and rubidium. This is to
be expected, with the size mismatch between thaens and the macrocycle not
too great to prevent a weak association betweleiniit or potassium and the flexible
crown ether®®? (as indicated by Figure 10.11). While potassiuam dorm a
sandwich compleX® with benzo-15-crown-5 that rivals the binding oflaim %,
the lack of enhancement of potassium over lithiomplies that the geometry of the
surface is too confined for this to be occurririchis could be overcome through use
of a more complex receptor, which can be tailoredano the size and shape of the

05

analyte. In this case, use of a calix[4]aréfe**>may improve the selectivity of the

surface towards sodium.
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Further measurements of mixed solutions were irgerntd quantify the degree of
selectivity and specificity displayed by the sensblowever a contamination of the
crown ether surface occurred, identified by a peenaé Bragg wavelength shift to
higher wavelength with a corresponding reductiomnmplitude. This required the

surface to be refunctionalised.

Due to traces of hydrochloric acid from the synihed 14, protonating the amine
surface and inhibiting reaction, this refunctiosatl surface had a lower density of
crown ether receptors upon the surface than theque example (as determined by
the smaller Bragg shift upon functionalisation)hisl resulted in a reduced Bragg
wavelength shift upon binding cations, comparedhtt seen in Figures 10.14 and
10.15.

Despite this reduction in sensitivity, an investiga into mixed analyte systems was
briefly explored, with a mixed 50:50 solution ofdéam chloride and potassium
chloride flowed over the sensor surface. This wasnpared to the Bragg
wavelength shift of separate solutions of 10 mMiwwod chloride and 10 mM
potassium chloride, as shown in Figure 10.16. dswbserved that the resultant
Bragg shift for the mixed solution (10 mM sodiumaride and 10 mM potassium
chloride) was greater than that of the unmixed M sodium chloride solution. As
a concentration of 10 mM is not sufficiently contated to saturate the crown ether
surface, and weak binding to potassium has beewrsho occur, it is likely that
both sodium and potassium are simultaneously bindan the surface, with the
resultant Bragg wavelength shift representing ttushulated effect. Indeed the
combined shift for the individual sodium and potass solutions is consistent,

within error, with the mixed solution.
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Fig. 10.16(a) The Bragg response of the benzo-1%wn-5 functionalised sensor to varying
concentration of a mixed solution of sodium and pa@issium in methanol, compared to individual
solutions sodium and potassium. Fig. 10.16(b) Coragson of 10mM NaCl and 10mM KCl to a

mixed solution of 210mM NaCl and 10mM KCI (20mM comlined concentration).

10.4 Summary

A simple copper-selective functionalised chemi@sor has been demonstrated. It
has been shown to be sensitive down to concentgattb 0.1 M, an improvement
of two orders of magnitude over the unfunctionalisensor. This has been shown
to work in acidic solutions, without the presendeaobuffer and demonstrates
selective binding over the common contaminantXetiand zinc. This system was
found to be consistent with the analogous SPR systath comparable levels of

selectivity and specificity. The additional advages introduced by the microfluidic
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flow cell of faster sampling rates, increased awtom and a protected sensor

environment give this system an advantage oveoiieereported by Kant®.

This has led to the development of a more sophistit sensor that utilises the host-
guest binding properties of benzo-15-crown-5 tedalely detect sodium cations
over other Group | metal halides in methanol. aasor was shown to be able to

detect such ions down to 10 uM solutions of sodumhoride.

Both of these sensor systems demonstrate hightiségsand a degree of chemical
selectivity. The success of these simple proatafeept sensors proves that a
modified surface can improve the practicality o# sensor over that of the simple
microfluidic device. The wide range of receptorevously reported within the
literature should allow these systems to be ditetdevards a wide range of different
analytes with even greater sensitivity and thromgbre sophisticated structures,

greater selectivity should be achievable.
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11. Conclusion

11.1 Conclusion

The technique of direct UV grating writing is basgubn on the localised refractive
index increase induced within a photosensitive glagiass layer through exposure
to a tightly focussed UV beam. In this work, dirétV writing has been used to

define optical waveguides and Bragg gratings siamalously into a silica-on-silicon

substrate. These Bragg gratings can be written aviBragg wavelength from 1400
— 1700 nm by precise modulation of the inherergrietence pattern produced by

the overlap of two focussed coherent UV laser beams

The reflectance spectrum of the gratings in theanefl region was analysed
remotely by commercial telecoms test and measureragnipment via a fibre
pigtail, allowing sub-picometre resolution of theai Bragg wavelength.

Exposing the waveguide, through etching, allowse¢hBragg gratings to be used as
highly sensitive refractometers. Fabrication oésin etched sensors has been
optimised by using a mixed hydrochloric and hydrofic acid etchant solution,

followed by post-etch polishing to restore the gyaif the surface.

The sensitivity of these refractometers can be dtaally improved through the
inclusion of a high-index overlayer of tantalum fmxide. It was shown that, within
a vacuum system, the device can detect sub-namertatkness changes of an
amorphous silica layer. While this is an idealisggtem, it demonstrates that
detection of an organic monolayer on the sensdacaitis within the capabilities of

this sensor platform.

A family of azobenzene derivatives have been swmikd and their optical

properties studied. From these findingg-anethoxy azobenzene-functionalised
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methacrylate co-polymer was prepared that was shtwrundergo reversible
photoisomerisation when exposed to UV light, pradga corresponding change in
refractive index.  This co-polymer demonstrated hhithermal stability to

isomerisation, giving rise to applications in peaeli latched devices. When
deposited upon an optical surface, a reconfigurBpsgg grating was formed that
has the potential for a range of optical appligagio This prototype device was
tuneable by up to 489 pm, corresponding to 63 GHelacomm wavelengths. This
type of reconfigurable device could find application wavelength trimming of

lasers or reconfigurable dispersion compensation.

A second system was investigated using a silicanpotymer with a lower bulk
refractive index. This was below that of the wavdg core, allowing for easier
deposition by a spray-coating technique, removihg nheed for clean-room
processing. While this technique reduces the andt complexity of fabrication,
further optimisation is needed to improve the aggtiesponse to that observed for

the polymethacrylate system.

Further work on these systems should focus on rikestigation of non-uniform
exposure patterns to develop more sophisticatetekev For example, illumination
with an intensity gradient would induce a gradiesftactive index profile that would
introduce a degree of “chirp” into the grating. te&xhatively, use of a periodic mask

would introduce additional spectral features.

Temperature referencing was shown to be necessargchieve the sensitivity

required for common sensing applications. Whildas been shown that using a
reference grating is sufficient, in simple systammsn specific examples, for precise
compensation of temperature, a modal comparisonoie accurate. By using the
transverse magnetic mode of the Bragg grating toitmoand remove temperature
fluctuations from the transverse electric mode,emperature-insensitive Bragg
grating sensor can be fabricated. It has been shbat for a real system this
approach can successfully remove the thermal coemgdnom the Bragg response.
Not only does this approach simplify the systemnasadditional components are
necessary, but it makes use of the previously réahintransverse magnetic mode.

The high resolution of this method of temperatuwwepensation combined with the
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high sensitivity of a planar Bragg grating makes gystem ideal for detection of the

subtle changes in chemical and bio-sensing apitat

Furthermore, the use of the negative thermo-optefficient of a fluid has been
shown to improve the temperature independence atemed Bragg grating. This
can be enhanced further through use of a soluteottify the refractive index of the
solvent, allowing this response to be tuned to deeired operating temperature
range. This has been demonstrated with an aqugocgse solution, where over a
10 °C range the Bragg response was found to vargridy 3.7 pm. This is an
improvement of nearly two orders of magnitude over un-etched Bragg grating.
The low cost and resistance to mechanical shotkation and strain makes these
devices ideal for incorporation within integrateldloponic networks as temperature-

insensitive wavelength references.

A microfluidic flow cell was developed that allowke Bragg grating sensors to
sample a continuous flow of fluid over the surfadéde system is compatible with a
wide range of chemicals and has been fully autothatdransitioning between
isopropanol and water within this microfluidic floeell gave an expected square
wave-like response in refractive index, but withsmall mixing transient. In
contrast, mixing water with other alcohols, suchmathanol or ethanol, produced a
“spike” in the refractive index during the transiti This “spike” was shown to be
caused by the formation of intermediate binaryitiguwith higher refractive index
than the constituent solvents. The “spikes” wdrewsn to have a long life-time,
with stability to interruptions in flow suggestirggbulk concentration gradient along
the system that formed independently of the purtgotithe system.

This unusual transitional flow property was harees® fabricate a proof-of-concept
microfluidic flow sensor. This was developed tondastrate a method of measuring
the water content of an alcohol-water mixture, owering the issues of the

parabolic refractive index profile of such systems.

With the development of the microfluidic system aad understanding of the
properties of bulk fluids flowing through them,wias possible to functionalise the
sensor surface with an organic monolayesitu. An organosilane was used to form
such a self-assembled monolayer on the silica seidd the Bragg grating and this

chemistry was found to also be compatible withrdalam pentoxide surface. Gold
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adhesion tests and functionalisation with the oigepe fluorescein have shown that
these monolayers were robust to both chemicallatiad physical abrasion. While
many conventional characterisation techniques dichave the resolution needed to
characterise these surfaces, successful charati@nidy contact angle goniometry
and fluorescence microscopy allowed for subtle gkann surface chemistry to be
detected.

Through use of (3-aminopropyl)triethoxysilane dmker, a diverse range of surface
functionalities can be introduced to dictate theysptal properties and chemical
interactions at the surface. The ability to manttee formation of such films situ

within the microfluidic Bragg sensor cell was dermsvated, with both the
attachment of 3-APS and fluorescein yielding welielved Bragg wavelength

shifts, consistent with the modelled response.

The versatile amino head group of 3-APS allowsafevide range of chemistry to be
introduced to the surface. A simple copper selec-APS-functionalised chemical
sensor was shown to be able to detect the contentia a copper (Il) solution to
below 0.10 uM. This has been shown to work in iacg&blutions, without the
presence of a buffer and demonstrates selectivelingnover the common

contaminants, nickel and zinc.

This simple surface led to the development of aemswphisticated sensor that
utilises the host-guest binding properties of betzarown-5 to selectively detect
the presence of sodium over other Group | metatleéslin methanol. This sensor
was shown to be sensitive down to 10 uM concepotratiof sodium chloride in

methanol.

The success of these simple proof-of-concept serd®monstrates that a modified
surface can improve the sensitivity and selectivityer that of the simple
microfluidic device. The wide range of receptoreviously reported within the
literature should allow these systems to be dicttevards a wide range of different
analytes with even greater sensitivity and, througbre sophisticated optical

structures, greater selectivity should be achiexabl
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11.2 Further work

While the work presented here has demonstrated ahatirface monolayer is
sufficient to introduce chemical specificity to thsensitive Bragg grating
refractometers developed in this work, a largepoese is desirable for practical
applications. To achieve this, either the densftpinding sites within the sensing
region or the magnitude of the refractive indexpogse generated would need to be
increased. There are several potential routescihaltl be used to achieve such a

sensor enhancement and these are briefly discbhsted.

11.2.1 Chromoionophores

The sensors presented within this work relied aeatly detecting the change in
refractive index upon binding an analyte. Thiseffcould be further enhanced if
the binding event stimulates a further change énrdteptor compound. This could
arise from a change in the packing at the surfabanging the bulk layer thickness

or density) or a shift in the absorption peak aheomophore.

A chromoionophore is compound that will selectivddind to a specific ion
(ionophore) with an associated colour change (bt ishabsorption). An example of
such a receptor molecule was presented by Hayaethai£®®, where the binding of
sodium by a supramolecular calix[4]Jcrown macrocyestiices a tautomerism within

an azobenzene dye (as illustrated in Figure 1Elbw).

WOW

O\~\ / _ ,O
\

NO, NO,

Fig. 11.1 Tautomerism from the phenylazophenol tthe quinine phenylhydrazone form upon
selective binding of sodium results in a detectableolour change®®.

Based upon the tautomerism of the chromophoric tndrem phenylazophenol to
qguinine phenylhydrazone, this calix[4]crown demoaists a specific colourimetric
response to sodium in acidic and homogeneous aguaioxane solution. This
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bathochromic shift from 380 nm to 480 nm is notibild with lithium, potassium
or tetramethylammonium chlorides. The selecti¥dy sodium over potassium is
found to be 19 allowing for quantitative determination of thedaem concentration
of a solution even in the presence of excess gatas®ns. This, combined with
small change in the extinction coefficient over thleysiologically important pH
range 7 — 9 suggests that such chromoionophoresbhmayitable for application in

integrated optical sensors.

11.2.2 Silica nanoparticles

Increasing the surface area of the sensor increhsesumber of silation sites that
should lead to an increase in the density of reezspipon the surface. It would be
expected that such an increase would amplify treg@mresponse over that of the

smooth surface.

A potential approach would be to tether silica n@articles to the surface. These
particles can then be further functionalised todpice the active sensor surface, as

illustrated for a crown ether sensor in Figure 11.2
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Fig. 11.2 A potential route to enhancing the surfee density of binding sites through tethering
silica nanoparticles to the surface. 1) functionasiation with 3-APS, 2) linking silica
nanoparticles to the surface, 3) functionalisatiomf the surface with a chemical receptor.

For this approach to work two criteria would needbe met. The size of the
particles needs to be large enough that the inermathe number of active surface
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sites is consequential, but sufficiently small ¢vel 150 nm) so as to avoid
increasing optical loss via scattering. Seconbby riefractive index of the particles
needs to be low enough to avoid pulling the modeobuhe grating. For this it is

believed that tethering silica nanoparticles of G- rfim to the surface should be

sufficient.

While linking surfaces of different morphologiesich as gold nanoparticles to a
silica surface (or vice-versa) is relatively strafgrward through thiol and silane
directing groups®’, controlled tethering of silica nanoparticles oatsilica surface

without polymerisation is more challenging. Usmgodified approach to that used
for 3-APS, with the nanoparticle surface functiased so that it is only labile to the
functionalised sensor surface (e.g. acid functised) and not other particles, it

should be possible to deposit a controlled filmmgte surface.

11.2.3 Dendritic surfaces

The term dendrimei® is used to describe a family of large, repeaténinched,
roughly spherical polymeric molecules (Figure 11.3)hey are fabricated by the
attachment of successive layers (generations) asiagle core unit. The properties
of dendrimers are typically dominated by the fumwsl groups on the molecular

surface, with the ability to attach a wide rangg@fups to the dendrimer surface.

Poly(amidoamine) often abbreviated to PAMAM is ook the most common
dendrimer system&®. The core is typically ammonia or a diamine (cowniy
ethylenediamine), which is reacted with methyl &g, and then with excess
ethylenediamine to make the generation zero PAMAMccessive reactions can
then be used to create higher generations. Loeeergtions tend to form flexible
molecules with no appreciable inner regions, whiedium sized PAMAMs (third
or fourth generation) have internal space separftmu the outer shell of the
dendrimer. Large (seventh generation and abovejraeers can be thought of as
more like solid nanoparticles with very dense stefaarising from the structure of
their outer shell. The functional groups on thdae of PAMAM dendrimers can
be compatible with click chemistiy°, which has given rise to a variety of functional

surfaces for many potential applications.
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Fig. 11.3 A schematic of a fourth generation dendmer.

Dendritic structures are not confined to singletipkes. Attachment of a suitably
functionalised SAM upon the sensor surface woulahafor such branched systems
to be growr?*" 32 If the outer shell of this dendritic surface wisn functionalised
with a suitable receptor then an analogous cherserasor would be fabricated with
a greatly increased density of active sites. Tdeaatage of this approach over that
of the silica nanopatrticles is that the receptoescéoser to the waveguide where, due
to the exponential decay of the mode into the fturégion, changes in refractive
index have a greater effect upon the effectivexmafehe Bragg grating.

11.2.4 Porous silica sol-gel

The final route would involve the deposition of arqus silica sol-gel onto the
sensor surface. This porous structure would ocaupmyreater percentage of the
evanescent tail of the guided mode than a surfameotayer. If the pore surfaces
within this structure were functionalised, this Wwibincrease the number of active
sites within the sensitive region, hopefully impraythe Bragg response.
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Porous silica sol-gels can be fabricated from tdrdlysis of tetraalkoxysilanes?
The properties of these pores can be directly obett through the blend of
alkylsilanes used; with the incorporation of 3-aogropylsilane resulting in
hydrophilic aminated pores, whitebutylsilane would result in hydrophobic pores.
Alternatively, functionalisation could be carriedt@ost fabrication upon the sol-gel
layer in an analogous methodology to the planaesys Pore size can be controlled
through structure directing agents such as suriggtéghat can template the sol-gel
formation before being washed awal{* 3° In this way the surface
functionalisation can be protected from surfaceasion within the pores, with only
analytes of suitable size being able to enter threand interact with the surface —

introducing further chemical (size) selectivitytt® sensor.

|

B

Fig. 11.4 A scanning electron microscope image afsilica sol-gel spun onto a Bragg grating
sensor (courtesy of D. Wale&')

11.3 Final Comments

The optofluidic sensors developed in this work hbeen shown to be competitive
with other integrated optical approaches to chehseasing, with specific focus

upon SPR showing that the Bragg grating presenttédnathis work are comparable
in terms of absolute sensitivity and selectivit}hile the sensitivity, response time
and specificity of the sensors reported here camivall non-integrated optical

systems, such as the cross-responsive fluoreseasbisarrays developed by Walt

198 or flow cell of Anslyn®®, these are all areas that can be improved. Thrasg a
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series of functionalised sol-gels combined with tipld Bragg gratings an integrated
network of Bragg sensors could be fabricated oingles chip that would form a

similar sensor array to that described by Walt autrany additional requirements or
challenges to the characterisation of the deviCembined with a suitable series of
chromatic receptors that would enhance the refragtidex response upon binding,

it is reasonable to presume that such a systend cwall existing “optical noses”.

When used as chemical sensors, the integrated Byemjing devices have been
shown to exhibit good selectivity that has potdnf@ further advancements,
building on the wealth of supramolecular recepteithin the literature, such as the
colourmetric metalloporphyrin arrays developed bglgk . Incorporated within

a microfluidic network, they are robust and reusabhkith high resistance to
chemical attack. These properties demonstrate ptitential of the prototype
optofluidic sensors presented here for real wogdlieation in environmental and

oceanographic sensors.
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12. Experimental

12.1 Introduction

This chapter details the experimental procedureshi® synthesis of the compounds
prepared during this work and their subsequentachearisation. All compounds
were synthesised from commercially available sigrtnaterials, and characterised
by nuclear magnetic resonance spectroscopy, masxtremetry, infrared
spectroscopy and melting point determination wlegpropriate. Where relevant,
additional characterisation was undertaken and eoagpwith known literature data.
Also outlined is the experimental methodology usedfunctionalise the optical
surfaces presented within this work, with the cgponding analytical data used to

confirm their presence.

The synthetic chemistry is followed by an overviefnthe optical device fabrication
and interrogation systems, with focus upon the tmracapplications and methods

used.

12.2 General Experimental
Commercially available compounds were obtained fi®igma Aldrich or Fisher
and, unless specified, all reagents and solvents reagent grade or better and were

used as supplied without further purification.

Concentrated HCI refers to 37 % HCI, while concateti HF refers to 48 % HF.
“Piranha” solution was prepared at room temperatdrepwise addition of 30 %
H,O, to 95-97 % HSO, in the ratio of 1:3. Due to the hazards assodiatéh
highly corrosive “piranha” solution, it was alwapsepared on a small-scale in a

fume-hood with acid resistant gauntlets and gowmwo
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Melting points (MP) were measured using a Gallenkaghectrothermal melting

point apparatus and are uncorrected.

Electrospray (ES) mass spectra were recorded asMgromass Platform Il single

guadrapole mass spectrometer.

Nuclear magnetic resonance (NMR) spectra were atelleusing either a Bruker
AV300 spectrometer, or a Bruker DPX400 spectromeiperating at 300 or 400
MHz respectively forH NMR experiments and at 75 MHz or 100 MHz resetyi
for °C and Dept-135 NMR experiment§’C spectra were collected fully decoupled.

Infrared (IR) spectra were collected on a Nicol80 FT-IR spectrometer with a
SmartOrbit Golden Gate Attenuated Total Reflec{idfR) attachment.

UV-visible spectra were collected using a Shimaddy-1601 UV-visible
spectrophotometer running UVPC version 3.5. Thes@nce of the polymer films
and their ability to undergo photoisomerisation wasfirmed by diffuse-reflectance
UV-visible spectroscopy using a Varian Cary 500 rSc&V-VIS-NIR
spectrophotometer fitted with an internal DRA 2h@@grating sphere.

Surface profile data (step height ang) Ras collected using either a KLA Tencor
Alpha-step 1Q surface profiler running KLA Alphaegt IQ v2.X or a KLA Tencor
P.16 surface profiler running Profiler v7.21. Twiorensional surface data was
collected using a Veeco Thermomicroscopes Exploogr-contact AFM, running
Veeco di SPMIabNT v6.02.

Contact angles were calculated for a drop size @fL1 with a Kruss DSA100

running Drop Shape Analysis (DSA) for windows v1®04.

Tantalum pentoxide was deposited using an OPT @lkedm400 Sputter system,
while gold and chromium were deposited using a Bfa@/ards EB3 E-beam linked
to a FL400 deposition system. Chromium was etels#ng “MS 8 chrome etchant”,

a solution of acetic acid and ceric ammonium retrat

Photoisomerisation was stimulated with a UVP UV@&_dial wavelength UV-lamp
(4 W, 254/365 nm). The reverse process was stiedilthrough irradiation by

ambient fluorescent lighting.
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Etch profile and polymer film thickness was meadursing a KLA Tencor Alpha-

step 1Q surface profiler running KLA Alpha-step ¥Q.X.

Polymer molecular weights and polydispersities wigtermined by gel permeation
chromatography with a polar solvent on a Polymeéydratories PL-GPC 120 with a
PL-AS-MT autosampler on behalf of the author by ®r Holding through the

EPSRC Polymer Molecular Weight Service, in parthigrsnvith Smithers Rapra

Technology Limited, UK.

Direct UV writing of waveguides was performed usiag “Cambridge Laser
Laboratories” Lexel 95 SHG UV laser combined witi Aerotech ABL9000 air-
bearing stage.

Microfluidic pumping was achieved through eithgraxistaltic Masterflex C/L dual-
channel variable speed tubing pump that could e@enato 6 rpm with a maximum
pump rate of 1.3 mL/min through Viton tubing; oB&-Chem Fluidics Bio-Chem
Valve solenoid operated micro-pump 130SP1210-1T#h, avlOulL PTFE chamber,
pumping up to 1.2 mL/min. Solvent switching wa$iaeed with a Cole Parmer
PTFE manifold mixing solenoid valve, with 6 inplgsading to 1 output, capable of
transporting 14 L/min at 20 psi. These were linkgth Cole Parmer Chemfluor
ETFE tubing, with an internal diameter of 0.0160@4um) and external diameter of
1/16”. Connections were made using Omnifit OmnkLdype P fittings, a
chemically inert flangeless fitting with a permatigmattached PTFE ferrule rated up
to 1000 psi.

Interrogation of the Bragg grating at ~780 nm wasried out with a broadband
source, generated from a frequency doubled 155@emmosecond laser source. A
600 nm band pass filter was used to remove ang tiarmonic light at 515 nm that
would interfere with photoisomerisation. For imggation at ~1550 nm the
waveguide was exposed to an Exfo 1Q-2300 erbiumefilased ASE source as part
of an Exfo 1Q-203 Optical Test system. The resulsignal was collected by an
Ando AQ 6317B optical spectrum analyser (OSA) aolfed via a PC running
Labview 8.2.1. Labview is a graphical programmenyironment used to develop
sophisticated measurement, test, and control sgstismg graphical icons and wires

that resemble a flowchart. It is a product of Nadilbinstruments.
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Fimmwave modelling software is a product of Phoesign and was used as a

vectorial mode finder.

12.3 Synthesis of Organic Compounds

The syntheses of the compounds discussed withs) whirk are detailed in the
following section. The results of the associatduhracterisation techniques
undertaken are included for each compound and wheesent, compared to
published data.

12.3.1 4-Phenylazophenol (18" 3*®
5

1

gwg

Freshly distilled aniline (0.50 mL, 5.37 mmol) wasssolved in a mixture of
concentrated hydrochloric acid (0.50 mL, 16.4 mnaoi)l water (5.0 mL). This was

cooled (<5 °C) before subsequent dropwise addibioa solution of sodium nitrite

7. N=N
- 9@
NH, NaNo2 HCI N2 ©/
©/ <5°C NaOH, <5 °C

(0.40 g, 6.04 mmol) in water (5.0 mL) until an esgavas present. This was stirred
for 15 minutes, before subsequent addition of phéd®6 g, 5.49 mmol) in an
aqueous solution of sodium hydroxide (1.0 M, 2.5)mlThis was stirred for 30
minutes, before filtering, washing with cold watard dryingin vacuoto yield an
orange solid (0.76 g, 71 %).

Theortho- andpara- isomers were separated by column chromatograpdipQ
diethyl ether : light petroleum (40-60)) that sextad a red solid (2-
phenylazophenol, 0.28 g, 26 %) from an orange $bhd0.29 g, 27 %) from an

orange oil.
Data forla

MP: decomposition at §&C (Lit 3% 154°0C).
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'H NMR (MeOD,3/ppm):  6.92 (d,J=8.8 Hz, 2H, Hyg), 7.37 - 7.56 (m, 4H, H.
1), 7.76 - 7.88 (M, J=8.8 Hz, 4Hkls 1).

13C NMR (MeOD,8/ppm):  116.8 (Gs), 123.50 (G.19), 126.1 (Gg), 130.2 (G 1),
131.4 (Go), 147.6 (G), 154.2 (G), 162.3 (G).

IR (viem): 3300-3100 (O-H), 3054 (C-H aromatic), 1602 (C=C
aromatic), 1411 (N=N), 1139 (C-N), 1071 (C-O).

MS (ES, MeOH, m/z):  198.2 (100.0 %, [M), 199.1 (95.1 %, [M+H], 221.1
(33.0 %, [M+NaJ), 53.2 (18.7 %, [M+Na+MeOH].

MS (ES, MeOH, m/z):  197.2 (100.0 %, [M-B]
This is consistent with the reported dita

12.3.2 Ethyl (4-phenylazophenoxyacetate) (2&°
0
15

5
4 0
A e
N=N NN 3
—> 9 2
©/ K,COs, Nal @ 2a
10 12

A n
cetone 11

4-Phenylazophenol g, 0.38 g, 1.90 mmol) was dissolved in acetonecgsitiried, 60
mL), followed by potassium carbonate (1.658 g, Ih@ol) and the mixture was
warmed until dissolution occurred. To this stirredlution, ethyl bromoacetate
(0.125 mL, 3.75 mmol) and sodium iodide (0.29 @ thmol, in 4.0 mL acetone)
were then added. The reaction mixture was heateérureflux for 16 h. The
solvent was removeth vacuoto give an orange solid. This was subsequently
extracted into diethyl ether (3 x 40 mL) from wa{dO mL); before drying the
combined extracts with magnesium sulphate, filgeand removal of the solvemt
vacuo The resultant solid was purified by column chabography (50/50 diethyl
ether/light petroleum (40-60)) to give an orang@ds@a, 0.31 g, 90 %).

MP: 66°C (Lit **% 70°0C).

'H NMR (MeOD,s/ppm):  1.26 (t,J=7.1 Hz, 3H, He), 4.23 (9,J=7.1 Hz, 2H,
His), 4.77 (s, 2H, hk), 7.05 (d,J=9.0 Hz, 2H, H5),
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7.39 - 7.53 (MJ=7.5 Hz, 3H, H.17), 7.83 (dd,J=8.2,
1.7 Hz, 2H, K1), 7.87 (d, J=9.2Hz, 2H, ).

13C NMR (MeOD,8/ppm):  14.6 (Ge), 62.6 (Gs), 66.4 (G3), 116.2 (Gs), 123.7
(Cs1), 125.8 (Gg), 130.3 (G11), 131.9 (Go), 148.9
(C), 154.17 (G), 162.1 (G), 170.6 (Ga).

IR (vicm): 3068 (C-H aromatic), 2937 (C-H), 1726 (C=0), @60
(C=C aromatic), 1495 (N=N), 1149 (C-N), 1077 (C-O).

MS (ES, MeOH, m/z): 285.2 (14.5 %, [M+H)], 307.1 (64.4 %, [M+Nd),
323.1 (2.62% [M+K)), 339.2 (187 %,
[M+Na+MeOHT).

No comparative spectroscopic literature was found.

12.3.3 Phenylazophenoxyacetic acid (3&Y

o 5
4 .0
/©/O\)J\O/\ 6/©/ \13)1]4\OH
NaOH 8 = 3
N=N — 9(:7('\' NS
3a
©/ 2a Ethanol 10 12

11

Ethyl (4-phenylazophenoxyacetateda( 0.28 g, 0.971 mmol) was dissolved in
ethanol (40 mL). To this, an aqueous solutionaxfigm hydroxide (0.056 M, 40
mL) was added before heating the mixture undeuxefibr 3 hours. The reaction
mixture was acidified (conc. HCI) before it wasraxted with diethyl ether (3 x 60
mL). The combined extracts were dried with magmassulphate, filtered and the

solvent was removeith vacuoto yield a yellow solid3a, 0.26 g, >99 %).
MP: 180°C (Lit %% 184°C).

'H NMR (MeOD,/ppm): trans 4.72 (s, 2H, k), 7.04 (d,J=9.0 Hz, 2H, HJ),
7.37 - 7.54 (m, 3H, b1), 7.81 (ddJ=8.1, 1.4 Hz, 2H,
Hs,12), 7.87 (d,J=9.0 Hz, 2H, H).

yyyyy

7.21 (t, 1H,J=8.0 Hz, Ho), 7.87 (t, 2H,J=8.0 Hz,
Ho 11).
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13C NMR (MeOD,8/ppm): trans: 66.1 (Gs), 116.2 (Gg), 123.7 (G1), 125.8
(C20), 130.3 (G13), 131.9 (Go), 148.8 (G), 154.2 (G),
162.1 (G) 172.3 (Ga).

IR (vicm™): 3068 (C-H aromatic), 2915 (C-H), 2700 broad ({-H
1706 (C=0), 1602, 1582 (C=C aromatic), 1501 (N=N),
1143 (C-N), 1085 (C-O).

MS (ES, MeOH, m/z): 256.2 (4.9 % [M]), 257.1 (67.9 % [M+H]), 279.1
(95.2 %, [M+Na]), 295.1 (4.5% [M+K]), 311.1
(100.0 %, [M+Na+MeOH]).

MS (ES, MeOH, m/z): 255.2 (6.7 %, [M-H] 256.1 (1.0 %, [M]).

UV-ViS (Amax/ nm) 320.5, 450.5 (cis), 342.0 (trans).

HRMS (ES) caled. for G4H1aNo,O3 (M+H)" 257.0921, found
257.0918.
calcd. for GsH1-N,OsNa (M+Na) 279.0740, found
279.0737.

No comparative spectroscopic literature was found.

12.3.4 4-(4-Nitrophenyl)azophenol (1b)

4 _OH
<5
N," ©/ o ANZN=N 3

H, NaNo2 HCI 5
©/ cr — 1b
<50C O,N NaOH, < 5°C O,N 12

11

Freshly distilled 4-nitroaniline (2.96 g, 21.4 mmalas dissolved in a solution of
concentrated hydrochloric acid (9.0 mL, 0.295 naolyl water (200 mL). This was
cooled (<5 °C) before subsequent dropwise addiioa solution of sodium nitrite
(1.65 g, 23.8 mmol) in water (15.0 mL) until thigsvin excess. The mixture was
then stirred for 30 minutes, before the additiorpbénol (1.99 g, 21.2 mmol) in an
aqueous solution of sodium hydroxide (1.0 M, 10 mLJhis mixture was then
stirred for a further 30 minutes, before filteriaff the product as a solid which was
washed with cold water and drigdvacuoto yield a terracotta solid, 4.79 g, 93

%) which was not further purified.
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MP: decomposition at 1A (Lit 3% 207°0C).

1H NMR (MeOD,8/ppm):  6.94 (d, J=9.0 Hz, 2H,H), 7.87 (d, J=9.0 Hz, 2H,
Hae), 7.97 (d, J=9.2 Hz, 2H, ), 8.36 (d, J=9.2 Hz,
2H, Hg 19).

3C NMR (MeOD,8/ppm): 117.1 (Gs), 124.2 (G12), 125.9 (G11), 127.0 (Gy),
147.7 (G), 149.7 (Go), 157.7 (G), 163.7 (G).

IR (vicm™): 3381 (O-H), 3112 (C-H aromatic), 1584, 1603 (C=C
aromatic), 1456 (N=N), 1135 (C-N), 1100 (C-0O).

MS (ES, MeOH, m/z):  282.1 (100.0 %, [M+K],
MS (ES, MeOH, m/z):  242.2 (100.0 %, [M-HJ]
This is consistent with reported data

12.3.5 Ethyl[4-(4-nitrophenyl)azophenoxyacetate] (2

OOH /_<0J 6/@/0\13)1]4\ 0/15\16
/©/N:N B © 9/©7/N=N -3

1b K,COj3, Nal 10 2b
OxN Acetone  O,N” 12
4-(4-Nitrophenyl)azophenolLp, 4.69 g, 19.3 mmol) was dissolved in acetonecgsili
dried, 100 mL), followed by potassium carbonate8345g, 38.5 mmol) and the
solution was warmed until everything had dissolvéith this stirred solution ethyl
bromoacetate (2.10 mL, 20.3 mmol) and sodium iod&i82 g, 19.5 mmol, in 4.0
mL acetone) were added. The reaction mixture weetell under reflux for 16
hours. The solvent was then removedvacuoto give a brown solid. This was
subsequently extracted into diethyl ether (4 x 800 from water (600 mL) before
drying the combined extracts with magnesium sukphdiltering this off and
removing the solvenin vacuo The resultant solid was purified by column
chromatography (50/50 diethyl ether / light petoohe(40-60)) to give a brown solid
(2b, 2.88 g, 45 %).

MP: 138 — 138C (Lit 3*% 150.5°C).
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'H NMR (CDCk, 8/ppm):  1.33 (t,J=7.1 Hz, 3H, He), 4.32 (9,J=7.0 Hz, 2H,
His), 4.74 (s, 2H, k), 7.06 (d,J=9.0 Hz, 2H, H3),
7.98 (d,J=9.2 Hz, 2H, H 1), 8.01 (d,J=9.0 Hz, 2H,
H2¢), 8.38 (dJ=9.0 Hz, 2H, H 11).

13C NMR (CDCE, 8/ppm):  14.1 (Ge), 61.6 (Gs), 65.4 (G3), 115.1 (Gs), 123.2
(Cs12), 124.7 (G11), 125.1 (G), 125.5 (Gj), 147.5
(C1), 148.3 (Go), 155.9 (G), 161.2 (G), 168.2 (Gy).

IR (viem): 2897, 3107 (C-H aromatic), 2909 ([C]C-H), 2847
([O]C-H), 1755 (C=0), 1585, 1601 (C=C aromatic),
1499 (N=N), 1140 (C-N), 1082 (C-0).

MS (ES, MeOH, m/z):  330.2 (4.1 %, [M+F], 352.2 (98.5 %, [M+Nd),
384.2 (56.6% [M+Na+MeOH), 681.4 (100.0 %,

[2M+Na]").

MS (ES, MeOH, m/z): 328.1 (11.0 %, [M-H]

HRMS (ES) calcd. for GgHisN3OsNa (M+Na) 352.0904, found
352.0910.

No comparative spectroscopic literature was found.

12.3.6  4-(4-Nitrophenyl)azophenoxyacetic acid (355
0]

(0] 5

4 0
/@/O\)J\O/\ 6/©/ \13)1J4\0H

NaOH 8 - 3

NN o ANINNTTS

10 3b
/©/ 2b Ethanol ON 12
O,N 2 11

Ethyl[4-(4-nitrophenyl)azophenoxyacetat@p( 0.103 g, 0.313 mmol) was dissolved
in ethanol (100 mL). To this, an aqueous solutibsodium hydroxide (0.042 M, 15
mL) was added before leaving the mixture to stirlfé hours. The reaction mixture
was then acidified (conc. HCI) before it was exteddnto diethyl ether (3 x 60 mL),
dried with magnesium sulphate, filtered and theresati removedn vacuoto give a
yellow solid @b, 0.09 g, >99 %).

MP: decomposed at 178 (Lit 3% 236°C).
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'H NMR (MeOD,3/ppm): trans: 4.75 (s, 2H, k), 7.09 (d,J=9.0 Hz, 2H, HJ),
7.97 (d,J=9.2 Hz, 2H, H ), 8.00 (d,J=9.0 Hz, 2H,
H.¢), 8.37 (d,J=9.2 Hz, 2H, H 19).

cis: 4.63 (s, 2H, k), 6.75 — 6.95 (m, 6H,

H2356.8911,1%

13C NMR (MeOD,8/ppm): trans: 72.0 (G3), 116.0 (Gg), 124.0 (G12), 125.6
(Cze), 126.3 (G11), 142.6 (G), 149.1 (Go), 157.2 (G)
159.0 (G), 179.7 (Gy).

IR (viem'): 3108 (C-H aromatic), 2912 ([C]C-H), 2845 ([O]OQsH
1704 (C=0), 1580, 1600 (C=C aromatic), 1496 (N=N),
1138 (C-N), 1070 (C-0O).

MS (ES, MeOH, m/iz):  301.2 (30.6 % [M]), 302.3 (6.7 % [M+H]), 324.2
(9.3 %, [M+Na]), 333.3(5.6 % [M+MeOH]), 340.2
(2.2 % [M+KT"), 356.1 (9.3 %, [M+Na+MeOH].

MS (ES, MeOH, m/z): 300.1 (16.3 %, [M-H]

UV-ViS (Amax/ nm) 367.5 (cis), 370.0 (trans).

HRMS (ES) calcd. for G4H1:N3Os (M+H)" 302.0771, found
302.0766.

No comparative spectroscopic literature was found.

12.3.7 4-(4-Methoxyphenyl)azophenol (1c)
5

4_OH
o r
8 _
H, NaNo2 HCl N,* @ 9 7N=N"1 73
Cr —>13 10 1c
\ \o 12

<5°C ) NaOH, <5°C 11
Freshly distilled 4-anisidine (1.04 g, 8.42 mmolasvdissolved in a mixture of
concentrated hydrochloric acid (3.35 mL, 40.6 mnawiyl water 10 mL). This was
cooled (<5°C) before subsequent dropwise additioa solution of sodium nitrite

(2.80 g, 40.6 mmol) in water (25.0 mL) until thigsvin excess. The mixture was
stirred for 30 minutes, before the addition of phle8.8167 g, 40.6 mmol) in an
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aqueous solution of sodium hydroxide (1.71 g) aoditsn carbonate (4.499 Q) in
water (50 mL). The mixture was then stirred fohdur, before neutralising with
hydrochloric acid, and the resultant precipitates iidered and the filtrate washed
with cold water. The precipitate was dissolved iatber and the organic solution
was washed with dilute hydrochloric acid and wat&he organic phase was dried
with magnesium sulphate, filtered and the solvemhavedin vacuoto give an
orange solid1c, 1.81 g, 97 %).

MP: 132 — 13%8C (Lit *** 149.8°C)

'H NMR (MeOD,/ppm):  3.86 (s, 3H, ) 6.90 (d,J=9.0 Hz, 2H, H 1) 7.03 (d,
J=9.2 Hz, 2H, Hs) 7.76 (d,J=9.0 Hz, 2H, H 1) 7.82
(d,J=9.2 Hz, 2H, H)

13C NMR (MeOD,8/ppm): 56.2 (Gs), 115.4 (G1), 116.8 (Gg), 125.3 (G.12),
125.6 (Gy), 147.7 (G), 148.4 (G), 161.7 (G), 163.3

(Cr0)-

IR (viem): 3411 (O-H), 3026 (C-H aromatic), 2953 (C-H), 258
1595 (C=C aromatic), 1436 (N=N), 1149 (C-N), 1014
(C-0)

MS (ES, MeOH, m/z): 227.2 (100.0 %, [M-H]

This is consistent with reported data

12.3.8 Ethyl [4-(4-methoxyphenyl)azophenoxyacetaté€2c)

4.0
/©/ /©/ \)kO/\17
N=N 9 8 N=NT 3
KCO Nal 10 2c
~o 2 o 185 12

Acetone
1

4-(4-Methoxyphenyl)azophenoll¢, 1.77 g, 7.78 mmol) was dissolved in acetone
(silica dried, 50 mL), potassium carbonate (2.18%,/ mmol) was added and the
solution was warmed until everything had dissolv@t this stirred solution ethyl
bromoacetate (0.82 mL, 7.88 mmol) and sodium io@&l838 g, 15.6 mmol, in 4.0

mL acetone) were added. The reaction mixture weeteld under reflux for 16

261



Chapter 12 Experimental

hours. The solvent was removéad vacuoto give a yellow solid. This was
subsequently extracted into diethyl ether (5 x 30 fnom water (250 mL). The
organic layer was dried with magnesium sulphate fdteted and the solvent was
removedin vacuo The resultant solid was purified by column chabography

(50/50 diethyl ether / light petroleum (40-60))dive a yellow solid Zc, 1.29 g, 53

%).

MP: 103 — 105C (No comparative literature)

IH NMR (CDCh, 5/ppm):  1.32 (tJ = 7.2 Hz, 2H, Hy), 3.89 (s, 2H, k), 4.30 (q,
J= 7.1 Hz, 2H, H), 4.70 (s, 1H, ), 7.02 (dd,J =
9.1, 2.8 Hz, 4H, Hls019, 7.89 (dd,J = 9.1, 1.4 Hz, 4H,
H2.6,8.12-

13C NMR (CDCE, 8/ppm):  14.2 (G;), 55.5 (Gs), 61.5 (Ge), 65.5 (Gs), 114.2
(Csp), 114.9 (G11), 124.3 (Gy), 124.4 (G1o), 147.0
(Cy), 147.7 (G), 159.6 (G), 161.7 (Go), 168.5 (Gs).

IR (viem'): 3069 (C-H aromatic), 2937, 2977 (C-H), 1758 (=0
1579, 1599 (C=C aromatic), 1437 (N=N), 1149 (C-N),
1027 (C-0).

MS (ES, MeOH, m/z):  315.2 (100.0 %, [M+H)} 337.2 (55.9 %, [M+Nd),
3532 (52 % [M+K]), 369.2 (18.7 %,
[M+Na+MeOHT).

HRMS (ES) caled. for G7HigN,O, (M+H)" 315.1339, found
315.1343.
calcd. for G7/HigN-OsNa (M+Na) 337.1159, found
337.1155.

No comparative spectroscopic literature was found.

262



Chapter 12 Experimental

12.3.9 4-(4-Methoxyphenyl)azophenoxyacetic acid (3¢

0

5

4 0
Q/OQJ\O/\ @ %OH

NaOH 8 - 3

N=N 7. N=N"4 5

Ethanol 10 3c
2c 13 12
~o o

Ethyl [4-(4-methoxyphenyl)azophenoxyacetaté]c, ( 1.33 g, 4.23 mmol) was
dissolved in ethanol (100 mL). To this, an aquesaisition of sodium hydroxide
(0.38 g in 100 mL water, 0.095 M) was added befeawing the mixture to stir for
16 hours. The reaction mixture was acidified (cdd€l, 4 mL) before the solvent
was removedn vacuo The resultant orange solid was dissolved in wated
extracted into diethyl ether (4 x 60 mL), the selwtas dried with magnesium
sulphate, filtered and the solvent was then remawneghcuoto give a yellow solid
(3¢, 1.23 g, >99 %).

MP: 182 — 188C (No comparative literature)

'H NMR (DMSO-ds, 8/ppm): trans:3.85 (s, 3H, Hk) 4.79 (s, 2H, ), 7.09 (d,J =
9.0 Hz, 2H, H 1) 7.10 (d,J= 9.0 Hz, 2H, Hs) 7.83 (d,
J=9.0 Hz, 2H, H1,) 7.84 (d,J=9.0 Hz, 2H, H¢)

'H NMR (MeOD,8/ppm):  cis: 3.70 (s, 3H, k), 4.55 (s, 2H, k), 6.75 — 6.95 (m,
6H, H 35 6.8,1)-

13C NMR (DMSOdg, 8/ppm): 55.6 (Gq), 64.8 (Ga), 114.6 (Gs), 115.1 (G0,
124.1 (G1p), 124.2 (Gg, 146.3 (G), 146.6 (G),
159.96 (G), 161.57 (Go), 169.9 (Gy).

IR (vicm™): 3419, 3515 (O-H), 2998 (C-H aromatic), 2972 (§-H
1704 (C=0), 1579, (C=C aromatic), 1437 (N=N), 1144
(C-N), 1018 (C-O).

MS (ES, MeOH, m/z): 287.2 (16.9 % [M+H]), 309.2 (25.7 %, [M+N4),
3251 (25 % [M+K]), 3412 (153 %,
[M+Na+MeOH]") 572.6 (29.6 % [2M]").

MS (ES, MeOH, m/z): 285.2 (18.3 %, [M-H]
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UV-vis (MeOH,Amax/ NmM)  444.0 (cis), 356.0 (trans).

HRMS (ES) calcd. for GsHisN,O4 (M+H)" 287.1026, found
287.1027.

No comparative spectroscopic literature was found.

12.3.10 4-(4-Methoxyphenyl)azophenoxyacetyl chlored(4)
O

o) 5

4 0.

OQKOH 6/©/ 15 Cl
SOcCl, 8 7 N=NT 3

e ST
10 4

R O o (cat) DMF 3] o

0

1

4-(4-Methoxyphenyl)azophenoxyacetic aci®c,( 0.110 g, 0.359 mmol) was
dissolved in thionyl chloride (5 mL, 68.5 mmol) wndhitrogen, and several drops of
dimethylformamide were added. The solution was thefluxed overnight. The

remaining thionyl chloride was removed by distitbat under vacuum (50 °C), and
the resulting red soliddf was dried under vacuum (assumed quantitativel yaed

used immediately without further purification).
MP: 164 — 16%C (No comparative literature)

MS (ES, MeOH, m/z): 301.2 (32.8 %, [N+H] 323.2 (100.0 %, [N+N4&),
339.2 (59 % [N+K]), 355.2 (26.2 %,
[N+Na+MeOHT), 623.4 (17.2 %, [2N+N4].

N represents the molecular ion for methyl [4-(44moetyphenyl)azophenoxyacetate]
formed from the reaction of 4-(4-Methoxyphenyl)azepoxyacetyl chloride3()
with the methanol MS solvent. The formation of thethyl ester was not seen with
samples of3c and its presence can be used as an indicatorhforsticcessful
synthesis ofl.
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12.3.11 Poly(methyl methacrylate) (hydroxyethyl mdtacrylate),

P(MMA)(HEMA) (49:51) (5) **°
g
Oﬁ)J\ O%‘JJ\ AIBN 07507 o
+ — |
) 0O Methanol Ky
J b
HO

HEMA MMA P(HEMA)(MMA)
5

A mixture of methyl methacrylate (MMA, 0.89 mL, 8mBmol) and hydroxyethyl
methacrylate (HEMA, 0.94 mL, 7.5 mmol) was dissdlwe methanol (6.0 mL) and
stirred under a slow stream of nitrogen at 60 9C3fd minutes prior to the addition
of azobisisobutyronitrile (AIBN, 0.05 g, 0.316 mmolThe reaction was then stirred
overnight before heating at 60 °C for 24 hourse Viscous solution was poured into
diethyl ether (200 mL) to yield a white precipitateThe cloudy solution was
centrifuged before decanting the eluent. The salid dissolved in methanol and
precipitated from diethyl ether a further two timbsfore the white solid was dried
under vacuumg, 1.59 g, 88 %).

'H NMR (MeOD,8/ppm):  0.92 and 1.10 (br.s., 6H, -gH1.96 (br.s., 4H, -CH
3.65 (br.s., 3H, -OCk 3.80 and 4.07 (br.s., 2H, -
CH,CHy-).

13C NMR (DMSO4s, 8/ppm): 16.2 (CH), 18.5 (CH), 44.0 (Gy), 44.3 (&), 51.6
(OCHy), 53.6 (BH>), 58.5 (CHOH), 66.3 (OCH),
176.3 (C(0)), 177.3 (C(O)).

IR: viem® 3500 (broad, O-H), 2991 (C-H), 2948 (C-H), 1716
(C=0).

UV-vis (MeOH,A\ma/nm)  215.

GPC (expressed as ‘PMMA equivalent’ molecular weighcorded in N,N’-
dimethylacetamide with 0.01 M lithium bromide),M190,500, M;: 65,200 with a
calculated polydispersity of 2.9.

This is consistent with reported dafa
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12.3.12 Poly(methyl methacrylate) (hydroxyethyl mdtacrylate) (4-(4-
methoxyphenyl) azophenoxyacetylethyl methacrylate R(MMA)(HEMA)(Azo-
HEMA) (49:46:5) (6)

MEK

Hit °
e J

oy [
~o 4 TEA \
o)

o)
\ N=N
OH 6
O P(HEMA)(MMA)(Azo-HEMA)
5 |
P(HEMA)(MMA)

P(MMA)(HEMA) (5, 1.00 g, 7.72 mmol of HEMA) was dissolved in 2dndne
(12.0 mL) under a slow stream of nitrogen and Hyietmine (TEA, 1.89 mL. 14
mmol) was then added to give a colourless solution. 4-(4-
Methoxyphenyl)azophenoxyacetyl chloridg (.40 g, 1.4 mmol) was dissolved in 2-
butanone (4.0 mL) to give an orange solution amlwas then added to the stirred
polymer solution, instantaneously forming an orapgecipitate. After stirring for
36 hours the viscous solution was poured into gletther (150 mL) to yield a
caramel precipitate. This was centrifuged and wolechbefore trituration in water
(50 mL) to leave an orange solid. This was dissdlin 2-butanone (150 mL),
centrifuged and precipitated from diethyl etherualfer two times. The resultant

orange solid was dried under vacuuwin@.84 g, 62 %).

'H NMR (DMSO-ds, 8/ppm): 0.76 and 0.90 (br.s., 4.26H, -§HL.78 (br.s., 1.98H, -
CHy) 3.53 (br.s., 3.0H, -OCH -CH,CH,-) 3.90 (br.s.,
1.30H, -CHCHy-), 4.80 (br.s., 0.54H, -OH) 7.12 (br.s.,
0.25H, Ar-H) 7.85 (br.s., 0.25H, Ar-H).

13C NMR (DMSO4ds, 8/ppm): 16.21 (Ch), 18.3 (CH), 44.0 (G1), 44.3 (@), 51.6
(OCHs), 53.5 (BH.), 55.6 ((Azo) OCH), 58.5
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(CH.OH), 66.3 (OCH), 114.5 ((Azo) Ar), 1151
((Azo) Ar), 124.0 ((Azo) Ar), 124.2 ((Azo) Ar), 164
((Azo) C(0)), 176.3 (C(0O)), 177.0 (C(O)).

IR (viem): 3500 (broad,0-H), 2992 (CH), 2949 (CH), 1718
(C=0), 1598 (C=C).

UV-vis (2-butanonelmadnm): 356, 447.

GPC (expressed as ‘PMMA equivalent’ molecular weighcorded in N,N’-
dimethylacetamide with 0.01 M lithium bromide),M301,500, M: 90,850 with a
calculated polydispersity of 3.3.

For deposition of a sub-micron film @&f onto a surface, a 1Q@. solution of this

polymer (32.5 mg / mL in 2-butanone) was spun &0u®m for 40 s.
No comparative spectroscopic literature was found.

12.3.13 Poly(dimethylsiloxane) ( (3-aminopropyl)métylsiloxane) ((4-(4-
methoxyphenyl) azophenoxyacetamidopropyl)methylsikane), (50:45:5) (7)

Lo
fototYon —* v wo o thfoghor
J S
§el
o,

4-(4-Methoxyphenyl)azophenoxyacetyl chloride .30 g, 1.1 mmol) was dissolved
in distilled dichloromethane, giving a red solution To this solution

poly(dimethylsilane)((3-aminopropyl)methylsiland).§3 g, ~ 4mmol amine sites)
and triethylamine (0.90 mL, 6.5 mmol) were added #re mixture was left to stir

overnight. The organic mixture was washed withevgl00 mL). The resultant
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organic layer was dried with magnesium sulphatethedsolvent removeih vacuo
to give a yellow solid (0.22 g). This solid waslissolved in ethanol, followed by
the addition of light petroleum (40-60) until preitation occurred?, 0.08 g, 6 %)

'H NMR (MeOD-d,, 3/ppm): 0.00 (br.s, 86H, Si-GH6.90 (d,J=4.3 Hz, 4H, Ar-H)
7.75 (d,J=4.0 Hz, 4H, Ar-H).

Other peaks could not be isolated due to the palgmeature of the compound,

however these key peaks allowed the amount of inmadisation to be estimated.

IR (vicm): 3500 (broad, NH), 2958 (CH), 2908 (CH), 1724
(C=0), 1605 (C=C), 1577 (C=C), 1254 (C-O), 1001
(C-0).

UV-vis (2-butanoneimadnm): 353, 444.
No comparative spectroscopic literature was found.

12.3.14 4-Methoxybenzoyl chloride (8)

O  socl, 0
OH /©)J\CI
\O \O

8

4-Methoxybenzoic acid (0.152 g, 1.0 mmol) was pedldiin thionyl chloride (5 mL,
68.5 mmol) overnight under nitrogen. The remairtimgnyl chloride was removed
by distillation under vacuum (50 °C), before dryitig colourless liquidg) under
vacuum (assumed quantitative yield and used imrtedgiawithout further

purification).
MP: liquid (Lit3% 22 °C).

MS (ES, MeOH, m/z):  167.2 (8.3 %, [N+E]], 199.1 (7.1 %, [N+H+MeOH),
205.1 (6.3 % [N+KI), 2212 (26 %,
[N+Na+MeOHT), 387.2 (8.5 %, [2N+Na+MeOH).

MS (ES, MeOH, m/z): 165.0 (6.9 %, [N-B]

Where N represents the molecular ion for methyin@thoxybenoate) formed from
the reaction of 4-methoxbenzoyl chloride with thethanol MS solvent. The
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formation of the methyl ester was not seen with gamof 4-methoxybenzoic acid

and so this can be used as an indicator for suttaysthesis oB.

12.3.15 4-Acetyl-4’-methoxydiphenyl (9)
O

-° )J\CI i
PPk

O CS,, AlCl
0->35°C

4-Methoxybiphenyl (2.00 g, 10.9 mmol) was dissolwedarbon disulphide (silica

dried, 20 mL) under an inert atmosphere. Aluminicimoride (1.70 g, 12.8 mmol)
was added below 5 °C, followed by acetyl chloridleédQ mL, 14.0 mmol) over 10
minutes. The reaction mixture was slowly warme®%c¢’C and was then stirred for
an hour, before heating to reflux for a furtherrBhutes. The mixture was cooled
and ice-cold hydrochloric acid (conc., 1.0 mL) veakled dropwise to decompose
the yellow-green complex. Steam was passed uhgesurface of the solution to
remove the solvent and to complete the decompasititil a cream precipitate was
formed. This was extracted into dichloromethang §® mL), the combined organic
extracts were dried with magnesium sulphate andgahant removed under reduced
pressure to give a cream solid. Trituration underof the solid with diethyl ether (2
x 15 mL) yielded an off-white solid that upon cijisation from isopropanol
formed plate-like crystal®9(0.92 g, 37 %)

MP: 150 — 152C (Lit %% 152°C)

'H NMR (CDCk, 8/ppm):  2.63 (s, 3H, H), 3.87 (s, 3H, i), 7.01 (d,J = 8.8 Hz,
2H, H), 7.59 (d,J=9.0 Hz, 2H, H), 7.65 (d,J=8.5 Hz,
2H, H;), 8.01 (d,J=8.5 Hz, 2H, H).

13C NMR (CDCE, 8/ppm):  26.58 (1), 55.4 (G), 114.4 (G) 126.6 (G) 128.3 (G)
128.9 (G) 132.2 (G) 135.3 (G) 145.3 (G) 159.9 (G)
197.7 (Go).

IR (viem): 3038 (C-H aromatic), 2959 (C-H), 1672 (C=0), 157
1596 (C=C aromatic), 1031 (C-O).
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MS (ES, MeOH, miz):  227.2 (3.1 %, [M+F]), 249.2 (72.0 %, [M+N4),
281.2 (100.0 %, [M+Na+MeOH], 475.4 (34.8 %
[2M+Na]").

This is consistent with reported spectroscopic tfata

12.3.16 4-Methoxydiphenyl-4’-carboxylic acid (10)

0 1
1. NaOH, Br,
—>
O 2. NaHSO3

9 O

A sodium hypobromite solution was prepared by aokibf bromine (0.25 mL, 4.83

mmol) to an aqueous solution of sodium hydroxid® (L, 3.8 M) below 5 °C.

This was added slowly to a solution of 4-acetyl#thoxydiphenyl §, 0.25 g) in
dioxane (25 mL). The solution was warmed to roemperature before leaving to
react for a further hour. Subsequent treatmertt watdium bisulphite (0.38 g, 3.73
mmol), followed by hydrochloric acid (conc., <5 mpJecipitated a white solid.
This was extracted into diethyl ether (3 x 70 mth)e solution was dried with
magnesium sulphate and the solvent was removed r uretiiced pressure.
Crystallisation from a mixture of diethyl ether alight petroleum (60 — 80) yielded
colourless crystalslQ, 0.18 g, 72 %).

MP: 239 — 246C (Lit 3" 248 — 249°C)

'H NMR (DMSO-dg, 8/ppm): 3.81 (s, 3H, I, 7.04 (d,J = 8.8 Hz, 2H, H), 7.68 (d,
J=8.8 Hz, 2H, H), 7.73 (d,J=8.5 Hz, 2H, H), 7.98 (d,
J=8.5 Hz, 2H, H), 12.81 (br. s., 1H, H).

13C NMR (DMSO4ds, 8/ppm):55.2 (G), 114.5 (G), 126.0 (G), 128.1 (G), 128.9
(Co), 129.9 (G), 131.2 (G), 143.9 (G), 159.5 (G),
167.2 (Go).

IR (viem'): 3065 (C-H aromatic), 2953 (C-H), 2670 (broadH®-
1674 (C=0), 1599 (C=C aromatic), 1033 (C-0O).
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MS (ES, MeOH, m/z): 229.3 (19.3 %, [M+H)], 251.2 (36.7 %, [M+N4),
261.3 (30.6 % [M+H+MeOH), 267.3 (11.8 %,
[M+K] %), 283.3 (11.8 %, [M+Na+MeOH], 299.3 (5.7
%, [M+K+MeOH]"), 457.4 (6.2 %, [2M+H), 479.4
(34.4 %, [2M+Nal]).

MS (ES, MeOH, m/z): 227.2 (100.0 %, [M-H]
This is consistent with reported spectroscopic tfita

12.3.17 4-Methoxydiphenyl-4’-carbonyl chloride (11)

11

0 (ONY)
- socl, 17
. 3
(Cat.) DMF
OH 10.Cl

10 O 1 O

4-Methoxydiphenyl-4’-carboxylic acid1Q, 0.099 g, 0.44 mmol) was refluxed in
thionyl chloride (10 mL, 137 mmol) overnight undatrogen, in the presence of
several drops of catalytic dimethylformamide. Theaining thionyl chloride was
removed by distillation under vacuum (50 °C), befdrying the pale pink solid.{)
under vacuum (assumed quantitative yield and usedediately without further

purification).
MP: 94 — 96°C (Lif?* 100 °C).

MS (ES, MeOH, m/z):  243.2 (14.7 %, [N+H)} 265.2 (48.2 %, [N+N4),
281.2 (9.2 % [N+K]), 297.2 (100.0 %,
[N+Na+MeOHT), 507.3 (60.2 %, [2N+N4).

Where N represents the molecular ion for methylm@thoxydiphenyl-4'-
carboxylate) formed from the reaction of 4-methagienyl-4’-carbonyl chloride,
10, with the methanol MS solvent. The formation loé tmethyl ester was not seen
with samples of 4-Methoxydiphenyl-4’-carboxylic d@nd its presence can be used

as an indicator for successful synthesig bf
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12.3.18 4-Acetylbenzo-15-crown-5 (12y® 2%

o
(O/\é) )J\OH .8 o
ol

—> ;72
PPA 4 Q
o ST
12 16\\1g 14
Benzo-15-crown-5 (0.27 g, 1.00 mmol) was dissoliregholyphosphoric acid (6.0
mL) followed by dropwise addition of acetic acidi0 mL, 1.75 mmol), this was
heated for 1.5 hours at 68C. Once complete, the polyphosphoric acid was
guenched with water (30 mL) after which the produat extracted into chloroform

(3x40 mL), the combined extracts were dried andstiieent was removeid vacuo
to give a white solid12) (0.32 g, >99 %).

MP: 93 -94C  (Lit **® 94-95°C).

'H NMR (CDCb): 2.55 (s, 3H, W), 3.77 (d,J=2.8 Hz, 8H, Hi.1.), 3.93
(ddd, J=8.4, 4.4, 4.3 Hz, 4H, {19, 4.20 (dd,J=4.4,
3.1 Hz, 4H, H 19, 6.86 (d,J=8.3 Hz, 1H, H), 7.51 (d,
J=2.0 Hz, 1H, H), 7.56 (ddJ=8.5, 2.0 Hz, 1H, b).

13C NMR (CDCE): 26.2 (G), 68.7 — 69.4 (G.1), 70.4 (Gs), 70.4 (Go),
71.2 (G19, 111.8 (G), 112.8 (G), 123.5 (G), 130.7
(Cs), 148.8 (G), 153.5 (G), 196.7 (G).

IR (vicm™): 2962 (C-H aromatic), 2906, 2858 (C-H alkyl), 566
(C=0), 1593, 1582 (C=C aromatic), 1012 (C-0O).

MS (ES, MeCN, m/z): 311 (5.5 %, [M+H), 328 (8.2 %, [M+NH]"), 333
(100.0 %, [M+Nal]), 349 (2.4 %, [M+K]).

This is consistent with the reported data
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12.3.19 4'-Carboxybenzo-15-crown-5 (13§% 3%

e) 8
Q o 1. NaOH, Br, , 7 [ o”
o TN o ag o 11
O 2. NaHSO, Q
» Norg 0
o
n s e

14

To a stirred solution of sodium hydroxide (2.6566.3 mmol) in water (19 mL)
maintained below 18C, bromine (0.20 mL, 3.90 mmol) was added dropwige.
Acetylbenzo-15-crown-51@, 0.29 g, 0.919 mmol) was then added with vigorous
stirring. After 4 hours, sodium bisulphite (1.129%933 mmol) was added to quench
the reaction mixture which resulted in immediatealeurisation. The reaction
mixture was filtered, washed with chloroform (3 & hL) and acidified to pH 3
(conc. HCI, <8 mL). The aqueous mixture was subsetly extracted with
dichloromethane (3 x 25 mL). The combined extrastse dried with magnesium
sulphate and the solvent was remoueg&acuoto give a white solidq) which was
crystallised from ethanolB, 0.27 g, 94 %).

MP: 185.0 —185.8C  (Lit *°® 185-186°C).

'H NMR (CDCE): 3.62 (s, 8H, kb9, 3.69 - 3.86 (M, 4H, &hs), 4.09
(ddd, J=9.0, 4.4, 4Hz, 4H, kh, 7.02 (d,J=8.6 Hz,
1H, Hy), 7.43 (d,J=2.0 Hz, 1H, H), 7.55 (dd,J=8.4,
1.8 Hz, 1H, H), 12.68 (br. s., 1H, Ko

13C NMR (CDCB): 68.3 — 68.8 (€-19, 69.6 (Ga), 69.7 (G), 70.5 — 70.6
(Cs19, 112.3 (G), 113.8 (G), 123.1 (Q), 123.4 (Q),
147.9 (G), 152.4 (§), 167.0 (G).

IR (Viem): 2930 (C-H aromatic), 2854 (C-H alkyl), 16681 @F
1587, 1582 (C=C aromatic), 1053 (C-0O).

MS (ES, MeOH, m/z): 330 (3.9 %, [M+NHi"), 335 (100.0 %, [M+N4d), 349
(1.3 %, [M+KT).

MS (ES, MeOH, m/z): 311 (100.0 %, [M-H]

This is consistent with the reported data
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12.3.20 4’-(Chlorocarbonyl)benzo-15-crown-5 (14f*

O 8 10
Q o socl, o T e Of\owﬂ
HOJ\©:O /2 —> ClI7q g
cat.) DMF
o \) (cat.) 3 ~0 \)12
\\/O : \\/O 13
13 14 15
4’-Carboxybenzo-15-crown-518, 0.0512 g, 0.164 mmol) was refluxed in thionyl
chloride (5.0 mL, 685 mmol) containing several pio of catalytic
dimethylformamide for 24 hours under nitrogen. TReeaining thionyl chloride
was removed by distillation under vacuum (50 °@fobe drying the cream residue

(14) (assumed quantitative conversion and the produas used immediately

without further purification).

MS (ES, MeCN, m/z): 331 (51.3 %, [M+H], 353 (6.5 %, [M+N4]), 369 (1.6
%, [M+K]").

MS (ES, MeOH, m/z): 331 (7.5 %, [M+H]), 330 (3.9 %, [M+NH]"), 353 (4.6
%, [M+NaJ"), 369 (3.1 %, [M+K]).

335 (51.1 %, [N+N4d), 349 (18.4 %, [N+K]).
MS (ES, MeOH, m/z): 311 (61.9 %, [N-H]not seen in MeCN ESamples).

N represents the molecular ion for 4’-carboxybethsecrown-5 (B). While mass
spectrometry samples in acetonitrile shows onlyaitid chloride, those collected in
methanol show decomposition back to the carboxadid. The methyl ester was not
detected.

12.4 Surface Functionalisation

Early attempts at surface functionalisation wereried out in situ adapting
traditional laboratory techniques. Exposure of thefaces of interest to the
atmosphere was minimised to avoid contaminationth véamples being used
immediately or stored under the appropriate destilbolvent. Physical contact with
the surface was assumed to destroy any functi@talis present, with the sample
cleaned and the procedure of functionalisation atgge While it was shown with
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the fluorescein functionalised surfaces that thenubktry was much more robust than

this would imply, this ensured reproducibility bewn samples.

12.4.1 (3-Aminopropyl)silane functionalised surfac¢15)2®

Two distinct methods were used to functionalise thaerface with (3-
aminopropyl)triethoxysilane. The first, Method Awas found to cause
polymerisation of the silane in some circumstanteadling to the development of
Method B. Method B was later adapted for use withie microfluidic flow cell, to
give Method C.

NH

1) KOH (5.0M)

—(—oo—/Si—o+

OH 2) 3-APS in EtOH
Silica Silica

15

Method A:

A solution of (3-aminopropyl)triethoxysilane (0.10L) in a water/ethanol (10/90
viv, 20 mL) solution was left to hydrolyse for 2ure. The silica sample was
cleaned in an aqueous solution of potassium hydeo¢@.5 M) for 20 minutes; after

which it was washed with copious amounts of water.

The silica sample was immersed in the solution3&rfiinopropyl)triethoxysilane

for 5 minutes. The surface was then washed wiphots methanol and water.
Method B:

The silica sample was cleaned by sequential soorcédr 20 minutes per step, in:
I.  deionised water
ii. 50 % acetone / 50 % deionised water
lii.  acetone
iv. 50 % acetone / 50 % deionised water
v. deionised water
(Tantalum pentoxide at this stage required washimgiranha solution for 30

minutes).
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The sample was transferred to an aqueous solufipotassium hydroxide (5.0 M)
for 3 hours; after which it was washed with copiansounts of water. The sample

was rinsed in water (3x) and then in distilled ethg3x).

The silica sample was removed from ethanol, driedieu nitrogen and immersed in
a solution of (3-aminopropyl)triethoxysilane in atiol (10 %v/v) for 16 hours. The

surface was then washed with copious ethanol aner\{as above).
Contact angle 53+ 4 ° (L3> 52 + 2 °)
Method C:

Within the microfluidic flow cell each individualtepp can be concatenated into a
automated recipe that will be applied sequenti@liyhe surface. The typical recipe

used to clean and functionalise the surface wasatefrom Method B, as follows:

i. deionised water - 30 minutes
ii. acetone - 30 minutes
iii.  deionised water - 30 minutes
iv.  potassium hydroxide (5.0 M) - 60 minutes
v. deionised water - 20 minutes
vi.  methanol/ethanol - 80 minutes
vii. 10 % 3-APS in methanol/ethanol - 720 minutes
viii.  methanol/ethanol - 80 minutes

Methanol or ethanol could be equally used, withgblwent choice dependent on the
dynamic range of the Bragg sensor. The two alcefaghes allowed for the change
in the effective index to be calculated, allowinigetsuccess of the surface
functionalisation to be ascertained.

12.4.2 Gold functionalised surfacé®” 27
Au
1) Piranha solution SH S
2) NH,0H:H,0,:H,0
3) iPrOH/H,O Au

Meo\?Si'\ﬁe\/\SH +0075i—o+ +O;Si—0+
|
OMe 77777777 77777777

Si0,/Ta,0, Si0,/Ta,0, Si0/Ta,0,
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The sample surface was cleaned in “piranha solu{@mmL) for 15 minutes after
which it was rinsed in water and transferred toolut®on of NH;OH:H,0,:H,0
(1:1:4, 3 mL) for a further 15 minutes. The sampées then thoroughly washed with

water.

(3-Mercaptopropyl)trimethoxysilane (5 mL) was refd in a mixture of

isopropanol and water (40:1, 205 mL). Into this tmig was suspended the freshly
cleaned surface for 10 minutes, after which it waamoved, rinsed with isopropanol
and baked for 10 minutes at ~100 °C. This proceduvas repeated a further two

times before the surface was finally cleaned vigehpwith isopropanol.

Gold was deposited onto the functionalised surfaca depth of 50 nm. Adhesion

was tested using cellulose tape:
Adhesion: Silica —100 % (bare silica — 0 %)
Tantalum pentoxide — 100 %

12.4.3 A generic approach to a functionalised suréz?®’

o~

NH NH
(0]

C|)LR
+O(;Si—0—)— A— +O(;Si—0+

Silica Silica
15

Bench-top (glass slide):

An excess of the desired acid chloride was dissblaedichloromethane (20 mL).
The pre-aminated silica samplé4] was immersed in the solution after which
triethylamine (1 equiv.) was added and the samefetb react overnight. The
success of the surface functionalisation was iotgted by changes in the contact

angle with water droplets (1)0).
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Microfluidic (Bragg sensor):

An excess of the desired acid chloride (~ 50 mg)s vadissolved in either
dichloromethane or methylethylketone (80 mL), tdsttvas added triethylamine
(<0.01 mL).

The pre-aminated surfac&5j, mounted within the microfluidic flow cell waséh

sequentially exposed to the following solutions:

i.  methanol/ethanol - 80 minutes
ii. acid chloride solution - 720 minutes
iii. methanol/ethanol - 80 minutes

The success of the surface functionalisation weerrimgated by the change in the

Bragg wavelength between the two alcohol steps.

12.5 Fabrication and Characterisation of a Bragg Gating Sensor
While the optical fabrication and characterisatpmocesses have been detailed in
Chapters 3 and 5, a brief overview is included Wweldocusing upon the

experimental procedure rather than the underlyhmggnics.

12.5.1 UV written planar waveguides
6” wafers were fabricated by flame hydrolysis depas (FHD) by theCentre for
Integrated Photonics (CIP, Ipswich) with this wafiized into practical sizes ready

for use, with typical dimensions of 10 x 20 mm 0rx140 mm.

Prior to UV writing, the diced wafer was hydrogeaded to enhance the available
photosensitivity. This was achieved through stptime samples within 2120 bar
hydrogen atmosphere at room temperature, for anmuim of three days. Upon
removal from the hydrogen cell, samples were stamelijuid nitrogen to prevent

out diffusion prior to the UV writing process.

The desired pattern of waveguides and Bragg gmativeye written into the core of
the silica-on-silicon wafer by controlling the mdalion of a pair of focussed,
interfering UV beams. This process was fully autted with the pattern and
pulsing of the lasers determined by prewritten @&le. The UV power applied was

determined by the maximum stable laser power outpat could be achieved,
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typically 48-59 mW. The required fluence (20 kJJmwas then controlled using

the sample translation speed through the G-code.

12.5.2 Characterisation set-up
The Bragg gratings are monitored during etchingctien and further experiments
using the following set-up:

Circulator

ASE —_— Polarisationf ™ -~
source control -

Computer— OSA

Fig. 12.1 Schematic of the optical characterisatipset-up using standard telecomm analysis
equipment.

A broadband ASE (amplified stimulated emission)reeuvas used to analyse the
sensor. This was linked by fibre to a polarisatwaintaining (PM) polariser. The
PM polariser was used to polarise the input ligh&h orientation aligned to one of
the principle axes of the PM fibre with a suppressorthogonal polarisation mode
of 30 dB (1000:1). From this point the signal iansmitted through PM fibre,
minimising changes in polarisation from movement tife fibre during
measurements. This is necessary as the peak wgttelef the transverse magnetic
(TM) and transverse electric (TE) modes are diffeend any switch between will
produce an anomalous shift in the sensor outputr tRe purposes of these
experiments the TE mode typically was selectedhés has been shown through
modelling to have a higher sensitivity in the preseof a high-index overlayer. The
circulator allows the reflected signal to be diegcto the optical spectrum analyser
(OSA) which was controlled remotely, via a PC rumgniabview.

12.5.3 “Pigtailing” a planar waveguide

Each device typically contained several copies ltd tlesired waveguide for
redundancy. This allowed for any defects in thbstate to be avoided or for
waveguide properties to be varied to optimise theak to the desired application,
these typically could include the fluence of theela Bragg wavelength or grating
length. The spectrum for each waveguide on thacdewas acquired and the
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waveguide that exhibited the best Bragg peak résoland intensity was selected.
The best waveguide was then selected for subsetpigtdiling”.

A “pigtail” in this context, is a length of singtaode fibre optic cable with an optical
connector on one end (FC), while the other is Wdmee. The bare end is pre-
mounted into a silicon V-groove with comparable eisions to the silicon
substrate. This increased surface area allowpittail to be bonded to the edge of
the device. The optical fibre was aligned with #red of the waveguide with a
visible He-Ne laser, before maximising the detectetput with the ASE source and
OSA, the joint was made permanent by gluing witdex matching, UV-curing
optical grade glue Dymax Ultra Light-Weld Higly Optical Adhesive: OP-4-20632
(n = 1.55) and reinforcing with Dymax OP-60LS. Ferthreinforcement was
achieved through encasing the fibre and pigtai ishort piece of heat-shrinkable
PTFE tube.

Fig. 12.2 A polarisation maintaining pigtail, shoving the optical fibre with the silicon v-groove.

12.5.4 Etching a well into the optical device

The region to be etched was located above the sgreing. This area was covered
with a mask fabricated from an adhesive polyimigleet exposing only the etched
region. The end facet of the device was proteutigd a thin layer of the Dymax
glue used to attach the pigtail.

The etch solution (conc.HF/conc.HCWB, 4/3/9 v/v, 8 mL) was prepared; the peak
Bragg wavelengths of the pigtailed, masked sampmeewnonitored in real time
during emersion in the etch solution for ~18 misuteWhen the sensor peak
wavelength had shifted by 1 — 1.2 nm, the device wamediately washed with
copious amount of deionised water and dried. gt has been refined to
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correspond to etching down to the core layer witrsgnificant loss of signal (~18
pm).

Fig. 12.3 A pigtailed Bragg grating sensor with tw etched wells ready to be polished.

12.5.5 Polishing the well surface

The surface of the etched well was polished witalaended handheld commercial
polisher (Dremel 400 series digital rotary tool)tlwian alkali, colloidal silica
solution (SF1) for 20 — 30 seconds. This was mBtavashed with copious amounts
of deionised water and dried. The process wasategauntil the surface quality was
sufficient.

12.5.6 Tantalum pentoxide overlayer

Tantalum pentoxide (typically 50 nm) was sputteoa@r the etched region. The
pigtail was shielded with an aluminium mask thahimised exposure to just the
sensor region. For “topless” wafers, the sample syattered without a mask before
pigtailing, as a large step increase in overlayeuld cause optical loss in the
waveguide. Through comparison before and aftetespdeposition, it was observed
that the Bragg gratings increased in amplitude evtiie Bragg wavelength shifted to
higher wavelength.

12.5.7 Microfluidic flow cell
The first generation flow cell was milled from alumum, with a Kalrez O-ring,

used to seal onto the sensor. This was found t& well, but the aluminium was
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prone to etching by strong base. To overcome #hisecond generation was
fabricated out of stainless steel that overcangelitmitation.

The microfluidic flow was controlled by either arigaltic pump (Masterflex C/L
dual-channel variable speed pump) for a slow, oootis flow rate or a diaphragm
pump (Bio-Chem Fluidics solenoid operated micro-purh30SP series) when a
faster rate and computer control was required. sdlect the desired reagent, a PC
controlled six-way valve (Cole-Parmer Manifold nmgi solenoid valves, 6 inlet 1
outlet) was incorporated into the system. This \dly constructed from inert
PTFE, within similar channel cross-sectional aeather components. Finally, to
link these microfluidic components together a 406 hore ETFE pipe was used
(Cole Parmer Chemfluor ETFE tubing, 0.016 x 1/16”).

“6 input-1 output” valve (PC controlled)

\ /

Waste

Channel faceplate

Sensor device

; Optical fibre to OSA

Etched channel Gasket (PC controlled)

Fig. 12.4 A schematic of the microfluidic sensoretwork.
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Appendix

Mathematical Operators

To aid with the understanding of the mathematicahttnent of waveguides as
introduced within Chapter 2, the following matheiwatoperators: “del”, “curl” and

“divergence” have been defined below. Further idetzan be found within the

“Handbook of Mathematics for Engineers and Scigsitis®.

() Invector calculus, “del” is a vector different@berator, usually represented by

V; itis defined as:
g ., 9. 0
V= P l+ 5] + . (2)
where (,j,k) are unit vectors in the respective directiony,9.

(i) For the vector fieldd(x,y,2 = A +Qj + RKk”, the curl ofa is then defined as the

vector product of the del operator and the function
curla=Vxa
= (B _29) ;4 (2 _08); (2200
an_(ay 0z L+ 0z ax]+ ox dy k (2)

which can be expressed as the determinant:

i J k
d 3] 0

Vxa= o oy 2z (3)
P Q R

(i) Similarly, the divergence of the vector fied(k,y,? is defined as the scalar

product of the del operator and the function:
diva=V.a
_ 9P, 00  0R
v'a_ax+ay+az (4)
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