Optimisation of multimode waveguide platforms
for optical chemical sensors and biosensors

A DISSERTATION SUBMITTED FOR THE DEGREE OF

Doctor of Philosophy
BY

Eubos Polerecky

M.S. (Charles University, Prague) 1998
M.Eng. (Czech Technical University, Prague) 1998

DCU

Supervisor: Prof. Brian D. MacCraith
School of Physical Sciences
Dublin City University
Dublin, Ilreland

February 2002

Referenc)\



TO MY PARENTS AND IRENE



I hereby certify that this material, which | now submit for assessment on the programme of
study leading to the award of Doctor of Philosophy is entirely my own work and has not
been taken from the work of others save and to the extent that such work has been cited and
acknowledged within the text of my work.

Signed: ID No.: 98970720

Date: {Uu tTIL Zz&0O"



Acknowledgements

This dissertation is a result of over three years of research carried out in the Optical Sensors
Laboratory, School of Physical Sciences, Dublin City University, Ireland. | would like to
recognize and thank the following individuals for their helpful guidance and support in this
project.

Firstly, I would like to thank my thesis supervisor, Professor Brian MacCraith, for giving me
the opportunity to work in the Optical Sensors Laboratory. | wish to express my appreciation
for his guidance and unwavering support over the last three years. | am grateful for his helpful
suggestions, constructive criticism, comments, and, of course, financial support.

I am grateful to my good friend, Jaroslav Hamrle, for the very many fruitful discussions,
which helped to formulate some of the core ideas in this work. |1 am also thankful to him for
sharing his expertise and wisdom in the area of electronics, and for his willingness to work
through the day and continue long into the night!

I would also like to express my appreciation to Des Lavelle and Cian Merne in the School
workshop. Without their craftsmanship the experimental set-ups would not have worked so
well.

Thanks are also due to Conor Burke and Helen McEvoy for their co-operation in the experi-
ments that | conducted, in particular for the samples and assistance with the experiments.

Equally, 1 owe my thanks to Christoph von Biiltzingslowen for making some of the samples
and sharing his knowledge of chemistry which helped me to interpret some of the experimental
data.

I would also like to thank Dr. Thomas Glanzmann for his moral support, encouragement and
friendship during my first years at DCU.

Thanks go to Dr. Claire Davis and Pierre Couratier for taking part in the experiments
regarding the luminescence capture efficiency.

I am grateful also for the help and advice | received from all the other members, past and
present, of the Optical Sensors Laboratory and the School of Physical Science, who are too
numerous to mention individually here. Thank you!

I have reserved this final paragraph to acknowledge the people who have supported me not
only during this work but throughout my life. My parents, who provided the item of greatest
worth—opportunity. Thank you for standing by me through the many trials and decisions of
my educational career. My family and friends, particularly those in Ireland, who have always
been there for me when | needed them. And Irene, whose cheerful attitude helped me to
overcome many moments of desperation, who provided me with an invaluable support and
encouragement and whose presence just made things so much easier.

Thank you!



contents

1

2

Introduction
11 Refractometric optical chemical sensors .........

111
112
113
114
115

Integrated optical sensor based on grati

NG COUPIErs. .o,

Integrated optical difference interferometers.......cccocvviiiiiieic i ecieseens
Integrated Mach-Zehnder interferometer........cccoveininniieicincncee
Reflectometric interference SPECIrOSCOPY .cvvvvrieeiereieeeere e,

General performance iSSUES.....ccccevenene

1.2 Surface plasmon-based optical chemical SENSOTS.....ccccccvvviveiiivcicie e,

1.3 Absorption-based optical chemical sensors......
1.3.1 Direct probing of intrinsic absorption properties of the analyte
1.3.2 Absorption-based sensor systems employing fibre opticS.....ccccovnennnnn.
1.3.3 Absorption-based sensors employing planar waveguides ........c.cccc.......
1.3.4 Detector-free absorption sensor based on D O E ..cocovvvviivieieiiieeee.

14 Luminescence-based optical chemical sensors
141 Collection of luminescence by fibre tip/bundle.......cccooviiiiiiiiiiiins
1.4.2 Direct detection of luminescence emitted into free space.......cceeeeee
1.4.3 Detection of luminescence entrapped in the waveguide........c.ccccueveenene.
1.4.4 Processing of the detected IUMINESCENCE....ccveiiiice e,

15 Aims of this work

15.1 Absorption-based optical chemical SENSOIS....cccccvcvevieveviiviveiirececee e,
15.2 Luminescence-based optical chemical SENSOTIS....ccccovivviviieiiiivciieciesei
1.5.3 Summary of the aims of the dissertation.......ccccccoeeviivinnievivi e,
1.6 Bibliography for Chapter 1

Absorption-based sensors—theory
2.1 Principle of operation ..o,

2.2 Theory of absorption-based sensors

22.1
2.2.2
2.2.3
2.2.4
2.2.5
2.2.6
2.2.7

Field distribution in a multilayer SysStem ..o
Guided modes of the planar waveguide StruCtUTIe......ccocvvvcicveieciennene,

Numerical examplesS......ccoovvvevveveinnnnnn,

Analysis of the output of the absorption-based sensor .......ccccccveeveeenee.
Sensor resolution, sensitivity and limit of detection.......ccccccecevevvvvinnene.

Weak attenuation of the guided modes
Numerical analysis of sensor sensitivity

© 0 0o N

10
10

12
14
15
15
17
18
18
20
20
21
22
23
23
24
26
27

37
37
39
40

46
50
52
53
56



CONTENTS E. Polerecky

2.2.8 Sensitivity of the sensor system based on ray optics ......cccovvvivrennne
2.2.9 Numerical analysis of sensitivity based on ray optiCS.....ccocevvvveierirnne
2.3 OPtIMISATION STFATE Y woeiiiiiieieiei et
2.3.1  Ideal sensing leMENt. ...
2.3.2 Real $ensing 1eM ENT.. ... e s
2.4 Simulation of SENSOr PerfOrManCe ... s
2.4.1 Definition of medium for absorption-based SeNSiNg.....cccceveevievnenrnnne
2.4.2 Diffusion of analyte into the sensing lay er ...,
2.4.3 Time evolution of the output signal ...
2.4.4 Response of the sensor system—ideal vs real sensing element.............
2.5 CONCIUSION .ot n e n e n s
2.6 Bibliography for Chapter 2 ...

3 Luminescence-based sensors—theory
3.1 Radiation of dipoles within a multilayer StruCture........ccocevvrineieissice
3.1.1 Notation and asSUMPLIONS.....cccieiiriieieirie e
3.1.2 Radiation of a point dipole embedded inside a multilayer system
3.1.3 Luminescence emitted by a layer of oscillating dipoles.......cccocienenne
3.1.4 Radiation of randomly oriented dipoles ...
3.2 NUMETICAl BXAM PIES oo
3.2.1 Radiation of a point dipole placed at a surface........cccecveeviennne 99
3.2.2 Radiation of a point dipole vs distance from a surface................. 101
3.2.3 Radiation of a thin luminescent layer deposited on a substrate
3.2.4 Radiation of a thin luminescent layer separated by a buffer layer
3.2.5 Radiation of dipoles—thin layer vs bulk contribution..........ccc.ccccccvenine
3.2.6 Radiation of dipoles—surface vs bulk contribution........c.ccccoevvvrnnenn.
3.3 Optimisation of luminescence capture effiCIENCY ......ccciereriiiiiiiiiiccee
3.3.1 Numerical analysis of luminescence capture efficiency.......ccccoovvvivennee.
3.3.2 Configurations with enhanced luminescence capture efficiency
3.4 Collection of surface generated ITUMINESCENCE......ccevieiiviiiiieicse e
3.5 CONCIUSION ettt e e be st es e seeseeeteenteneeaneeneas
3.6 Bibliography for Chapter 3 ... s

4 Absorption-based sensors—experiments
4.1 Angular distribution of SenNSor SENSITIVITY ...c.ocviieieiiiieeee e
411 Preparation of the Sensor elemMent. ...
4.1.2 Laser-based experimental appParatlsS....ccccoceieiiiiiieieiesiesie e
4.1.3 EXperimental d ata ..o
4.2 LED-based prototype SENSOr SY STEIM ..oviiviiiiiiee e
4.2.1 Design of the SENSOr UNIT ..o
4.2.2 Design of the electroniC CIrCU It ..o
4.2.3 Performance of the LED-based Sensor Sy Stem ......cccccovvvriieneienienenenns
0 N o] o] 11 ] o] o SO SPRROST
4.4 Bibliography for Chapter 4 ..o

60
64
67
68
71
76
76
77
80
82
85
87

89
90
90
92
97
98
99



CONTENTS

5 Luminescence-basedsensors—experiments

51 Angular profile of luminescence from a thinlayer
511 Preparation of thesamples
5.1.2 Experimental apparatus
5.1.3 Experimental results

5.2 Configuration with enhanced capture efficiency
52.1 Preparation of the samples
5.2.2 Experimental apparatus
5.2.3 Experimental results

5.3 Thin layer vs bulk-generated luminescence
53.1 Preparation of the samples
5.3.2 Experimental apparatus
5.3.3 Experimental results

5.4 Conclusion

5.5 Bibliography for Chapter 5

Conclusions

6.1 Summary of work
6.2 Future outlook

7 Appendix A

8 Publications

E. Polerecky



Optimisation of multimode waveguide platforms
for optical chemical sensors and biosensors

by

Eubos Polerecky

Abstract

In this dissertation, a theoretical description of the operation of absorption and fluorescence-
based optical chemical sensors employing planar multimode waveguides is developed. Using
this theory, the design issues that should be taken into account in order to fabricate such
sensor systems with an optimised performance are addressed and discussed in detail. Proto-
type sensor systems whose fabrication was based on these optimised design parameters are
described and the experimental results of their performance are presented.

The key issues dealt with in the dissertation are:

1 Development of a rigorous electromagnetic theory of operation of absorption-based
optical chemical sensors employing multimode waveguides coated with a thin absorbing
layer.

2. Application of this theory to the development of sensor systems with optimised perfor-
mance.

3. Fabrication and experimental testing of a compact and portable absorption-based op-
tical chemical sensor.

4. Development and experimental verification of a theory of radiation of fluorescent mo-
lecules embedded in a planar multilayer structure.

5. Application of this theory to the design of configurations with optimised fluorescence
capture efficiency. Fabrication and experimental testing of these structures.

6. Development and testing of the experimental set-up facilitating the collection of a surface-
generated fluorescence excited by a direct illumination.



Chapter 1

Introduction

Devices capable of providing accurate and reliable quantitative evaluation of parameters
characterising physical, chemical or biological systems are in high demand today in almost
every industrial, medical or environmental application. These devices are generally called
sensors and the act of acquiring the relevant information about the system of interest is
called sensing. Typically, the quantity that is to be sensed is transferred to another quantity
which is more convenient for further processing or evaluation (e.g., analogue or digital output
signal) by a process called transduction.

In accordance with the diversity of applications for which sensing is required, the number
of different transduction mechanisms employed in sensors is large. In the past two or three
decades, triggered by the technological advances achieved in the areas of material science,
mechanics, microelectronics and optics, transducers based on optical principles have been em-
ployed in an increasing number of sensor systems. This shift towards optical sensor systems
can be attributed to two main factors. Firstly, the optical sensor systems can often achieve
considerably greater sensitivity than their non-optical counterparts. Secondly, the develop-
ments in opto-electronics, which led to low-cost availability of devices such as light emitting
diodes (LEDSs), laser diodes (LDs), photodiodes (PDs), CCD or linear detector arrays, etc.,
have enabled the fabrication of optical sensor devices that are compact, portable and even
hand-held.

There are various classes of optical sensors. Of particular interest to this work are optical
sensors which (i) employ waveguides as a platform for facilitating or enhancing the interaction
of light with the location where the transduction process takes place and which (ii) are used
to quantify the amount of a chemical compound, referred to as the analyte, in a certain
environment. Such sensors are also called waveguide-based optical chemical sensors.

Applications of this type of sensors are diverse. They can be used, for example, to monitor
the concentration of oxygen present in a living tissue, quantify the levels of oxygen or ammonia
dissolved in waste water, determine the composition of the protective atmosphere gases (N2
and CO2) in a food package, assess the pH, salinity or the concentration of heavy metal ions
in sea water, to name a few.

Taking into account different optical phenomena which determine the principle of oper-
ation of an optical chemical sensor, the class of sensors that will be dealt with in this work
is further narrowed. In particular, this dissertation deals with the optical chemical sensors
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employing absorption and emission of light as the transduction mechanism. The goal is to
provide a detailed theoretical insight into the operation of this class of sensors and address
a number of issues related to the optimisation of their performance.

Before going into details, however, a brief overview of the types of waveguide-based optical
chemical sensors that are most frequently used among the scientific community is given. This
summary deals mainly with the issues related to the instrumentation and optical design of
the sensor systems [1], which is closely related to the design and optimisation issues dealt
with in the subsequent parts of this dissertation.

1.1 Refractometric optical chemical sensors

The working principle of the refractometric sensors is based on the fact that the real part of
the refractive index of at least one part of the waveguide structure changes upon interaction
with the analyte. The interaction is most often provided either by adsorption or simply by the
presence of the (bio)chemical molecules in the close vicinity of the guiding layer. Therefore,
these sensors are most often used in biomedical or pharmaceutical applications to monitor
biochemical reactions.

To monitor the changes of the real part of the refractive index, various waveguide config-
urations have been proposed, fabricated and tested. The principle configurations are listed
and briefly described below.

1.1.1 Integrated optical sensor based on grating couplers

Grating couplers are well known structures used in the area of integrated optics (10) to
couple light into or out of a waveguide. The coupling conditions (e.g., angle of incidence) and
efficiency of the grating coupler are determined by matching between the effective refractive
index (ERI) of the diffracted beam of the input/output light beam and the ERI of the guided
mode of the waveguide.

The energy carried by the guided mode is not confined entirely within the guiding layer but
penetrates into the surrounding media. The penetration depth of this so-called evanescent
field, which depends on the optical parameters of the structure and the character of the
propagating modes, is in the order of the wavelength of the light used (typically around 100
to 500 nm). Therefore, if the biomolecules or other species adsorb or bind in the region of
the evanescent field, they alter the ERI of the guided mode and consequently the conditions
for which efficient in/out-coupling of light occurs.

The changes in the effective refractive index can be monitored by various means. Spinke
et al. [2] exploited the fact that the ERI is altered differently for the TEq and TMo modes
(see Fig. 1.1(a)). After these modes are out-coupled, they overlap and interfere. The spatial
frequency of the interference pattern is proportional to the relative phase velocity (determined
by the ERI) of the two modes which is related to the mass loading at the sensor surface. By
simultaneous monitoring of the out-coupling angles of the TEq and TMo modes, Oudshoorn
et al. [4] and Clerk & Lukosz [5, 6] were able to determine both the refractive index and
thickness of the layer of the molecules bound/adsorbed on the surface. Wiki & Kunz [7, 8]
used a tunable laser diode to sweep the wavelength of the interrogating light over a small
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Figure 1.1: (a) A schematic diagram of the refractometric optical chemical sensor employing
a grating coupler (from Spinke et al. [2]). (b) A schematic diagram of the sensor configuration
employing a chirped grating coupler (from Wiki et al. [3]).

interval. Changes in the ERI were measured by monitoring the wavelength at which the
optimum out-coupling of the guided mode occurred. An interesting configuration employing
chirped grating couplers or uniform grating couplers incorporated in a tapered-thickness
waveguide was developed by Diibendorfer et al. [9], Wiki et al. [3] and Kunz [8]. The optimum
coupling conditions were monitored by locating the position y of the out-coupled laser beam
with a position sensitive photo-detector, as shown in Fig. 1.1(b).

1.1.2 Integrated optical difference interferometers

The transduction mechanism of 10 difference interferometers is equivalent to that of the
sensors based on grating couplers (see Sec. 1.1.1). The changes of the ERI of the TEo and
TMo modes are, however, determined by measuring the position of the interference pattern
which is created as a result of the interference of the TEq and TMo modes coupled out through
the waveguide’s end face.

Figure 1.2: A typical configuration of the integrated optical sensor employing difference interfer-
ometer (from Stamm et al. [13]).

10 sensors based on difference interferometry were extensively studied by Lukosz and his
co-workers [10, 11, 12, 13]. A typical configuration of the compact sensor unit is depicted in

9
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Fig. 1.2. Apart from the sensitivity to adsorption or binding of molecules to the waveguide
surface, this configuration is also sensitive to variations of other parameters, such as the
refractive index of the solution covering the waveguide, temperature, etc. These parasite ef-
fects were successfully eliminated by extending the operation of the sensor to dual-wavelength
mode, as reported by Stamm et al. [14].

1.1.3 Integrated Mach-Zehnder interferometer

Another possibility for monitoring the changes of the ERI of the guided mode is to employ
an 10 Mach-Zehnder interferometer (MZI). This configuration, which is depicted in Fig. 1.3,
was extensively studied by Heideman et al. [15, 16], Schipper et al. [17, 18], Drapp et al. [19]
and Busse et al. [20].

sensing
btmth
2~cmnxml reference
tigpiicl pjaip
branch .
LASER
mtas«fig
window

lens

Figure 1.3: A typical configuration of the sensor system employing integrated optical Mach-
Zehnder interferometer (from Busse et al. [20]).

Material covering one branch of the MZI, referred to as the sensing branch, is removed.
Through this “measuring window”, the analyte can interact directly with the evanescent
field of the mode propagating through the sensing branch, which results in the alteration
of its ERI. The resulting difference between the phases of the field propagating through the
sensing and reference branches is monitored by measuring the light intensity at the output
of the MZI. The sensitivity of this configuration can be dramatically increased by increasing
the length of the branches. Furthermore, the geometrical character of the 10 MZI allows
fabrication of many independent interferometers on one chip thus opening new possibilities
in multi-analyte sensing on a single 10 device.

1.1.4 Reflectometric interference spectroscopy

The transduction mechanism of a sensor system employing reflectometric interference spec-
troscopy (RIFS) is based on the interference of white light at thin films, as shown in Fig. 1.4(a).
White light illuminating an interface between two media of different refractive index is par-
tially reflected. The reflected beams can superimpose and result in an interference pattern,
depending on the angle of incidence, wavelength (A), physical thickness of the film (d) and its
refractive index (n). For perpendicular incidence, a non-absorbing layer and low reflectances,
the reflectance of the thin film can be written as R = R\ + R2 42\/R\R2 COS(Annd/A), where

10
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Ri and R2 denote the Fresnel reflectances at the two interfaces. A typical interference pat-
tern, as described by this equation, is shown in Fig. 1.4(b). The optical thickness nd can be
determined from the position of the extrema of the interference pattern.

Wavelength (run)
@) (b)

Figure 1.4: (a) A schematic diagram of the principle of reflectometric interference spec-
troscopy (RIFS), (b) A typical example of the interference pattern obtained from the RIFS mea-
surement. (from Schmitt et al. [21]).

An integrated optical sensor system based on this principle was constructed and tested
by Schmitt et al. [21] and Brecht et al. [22]. Illumination of the interference layer with white
light and acquisition of the reflected light was performed by fibre optics and a spectrometer.
From the acquired spectra, they were able to monitor the optical thickness of the layer in
real time. They successfully applied this to monitoring of binding of molecules to the surface
of the Si02 interference layer deposited on a glass slide substrate.

1.1.5 General performance issues

The configurations mentioned above represent the most popular implementations of the re-
fractometric principle in waveguide-based optical chemical sensors. The spectrum of possible
configurations is obviously broader and the interested reader is referred to the literature where
these and other configurations are discussed in more detail [8, 10, 23, 24, 25, 26]. Further-
more, a considerable number of theoretical studies has been reported in order to optimise the
performance of such sensor systems [11, 14, 27, 28, 29].

A typical achievable resolution of refractometric sensor systems, when expressed in terms
of the minimum resolvable value of refractive index, has been reported to be in the order
of 10'5-10-7. This resolution enabled successful application of the refractometric transduc-
tion mechanism in the area of surface-specific immunoassays which are of great importance
in biotechnology, medical and pharmaceutical applications. This mechanism provides a very
sensitive and label-free tool for in-situ and real-time monitoring of biochemical reactions,
which is its main advantage. On the other hand, special care has to be taken during the
interpretation of the experimental data. Due to its high sensitivity, this method is prone to
parasite effects, such as temperature variations, non-specific binding or adsorption, etc.

11
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1.2 Surface plasmon-based optical chemical sensors

Strictly speaking, optical chemical sensors based on surface plasmon resonance (SPR) belong
to the category of refractometric sensors discussed in the previous section. However, the
exploitation of the surface plasmon (SP) phenomenon in sensing applications has become so
popular that it merits a separate treatment.

glass Au water

(@) (b)

Figure 1.5: (a) The angular dependence of reflectivity of a thin gold layer deposited on a glass
substrate. The calculation was performed for wavelength A= 642.8 nm and for two values of the
refractive index rid characterising the dielectric medium covering the gold layer (see the legend).
The dip in reflectivity corresponds to efficient excitation of the surface plasma wave, the so-called
surface plasmon resonance (SPR). (b) An example of a distribution of the electric field intensity
calculated for two values of the incident angle 6 (see the schematic diagram of the configuration
in the graph (a)). For 6 = 77.6°, which corresponds to the SPR, the field at the metal/water
interface is considerably enhanced in comparison to the field corresponding to some other angle of
incidence.

A surface plasmon is a charge-density oscillation that may exist at the interface of two
media with dielectric constants of opposite signs, for instance, a metal and a dielectric. The
charge density wave is associated with an electromagnetic wave, the field vectors of which
reach their maxima at the interface and decay exponentially into both media. This surface
plasma wave (SPW) is a TM-polarised wave (magnetic vector is perpendicular to the direction
of propagation of the SPW and parallel to the plane of interface). The propagation constant /3
of the SPW propagating along the interface between a semi-infinite dielectric and metal is
given by the expression = k~emnd#/ (em+ n”), where k denotes the free space wave number,

em the dielectric constant of the metal (em = + z2llD) and rid the refractive index of the
dielectric [30]. As may be concluded from this expression, the SPR may occur provided that
em < — At optical wavelengths, this condition is fulfilled by several metals of which gold
and silver are the most commonly used.

The electromagnetic field of the SPW is distributed in a highly asymmetric fashion and
most of the energy is concentrated in the dielectric within the penetration length in the order
of approximately 200 to 400 nm, as depicted in Fig. 1.5. It is this enhanced field that makes
the SPW particularly sensitive to the variations of the refractive index in the close vicinity

12
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of the surface of the metal layer.

The propagation length of the SPW is very limited (to approximately 20-30 nm [31])
and so the sensing action is performed directly in the area where the SPW is excited by
an optical wave. The optical system used to excite the SPW is simultaneously used for the
interrogation of SPR. Therefore, the sensitivity of SPR sensors cannot benefit from increasing
the interaction length of the sensor as is common in sensors employing guided modes of
dielectric waveguides (see Sec. 1.1).

The propagation constant of the SPW is always greater than that of the optical wave
propagating in the dielectric. Therefore, the SPW cannot be excited directly by an incident
optical wave at a planar metal-dielectric interface. The momentum of the incident opti-
cal wave has to be increased to match that of the SPW. This is commonly achieved using
(glass) prism couplers (Fig. 1.6(a)), integrated optical waveguides (Fig. 1.6(b)), or diffraction
gratings (Fig. 1.6(c)).

(@) (b) ©

Figure 1.6: Examples of configurations commonly used in SPR-based sensors for efficient excita-
tion of the SPW: (a) prism coupler-based SPR system (ATR method), (b) optical waveguide-based
SPR system, (c) grating coupler-based SPR system. (From Homola et al. [31].)

There are two main techniques that have been commonly used in SPR-based sensors [31,
32]. The first one employs the measurement of the intensity of the optical wave near the
resonance [33, 34, 35]. With reference to Figs. 1.5(a) and 1.6(a), monitoring changes in the
refractive index of the dielectric above the metal layer can be achieved by measuring the
changes of reflectivity AR at a given incident angle below or above the angular position of
the SPR. An equivalent principle is used in the configuration employing an integrated optical
waveguide [11, 36, 37, 38, 39, 40], as shown in Fig. 1.6(b). In this case, the attenuation of the
guided mode in the region containing the metal layer is determined by the coupling of the
guided wave to the SPW and the attenuation of the SPW. The coupling efficiency is strongly
affected by the refractive index of the analyte above the metal layer, which provides a very
sensitive transduction mechanism.

The second approach employs the measurement of the resonant condition for which the
SPR occurs. This is typically done either be determining the angular position [41, 42] of the
SPR dip (see A6 in Fig. 1.5(a)) or the wavelength [43, 44, 45, 46, 47, 48, 49, 50] of the inter-
rogating light at which the SPR occurs. The angular interrogation employs the Kretschmann
configuration [51] depicted in Fig. 1.6(a) and a highly focused laser beam providing the inter-
rogation in a sufficiently broad angular range. The angular profile is detected by a position
sensitive detector (CCD or a linear detector array) which allows monitoring of the changes A0
of the angular position of the SPR dip (see Fig. 1.5(a)) in response to changes of the analyte’s
refractive index.
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In the wavelength interrogation of the SPR, a light source with a broad spectral range
is used. Keeping the incident angle constant, the wavelength for which the SPR occurs can
be monitored by a spectrometer. Recently, this approach has been successfully employed in
a miniature and very compact fibre-optic based sensor by Slavik et al. [49, 50]. The schematic
diagram of the sensor probe is depicted in Fig. 1.7.

Oerlays
Cold fiifin

Cladding

Core

Figure 1.7: A schematic diagram of the SPR sensing structure based on a side-polished single-
mode fiber (from Slavik et al. [49, 50]).

Similarly to the refractometric transduction mechanism discussed in Sec. 1.1, the SPR-
based technique can achieve resolution in the changes of the refractive index of the analyte
in the order of 5 x 10~7-1 x 10-5. Results obtained recently by Nenninger et al. [48] show
that it could be decreased even further by employing long-range surface plasmon waves.

This shows that the SPR-based sensors are a very attractive class of optical chemical
sensors. Their great potential in the biotechnology, medical and pharmaceutical applications
has been successfully demonstrated not only under laboratory conditions but was also de-
veloped into commercially available sensor systems (BlAcore [52], Texas Instruments [53],
Quantech [54], BioTuL Bioinstruments [55]).

1.3 Absorption-based optical chemical sensors

Absorption-based optical chemical sensors can be divided into two main categories. Those in
the first category probe the intrinsic absorption properties of the studied analyte. Typical
gases of interest, such as CO2, ammonia, methane, CO, H20 and others, are characterised
by specific absorption peaks in the (near) infra-red (IR) region. Using a light source whose
emission spectrum overlaps with these peaks, one can quantify the gas concentration by
determining the intensity of the light transmitted through the volume containing the gas.
While this approach is very efficient and potentially simple, it can also be limiting in the
range of applications that can be addressed. The limitations arise from two main reasons.
Firstly, the analyte might not have an intrinsic spectral feature which could be accessible by
the available light sources. Secondly, the spectral characteristics of the analyte might overlap
with absorption spectra of some parasite species which could introduce undesirable effects of
non-specific sensor response or cross-sensitivity.

In order to circumvent these problems, another approach to absorption-based optical
chemical sensing is often employed. Instead of exploiting the intrinsic spectral properties of
the analyte alone, a reagent chemistry can be physically confined in a matrix located at, near

14
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or in a waveguide which is used for the delivery of the interrogating light. The main advantage
of this approach is that the reagent is usually selected so as to facilitate an analyte-specific
reaction. This reaction results in a change of the absorption properties of the matrix which
can be directly monitored by detecting the light intensity at the output of the waveguide.

1.3.1 Direct probing of intrinsic absorption properties of the analyte

Direct probing of intrinsic absorption properties of the analyte is employed in many industrial
and environmental applications. Recently reported developments in this area include, for
example, sensor systems for monitoring of gas dynamics, emission of combustion gases in
aeropropulsion or car engines [57], monitoring and controlling of NH3 [58] and CO?2 levels
in bio-reactors for water treatment technologies [59], measurement of the levels of CO2 or
explosive gases in room air [60], remote sensing of CO in vehicle exhaust [61], etc.

A schematic diagram of the optical arrangement, which is common in the above mentioned
sensor systems, is shown in Fig. 1.8. The characteristic peaks of the (near) IR absorption
spectrum of the analyte molecules can be probed by a narrow-band tunable light source
(such as a tunable laser diode) and the attenuation of the light intensity monitored by a de-
tector (such as a photodiode). Another possibility is to use a broad-band light source and
a spectrometer which can detect the variations of the strength of the absorption peaks.

inlet outlet

interrogating light beam

signal
processing

Figure 1.8: A schematic diagram of the absorption-based sensor system employing direct probing
of the intrinsic absorption properties of the analyte.

The limit of detection of this technique is primarily determined by the interaction length L
and the quality of the light source and detector. If the absorption of the analyte is very low,
detectable levels of the light attenuation can be obtained by increasing the interaction length.
However, this expansion is restricted by practical limitations (such as the dimensions of the
laboratory or the size of a gas tank) and is undesirable in compact and portable sensor
systems.

1.3.2 Absorption-based sensor systems employing fibre optics

Absorption-based chemical sensors were the very first type of fibre-optics chemical sensors
described in the literature [62]. These sensors use the optical fibres as “pipes” to guide light
to and from the region where the absorption properties of either the analyte itself or the
analyte-sensitive reagent are probed. Several configurations, which are commonly used, are
briefly discussed below.
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flow-cell inlet

. capillary
output fibre . . .
input fibre output fibre

input fibre outlet

Figure 1.9: Schematic diagrams of fibre-optic absorption-based optical chemical sensors. The
input and output fibres are used solely for delivery and collection of the light interrogating the
analyte. (From (a) Yokota & Yoshino [63] and (b) Dress et al. [64].)

A fibre-optics version of the direct absorption measurement described in Sec. 1.3.1 was
developed by Yokota & Yoshino [63] and Dress et al. [64]. They both used fibres solely for
delivery/collection of the interrogating light to/from the cell containing the analyte. The
sensor cell reported by Yokota & Yoshino contained two right-angle prisms separated by
a gap where the analyte could flow. The light delivered by the input fibre was reflected by
the first prism, partially absorbed in the gap by the analyte and reflected towards to output
fibre by the second prism, as shown in Fig. 1.9(a). The configuration reported by Dress et al.
used a capillary, the core of which facilitated both flow of the analyte and guiding of the
interrogating light, as depicted in Fig. 1.9(b).

evanescent field evanescent field

analyte t

(a) (b)

utlet absorbing coating

Figure 1.10: Schematic diagrams of generic configurations of absorption-based optical chemical
sensors employing declad fibres. In the configuration (a), the evanescent field interrogates directly
the absorbing analyte surrounding the fibre core. In the configuration (b), the evanescent field
interrogates a thin film which is coated on the fibre core and contains analyte sensitive reagents.

An important advantage of optical fibres is the possibility of employing the evanescent
field of the guided light to interact with the sensing environment along a specific length.
Typically, in the interaction region, the cladding of the fibre is removed, which provides
direct access of the evanescent field of the guided mode(s) to the analyte surrounding the
fibre, as shown in Fig. 1.10(a). In this manner, Li & Meichsner [65] were able to monitor
in-situ plasma polymerisation in a gas discharge. Matéjec et al. [66] have shown that the
sensitivity of evanescent wave absorption can be further increased by a properly designed
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radial variation of the refractive index of the fibre core.

Many fibre-optic absorption-based chemical sensors use declad fibres coated with a thin
film containing the sensing chemistry [67, 68, 69, 70, 71]. This configuration is schematically
depicted in Fig. 1.10(b). The attenuation of the optical power propagating along the fibre is
determined, among other factors, by the absorption coefficient of the coating. This is due to
the fact that the field corresponding to the guided mode(s) penetrates into the absorbing film.
Since the absorption properties of the coating are chosen so as to respond to a specific analyte,
the analyte concentration can be quantified by measuring the optical power transmitted
through the fibre.

1.3.3 Absorption-based sensors employing planar waveguides

Absorption-based optical chemical sensors employing planar waveguides use the same prin-
ciple as their fibre-optics counterparts. In the work by Pandraud et al. [72] and Maims
et al. [73], the guiding layer is uncovered and the evanescent wave has direct access to the
analyte above the waveguide, as shown in Fig. 1.11(a). Planar waveguides, whose guiding
layer is covered by a thin absorbing film (see Fig. 1.11(b)) were used, e.g., by Lavers et al. [74]
and Ock et al. [75]. Kim and co-workers |[76] went even further and developed a sensor sys-
tem where the thin absorbing layer acted at the same time as the guiding layer, as shown
in Fig. 1.11(c). In this case, the greater “concentration” of the electromagnetic field in the
sensing (i.e., guiding) layer provided enhanced sensitivity. Wang et al. [77] recently reported
on an absorption-based sensor system employing surface plasmon resonance (see Sec. 1.2) to
enhance the absorption of the molecules adsorbed on the planar surface.

(@) (b) (©

Figure 1.11: Schematic diagrams of absorption-based optical chemical sensors using planar waveg-
uides. In the configuration (a), the evanescent field interrogates directly the absorbing analyte
above the guiding layer. In the configuration (b), the evanescent field interrogates a thin film
(sensing layer) which is coated on top of the guiding layer and contains analyte sensitive reagents.
In the configuration (c), the analyte sensitive layer acts at the same time as the guiding layer.

The configurations employing planar waveguides provide certain advantages when com-
pared to their fibre-optics counterparts. In particular, they can be manufactured using tech-
niques commonly used in the fabrication of integrated optical devices. Furthermore, the
geometry of the sensing platform allows for integration of more reference and signal chan-
nels sensitive to different analytes on a single chip, thus allowing the fabrication of compact,
miniature and possibly disposable multi-analyte sensor devices.
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1.3.4 Detector-free absorption sensor based on DOE

An interesting configuration of an absorption-based optical chemical sensor was developed
by Nakajima et al. [82]. They used an array of zones containing pH indicator separated by
indicator-free zones. When the pH of the surrounding medium changed, the zones containing
the pH indicator became more absorbing. Since the typical lateral dimension of the zones
was in the order of the wavelength of the interrogating light, this change resulted in the
transformation of the beam into a diffraction pattern, as shown in Figs. 1.12(a) and (b).
Thus, the analytical result (i.e., the change of pH) could be displayed without any detector,
electronics or recorder. All the relevant information could be acquired by visual perception.
If the zones containing the pH indicator are designed as more advanced diffractive optical
element, this approach could be used as an on-site display of the analytical results using
letters, figures or even diagrams, as shown in Fig. 1.12(c).

incident laser beam incident laser beam
pH sensitive zones pH sensitive zones
transmitted laser beam transmitted and
diffracted laser beams
(@ (©)

Figure 1.12: A schematic diagram of a detector-free absorption-based sensor using microscopic-
size analyte sensitive zones separated by analyte insensitive zones. See text for more details. (From
Nakajima et al. [82].)

1.4 Luminescence-based optical chemical sensors

Luminescence-based optical chemical sensors can be divided into three main categories. Those
in the first category probe the intrinsic luminescence emitted by the studied analyte upon
illumination by the excitation light. Although this approach can be simple and efficient, only
a very few analytes of interest emit luminescence that is sufficiently bright to be practically
exploited using simple and inexpensive sensor systems. This drawback limits the range of
applications where this approach can be used.

A variation of this approach is based on the idea that the luminescence is provided by mo-
lecules which are labelled with a luminescent moiety and which bind specifically to the analyte
of interest. This so-called luminescently labelled technique has been successfully implemented
in biotechnology, medical and pharmaceutical applications.

Luminescence-based immunosensors [83] using a sandwich assay format are one type of
sensor employing this technique. A schematic diagram of such a sensor configuration is
shown in Fig. 1.13. To detect the presence of antigens in the sample solution, antigen-
specific antibodies are firstly attached onto the surface of a planar waveguide. The solution
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in which the presence of the antigens is to be determined is then passed over the treated
waveguide surface. If the antigens are present, they bind to the surface-attached antibodies.
Subsequently, a solution containing labelled antibodies, which can probe this binding, is
passed over the waveguide surface.

evanescent field antibody
excitation antigen

guiding layer

substrate labelled antibody
detector

Figure 1.13: A schematic diagram of the configuration where specific antigen-antibody binding
on the waveguide surface is monitored by detecting the luminescent light excited by the evanescent
wave.

This method exploits the fact that the electromagnetic field of a guided mode is not
confined entirely in the guiding layer but a fraction penetrates into the surrounding media
in the form of an evanescent field. (A typical value of the penetration depth is in the order
of wavelength, i.e., roughly 50-500 nm.) Therefore, if the luminescently labelled molecules
are present in this region and the wavelength of the propagating light matches the excitation
spectrum of the luminescent moiety, the emitted luminescence directly indicates the specific
surface binding, i.e., the presence of the antigens in the sample solution, as shown in Fig. 1.13.
On the other hand, if the antigens are not present, the specific binding does not take place
and consequently there is no luminescence emitted [84, 85, 86].

It was pointed out in sections 1.1 and 1.2 that another tool for monitoring specific bind-
ing or adsorption of molecules at surfaces is provided by refractometric techniques employing
surface plasmon resonance, grating couplers or integrated optical interferometers. However,
the signals of these devices are directly associated with the adsorbed molecular mass. Con-
sequently, the sensitivity of these configurations is not always sufficient for detection of small
analyte molecules at small concentration levels. The advantage of the above mentioned im-
munoassay sensor is derived from the fact that it provides an improved sensitivity independent
of the molecular size.

The immunoassay method was successfully employed and expanded to multi-analyte im-
munosensing by Rowe et al. [86]. They used a patterned array of recognition elements immo-
bilised on a surface of a planar waveguide. Using laser line generator and imaging by a CCD
camera, they could successfully correlate the positions of fluorescent signal with the identity
of analyte present in clinical samples.

Another class of luminescence-based sensors, which is most often applied to chemical
sensing, is based on the idea that the luminescence of some molecules can be quenched
by the presence of specific analytes. The quenching is manifested as change in either the
luminescence intensity [87, 88, 89, 90, 91, 92, 93] or life-time [94, 95, 96, 97, 98, 99, 100,
101, 102, 103, 104, 105, 106] or both. It is not the purpose of this brief introduction to
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discuss various mechanisms involved in the luminescence quenching. Instead, the following
discussion focuses on the description of different instrumentation techniques used to monitor
these variations.

Understandably, the most important step of this monitoring process is the detection of
luminescence, i.e., the transformation of the information carried by the light into a form
suitable for further processing (such as an electrical signal). Many different approaches,
which facilitate the collection of luminescence, have been reported in the literature. The
most common ones are described below.

1.4.1 Collection of luminescence by fibre tip/bundle

Collection of luminescence by the tip of an optical fibre or a fibre bundle is frequently used
in applications where luminescence generated in remote or unaccessible regions needs to be
detected [87, 89, 90, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112]. Luminescence collection
by fibre optics is also popular in applications where the emission spectrum of luminescence
is of importance [113, 114, 115, 116]. In these applications, portable and easy-to-handle
spectrometers with fibre-optics input connectors are often used.

Figure 1.14: A schematic diagram of sensor configurations employing (a) fibre tip and (b) fibre
bundle for collection of luminescence.

Typical configurations employing the fibre tip and fibre bundle for the luminescence col-
lection are shown in Fig. 1.14(a) and 1.14(b), respectively. In the configuration depicted in
Fig. 1.14(a), the fibre is used to access the region where the luminescence is generated. Due
to the small dimensions of the fibre tip (typical core diameters do not exceed 1mm) and
limited numerical aperture, the collection efficiency is very poor. The collection efficiency
can be slightly improved by using a fibre bundle, as shown in Fig. 1.14(b). A fibre bundle
provides an additional advantage, namely the possibility of using one (or more) of the fibres
to deliver the excitation light to the site.

1.4.2 Direct detection of luminescence emitted into free space

Many luminescence-based optical chemical sensors employ a thin luminescent film or array
of luminescent spots which emit luminescence into the free space surrounding the substrate.
The detection of luminescence is facilitated by a detector located directly above or below
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the planar substrate containing the film/spots [85, 86, 91, 92, 96, 97, 99, 116, 117, 118].
This configuration is particularly useful if a spatial resolution of the luminescence intensity
is required. In this case, a detector array (e.g., a CCD camera) is typically placed under the
substrate to monitor the luminescence emitted by the array of spots. Examples of typical
configurations are shown in Fig. 1.15.

(@) (b)

Figure 1.15: A schematic diagram of sensor configurations employing direct detection of the
emitted luminescence by a detector located directly under the substrate. Configurations (a) and
(b) employ a thin luminescent film and a two-dimensional array of luminescent spots, respectively.

Figure 1.16: A schematic diagram (a) and image (b) of a ridge waveguide structure deposited on
a Si substrate. Luminescent spots are deposited on one end of the ridges. When the luminescence
is excited by a blue LED, it is coupled into the guided modes and can be observed at the other
end of the ridge waveguides. The red areas corresponding to the luminescence spots out-coupled
from the ridge waveguides are clearly visible in the image. (From MacCraith et al. [131, 132].)

1.4.3 Detection of luminescence entrapped in the waveguide

It has been predicted theoretically [119, 120, 121, 122, 123, 124, 125] and observed experi-
mentally that the luminescence radiated by molecules located at or near a waveguide can be
efficiently coupled into the guided modes. This was successfully exploited using both fibre-
optic [124, 125, 126, 127, 128] and planar waveguide [88, 95, 122, 129, 130, 131] configurations.
The planar waveguide configuration is particularly attractive, since it allows construction of
a sensor chip suitable for multi-analyte sensing. If, for example, a number of ridge waveg-
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uides, each containing a luminescent spot sensitive to a different analyte, is deposited on
a planar substrate (see Fig. 1.16), an integrated luminescence-based optical chemical sensor
can be constructed.

1.4.4 Processing of the detected luminescence

Once the luminescence is detected and successfully converted into electrical signal, the rel-
evant information can be extracted by subsequent signal processing. In principle, there are
two parameters characterising luminescence which carry valuable information—Iluminescence
intensity and life-time.

In intensity-based sensor systems, monitoring the levels of detected luminescence inten-
sity provides valuable information about the analyte concentration, specific antigen-antibody
binding or other processes. The information obtained by the measurement of luminescence
intensity is, however, not reliable for absolute quantitative analysis. This is mainly due to
the fact that the detected intensity is prone to alterations by non-specific effects, such as
photo-bleaching, leaching, misalignment of the source of the excitation light or detector,
etc. Nevertheless, this principle is widely used in biotechnology, genomics or other medical
applications.

A method, which is (to a high degree) free of the undesirable effects encountered in the
intensity-based luminescence sensor systems, is based on the measurement of the luminescence
life-time [94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106]. It follows from the physical
processes involved in the act of emission of photons that the intensity of luminescence decays
exponentially after the excitation light was abruptly switched off. Although this exponential
decay can be monitored directly by, e.g., time-resolved spectroscopy or by a CCD camera
capable of time-delayed image acquisition [134], these methods are not widely used since they
are rather complicated and require expensive instrumentation.

A simpler and more cost-effective option for the luminescence life-time measurement is of-
fered by a method called phase fluorometry. This method employs excitation of luminescence
by a light source with periodically (e.g., sinusoidal or square-wave) alternating intensity. The
same physical laws, which describe the luminescence decay, imply that the luminescence inten-
sity generated by the alternating excitation light is phase-shifted with respect to the excitation
light. In particular, if the intensity of the excitation light varies as lexc = lexQosin(2nft),
the observed luminescence intensity varies as 7ium = /iumosin(27r/£ --$). The phase shift $
is related to the frequency / of the variation of the excitation light intensity and the lumi-
nescence life-time r by tan<€ = 27r/r. Therefore, the luminescence life-time can be directly
monitored by measuring the phase shift between the excitation light and detected lumines-
cence [96, 99, 100].

If the luminescence life-time is sufficiently long (r > 1-10/¢s), relatively simple electronic
circuits working at moderate frequencies (/ « 10-100 kHz) can be designed to obtain mea-
surable values of the phase shift. For very short life-times, different approaches have been
developed, an example of which is the dual luminophore referencing (DLR) method [135, 136,
137, 138].

Another important task in the measurement of the luminescence life-time is to efficiently
avoid the detection of the excitation light. This is usually achieved by employing appropriate
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optical filters. However, if the luminescence intensity is too weak, this pure optical filtering
might not be sufficient. One method providing an elegant solution to this problem exploits
the idea that the emitted luminescence can be efficiently guided to a different location where
it can subsequently be detected even with a filter-free detection system (see Sec. 1.4.3).
Recently, another approach was developed by Langer et al. [139]. They proposed a special
electronic treatment of the detected signal consisting of components corresponding to both the
excitation and luminescence light. After this treatment, the phase shift of the luminescence
can be obtained independently of the intensity of the excitation light.

1.5 Aims of this work

In the previous sections of this chapter, the most common principles, methods and techniques
employed in the area of optical chemical sensing and bio-sensing were summarised and briefly
discussed. In the context of this brief account, it is now possible to outline the aims of the
research programme described in this dissertation.

The main interests of the laboratory where this research was conducted involve the de-
velopment and use of both absorption and luminescence-based sensor systems employing
waveguide structures coated with thin sensing films. A number of such sensors has been
successfully developed and tested [140]. The aim of this work was to develop a rigorous
electromagnetic theory which would provide a detailed understanding of the operation of
such sensor systems and which would be capable of identifying the conditions by which their
performance could be optimised. The second aim was to implement these theoretical predic-
tions in the design and fabrication of prototype sensor systems and to provide experimental
verification of their improved performance.

In the following sections, these aims are described in further detail separately for the
absorption and luminescence-based optical chemical sensors.

1.5.1 Absorption-based optical chemical sensors

In the case of absorption-based sensors employing analyte-sensitive reagents immobilised in
a suitable matrix, the analyte has to penetrate inside the matrix in order to induce changes
in its absorption properties. Typically, it is the dynamics of this diffusion process that
determine the response time of the sensor system. To minimise the response time of the
sensor, conditions should be provided that minimise the time required for the diffusion process
to reach equilibrium. Platforms employing thin films coated on a waveguide structure provide
one possible way of achieving this.

Understandably, thinner sensing films result in a faster response of the sensor. However, as
they also contain lower amount of analyte-sensitive reagents, they could also lead to a decrease
in the sensor sensitivity. It was already mentioned in Sec. 1.3 that the sensitivity can be
improved by increasing the interaction length over which the light interrogates such sensing
films. The interaction length can, however, be limited by some other factors dictated by
the application. Therefore, it is necessary to identify different ways of improving the sensor
sensitivity.

The issue of the optimisation of the sensor performance has been dealt with extensively
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in the literature [80, 84, 123, 141, 142, 143, 144, 145, 146, 147]. Most of these theoretical
studies focused, however, on sensor systems employing mono-mode waveguide structures and
evanescent-wave (EW) absorption. These sensors can be fabricated using technology typically
employed in the area of microelectronics and integrated optics. Although the manufacture
process is well established, it requires several steps [72, 74] which makes it rather compli-
cated and expensive. More difficulties are encountered when one wants to incorporate the
mono-mode waveguide platform into a functional sensor system. It is well known that effi-
cient coupling of light into mono-mode waveguides requires very precise alignment of all the
elements involved and can therefore be very sensitive to vibrations, temperature variations
and other factors. Last but not least, mono-mode waveguide platforms typically require high
quality light sources, such as lasers or laser diodes, which are not yet suitable for the mass
production of low-cost sensor systems.

In comparison with mono-mode waveguides employing EW sensing techniques, multimode
waveguide platforms provide a number of advantages, such as ease of fabrication, handling
and less elaborate in/out-coupling of light. However, to the author’s knowledge, there is
no theoretical analysis available in the literature that thoroughly describes the operation of
such sensor systems, with particular emphasis to non-EW sensing techniques. Therefore,
one of the aims of this dissertation is to develop a rigorous electromagnetic theory suitable
for the description of the operation of absorption-based optical chemical sensors employing
multimode waveguide platforms coated with thin analyte-sensitive films. Using the theory,
one should be able to identify conditions for which the performance of such sensor systems
could be optimised. In addition to the development of the theory itself, this work also aimed
to implement the developed theoretical predictions in the design and fabrication of a compact
and low-cost prototype absorption-based sensor system.

1.5.2 Luminescence-based optical chemical sensors

As mentioned in Sec. 1.4, many luminescence-based optical chemical sensors employ quench-
ing of the luminescence intensity or life-time as the transduction mechanism for the detection
of the analyte. Due to the same reasons as those mentioned in Sec. 1.5.1, sensor systems
employing thin luminescent films are particularly attractive. However, the use of thin films
usually means that the intensity of the emitted luminescence is low and can be a limiting
factor in the performance of the sensor system. Immunosensors, which are very attractive in
biotechnology, medical and pharmaceutical applications are also highly affected by the low
intensity of luminescence emitted by the surface attached molecules (see Sec. 1.4).

The problems related to low values of the luminescence intensity have been addressed
by several authors. Liebermann et al. [148] exploited the enhancement of the amplitude of
the excitation light in the close vicinity of the surface provided by the efficient excitation of
a surface plasmon wave. Blair & Chen [149] showed that luminescence of molecules can be
enhanced by the use of planar cylindrical resonant optical cavities. Recently, very promising
results related to the enhancement of the luminescence quantum yield have been reported
by Mayer et al. [150] and Lakowicz et al. [151]. They showed that the use of metal nanoparti-
cles can have a very positive influence on the intensity of luminescence emitted by molecules
located in their close vicinity. Enhancement of the quantum vyield in the order of 100-1000
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was reported.

Although these new developments are certainly valuable for the improvement of the per-
formance of luminescence-based chemical sensors and bio-sensors, they do not address the
most important issue common to most of them, namely the efficiency of the luminescence
capture. It has been shown by several authors that both the spatial distribution and life-
time of the emitted luminescence can be significantly altered if the radiating molecules are
located in the vicinity of dielectric [119, 152, 153, 154, 155], metal [156, 157, 158, 159] or
corrugated [160, 161] surfaces. These predictions, in particular those related to the spatial
anisotropy of the emitted luminescence, were used in the design and fabrication of configu-
rations with improved luminescence capture efficiency, such as those employing a paraboloid
glass segment [153] or gratings [161].

The aim of this work was to accommodate and expand the above cited theoretical studies
to the area of optical chemical sensors, in particular those employing thin films or more
general planar multilayer structures as sources of the luminescent light. The purpose was to
identify the main reasons why the conventional techniques do not provide efficient detection
of the luminescence emitted from thin films and to design a number of configurations which
would enhance the capture efficiency.

In the area of immunosensors, the luminescence generated by labelled surface-attached
molecules is of primary importance. This is because it provides a direct indication of the
specific binding between the surface-attached receptors and the analyte molecules flowing
in the bulk above the surface. The detection of surface-generated luminescence is normally
achieved by means of evanescent-wave excitation which provides surface-specific excitation
of the luminescent molecules, as discussed in Sec. 1.4. Although this technique is widely
used in the immunosensor applications [85, 86, 116, 118], it is not particularly efficient.
This has two primary reasons. A typical coupling technique, such as that employing grating
couplers, is not particularly efficient and only a small fraction (typically a few percent) of
the optical power generated by the light source is coupled into the guided modes of the
waveguide structure. Furthermore, once the light is coupled into and propagating along the
waveguide, only a small fraction of its power (again typically a few percent) is contained in
the evanescent field which is used for the excitation of the surface-attached molecules (see
Fig. 1.13). Taking into account both of these factors, it is understandable why this technique
provides only a very inefficient way of generating a surface-specific luminescence.

In this context, additional aim of this work was to propose a novel technique providing
the detection of luminescence generated by molecules located specifically at or near a surface
of a substrate while employing direct illumination, i.e., using the full power of the light
source, for their excitation. The theoretical background of this technique is described using
the model mentioned above. Furthermore, the experimental set-up and preliminary results
demonstrating the feasibility of this method are presented.
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1.5.3 Summary of the aims of the dissertation

The aims of this work, which were described in detail in the above sections, can be summarised
as follows:

1 Absorption-based optical chemical sensors:
(a) todevelop a theory describing the operation of absorption-based opticalsensors
employing a multimode planar waveguide platform,

(b) todiscuss the implications of the theory for the design of such sensor systems and
to  identify conditions for which their performance can be optimised,

(c) to verify the theory experimentally,

(d) to implement the theoretical prediction in the design and fabrication of a com-
pact and low-cost prototype absorption-based sensor system and to report on its
performance.

2. Luminescence-based optical chemical sensors:
(a) to develop a theory describing the radiation of molecules located near a surface or

embedded within an arbitrary planar multilayer system,

(b) to discuss the implications of the theory with regard to the efficiency of the lumi-
nescence capture and to propose configurations using which the collection efficiency
could be improved,

(c) to verify the theory experimentally,

(d) to design and test the performance of configurations with improved efficiency of
the luminescence capture,

(e) to develop both the theoretical background and experimental set-up for a method
enabling the detection of the surface-generated luminescence excited by direct
illumination.
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Chapter 2

Absorption-based optical chemical
sensors—theory and simulation

This chapter presents detailed theoretical analysis of a particular class of absorption-based
optical chemical sensors. The sensors under consideration employ a thin film which is doped
with analyte-sensitive reagents and deposited on top of a planar waveguide structure. Ow-
ing to the presence of the reagents, the absorption properties of the thin film change upon
exposure to a specific analyte.

The chapter starts with an explanation and formal description of the fundamental prin-
ciples involved in the operation of absorption-based optical chemical sensors. Subsequently,
a theoretical model describing the operation of such sensors, with a particular emphasis on
the sensor systems employing multimode waveguide platforms, is developed and discussed
in detail. The predictions of the model are used to identify the conditions for which an op-
timised performance of the sensor system can be achieved. Numerical simulations of the
performance of a specific sensor configuration consisting of a thin sensing layer deposited on
a multimode planar waveguide are also presented. The purpose of these simulations is to
provide clearer explanations of the most important theoretical predictions using simple but
illustrative examples.

In this chapter, any reference made to an absorption-based optical chemical sensor is
a reference to the class of absorption-based chemical sensors employing thin films doped with
analyte sensitive reagents and deposited on a multimode waveguide structure.

2.1 Principle of operation

The fundamental principle of operation of an absorption-based optical chemical sensor relies
on the fact that the absorption properties of the analyte-sensitive reagent, which is immo-
bilised in the matrix comprising the sensing film, depend on the analyte concentration. In the
following analysis, the actual chemical processes involved in this type of transduction mech-
anism are not of concern. Instead, this property is considered as an intrinsic characteristic
of the sensing film.

The absorption coefficientl of every absorbing material depends on the wavelength of

Note that the absorption coefficient, a, in this analysis refers to the quantity characterising the dissipation
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light used. A typical absorption spectrum consists of significant absorption bands or peaks
in either the visible (VIS) or infra-red (IR) region. These regions are interesting from the
application point of view as they overlap with the spectral regions for which high-quality
light sources and detectors are available.

The following analysis does not focus on any particular material. Instead, a hypotheti-
cal medium is considered whose absorption spectrum is described by a hypothetical func-
tion, a(A,c,4), as shown in Fig. 2.1. This function must fulfill one important requirement,
namely that it varies monotonically with the analyte concentration, ca, at least in the region
where it is to be used for sensing.

The light, which is interrogating the absorbing medium, is produced by a source whose
spectrum is either broad-band, such as that produced by a commercially available LED, or
quasi-monochromatic, such as that from a laser. In addition to cost and size of the source, its
choice is determined by the position of its emission spectrum. In particular, the absorption
and emission spectra must exhibit a sufficiently large overlap (see Fig. 2.1) in order to provide
efficient transduction.
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Figure 2.1: Absorption spectrum a(A,c,4) of a hypothetical medium and its variation with the
analyte concentration. The spectra are plotted for several values of the analyte concentration ca,
as indicated by the legend. The emission spectra of sources suitable for absorption-based sensing
using this hypothetical medium are also shown. The dashed line corresponds to a broad band
source, such as an LED, and the dash-dotted line corresponds to a quasi-monochromatic source,
such as a laser.

In practical situations, the analyte concentration is measured in a range of concentrations,
i.e.,, ca € (c4min>CAmax)- Within this range, the absorption coefficient varies between am\n =
<*(A, CA,min) and a max = Oi(A, c*max)2. This reasoning is useful when one wants to quantify the
sensitivity of the medium response to the changes in analyte concentration. This sensitivity

of energy carried by the electromagnetic wave propagating through a medium of length L by the well-known

Beer-Lambert law, i.e., I = Joexp[—aL\.
2Note that the relation amin < am& does not necessarily have to be satisfied, namely if the function

q(A.ca) is decreasing with increasing analyte concentration ca -
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can be defined as the ratio of the total response of the medium and the total change in the
analyte concentration, i.e.,

c Aa: Qamax — &min /o 1\
¢>atot = -T = . (¢-1j
N CA CA,max c¢”,min

This expression can be generalised considering infinitesimal changes rather than the total
differences, which results in a more general definition

(2-2)

Furthermore, from the practical point of view, it is useful to consider the relative change of
the absorption coefficient with respect to the concentration change, i.e., da/a. This leads to
the definition of the quantity

Sa-= Sa\/\: a oca’ (2.3)

which will be referred to as the relative sensitivity of the medium absorption coefficient to
the changes in the analyte concentration.

2.2 Theory of absorption-based optical chemical sensors

To describe the operation of an absorption-based optical chemical sensor, it is necessary to
know how light, i.e., electromagnetic field, propagates along the waveguide structure. Previ-
ous theoretical studies showed that the light propagation can be characterised by a parameter
called confinement factor [1, 2, 3, 4], which is defined as the ratio between the amount of
energy of the electromagnetic field confined in the sensing layer and the total energy carried
by the guided mode. To identify the parameters that one needs to tailor in order to optimise
the sensor performance, it is desirable to know how the confinement factor depends on the
optical, geometrical and other parameters of the waveguide-based sensor system.

This is obviously a rather complicated task, particularly when complex waveguide struc-
tures, such as those used in the integrated optical sensor systems [5, 6, 7], are considered.
It is mainly due to the fact that the analysis requires relatively complex calculations of the
electromagnetic field distribution in the structure.

The aim of this section is to develop a model that would be both simple and powerful
enough to provide sufficient insight into the phenomena involved in the operation of an
absorption-based optical sensor system. The analysis will focus on a sensor system consisting
of a multimode waveguide structure coated with a thin sensing film, as shown in Fig. 2.2.

The configuration depicted in Fig. 2.2 is only a model structure. The particular details
characterising its performance will, in principle, be different from those characterising other,
more complicated structures. However, the analysis of this structure will provide physical in-
sight into the processes involved in the operation of such a structure that can be subsequently
applied to other structures.

The development of the theory will proceed as follows. Firstly, expressions describing the
distribution of electromagnetic field in a general multilayer system will be derived. Then,
conditions for which guided modes of such a structure are supported will be identified. These
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Figure 2.2: A schematic diagram of a generic configuration of an absorption-based optical chemical
sensor employing a planar multimode waveguide platform coated with a thin sensing layer.

steps are based on a well established matrix formalism which is commonly used in the analysis
of multilayer systems and was extensively reported in the literature [9, 10, 11, 12]. The
general electromagnetic theory will subsequently be applied to a more specific task, namely
to the description of operation of the sensor system depicted in Fig. 2.2. Expressions for
the sensor output and sensitivity will be derived and analysed in detail. Finally, conditions
for the optimum sensor performance will be identified and analysed in terms of the variable
parameters of the sensor configuration. These latter steps are original to this work.

2.2.1 Field distribution in a multilayer system

In this section, rigorous electromagnetic theory is used to derive the expressions for the
electromagnetic field in a multilayer structure consisting of arbitrary isotropic, non-magnetic
and lossless media. The derived expressions are used in further analysis of operation of the
absorption-based sensor system.

Multilayer system

The schematic diagram of a generic multilayer structure is shown in Fig. 2.3, The structure
consists of M layers separated by planar interfaces parallel to the x-y plane. The position of
the interface between the ,7th and (j + I)th layers is characterised by the coordinate Zj, where
zj = zo+ t\ + 2+ **+ tj. In this expression, tj denotes the thickness of the j th layer.

The optical properties of the jth layer are characterised by refractive index denoted by rij,
j =1,..., M. The multilayer system is surrounded by the superstrate (z < 0) and the sub-
strate (z > zm) whose refractive indices are denoted by no and riM+i, respectively. Because
all the media comprising the multilayer system are assumed to be isotropic, non-magnetic
and lossless, the values of rij are considered to be real numbers for every j = 0,..., M + 1.

Electromagnetic field expressions

At the beginning, it is assumed that the multilayer system is interrogated by a monochromatic
electromagnetic wave oscillating at the angular frequency a;, which is related to the vacuum
wavelength Aby w = 27rc/A, ¢ being the speed of light in vacuum. The complex amplitude
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X®- >y

Figure 2.3: A schematic diagram of a general multilayer system consisting of M homogeneous
layers surrounded by the substrate and superstrate.

of the electromagnetic field is described by the vector functions E (r) and H (r), which have
to satisfy Helmholtz (wave) equation [8]

(A + kIn2(r))E(r) =0, (2.4)

and similarly for H(r). In this equation, A stands for the Laplace operator which in the
Cartesian system of co-ordinates takes the form A = d2/dx2+ d2/dy2+d2/dz2. Furthermore,
ko denotes the vacuum wave vector and is calculated as ko = uj/c = 27t/A. The function n(r)
represents the distribution of the refractive index across the multilayer system, i.e.,

n(r) = rij forr Gjth medium. (2.5)

The function E(r) represents the distribution of the electric field across the multilayer system.
It can be written in the form

E(r) = Ej(r) forr Gjth medium, (2.6)

where the function Ej(r) describes the distribution of the field in the jth medium.

Due to the fact that each layer is considered to be homogeneous, the field in each layer can
be analysed separately and the boundary conditions at each interface can be subsequently
applied to obtain the expressions for the field in the entire multilayer system. The form
of the wave equation (2.4) suggests that the electromagnetic field in each layer as well as
in the surrounding media, i.e., for all j = 0,..., M + 1, can be decomposed into the sum
of plane waves characterised by the wave vector kj and the vector amplitude Sj(kj). This
decomposition takes the form of the Fourier transform

Ej(r) = 233 d3kj Sj(kj) expl[ikj *r]. (2.7)

The factor I/Ajg ensures that the units of the plane wave amplitudes Sj{kj) are the same as
the units of the total field. In expression (2.7), the integration is generally carried out over
the entire three dimensional fc-space. However, in practical situations, the integration space
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can be substantially reduced. In particular, it is sufficient to consider only such vectors Kj
that lie in the y-z plane and their magnitude is equal to \kj\ = rijko, which corresponds
to monochromatic light-waves propagating in the plane parallel to the y-z plane. Although
this introduces substantial restrictions in the description of the field, it is sufficient for the
purpose of this derivation.

When theelectric fieldin the form (2.7) is considered andsubstituted into (2.4), the
Helmholtz equationfor the function Ej(r) can be rewritten inthe form

{NjNj+n”~e~Nfej, (28

which is an eigenvector-eigennumber equation for the vector amplitudes Sj. For simplicity,
the explicit dependence of Sj on the wave vector kj was omitted from this equation. The
guantity Nj in (2.8) represents the normalised wave vector, i.e., Nj = kj/ko. Taking into
account the above mentioned restrictions, this vector can be written as

Nj = [0,\yg,NzJ} (2.9)
The y and z components of this vector are related by
Nh + NIj = Nj, (2.10)
where the vector magnitude Nj is calculated as
Nj = |JVj| = nj. (2.11)

To find the modes of the electromagnetic field in the jth layer, one has to find the eigen-
vector Sj and the corresponding eigennumber N j to the operator (N jN j + nj) in (2.8). In
this equation, N jN j represents the dyadic product of vectors N j. This can be done by using
a well-known algebraic treatment.

Detailed analysis of this problem reveals that, for a given value of Nyj, four independent
solutions to the wave equation (2.8) exist. The choice of the solutions is to some extend arbi-
trary. In the following analysis, solutions corresponding to the s (TE) and p (TM) polarised
waves propagating both in the positive (-b) and negative (— “-directions are chosen. The
vectors of the electric field of the s and p polarised modes are perpendicular and parallel to
the y-z plane, respectively.

Taking into account this choice, the eigen vectors Sj of the wave equation (2.8) can be
written as

£hb= Zj,btj,b- (2.12)
In this equation, the subscript b takes the values b = s+, s-,p+,p— which characterise the
four eigen-solutions. Furthermore, Sj* denotes the magnitude of the mode b and e”, where
\ej™ = 1, characterises its polarisation state.

Following this analysis, electric field in the jth layer, j = 0,..., M + 1, corresponding to
the mode characterised by Nyj can be written as a sum of the four plane waves, i.e.,

EJj(r,Nvipp= "2 £jbejb exp [ka(Nzith(z - zj-i) + Nydy)]. (2.13)

6=s%,px
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Here, z-\ = 0 needs to be considered to describe the distribution of the field in the superstrate
(j = 0) correctly. When the expressions (2.11) and (2.10) are used, the 2 components of the
normalised wave vector for both s and p polarisations can be written as

NzJ,st = Nzhpt = NZjt= = £y/nj - N*j. (2.14)
Furthermore, the unity vectors characterising the s and p polarisation states are given by

&j,sx = [120°0]
*,p£ —[PNzj )P,  Nyjl/rij.

(2.15)

When the electric intensity in the form (2.13) is substituted into Maxwell’s equations, the
expression for the magnetic intensity in the jth layer corresponding to the mode characterised
by Nyj can be obtained. After some simple algebraic manipulation, the expression is found
to be

Hj(r>Nvj)= Ys Hib exP [ifeo(iV2),i,(z - zj-i) + Nyjy)]. (2.16)
b=s+,pt
In this equation, the magnitudes and the unity vectors hj* are related to and
by n
'Hj,0— ~cj,6 (2.17)
and
hj,b — —pj {Nj.b X &,b) (2.18)

for each b= s+,px. In equation (2.17), rjo = VpoAo denotes the vacuum impedance.

To obtain the profile of the electromagnetic field throughout the entire multilayer system,
the well-known boundary conditions have to be applied. They require that, in the absence
of surface charges and currents, the tangential, i.e., x and y components of the electric
and magnetic intensities be continuous at each interface. When both the equations (2.13)
and (2.16) are considered, the boundary conditions at the ;th interface can be written in
a compact matrix form [9, 10, 11, 12]

DjPjAj = Dj+i-Aj+i, (2.19)
where the vector Aj is defined as
A? = [E2>+> £7>] o (2.20)
In equation (2.19), the matrices Dj and Pj are given by

A B 0 0

N,.4.+ Nz<- 0 0
Dj = (2.21)
0 Nzj,+/nj ~ZJi-/nj

0 —. -n, /
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and
! exp[ikON Zj t+tj] 0 0 0
0 exp[ikONzj-tj] 0 0
. (2.22)
0 0 exp[ikoNZ t+tj] 0
\Y/ 0 0 0 exp[ikONzj-tj] )
where the values of Nzj i are obtained from (2.14).
In the derivation of (2.19), the equation
Ny,0 Nytl mee Ny M Ny AM-11 (2.23)

was assumed. This corresponds to the well-known Snell’s law on conservation of the tangential
component of the wave vector across the multilayer system. Because of this relation, all NyJ s
will be denoted by a single variable Ny. This step is important as it provides binding between
the modes of the different layers of the multilayer structure into a single mode of the entire
multilayer system, which is characterised by a single parameter Ny.

As follows from equations (2.13), (2.16) and (2.17), the distribution of the electromagnetic
field across the entire multilayer system can be calculated if the magnitudes comprising
the vector Aj in (2.20) are known for each j = 0,1,..., M + 1. This can be done by solving
the complete set of equations given in (2.19). The solution depends on the particular optical
configuration. For example, it is different if one is interested in finding the guided modes of
the multilayer structure or if the reflectivity of the multilayer system is of interest. Further
details are provided in the following section.

2.2.2 Guided modes of the planar waveguide structure

After the necessary expressions for the electromagnetic field in the multilayer structure have
been derived, the distributions of electromagnetic field corresponding to guided modes can
be found. At the very beginning, the term guided modes has to be specified precisely.

In this work, the commonly used definition of the term ‘guided mode’ is adopted. The
distribution of the electromagnetic field is said to correspond to a guided mode of a multilayer
system if (i) its modulus does not vary along the multilayer system, i.e., in the y direction,
and (ii) the electromagnetic energy is confined in the multilayer structure in such a way that
it is not radiated from the multilayer structure into the surrounding media or vice versa.

The first condition is formally represented by the fact that the modulus of expres-
sions (2.13) and (2.16) does not depend on y. This is equivalent to the requirement that
the quantities £jj, &,b and Nzj to do not depend on vy.

The fact that there is no field radiated from the multilayer structure into the surround-
ing media or vice versa can be formally satisfied by requiring that the z component of the
normalised wave vector be a pure imaginary number for both j = 0and j = M + 1 Ac-
cording to Eq. (2.14), this implies some restrictions that have to be applied to the substrate
and superstrate refractive indices, namely no < Ny and um+i < Ny. It will be shown
later in this section that the self-consistent solution to equations (2.19) cannot be found un-
less Ny < max{ni,n2,... ,nM}- When these two relations are combined, the second part

a4



22. THEORY OF ABSORPTION-BASED SENSORS E. Polerecky

of the definition of a guided mode implies that there must exist at least one layer in the
multilayer system whose refractive index is greater than both the refractive indices of the
substrate and superstrate. This layer is usually called the guiding layer.

According to (2.13) and (2.16), the fact that inequalities no < Ny and um+i < Ny are
required implies that the field in the substrate and superstrate is described either by an
exponentially increasing or exponentially decreasing function. The former is not acceptable
from the physical point of view, as it would result in the electromagnetic field carrying
an infinite amount of energy. The latter is acceptable and it is commonly referred to as the
evanescent field. To guarantee that the exponentially increasing terms in (2.13) and (2.16)
are identically zero, the corresponding vectors Ao and Aa/+i must be written as

Ao = [0,£0s- ?0,
(2.24)

Am+i= [Em+is+? 0, Em+ip+,0]

When the equations (2.19) are applied recursively, one can derive the following relation
between the vectors Ao and Am+i*

AO0= Lm+iAm+i, (2.25)
where the matrix Lm+i can be calculated from the definition
Li=D"D.P-1...D]_1P -\D ~"1D1 (2.26)

upon the substitution j = M -1-1. In this definition, Lo = 1 is considered.

As can be seen from (2.21) and (2.22), the matrices Dj and Pj have a block form. This
form is also taken by the matrix Lj. When Eqgs. (2.24) and (2.25) are combined and the block
form of the matrix Lm+i is taken into account, the following set of equations is obtained:

0 = E£lI,M+]l E£m+1ls>

£0,5- = ¢(2L,M+lEm+1st> (2 27)
0 = 133M+l £Em+1P+5

M3 M+ £m+1p+*

"T

This is a set of four equations from which four unknowns, namely the magnitudes of the
field in the substrate (£a/+i>s]|, £m+i,p+) and the superstrate (£0,s-? £0,p-)> can be found.
Once they are known, they can be substituted into (2.24) and used in the evaluation of all
remaining complex amplitudes comprising the vectors Aj defined in (2.20). This is done by
recursively applying (2.19), which leads to equation

Aj = LJIL M+1A M+1. (2-28)

As follows from the definition (2.26), the matrix Lm+i depends on Ny, the optical (no,
.., um+i) and geometrical (t\, ..., ¢m) parameters characterising the multilayer system and
the wavelength Aof the electromagnetic wave. As follows from simple algebra, a non-trivial
solution to the set of equations (2.27) can be found only when

En,M+i(Ny; A;n0, ... ,nM+i;*i, eee>*Af) = (, A
£33, M+iW;A;n0,eee, nM+i;*i, eee *m) = 0
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is satisfied. Subsequently, the values of : » - .-+ and £m+ij>+ can be chosen arbitrarily and
the values of £0,5- and £o,p- can be obtained from the second and fourth equations in (2.27),
respectively.

Equations (2.29) represent the conditions for which the guided modes exist. They provide
implicit equations from which the y component of the normalised wave vector, called the
propagation constant, can be calculated for given values of Aand the optical and geometrical
parameters of the multilayer structure. As follows from (2.27), the first and second equations
in (2.29) provide the propagation constants for the s and p polarised guided modes, which
are denoted by Ny and Njj, respectively.

superstrate (n0)

Figure 2.4: An example of a guided mode supported by the multilayer structure. The guided
mode represented by a ray propagating along the waveguide structure in a "zig-zag” manner. The
angle ,m denotes the propagation angle of the guided mode characterised by the order m.

In the description of the guided modes, it is convenient to consider a geometrical repre-
sentation. Namely, the guided modes can be represented by a ray of light (or a light beam)
which propagates along the guiding layer3 in a “zig-zag” manner, as shown in Fig. 2.4. The
rays can be characterised by two complementary angles. The first one is called the propaga-
tion angle Og, which is the angle between the ray and the axis of the waveguide structure.
The second angle, which will be referred to as the incident angle Og, is the angle at which the
light beam impinges onto the interface of the guiding layer and the neighbouring layer. The
incident angle is related to the propagation angle by Og = 90° —O0g, as shown in Fig. 2.4.

The relations between the propagating or the incident angles and the propagation constant
can be written as

st Ga= %E/ €0S 60 — — (2.30)

ng

where the subscript g refers to the guiding layer, i.e., ng = max{ni,..., um}- These equations
provide a relation between the two interpretations of the guided modes, namely between
the wave interpretation, which is characterised by the propagation constant Ny, and the
geometrical interpretation characterised by the propagation (0g) or incident (6g) angle.

2.2.3 Numerical examples

In this section, numerical examples are provided to demonstrate the theory developed in
Secs. 2.2.1 and 2.2.2. In the model structure used in the numerical analysis (see Fig. 2.2),

3The reason why the guiding layer is chosen will become clear from the analysis below.
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parameters that are common in the laboratory where this research was conducted are consid-
ered. The numerical values were obtained from a self-developed code written in Maple and
Matlab.

The multilayer structure under consideration consists of two layers, i.e., M = 2. It
comprises a glass guiding layer of refractive index ng = 1.515 coated with a thin sol-gel layer
of refractive index ns = 1.43. Due to the fact that the sol-gel layer is assumed to be doped
with the analyte sensitive reagents, which will be taken into account later in this chapter, it
will be referred to as the sensing layer. The structure is surrounded by air (na = 1.0) on one
side and by air or water [nw = 1.33) on the other side (above the sensing layer).

The thickness of the sensing layer used in the following calculations is ts = 0.8 /;m, which is
a typical value for a sensing layer deposited by the dip-coating technique. For demonstration
purposes, the thickness of the guiding layer is considered to be tg = 3/;m. The wavelength
of the interrogating light is A= 543.5nm, which corresponds to the green He-Ne laser. The
parameters are summarised in Table 2.1.

parameter value parameter value
no na=1.0 no T = 1.33
n\ ns = 143 n\ ns= 143
n2 ng = 1515 n2 ng= 1515
n3 na= 1.0 n3 na= 10
ol ts = 0.8/im h ts = 0.8/im
2 tg = 3/xm 2 rg = 3/im
A A= 543.5nm A A= 543.5nm
(a) (b)

Table 2.1: Parameters used in the numerical examples. Tables (a) and (b) correspond to the
situations where the sensing layer is covered by air and water, respectively.

Guided modes

Firstly, the process of finding the guided modes is demonstrated. In this case, the process in-
volves locating such values of the propagation constants Ng and Ny that the equations (2.29)
are satisfied. In this example, the geometrical interpretation of the guided modes is used and
so the matrix elements4 ¢ 11,3 and 1/333 are plotted as a function of the propagation angle 9g.
The graphs corresponding to the sets of parameters in Table 2.1 are shown in Fig. 2.5.

It can be seen from the graphs that the lines intersect the x axis only at angles within the
angular range 6g G (0°, 0e9). Here, Q9 is the critical angle corresponding to the interface of the
guiding layer and the higher refractive index medium surrounding the waveguide structure,
referred to as the environment, i.e.,

9® = 90° - 90g = arccos(ne/%), (2.31)

4Note that M = 2 and thus M + 1= 3 in this analysis.
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where

ne —max{no,nM+i},

ng = max{ni, ri2,..., um}-

E. Polerecky

(2.32)

Considering (2.30), this angular restriction on the propagation angle 9g is equivalent to the
restrictions applicable to the propagation constant Ny, which can be written as

O [deg]

ne <Ny < ng.

0g [deg]

(b)

(2.33)

Figure 2.5: Examples of the matrix elements L n (3 (solid line) and £ 33,3 (dashed line) as a function
of the propagation angle 9g. The graphs (a) and (b) correspond to the set of parameters (a) and (b)
in Table 2.1, respectively.

(d mode 9§,m

3.1640
6.3324
9.5080
12.689
15.864
18.965
21.607
23.456
26.054
28.886

O©CoO~NOOUTP~rWNPRERL O

Og,m

3.225
6.453

9.685
12.917
16.127
19.230
21.838
23.865
26.511
29.363

mode

10
1
12
13
14
15

9§,m
31.506
34.298
37.410
40.573
43.708
46.991

élm
32.133
35.029
38.119
41.273
44.444
47.493

(b) mode

©Co~NOoO UL~ WNRE O

00,m
3.1640
6.3324
9.5080
12.689
15.863
18.954
21.448
23.138
25.742
28.139

9im
3.2251
6.4532
9.6853
12.916
16.125
19.209
21.609
23.444
26.038
28.356

Table 2.2: Values of the propagation angles of the guided modes supported by the waveguide
structures characterised by parameters in Table 2.1. The values are found by numerically solving
equations (2.29). The tables (a) and (b) correspond to the waveguide structures characterised by
parameters listed in Table 2.1(a) and (b), respectively.

This is also equivalent to the fact that the incident angle 9g has to lie within the angular

range

0g € (0%9,90°).
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For the particular values used in this example, O%g = Oc9 ~ 41.3° (6e9 = Oc9 ~ 48.7°) and
09 = @™ ~ 61.4° (#cy = &c9 « 28.6°) for the structures characterised by the parameters
listed in Table 2.1(a) and 2.1(b), respectively. The propagation angles corresponding to the
guided modes of these structures are listed in Table 2.2.

Field distribution

After the propagation constants (angles) of the guided modes have been found, the corre-
sponding electromagnetic field can be calculated. In the following analysis, the distribution of
the quantity \E(r)\2 is of more interest than the profile of the components of the vectors E(r)
or H(r). The reason will become clear in the next section where the waveguide structure
with absorbing materials will be analysed.

Figure 2.6(a) shows the field profiles \E{z)\2 corresponding to three particular guided
modes (m = 2,6,13) supported by the waveguide structure characterised by parameters
in Table 2.1(a). The values of the corresponding propagation angles Og’'m are given in Ta-
ble 2.2(a). Similar graphs are plotted in Fig. 2.6(b) for the structure described in Table 2.1(b)
and the modes m — 1,6,8. In the graphs, SL and GL denote the sensing and guiding layers,
respectively.

z [um] z Dim] z [um]
1 0 1 2 3 4 5 1 o] 1 2 3 4 5 1 0 1 2 3 4 5
z [um] z [nm] z [jim]
®)

Figure 2.6: (a) Profiles of \E\2 corresponding to the guided modes supported by the waveguide
structure characterised in Table 2.1(a). The graphs (1), (2) and (3) correspond to the modes
characterised by m = 2, m = 6 and m = 13, respectively, (b) Profiles of \E\2 corresponding to
the guided modes supported by the waveguide structure characterised in Table 2.1(b). The graphs
(1), (2) and (3) correspond to the modes characterised by m = 1, m = 6 and m — 8, respectively.
In all graphs, the blue and red lines correspond to the s and p polarised modes, respectively.
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As can be seen from the graphs in Fig. 2.6, the electromagnetic field of the guided mode
is described by a periodic function within the guiding layer (GL) and by an exponentially
decreasing function in the surrounding media. This is in agreement with the definition of the
guided modes discussed in Sec. 2.2.2.

The behaviour of the electromagnetic field in the sensing layer (SL) varies when dif-
ferent values of m characterising the guided modes are considered. For the modes with
sufficiently low values of the propagation angle Qm, the field in the sensing layer is exponen-
tially decreasing with increasing distance from the SL/GL interface, as shown in graphs (1)
in Fig. 2.6. This is due to the fact that the corresponding incident angle @m = 90° —
Og,m is greater than the critical angle of the SL/GL interface, which is given by 0sg =
arcsin(ns/ng). This corresponds to the so-called evanescent-wave sensing mode of the sensor
operation [2, 3, 4, 5, 6, 13, 14, 15, 16, 17, 18]. This name originates from the fact that the field
in the sensing layer is described by an evanescent wave. As can be seen from the graphs (1),
the values of the field in the medium above the sensing layer are negligible compared to other
regions of the waveguide structure in this sensing mode.

The field in the sensing layer has a different character when the propagation angle of the
guided mode is slightly greater than 90° —O0sg, or, equivalently, when the incident angle is
slightly lower than the critical angle 6sg. This is valid for example for the mode characterised
by m = 6, whose field profile is plotted in the graphs (2) in Fig. 2.6(a). It can be seen that
the field in the sensing layer exhibits a peak whose magnitude is somewhat greater than the
magnitude of the field distribution in the guiding layer. This enhancement of the field within
the sensing layer will be of particular interest in the next section where the sensitivity of the
absorption-based optical sensor is analysed.

The number of peaks of the field distribution in the sensing layer is increased when the
values of the propagating angle of the guided modes are sufficiently greater than 90° - Oc9.
This corresponds to greater values of m, such as m = 13 or m = 8, for which the field profiles
are shown in graphs (3) in Fig. 2.6. As can be seen, the magnitude of the field distribution
in the sensing layer is approximately the same as in the guiding layer. Furthermore, the
magnitude of the evanescent field in the medium covering the sensing layer is increased for
these modes.

2.2.4 Analysis of the output of the absorption-based sensor

As mentioned in Sec. 2.1, the operation of the absorption-based optical sensor is based on
the principle that the sensing layer is absorbing and its absorption coefficient is a function of
the analyte concentration ca- Up until now, all the media comprising the waveguide system
were considered to be lossless. From now on, some of the layers comprising the waveguide
structure are considered to be absorbing. A typical example could be the two-layer system
analysed in the previous section, where the absorption coefficient of the sensing layer (SL)
depends on the analyte concentration. In the following analysis, only one absorbing, i.e.,
sensing layer is considered, since the generalisation to more absorbing (sensing) layers is
rather straightforward. The quantities related to this layer will be denoted by a subscript s.

Based on the general electromagnetic theory, it follows that the absorbing properties of
a medium can be formally represented in such a way that the refractive index, describing
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its optical properties, is changed to a complex number [8]. In the case of the sensing layer,
this is represented by changing its refractive index from ns to ns where ns denotes the
so-called extinction coefficient, which is related to the absorption coefficient as introduced in
Sec. 2.1 by

a, = - (2.35)

The extinction coefficient depends, via the absorption coefficient, on both the wavelength
and the analyte concentration, i.e., ks = «s(A,c”). Due to Kramers-Kronig relations, the
variation of ks with ca implies that the real part of refractive index of the sensing layer, ns,
varies with the analyte concentration as well. In the following analysis, however, only the
so-called weak absorption case will be considered. This approximation is valid when the
relation ks <C ns is true. Furthermore, the real part of the refractive index of the sensing
layer will be considered to be constant, since its variation due to the analyte concentration
can be neglected in the weak absorption approximation.

Due to the refractive index of the sensing layer being complex, the situation in the waveg-
uide structure considered previously (see Sec. 2.2.1 and 2.2.2) is changed. In particular, the
distribution of the electromagnetic field across the waveguide structure is modified, and the
energy carried by the guided mode decreases as the guided mode propagates along the waveg-
uide. The following analysis focuses on how these phenomena establish the functionality of
the absorption-based optical sensor.

in-coupling absorbing (sensing) layer out-coupling
element | analyte (cA | | element

output signal
V=V(cA

Figure 2.7: A detailed schematic diagram of a general absorption-based optical sensor employing
planar multimode waveguide platform. See text for further details.

The detailed schematic diagram of a general configuration of the absorption-based optical
sensor is shown in Fig. 2.7. Light from the light source is coupled into the guided modes of the
waveguide structure. While propagating along the structure, the light interrogates the sensing
layer resulting in attenuation of the energy carried by the guided modes. Subsequently, the
light is out-coupled and detected by a photodetector. The signal from the photodetector is
transformed by the electronic circuit to a form which is suitable for acquisition and further
processing.

To establish an expression for the output signal v (ca) of the sensor system, the following
quantities describing the function of the parts comprising the sensor system are defined. The
optical power of the electromagnetic wave generated by the light source is denoted by Pin.
A fraction of this energy, characterised by the in-coupling efficiency 7in, is coupled into
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a particular guided mode. The attenuation of the energy carried by this mode is described
by the attenuation factor T, which depends on the length L along which the light interrogates
the sensing layer (see Fig. 2.7). The light is out-coupled from the waveguide structure with
an efficiency characterised by 70ut- The photodetector together with the electronic circuit
converts the output energy denoted by Pout into the final output signal. This step can be
characterised by the conversion factor jec and by an additional off-set introduced by the
electronics circuit, denoted by Vqg. Consequently, the output signal of the sensor system can
be written as

V {ca) = P\ny\nT{CAi L) 7out7ec “t" ~0- (2.36)

In this expression, it is already assumed that the only quantity that depends on the analyte
concentration ca is the attenuation factor T. This is a rather strong assumption, as it might
not necessarily be satisfied in some practical situations. For example, when the variation
of the real part of the sensing layer refractive index is considered, the in and out-coupling
efficiencies could vary with the analyte concentration if they are based on elements such as
grating couplers [19, 20, 21, 22, 23, 24, 25]. However, these effects are not considered as they
would go beyond the scope of this analysis.

2.2.5 Sensor resolution, sensitivity and limit of detection

The general expression for the sensor output as a function of the analyte concentration
is described by Eq. (2.36). In the area of chemical sensing, the performance of a sensor
system is often quantified by the so-called sensor resolution p, sensitivity S and limit of
detection LOD [26].

In every real sensor system, the output signal is limited by a level of uncertainty, which
can be characterised by the signal standard deviation AV, i.e.,, V(ca) = V(ca)x AV\ In this
expression, V(ca) denotes the mean value of the output signal at a given value of the analyte
concentration. This uncertainty is due to the electric noise introduced by the light source,
photodetector and the electronic circuit. Consequently, by measuring the output signal, the
analyte concentration can also be determined only with a certain level of uncertainty. If this
uncertainty is characterised by the standard deviation Aca, the concentration of the analyte
can be expressed as ca = (U + Aca- The sensor resolution is defined as three times the level
of uncertainty with which the analyte concentration is determined, i.e., p = 3Aca-

The mean values of the sensor signal and the analyte concentration are related by V (ca) =
V(ca)* Furthermore, the relation between the deviations of the signal and the concentration
can be approximated by dV/dca = AF/Aca, provided that the signal standard deviation is
much smaller than the signal mean value.5 Consequently, the standard deviation Ac” and
thus the resolution p(ca) can be calculated as

A
p(ca) = 3ACA=3 y (2.37)
Sy -
In this equation, S(ca) denotes the sensor sensitivity which is defined as the rate at which

5The condition AV dCV is the primary requirement on a well-working sensor system and therefore can be
assumed to be always fulfilled.
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the sensor output varies with the analyte concentration, i.e.,
S(CA ="~ 0 . 2.38
( dcA ( )

As indicated by ca in its argument, the sensitivity can, in general, depend on the analyte
concentration. This is obviously a consequence of the fact that the output signal v (ca) can
be described, in general, by a non-linear function of ca.

The limit of detection, which is another widely used parameter characterising the perfor-
mance of the sensor system, is defined as

LOD = p{cA = 0). (2.39)

This parameter is relevant only in applications where the range of interest of the analyte
concentration starts at ca = 0. In applications where the minimum analyte concentration is
non-zero, the sensor resolution defined in (2.37) is used instead.

As follows from equations (2.37) and (2.39), the sensor resolution and the limit of de-
tection are indirectly proportional to the sensor sensitivity S. Therefore, to maximise the
sensor performance, it is necessary to maximise the sensitivity and minimise the noise levels
represented by the signal standard deviation AV.

Using the expression (2.36) for the output signal, the sensitivity can be calculated as

S(CA) = PinTinToutlecd ~_ ’- -. 2.40
(CA) A (2.40)

This expression implies that the optimum sensing performance is obtained when the partial
derivative of the attenuation factor T reaches maximum. In the following section, the expres-
sion for the attenuation factor is derived and the conditions for which the sensor performance
is optimised are identified.

2.2.6 Weak attenuation of the guided modes

The attenuation factor of a guided mode is derived by adopting the perturbation theory. The
refractive index of the sensing layer (SL) is considered in the complex form ns+ iKs. The ap-
proximation of weak absorption is equivalent to the assumption that ks < n s. Consequently,
the function n2(r) in the Helmholtz equation (2.4) has to be changed to n2(r) +6n2(r), where
the perturbation 8n2(r) is given by

2inske  for r GSL,
(2.41)

0 elsewhere.

Due to this perturbation of the profile of the refractive index, the distribution of the electro-
magnetic field in the waveguide structure is modified. If the modified vector of the electric
intensity is denoted by E (r), it can be found by solving the modified Helmholtz equation

(n0{r) + 6H{r))E{r) = 0. (2.42)

In this equation, 'Ho(r) = A + k2n2(r) is the original (non-perturbed) Helmholtz operator
and S7~L(r) = ko8n2(r) represents its small perturbation.
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As follows from the expression (2.13) for the electric field in the jth layer and from Snell’s
law (2.23), the distribution of the original field in the waveguide structure can be written in
a factorised form

E(r) = E(z) exp[ikONyy]. (2.43)

In this expression, E(z) denotes the field profile across the waveguide structure (see for
example Fig. 2.6) and the exponential term represents the propagation of the field along the
waveguide with the propagation constant Ny. It is assumed that due to the attenuation in
the sensing layer, the propagation of the guided mode along the waveguide is attenuated.
This attenuation can be formally represented by the propagation constant being a complex
number. Furthermore, only the first order perturbation is assumed in the following derivation.
This is equivalent to the assumption that the profile of the electromagnetic field is not altered
by the small perturbation of the refractive index given by (2.41). Consequently, the modified
electric intensity of the guided mode can be written as

E(r) = E(z) exp[ikONyy], (2.44)

where Ny denotes the modified propagation constant. Ifthis expression is substituted
into (2.42), the modified Helmholtz equation can be rewritten in the form

(Ho{z) +sn(z))E(z) = N*B(2), (2.45)
where

+n2W

and
8ii(z) = Sn2(z).

The value of the modified propagation constant Ny can now be calculated from (2.45). As
follows from (2.4), the vector E(z) is the eigenvector of the operator Hq(z), i.e., HqQ(2)E(z) =
NyE(z). Multiplying equation (2.45) by E*(z) and integrating over the entire waveguide
structure results in the following expression for the modified propagation constant:

N2= N2+ 2insKs? s, (2.46)

where the confinement factor Ts is defined as

r \E(z)\2dz
Ts = . (2-47)
/ \E(z)\2dz
- (

This factor represents the fraction of the total power of the electromagnetic field propagated
along the (non-absorbing) waveguide that is confined in the absorbing (sensing) layer.
It is assumed that the propagation constant is modified in such a way that it can be
written in the form
Ny = Ny +iNYV, (2.48)

i.e.,, that the introduction of non-zero absorption in the sensing layer results in such a shift
of the original value Ny in the complex plane that the real part remains unchanged. This
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assumption is valid in the weak absorption approximation. Comparing the equations (2.46)
and (2.48) and neglecting higher-order terms, the imaginary part of the modified propagation
constant can be written as

Taking into account equation (2.44) and considering that the power carried by the guided
mode is calculated as [1, 8, 27]

p{V)(X / [ [ |E(r)|]2d3r’
the attenuation factor T, which is defined as the ratio between the power at a distancey = L
and that at y = 0, can be written as
T(ca,L) = P(L)/P(0) = exp[-7(cA) L] (2.50)
In this equation, the attenuation coefficient 7 (04) is given by
7(cA) = 2kON'Yy. (2.51)

As mentioned in Sec. 2.2.4, the generalisation of the above formalism to morethan one
absorbing layeris rather straightforward. In principle, the derivationwould proceed in the
same manner as described above. The difference would occur in the form of the perturba-
tion SH(z), which would be written in a more general form:

2ins\Ks\  for z G SLi,
2inK2  for 2 GSL2,
OU(z) = Sn2(z) = < (2.52)
2i tisnksn for z € SLn,
0 elsewhere,

where N denotes the total number of sensing layers. Consequently, the imaginary part of the
propagation constant would take a more general form (cf. (2.49))

1 N
Ny = ngKsjJ-g, (2.53)
yj=t

where the confinement factor of the jth sensing layer is defined as

[ \E(z)\2dz
fsj = . (2-54)
! \E(2)\2dz
J —00
The expressions (2.50) for the attenuation factor and (2.51) for the attenuation coefficient
would remain unchanged.
This approach of multiple sensing layers is useful when either the real or imaginary part of
the refractive index of the sensing layer is inhomogeneous. This is relevant in situations where,
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for example, the diffusion of the analyte into the sensing layer is of concern. In that case, the
sensing layer could be divided into N sublayers, each being homogeneous and characterised by
the appropriate complex refractive index nsj + iksj (see (2.52)). If the number of sublayers
is sufficiently large, the formalism developed above (see Egs. (2.50-2.54)) would produce
results that would appropriately describe the attenuation of the electromagnetic energy in
such a waveguide structure.

Having the expression (2.50) for the attenuation factor T, the sensitivity defined in (2.40)
can be analysed in more detail. Firstly, equations (2.49-2.51) are substituted into the ex-
pression (2.40). After some simple manipulations, the sensor sensitivity can be rewritten in

the form

T
${ca) = —fin7in7out7ec Sas —exp <L (2.55)
; N1

where the parameter £ takes the form
£ = nsas (2.56)

and the relative sensitivity Sa3 of the medium comprising the sensing layer is given by (2.3).
Equation (2.55) is the fundamental expression derived in this section. It provides a formal
expression for the sensitivity of the absorption-based sensor employing a thin sensing film
deposited on a planar waveguide structure (see Fig. 2.7). It contains all quantities relevant
to the description of the sensor unit. In the following section, a number of aspects of this
formula will be discussed.

2.2.7 Numerical analysis of sensor sensitivity

Expression (2.55) implies that the sensitivity of the absorption-based sensor has a number
of contributions, each originating from different parts of the sensor system. The influence
of the particular geometrical configuration of the sensor system is represented by the fac-
tor Pin7in7out- The geometrical configuration also determines the value of the propagation
constant Ny, i.e., it dictates which mode (or a set of modes) is excited in the waveguide
structure to facilitate the interrogation of light with the sensing layer. The *“quality” of the
interrogation provided by this mode is quantified by the confinement factor Ts.

The location of the parameter L in the expression for S(ca) suggests that when the
argument of the exponential factor is sufficiently small, the sensitivity is proportional to L.
This means that the sensitivity of the absorption-based sensor can be increased by providing
longer interaction length, which is commonly used in absorption-based sensors employing
fibre optics and the evanescent-wave absorption [3, 13, 15, 28]. However, this increase in
sensitivity is not unlimited. In particular, due to the exponential factor, the sensitivity starts
to decrease after some critical interaction length has been reached. This length can be easily
calculated from (2.55), provided that all the particular values of the involved parameters are
known.

The sensitivity of the sensor system is proportional to the relative sensitivity So. of the
medium comprising the sensing layer to the changes in the analyte concentration. This is
reasonable because a greater response of the sensor system is expected if the sensing medium
itself responds to the concentration changes with greater magnitude.
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Formula (2.55) also suggests that when the product fL is small, e.g., for a very weak
absorption as or a very short interaction length L, the sensitivity is proportional to the ratio
between the confinement factor Ts and the propagation constant Ny of the mode providing
the interrogation [1]. This is also understandable, since greater sensitivity can be expected if
the amount of interrogating light confined in the sensing layer is larger. To provide a better
understanding of the properties of the confinement factor, the following discussion focuses
on the analysis of a number of numerical examples. The results were obtained from a self-
developed code written in Matlab.

Confinement factor

Since the multimode waveguide platforms are of main interest in this work, the thickness
of the guiding layer is chosen sufficiently large to fulfill this requirement. The following
analysis focuses on the distribution of the confinement factor among the guided modes of the
multimode waveguide structure. The structures under consideration are the same as those
analysed in Sec. 2.2.3. Their optical and geometrical parameters are summarised in Table 2.1.

Firstly, it is shown that the distribution of the values of the confinement factor among
the guided modes does not significantly depend on the thickness tg of the guiding layer. To
demonstrate this important property of Ts, two values of tg are considered in this example,
namely tg = 5fim and tg= 25/;m.

50 60 70 80 50 60 70 80
incident angle O [deg] incident angle O [deg]

Figure 2.8: Distributions of the values of the confinement factor Ts among the guided modes
of the waveguide structure. Lines correspond to the waveguide structure whose thickness of the
guiding layer is tg = 25 /xm, while symbols correspond to the situation where tg = 5/xm. Graphs
(@) and (b) correspond to the waveguide structures whose parameters are listed in Table 2.1(a)
and (b), respectively.

Figure 2.8 shows the distributions of the values of the confinement factor Ts among the
guided modes of the waveguide structure characterised in Table 2.1. Rather than using the
propagation constant Ny as the parameter characterising the particular guided mode, the
incident angle S? which is related to Ny by (2.30), is considered. The lines correspond to
the waveguide structure with tg = 25/;m and represent the distribution of Ts across the
quasi-continuous spectrum of the guided modes. The symbols correspond to tg = 5/im and
show how the confinement factor is distributed among the discrete modes.
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The insets of the graphs in Fig. 2.8 show that the confinement of the field inside the
sensing layer is generally greater when the thickness of the guiding layer is smaller. This is
understandable, since the thinner guiding layer provides less “space” to store the energy of
the electromagnetic field. This implies that a greater proportion of the optical energy can be
confined in the sensing layer.

Although the absolute values of the confinement factor depend significantly on the thick-
ness of the guiding layer, this is not true for its profile, i.e., for the normalised values Ts>
A very good agreement between the distributions depicted by lines (tg = 25/¢m) and symbols
(tg = 5fim) demonstrates that the profile of the distribution of Ts among the guided modes
does not change with the thickness of the guiding layer.

The graphs in Fig. 2.8 also suggest that particular modes exist whose confinement factor
is significantly greater than that for the rest of the modes. It is found that the incident angle
associated with these modes is slightly below the critical angle Osg of the SL/GL interface,
which is equal to 6sg & 70.7° for the particular parameters used in this calculation. These
modes were already mentioned in Sec. 2.2.3. It was pointed out that the field corresponding
to these modes (see Fig. 2.6, graphs (2)) has an enhanced magnitude in the sensing layer. Due
to this enhancement, these modes should exhibit greater values of the confinement factor,
which is clearly demonstrated in Fig. 2.8.

Sensitivity

The distributions of the sensitivity among the guided modes are shown in Figs. 2.9 and 2.10 for
the structures characterised by the parameters listed in Tables 2.1(a) and 2.1(b), respectively.
The distributions were calculated using equation (2.55). Similarly to the confinement factor,
the profile of the sensitivity does not significantly change with the guiding layer thickness.
This is demonstrated by a very good agreement between the profiles depicted by lines (tg =
25/im) and symbols (tg = 5/zm).

As follows from Eq. (2.55), the parameter plays a significant role in the evaluation of
the sensitivity. For example, for a very short interaction length L or a very weak absorption
of the sensing layer, the exponential factor in (2.55) can be approximated by unity and so
the sensitivity is proportional to the ratio Ts/Ny. This ratio is plotted in Figs. 2.9 and 2.10
by the solid line. It can be again concluded that those modes, whose incident angle 60pt is
slightly below the critical angle 0sg, exhibit significantly greater sensitivity than the rest of
the modes.

The situation changes when a non-zero value of the parameter is chosen. This is
demonstrated by the dotted (EL = 0.2), dashed (EL = 0.5) and dash-dotted (EL = 1) lines
in Figs. 2.9-2.10. These lines show that the enhanced sensitivity provided by these “more
sensitive” modes diminishes as the value of the product increases. This can be understood
from the point of view that the energy stored in these “more sensitive” modes is attenuated
faster than that for the rest of the modes (because there is mode energy confined in the
absorbing layer). After a certain critical propagation distance Lcis reached, the total amount
of energy carried by these modes becomes less than that of the other modes. Consequently, the
modes characterised by the incident angle 6 « Oopt (see Figs. 2.9-2.10) become less sensitive
for L > Lc. The critical distance Lc can be deduced from the analysis of Eq. (2.55), provided
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that all the remaining parameters are known. For the set of parameters used in this analysis,
Lc can be taken to be such that the critical parameter £LCis equal to approximately 0.5, as
indicated by the dashed line in Figs. 2.9-2.10.

It is important to emphasize that the value of the critical parameter £LCdepends on the
thickness of the guiding layer. This is due to the fact that the magnitude of the ratio Ts/Ny
depends on the guiding layer thickness, as discussed above. As the thickness of the guiding
layer increases, the absolute values of the ratio Ts/Ny decrease (but not the profile, as men-
tioned earlier), and so the critical value of the parameter £LCincreases. For these reasons,
the values of £LCconsidered in the calculations leading to the graphs in Figs. 2.9 and 2.10 are
not to be understood as absolute measures but only as parameters suitable for the numerical
demonstration of the features discussed above.
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Figure 2.9: Distributions of the values of sensitivity 5 among the guided modes of the waveguide
structure. Lines correspond to the waveguide structure whose thickness of the guiding layer is tg =
25/im, while the symbols correspond to the situation where tg = 5/Ltm. Graphs (a) and (b)
correspond to TE and TM polarisations of the interrogating light, respectively. The parameters
characterising the structure are listed in Table 2.1(a). Different types of lines correspond to different
values of the parameter £L, as shown in the legend.
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Figure 2.10: The same as in Fig. 2.9, except the parameters characterising the structure are listed
in Table 2.1(b).
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2.2.8 Sensitivity of the sensor system based on ray optics

In the previous sections, the sensitivity of the waveguide system under consideration was
analysed using a rigorous electromagnetic theory. The analysis was built on the description
based on electromagnetic waves. It was shown that the confinement factor, which describes
the fraction of the electromagnetic energy stored within the sensing layer, played a funda-
mental role in the quantitative description of the sensitivity of the absorption-based sensor
system.

The procedure which enables one to calculate the confinement factor for an arbitrary
waveguide structure is rather complicated and requires several steps. Specifically, the com-
plete set of guided modes has to be found and the field distribution for each mode has to be
evaluated. Subsequently, the integration of the field across the waveguide structure has to
be performed which provides the quantities necessary for the evaluation of the confinement
factor. If this procedure was to be kept rigorous for every waveguide structure, it would be-
come more elaborate and time consuming, especially for the structures with thicker guiding
layers, i.e., those with greater number of guided modes.

It was shown that the profile of the confinement factor across the guided modes does not
vary significantly with the thickness of the guiding layer. This is rather fortunate as it enables
one to evaluate the profile for a structure with a relatively low number of modes, e.g., 50-100,
and then to use the characteristic features of the profile for structures with a much greater
number of modes. This section shows that there is another, much simpler and faster way of
obtaining the profile of the sensitivity among the guided modes, which is especially useful
for highly multimode waveguide structures. It is based on the analysis of reflectivity of the
part of the waveguide structure containing the absorbing (sensing) layer. This approach is
closely related to the ray model of the electromagnetic field propagation along the waveguide
structure.

As shown in Fig. 2.7, the propagation of the electromagnetic field along the waveguide
structure can be depicted by a ray of light propagating in a “zig-zag” manner. A detailed
diagram illustrating the reflection of the beam from the part of the structure containing the
absorbing (sensing) layer is shown in Fig. 2.11. The original multilayer system consisting
of M layers is divided into three parts—the guiding layer itself, i.e., the layer with the largest
refractive index, the multilayer system | containing the absorbing layer, and the multilayer
system Il. The light beam of intensity Im interrogates the multilayer system | at the incident
angle 0 and is reflected. If the reflectivity of the multilayer system 1| is denoted by R(0), the
output intensity of the reflected beam can be written as 7out = R(0)I[n.

Reflectivity

The reflectivity R(0) of the multilayer system | can be obtained using the same matrix
formalism that was used for finding the guided modes (see Secs. 2.2.1-2.2.2). The field in the
guiding layer is decomposed into the s and p polarised waves propagating both up and down,
i.e.,, in the negative (-) and positive (+) z directions, respectively. If their corresponding
magnitudes are denoted by £¢,s:x and £4,0+, Where the subscript g refers to the guiding layer,
the vector A g (see Eqg. (2.20)) can be written as

Ag = [E9,0) (2.57)
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sensing (absorbing)
multilayer system | layer

interrogating beam

\ guiding layer
multilayer system Il

Figure 2.11: A detailed diagram of the beam interrogating the part of the waveguide structure
(multilayer system 1) containing the absorbing (sensing) layer.

The field in the surrounding medium is described by an exponentially decreasing function,
and so the vector A gcan be written in the same way as in (2.24), i.e.,

60 = [0.E(m ->0A p-1T (2.58)
These vectors are related by an equation similar to (2.25), i.e.,
w8 = LgAg, (2.59)

where the matrix Lg is obtained from Eg. (2.26). When the matrices Dj and Pj, which are
respectively defined in (2.21) and (2.22), are evaluated for the absorbing layer, i.e., forj = s,
the complex refractive index of the absorbing layer, i.e., ns+iks has to be taken into account.

The reflectivity of the multilayer system | can be easily obtained from Eqgs. (2.57-2.59).
After some simple manipulation, the reflection coefficients for the 5 and p polarised waves
can be written as

¢ 3,12
"9« Lo.H (2.60)
E».P+ _ Lg,34

rP= Lg,33

Consequently, the reflectivities of the s and p polarised waves/rays, which are defined as the
square of the modulus of the reflection coefficients, can be calculated from

Rs = |r Rp — \rp\ (2.61)

Sensor sensitivity

With reference to Fig. 2.7, the light beam interrogates the sensing layer v times along the
interaction length L. Using simple geometry, the number v of reflections can be approximated
by

L (2.62)
2tgtan 6

where 0 is the incident angle of the light beam, tg is the thickness of the guiding layer (see
Fig. 2.11) and [X]" represents the value of x rounded up to the nearest integer number.
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Due to the fact that after each reflection the power carried by the beam is attenuated by
the factor R, the attenuation factor T considered in Eq. (2.36) can be written as

Tray = RV. (263)

The subscript ‘ray’ is associated with the fact that the expression for the attenuation factor
is based on ray optics. Substituting this expression into (2.40), the sensitivity of the sensor
system based on ray optics can be written as

dR

Sray{cA) C* Sa3L "Tray (2.64)

tant
The negative sign originates from the fact that the derivative dR/dns is always negative.
Equation (2.64) represents the ray-optics equivalent to Eq. (2.55).

Equations (2.55) and (2.64) provide formal expressions for the sensitivity of the absorption-
based sensor which are based on the wave and ray descriptions of thesensoroperation, re-
spectively. Inorder to compare these twoexpressions directly,equation (2.55) needs to be
rewritten. Considering that the attenuation factor T is given by (2.50), S(ca) based on the
wave approach can be written as

$wave(c/l) ~SaslL Twave T (2.65)
y

Consequently, the sensitivity of the sensor system can be formally written as

‘S'app(cA) OC~Sas -"TappQappj (2.66)

where the subscript “app” is equal either to “ray” or “wave”, depending on which approach
to the description of the sensor operation is opted for. The quantities Qapp in (2.66), are
defined as

OR
_ A and wave = 2.67
Qray D K tan?9 Q ¢ Ny ( )

as follows from the comparison of Eqgs. (2.66), (2.64) and (2.65). The attenuation factors 7"ay
and 7wave are given by (2.63) and (2.50), respectively.

A comparison of expressions (2.55), (2.64), (2.65) and (2.67) implies that the sensitivity
of the sensor is proportional to the quantities Qray and Qwave when the ray and wave-based
approaches to the sensor operation are considered, respectively. When a short interaction
length L and weak attenuation in the sensing layer are considered, the value of the param-
eter in (2.55) is small and consequently the exponential factor can be approximated by
unity. Similarly, a short interaction length implies that v can be considered to be equal to
unity and weak absorption guarantees that 7%ay ~ 1 holds very well. Combining both of
these assumptions, the sensor sensitivity is found to be proportional to the quantity Qapp.
In particular, the angular dependence of the sensitivity is determined directly by the angular
dependence of the quantity @app.

To check this conclusion, the angular distributions of Qray and Qwave are plotted for the
structure characterised in Table 2.1(a). The results are shown in Fig. 2.12. It can be seen
that the angular distributions of Qray and Qwave are in excellent agreement. This agreement
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Figure 2.12: An example of the angular distributions of the quantities Qray and Qwave defined
in (2.67), both for s and p polarised light. The distributions were calculated for the waveguide
structure characterised in Table 2.1(a). In the evaluation of Qray, the reflectivity R and its
derivative dR/dK's were calculated using the value k8 = 0.001.

justifies the consistency between the ray and wave approaches to the analysis of the sensor
performance in the approximation of short interaction length and weak absorption.

The quantitative results provided by (2.66) and (2.67) differ when longer interaction
lengths or greater absorption in the sensing layer is considered. This is demonstrated in
Fig. 2.13, where the angular distributions of the sensitivity based on the ray and wave ap-
proaches are plotted. The sensitivity calculated using the wave-based approach (Eq. (2.65))
is plotted by symbols. Different symbols correspond to different values of the parameter £L,
which is the product of the interaction length and the parameter £ characterising the absorp-
tion properties of the sensing layer (see (2.56)). The sensitivity calculated using the ray-based
approach (Eqg. (2.64)) is plotted by lines. Different lines correspond to different values of the
parameter v characterising the number of reflections of the interrogating light ray.
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Figure 2.13: A comparison of the angular distributions of sensitivity obtained either by the ray
approach (based on Eg. (2.64)) or the wave approach (based on Eg. (2.55)). The calculation was
performed using the parameters specified in Table 2.1(a). Graphs (a) and (b) correspond to S (TE)
and p (TM) polarisations of the interrogating light, respectively. In the evaluation of Sray, the
reflectivity R and its derivative dR/dK,s were calculated using the value k8 = 0.001.
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It can be seen that the ray-based sensitivity 5ray matches the wave-based sensitivity very
well if a small number of reflections and a small value of the parameter £L are considered,
as concluded above. However, for a greater number of reflections and greater values of
the discrepancies between the attenuation factors 7%ay and 7~ave become more pronounced,
which is reflected in the differences between 5ray and 5wave. This is evident from the graphs in
Fig. 2.13, where the lines do not follow the patterns given by the symbols very well, especially
for smaller incident angles.

Despite the discrepancies discussed above, the ray model provides a very good approxi-
mation for the sensitivity of the sensor system, especially when a small number of reflections
and weak attenuation of the sensing layer are considered. In the highly multimode waveguide
platforms, which are of main interest in this work, the number of reflections approximated
by (2.62) is always small and so the sensitivity of the sensor can be analysed by looking at
the properties of the quantity Qray defined in (2.67). This will be the focus of the following
section.

2.2.9 Numerical analysis of sensitivity based on ray optics

This section focuses on the numerical analysis of the quantity Qray for structures typically
used in the laboratory where this research was conducted (see Sec. 2.2.3).

A typical structure consists of a glass slide of refractive index ng = 1.515, which functions
as a thick waveguide platform. The slide is coated with a thin sol-gel layer of refractive
index ns = 1.43 4-;«s, which forms the sensing layer. By a standard dip/spin-coating depo-
sition technique, thickness values of the sol-gel layer in the interval 200-900 nm can be easily
achieved. In the numerical examples, two values, namely ts = 0.3/im and ts = 0.8/,m are
considered, the former representing a thin sensing layer, the latter a thick sensing layer. The
sensing layer is covered by air (na = 1.0) or water (nw = 1.33). The interrogating light is
firstly assumed to be monochromatic with wavelength A= 543.5nm. The light originating
from a broader band source, such as an LED, will be considered later in this section. The
parameters characterising the structure under consideration are summarised in Table 2.3.

parameter value parameter value
no na= 1.0 no na= 133
n\ ns = 1.43 + iks ni ns = 143 + iks
n2 ng = 1.515 n2 ng — 1.515
h t3 = 0.3 or 0.8/im h t8 = 0.3 or 0.8/im
A = 543.5nm A A= 543.5nm
(a) (b)

Table 2.3: Parameters used in the numerical example. Tables (a) and (b) correspond to the
situations where the sensing layer is covered by air and water, respectively.

Monochromatic light source

The angular distribution of the quantity Qray is shown in Fig. 2.14. To provide a better com-
parison of the distributions for the different thicknesses of the sensing layer, the normalised
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quantity Qmy/ts has been plotted. As can be seen from the graphs, the quantity Qray exhibits
a distinct peak at an optimum angle of incidence, which is denoted by Oopt,i- This peak is

incident angle 0 [deg] incident angle 0 [deg]
(@) (b)

Figure 2.14: Angular distributions of the quantity Qray defined in (2.67) for two different thick-
nesses S of the sensing layer. The graphs (a) and (b) correspond to situations where the sensing
layer is covered by air and water, respectively. The detailed description of the structure under
consideration is summarised in Table 2.3.

more pronounced and shifted closer towards the critical angle 6sg for thicker sensing layers.
The comparison of the solid and dashed lines suggests that the optimum sensitivity of the 5
(TE) polarised waves is slightly greater than that of the p (TM) polarised waves. The graphs
also demonstrate that the quantity Gray at the optimum angle OQot,i is significantly greater
than at angles greater than the critical angle Osg, especially for thicker sensing layers. This
suggests that in the sensor systems with a fewer reflections, the sensitivity can be reasonably
enhanced by adjusting the incident angle of the interrogating light to this optimum value
rather than employing the evanescent-wave sensing scheme.

Broad band light source

Until now, the light interrogating the sensing layer was considered to be monochromatic.
Although this is a good approximation for applications employing lasers as the light sources,
light emitting diodes (LEDs) are preferable sources in the sensor systems where the cost and
the overall dimensions are of concern [29]. LEDs are characterised by a broader emission
spectrum, with a typical bandwidth in the range of 50-100 nm. To demonstrate the influence
of the spectral width on the angular profile of the quantity Qray? sources with different spectral
characteristics are considered, as shown in Fig. 2.15.

The first source is an LED whose emission spectrum falls in the range of 540-640 nm and
reaches the maximum at 570 nm, as shown by the solid line. This spectrum corresponds to
a commercially available yellow-green LED. The second source has a hypothetical emission
spectrum ranging from 540 to 640 nm with uniformly distributed intensity, as shown by the
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wavelength A[nm]

Figure 2.15: Spectral characteristics of different light sources considered in the numerical analysis.
The dotted and solid lines correspond to the laser and yellow-green LED, respectively. The dashed
line corresponds to a hypothetical source with uniform spectrum in the range from 540 nm to
640 nm.

dashed line. For comparison, the monochromatic light of wavelength A = 570 nm (dotted
line) is also considered in the following analysis.

The evaluation of the quantity Qray for the broad band spectrum light source is performed
according to the following steps. Firstly, the distribution Qrgy{6,\) is evaluated for every
wavelength within the range of the source spectrum.6 Because the light originating from
the broad-band sources like the LED can be assumed to be incoherent, the total value of
the quantity Qwy(0) at the particular angle can be calculated as the weighted average of all
values Qray(#5A), with the weighting function being directly proportional to the spectrum of
the source, i.e., Qray($) oc f dA/(A)Qray(0, A), where 1(A) denotes the spectrum of the broad
band source.

incident angle 0 [deg] incident angle 0 [deg]

@) (b)

Figure 2.16: Examples of angular profiles Qray(0) calculated for the sources whose spectral char-
acteristics are depicted in Fig. 2.15. The graphs (a) and (b) correspond to the s and p polarisations,
respectively. The refractive indices characterising the structure are listed in Table 2.3(a). See text
for further details.

Figure 2.16 shows the comparison of the profiles of the quantity Qray(0) calculated for the

6In practice, the spectral range is divided into a large number of discrete wavelengths.
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sources whose spectral characteristics are depicted in Fig. 2.15. The graphs were calculated for
the structure whose refractive indices are summarised in Table 2.3(a). It is important to note
that the dispersion of the material refractive indices over the spectral range of wavelengths
was neglected in the calculation. This was assumed both for the real and imaginary parts of
the refractive indices. Although the latter case corresponds to a rather unrealistic situation
where the medium comprising the sensing layer has uniform absorption over the spectral
range of the source, the assumption is adequate to demonstrate the feature that will be
highlighted below. The thickness of the sensing layer used in the calculation was ts = 0.8 jim.

As can be seen from the graphs, the angular dependence of Qray does not vary significantly
if the light interrogating the sensing layer is monochromatic or that with the broader spectral
range, such as those shown in Fig. 2.15. In principle, the change introduced by the broad
spectrum is manifested as a slight decrease of the peaks’ height. For example, when the
source with the LED spectrum is considered, the peak in Qray(") corresponding to the most
sensitive angular range is only slightly reduced in comparison with the peak corresponding
to the monochromatic source. This change, along with a small angular displacement of
the peaks, is more evident if the spectrum of the source is broadened further. However,
practically speaking, the spectral width of the light interrogating the sensing layer does not
play a significant role in the angular distribution of the quantity Qray and hence in the angular
profile of the sensitivity of the sensor system with a short interaction length L.

This conclusion can have important implications in the design of a low-cost and portable
sensor system. Obviously, using an LED as the source of the light interrogating the sensing
layer would be beneficial, as the power consumption, size and overall cost could be kept very

2.3 Optimisation strategy

In section 2.2, formal description of the operation of the absorption-based sensor system em-
ploying a planar waveguide structure was developed and analysed in detail. General formulae
were derived which describe the sensor sensitivity as a function of the parameters characteris-
ing the waveguide structure. Several numerical examples were examined and typical features
provided by the formulae were described. In this section, these observations are compiled into
a set of rules that should be considered in order to design a sensor system with optimised
sensitivity.

The following discussion focuses on multimode planar waveguides as they are of primary
interest to the laboratory where this research was conducted. This platform provides certain
advantages which are discussed below.

Firstly, the preparation of a multimode waveguide structure, such as that depicted in
Fig. 2.2, is relatively simple. It does not require any complicated technological procedures,
such as complicated deposition techniques which require vacuum chambers and extreme tem-
peratures, or rather expensive technology for creating buried or ridge waveguide channels
which employ photolithography, etching, UV curing, etc. An example of a simple planar
waveguide platform comprises a glass slide which is, indeed, readily available in high vol-
umes and at a very low price. Another, more advanced platforms could be manufactured by
means of injection molding or hot embossing into plastic which are easily applicable for mass
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production.

The second advantage is related to the deposition of the sensing layer itself. When using
waveguide structures such as a glass slide or a planar waveguide obtained by injection molding,
the spin or dip-coating deposition techniques are very convenient for producing high quality
(optical and mechanical) sensing layers at very low cost [30].

Another advantage lies in the ease of implementation of the multimode sensor element
in a compact optical sensor system. The requirements on the precision, stability and repro-
ducibility of the alignment are very large for sensor systems employing platforms with one or
a very low number of modes. Difficulties related to the efficient coupling of the light into the
guided mode(s) are inherent in such structures. Moreover, such platforms are very sensitive
to the environment, e.g., to the variations of the ambient temperature.

Last but not least, multimode waveguide platforms are attractive when the overall size
and cost of the sensor system are taken into account. Firstly, a platform with a low number
of modes is expensive to manufacture. Secondly, lasers or laser diodes need to be employed
as such a platform requires high quality light sources (low divergence of the beam, narrow
spectral bandwidth). Although laser diodes are small, compact and already available at high
volumes, they are still relatively expensive and their operation is prone to various factors,
such as temperature variations, power supply stability, etc.

Considering these reasons, a sensor system based on an LED and a multimode pla-
nar waveguide structure could be an attractive candidate for a compact, cost effective and
portable absorption-based optical sensor system.

It was found that by using a sensing layer whose refractive index is lower than that of
the guiding layer and whose thickness is in the order of the interrogating light wavelength,
significant enhancement in the sensor sensitivity can be achieved for a particular range of
incident angles, or, in other words, by using a certain range of guided modes of the waveg-
uide structure for interrogating the sensing layer. The word ‘range’ is important here as it
allows for some tolerances in the mechanical adjustment of the optical configuration without
a serious impact on the sensor performance. The enhancement in sensitivity is more pro-
nounced for thicker sensing layers. However, using a thicker layer might imply some negative
drawbacks when the sensor response time, which is usually determined by the speed of the
analyte diffusion into the sensing layer, is of concern. Therefore, the thickness of the sensing
layer should be tailored with care. Furthermore, as highlighted in Sec. 2.2.9, a light source
with a broad band emission spectrum (up to approximately 100 nm) does not introduce any
significant drawbacks in the optimum sensor performance, which makes the use of the LEDs
in the absorption-based optical chemical sensor systems feasible.

2.3.1 Ideal sensing element

In this section, a strategy is proposed that could be applied in the design of an absorption-
based optical sensor system employing an ideal multimode planar waveguide structure as the
sensing element and an LED as the source of the interrogating light. In this context, the
word ‘ideal’ refers to the assumption that the parameters characterising the sensing element,
such as the refractive index or thickness of the sensing layer, are known or can be tailored
with absolute accuracy. The discussion concerning the ZXeal’ sensing element, i.e., a sensing
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element whose parameters can be tailored only with a limited accuracy, will be presented in
the next section.

The primary considerations in the design of the sensing element are, of course, determined
by the analyte that is to be sensed. This dictates the particular chemistry involved in the
preparation of the material comprising the sensing layer. This is, however, beyond the scope
of this work and will not be discussed in detail here. The only implication, which is relevant to
the further considerations and provided by this “chemistry step”, is given by the absorption
spectrum of the sensing layer, as it determines the choice of the source of the interrogating
light.

A typical situation in absorption-based sensing is that a part of the absorption spectrum
of the sensing layer undergoes significant changes upon interaction with the analyte. These
can be, for example, in the form of an absorption peak decreasing or increasing in intensity
with the change of the analyte concentration. It is therefore desirable that the emission
spectrum of the LED overlaps well with this absorption peak. Understandably, the optimum
overlap cannot always be achieved, but the range of LEDs available on the market is wide
enough to meet the requirements of most of the sensing materials.

Once, the sensing material and the light source are selected, the refractive indices of all
involved materials have to be determined. To achieve the effect of enhanced sensitivity, it is
desirable that the refractive index of the sensing material be lower than that of the guiding
layer, and, of course, greater than that of the environment containing the analyte, such as
air, water, etc.

After all the above mentioned parameters are determined, the optimisation procedure is
left with two free parameters that can be varied in order to optimise the sensor sensitivity,
namely the thickness ts of the sensing layer and the incident angle 6 at which the light
interrogates the layer.

As mentioned previously, due to response time considerations, it is desirable that the
sensing layer would be as thin as possible. This is determined by the fact that the analyte
is required to diffuse into the sensing layer in order to induce the changes in its absorption
coefficient. However, as found in the theoretical analysis in Sec. 2.2, the enhancement of
sensitivity at the optimum incident angle is more pronounced when the sensing layer is
thicker. Consequently, a trade-off between these two opposite requirements has to be found.
This requires that the diffusion properties of the sensing material are known and that the
thickness of the sensing layer can be tailored within a reasonable range, typically 0.2-1 /;m.

Once the thickness of the sensing layer is determined, the optimum angle of incidence 0Qpt,i
can be found by simply plotting the function Qray(0) for the given set of parameters and taking
its maximum, as shown for example in Fig. 2.16. By configuring the optical set-up of the
sensor system in such a way that the light interrogates the sensing layer at this optimum
angle, the sensor performance with highest sensitivity can be achieved.

As mentioned in Secs. 2.2.7 and 2.2.9, this is true only if the number of reflections is
sufficiently small (refer to Eqgs. (2.62-2.64)) or, more specifically, if the quantity £L(TS/Ny)
in Eq. (2.55) is sufficiently small so that the attenuation factor T is close to unity. If this is
not the case, the function S(0) given by (2.55) has to be calculated rigorously. This rigorous
analysis is necessary because it has been shown that the enhancement of sensitivity at the
optimum angle Out,i is reduced for longer interaction lengths, i.e., for greater values of the
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parameter (see, for example, Fig. 2.9). However, in many practical situations, one will
not come across this issue very often.

In some situations, the adjustment of the incident angle 0 might not be completely free.
For example, due to some mechanical limitations or other restrictions, the incident angle
might have to be fixed, or variable only within a small range. In this case, the optimisation
procedure would be the reverse of that previously proposed. Firstly, the incident angle would
be taken as the fixed parameter (desirably lying in the region 09 < 0 < 68!), and then the
numerical analysis based on either (2.64) or (2.55) would reveal the optimum value of the
sensing layer thickness.

In both cases, each value of the sensing layer thickness ts has its corresponding value of
the optimum incident angle Oopt)i, and vice versa. An example of the dependence of O(pt,i
on ts for the waveguide structures characterised in Table 2.1 is shown in Fig. 2.17. Similar
curves can be found for any other parameter selection.

ts Dind

Figure 2.17: An example of the dependence of the optimum incident angle 0(pt,i on the thickness
of the sensing layer tS calculated for the waveguide structure characterised in Table 2.1. The solid
and dashed lines correspond to the S (TE) and p (TM) polarised light, while the crosses (x) and
circles (0) correspond to the situation where the sensing layer is covered by air (na = 1.0) and
water (nw = 1.33), respectively.

As can be seen from the graph, the values of the optimum angle are practically the
same for both s and p polarisations. This is convenient from the point of view that there
is no need to include a polariser in the design of the sensor system based on LEDs, which
produce unpolarised light. As it was shown in Secs. 2.2.7 and 2.2.9, the optimum sensitivity
for the s polarised light is slightly greater than that for the p polarised light. However, the
difference is not so large as to suggest that the use of the 5 polarised light should be preferable
in comparison with the unpolarised light.

Another interesting feature demonstrated by the graph in Fig. 2.17 is that the difference
between the optimum angles corresponding to the situations where the sensing layer is covered
by air ($opt)> or water (O™pt), is only about 1-3 degrees for a rather large range of the sensing
layer thicknesses. This means that if one specifies a tolerance on the divergence of the light
beam produced by an LED to approximately 1-3 degrees, adjusting the incident angle of
the interrogating light to the value (0Jpt + 0™bt)/2 would result in a system whose sensitivity
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would be enhanced for both the gaseous and liquid environments covering the sensing layer.
Understandably, the enhancement would not be as large as possible. However, the fact that
the sensor performance would be close to optimised for both environments could make the
sensor system very attractive in various applications.

2.3.2 Real sensing element

In the previous section, the optimisation strategy for an ideal sensing element was described.
In practical situations, however, the parameters characterising the sensing elements, i.e., the
waveguide structure with the sensing layer, are only ever known with some limited level of
accuracy. For example, due to various chemical procedures involved in the preparation of the
sensing layer, the value of its refractive index might be prone to slight variations. Moreover,
even if the best of care is taken during the deposition process, the thickness of the sensing
layer can vary even among the sensing elements prepared in one technological step. As follows
from the theoretical analysis of the sensor sensitivity, both of these variations can influence
the overall performance of the sensor system.

Another problem arises from the fact that the output signal V of the sensor system is
determined by the light intensity. Understandably, the intensity of the light entering the
photodetector is not only determined by the attenuation inside the waveguide system, but
is also prone to any minor discrepancies in the alignment of the sensing element. This is
probably one of the major problems in the sensor systems based on the measurement of the
light intensity.

To better explain what is meant by the ‘discrepancies in the alignment of the sensing
element’, it is necessary to give an example which is based on practical experience. In the
example, two identical sensor systems and two identical sensing elements are considered,
denoted by 1 and 2, respectively. The following question arises: if the sensing element 1
is incorporated into the sensor system 1 and the same for the sensing element and sensor
system 2, how likely is it to obtain identical output signal readings for identical analyte
concentrations? The answer is that the likelihood depends on how identical the positioning
of the sensing elements in the sensor systems is. In other words, the output signals from
the two sensor systems will most likely be different, as it is almost impossible to align both
sensing elements exactly in the same way.

This section provides a detailed discussion of the influence of the above mentioned mis-
alignments and uncertainties on the stability and, more importantly, the reproducibility of the
output signal. Furthermore, a solution to overcome these drawbacks is proposed. Due to the
nature of the difficulties, the solution is based on redefining the criterion for the optimisation
of the sensing element.

Firstly, the above mentioned factors influencing the output signal are formally identified
with the quantities in the equation (2.36). The discrepancies in the alignment of the sensing
element influence the values of the quantities 7in and 70U- This is understandable, since these
quantities determine the amount of light that is coupled into and coupled out of the sensing
element, which is sensitive to the positioning of the sensing element. The variations of the
parameters characterising the sensing element are reflected in the variation of the attenuation
factor T. This follows from the theoretical analysis in Sec. 2.2.
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Similarly, as in the previous section, it is considered that the thickness of the sensing
layer ts and the incident angle 0 are the only variable parameters which can be used in the
optimisation of the sensor sensitivity. The reasons for this are the same as those discussed
in Sec. 2.3.2. The criterion for the optimum sensing conditions can therefore be redefined
as follows: the purpose of the optimisation process is to find such sensing conditions that
would result in large sensitivity to the changes of the analyte concentration, but would be
insensitive or at least have very low sensitivity to small variations of the variable parameters
of the sensing element, i.e., ts and 0. Furthermore, the optimisation process should also
provide a solution to the problem of the dependence of the output signal reading on minor
misalignments of the sensing element.

In the following analysis, a sensor system employing a small number of reflections is
considered. Consequently, the quantity Qray can be used as the approximation of the sensor
sensitivity S. To achieve the first goal, the derivate dQr<iy/dts and its dependence on the
incident angle is analysed.

Figure 2.18 shows a typical example of this dependence calculated for a sensing element
characterised in Table 2.3(a). The value of the sensing layer thickness considered in the cal-
culation was ts = 0.6 /im. The derivative dQry/dts was calculated for the 5 (TE) and p (TM)
polarised light as well as for the unpolarised light.

5
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Figure 2.18: An example of the derivative dQmy/dts as a function of the incident angle. The
arrows indicate the angular positions at which the derivative dQvay/dts is zero. See text for further
details.

As can be seen from the graph, there are several values of the incident angle (indicated

by arrows) at which the equation
dQrBy/9ts =0 (2.68)

is fulfilled. This means that at these angles the sensitivity of the output signal reading to small
variations of the sensing layer thickness is very small. Although this might seem satisfactory,
it does not yet fulfill the second part of the criterion. In particular, the graph in Fig. 2.18
indicates that fulfilling the condition (2.68) is very sensitive to the incident angle. This means
that to minimise the sensitivity of the output signal to the variations of is, one would have
to adjust the incident angle with great precision. Any misadjustment of the incident angle 6
would increase this sensitivity substantially.

The graph in Fig. 2.19 is similar to that in Fig. 2.18, but in this case three well selected
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values of the sensing layer thickness ts are examined. It can be seen from this graph that the
equation (2.68) is fulfilled for certain values of the incident angle, which are denoted by 0Qpt,li
and indicated by arrows. However, in contrast to the previous case, the sensitivity of the
condition (2.68) to the adjustment of the incident angle is eliminated, since the additional
condition, namely

d2Qm /dtsd8 = 0, (2.69)

holds at these angles at the same time. This suggests that Eqs. (2.68) and (2.69) represent
the formal representation of the new optimisation criterion dealt with in this section.

incident angle 0 [deg]

Figure 2.19: Examples of the derivative dQHly/dtaas afunction of the incident angle for a number
of well selected values of the sensing layer thickness tS and polarisations of the interrogating light.

As demonstrated by Figs. 2.18 and 2.19 and by the above discussion, it is not straight-
forward to fulfill both equations (2.68) and (2.69) simultaneously. In fact, for a given set of
remaining parameters characterising the sensing element, these two equations can be satisfied
only at particular values of the sensing layer thickness and their corresponding values of the
incident angle. For example, for the refractive indices and the wavelength summarised in
Table 2.3(a), equations (2.68) and (2.69) are fulfilled only for ts = 0.42/im and ts = 0.80/;m
for p (TM) polarised light, and for ts = 0.3/¢;m for unpolarised light. Furthermore, they
cannot be satisfied simultaneously for the s (TE) polarised light.

Although this conclusion might seem to be restricting the design of the sensor system, it
provides clear advantages. Specifically, if the sensing layer thickness and the incident angle
are selected so as to fulfill Egs. (2.68) and (2.69), the output signal reading of the sensor
system will be very insensitive to small variations of ts and misadjustments of 0, which are
inherent in the processes of the layer deposition and the sensor system assembly, respectively.

For the optical parameters summarised in Table 2.3(a), these “optimum” values of ts
and 0(pt,n are evident from Fig. 2.19. For illustration purposes, the variation of these values
with the refractive index of the sensing layer is shown in Fig. 2.20. The graph (a) suggests
that the value of the optimum thickness, denoted by tsfpt,n, does not vary significantly
with the sensing layer refractive index around the typical value of 1.43. Furthermore, it
lies well within the typical interval of precision of the sensing layer thickness achievable
by the dip/spin-coating deposition technique. On the other hand, changes in the optimum
angle 0(pt,n are approximately 5° over the range ns = 1.40-1.45.
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Figure 2.20: An example of i s,opt,ii (graph a) and Oopt,n (graph b) for which Egs. (2.68) and (2.69)
are satisfied, as a function of the sensing layer refractive index. The remaining parameters charac-
terising the sensor system are summarised in Table 2.3(a).
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Figure 2.21: A comparison of the angular distributions of the quantity Qray for three different sets
of the sensing layer thicknesses. The solid lines correspond to the distributions plotted for values
at which Egs. (2.68) and (2.69) are satisfied. The dashed and dash-dotted lines correspond to the
values of the sensing layer thickness which differ slightly from the optimum value. The graphs (a),
and (b) correspond to p (TM) polarised light, the graph (c) corresponds to unpolarised light. The
remaining parameters characterising the sensor system are summarised in Table 2.3(a).
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To explain the advantages provided by the above analysis, the angular distribution of the
sensor sensitivity is plotted for three different values of the sensing layer thickness around the
optimum value for which Egs. (2.68) and (2.69) are satisfied. The sensitivity is approximated
by the quantity Qvay. The situation is illustrated by the graphs in Fig 2.21. These graphs
demonstrate that the maximum sensitivity (depicted by bold circles), which is considered as
the optimum sensitivity for the ideal sensing element, varies significantly even for such small
changes of the sensing layer thickness as Ats = + (20-30) nm. Furthermore, the angular
position 0t,l of this sensing configuration is slightly affected. On the other hand, when
the sensor operation is shifted towards the angle 0(t,n (indicated by bold crosses), small
discrepancies in the sensing layer thickness do not significantly affect the sensitivity of the
sensor system. Furthermore, the difference in the absolute sensitivity induced by moving
from the optimum angle Oopt,i to OQptIl is relatively large, especially for the thicker sensing
layer (compare the values indicated by the circles and the cross in Fig. 2.21(b)). Therefore,
the decision between the two choices has to be a trade-off between the maximisation of the
sensor sensitivity and its acceptable variations due to the discrepancies in the sensing layer
thickness.

The solution to the problem related to the influence of the small misalignments of the
sensing element on the output signal reading is relatively straightforward. It is suggested
immediately by the formal expression for the output signal given by Eq. (2.36). As mentioned
above, the discrepancies in the alignment of the sensing element affect the values of the
coupling efficiencies 7in and 70U- If the values of these parameters for the (slightly) misaligned
sensing element are denoted by 7in and 70Ut respectively, it is possible to represent the
misalignment by a factor /;, which relates the two situations by 7in7aut, = M7in7out- This
means that the factor fi is the measure of the difference between the light intensity levels that
reach the photodetector in both situations. As can be seen from (2.36), these differences can
be eliminated by adjusting the gain factor j €\ of the electronics circuit to the value 7ei = 7ei//"
so as to satisfy the equation

7in7out7el —7in7out7el* (2.70)

This means that either manual or automatic adjustment of the gain factor of the electronic
circuit at a certain analyte concentration should result in the same output signal reading for
the entire range of analyte concentrations.

It needs to be pointed out that this conclusion is slightly modified in real sensor systems
in which the noise introduced by the electronic circuit is always present. In practice, the level
of noise of the output signal is proportional to the total amplification of the circuit, which
is represented by 7ei- Consequently, as concluded above, modification of the amplification
factor 7ei not only helps adjust the output signal reading, but also influences its level of
noise and consequently the sensor resolution. For example, the greater is the value of the
amplification factor, the smaller the resolution of the sensor system that can be expected.

This conclusion along with the results obtained earlier in this section will become clearer in
Sec. 2.4, where the performance of the sensor system in various configurations is numerically
simulated.
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2.4  Simulation of sensor performance

In this sectaan, sinulations of the sensor performance in various cortfigurations are presented.
The purpose Bt illstrate the theoretical predictios and main conclusions drawn inScs. 2.2
and 2.3.

2.4.1 Definition of medium for absorption-based sensing

Before proceeding with the simulations of the sensor performance, it Bnecessary to defire the
parareters daracterising the sensing medium. The medium under consideration isassumed
1o be hypotietical, e, the absorption spectrum of the medium and §ts variation with the
analyte concentration assumed to be described by a hypothetical fuction. Although this
function does not represant any particullar material used inpractical gplicatios, it srealistic
enough t be considered in the calaulations of the performance of a real absorption-based
optical ssor.

The spectral variatios of the extinction cefficiatt ks of the hypothetical medium are
shown in Fig. 2.2. The values of ks are non-zero only within the region corresponding
the emission peak of the ligtt source. The value of the extinction aefficiat varies lirearly
with the amalyte concentrattion according to the formula

Ks = Ks0 + ksca [%], 24

where
Kso = 0.5 x 1073,
@
/<=05xHT5 [T}
In other words, the extinction axfficiat of the sensing layer varies linearly between 0.0005
and 0.001 for the analyte concentrations changiing from 0% to 100 %.
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Figure 2.22: Spectral variations of the extinction coefficient ks of the hypothetical medium
comprising the sensing layer considered in the simulation. The spectra are plotted for several
values of the analyte concentration ca, as shown by the legend. The emission spectrum of the
source (dotted line with points), which corresponds to an LED with peak intensity at 570nm, is
also plotted.
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2.4.2 Diffusion of analyte into the sensing layer

In the majority of sensor systems based on absorption change of a doped sensing layer in
response to changes in analyte concantration, the analyte B required to diffuse into the
sasing laer. The diffusion of the amalyte s described by the diffusion aefficiet Ds. Once
the analyte i In the sasing laer, it rescts with the amalyte sasitive reagent inmobi lised
irsice the layar. The rate of this chemical reaction can be daracterised by the parameter Dr.
When these two processes are corbined, the extinction aefficiat of the sensing layer changes
at a rate which can be daracterised by the aefficiet DK, which srelated to Ds and Dr
& 1/Dk = I/Ds+ 1/Dr. In the follomg, it isassumed that the reactios leading  the
modification of the extinction aefficiatt happen instartaneosly, ie, it i the diffusion rate
that limits the response time of the sensing element.  Formally, this can be represented by
D$ ie,

Dk « Ds. ()]

The diffusion of the analyte into the sensing layer can be described by a one-dimensional
diffusion equation

dcA(z,t) _ n d2cA(z,t) O5T/h
dt ~ 3 dz2 e ()
In this eguation, CA{z,t) denotes the distribution of the amalyteconcentration across the
sasing elemertocontaining the sansing layer intimet. To find the solution to2.74), boundary
and inrtdal conditions have 1t be syplied. The solution i subsequenttly found by applying
vell known techniques of higher leel calaulus.

In this amalysis, two processes are of interest, namely the diffusion of the analyte into the
layer and the diffusion of the anallyte out of the layer Into the environment above it Formally,
these two proocesses are daracterised by two sets of boundary and initial condirttians.

Arstly, the amalyte concentration above the sensing layer, which s denoted by cao, B
assumed to be constant for a sufficiently long period of tine, 1e, uttdl the equilibrium of
the distribution of the analyte molecules iIn the sensing layer has been reached. Then, the
concentratiion above the sensing layer abruptlly changes to itsnew value, whiich willl be denoted
by cai- This can be formally represented by the condition at the boundary of the sensing
lajer and the medium containing the analyte (ie., the enviromment) as

cA(z = 0,t) = (NS

where z = 0 represents the position of the boundary. Furthermore, the guiding laer, which B
below the sensing laer, sassumed to be impermeable 1o the aalyte. This means that there
is no diffusion of the analyte occurring at the boundary of the sensing and guiding layars.
Because this boundary isduaracterised by7 z = ts, this condition can be formally represented
by

GeAZD) Lo fralt o)

dz z=ta

Prior 1o the abrupt change of trieanalyte concerntratiion above the sensing laer, the profille
of the analyte concentration in the sensing layer was inan equillibriun.  In this representation,

7Please avoid confusion between t denoting time and ts denoting the thickness of the sensing layer.
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the inraal condition can be written as

cA(z,t = 0)=cA0, Torz € (0,ts),
n @.7)
cA{z = 0,i= 0)= cA\
The process of the diffusion of the analyte Into the sensiing layer s represented by cao < cal,
whille the reverse process s daracterised by cao > cai-
The solution to the diffusion equation (2.74) obeying the boundary and initial condi-
tias (2.75-2.77) can be found as folloss. Due to the separable form of the partaal differantaal
equation (2.74), the function ca(z,1) can be written in a factorised form

CA(z,t) = Z(2)T(1). QD)

Upon substitution of this function imo Q.74) and after some rearrangenents, Bq. @.74) can

be reritten in the fom
J 1dT =1dl1z

DsTdt Zzdz2' 1
Because the lefthandsice of this equation s a fuction of tand theright-hand sice B
a fuction ofz, theonly chancetiat they are  equal to eachother s ifthey are bothequal to
aarstant. Hthis constant s denoted by —£2, the solution to (2.74) can be found by finding
the solutiion 1o the folloving two differential equations:

N = (2DsT,

L (2-80)

d? -
The solutions to the differandal equations (2.80) can be found esily. s gereral form B
T{t)=Tb(T)exp(-"sD,
28D
Z(z) = Zc{£) cos(Gz) + Zs(() sin£z),
where ToE)> Zc(() and Zs(£) are functions of £ which need to be found from the initial and
boundary conditions goplicable to the function ca(z, ).

In the preceding derivatios, no assumptions were made about the constant -£2. The
function CA(z,t) inthe form 2-B), where Z(z) and T(z) are taken from (2.8D), fulfilk the
differantial equation 2.74) for any value of £, Consequently, the most gereral form of the
function CA{z,t) must be written as

CA(z,t) = @+ | d~To(i)exp(-i2i)si) [Zo(Flcob®) + 2, Esin@D]- Q)

The form of the fuctions To(E), Zc(E) and Zs(£) i found by the amalysis of the initial
ocondition.

To fird the iniial condition in a more convenient form, the function ca(z,t = 0) Bex-
panded beyond the intenal z £ ©,ts), which corresponds to the sensing layer. The expansion,
which B represented by the function caf{z), i in the form

ca{z) = cai oYz = 2mts,

CA{z) = cao forzG Q,2ts) + dmts, ((2R30))
ca{z) = 2ca\ ~ cao forz € (2ts,4ts) + dmts,
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wherem = 0,#1, £2 , , and 4ts Bitsperiddicity. It is important to note the open intenals
in the second and third lires of the definfdon (2.83)- For better visualisation of this function,
1ts graphical representation s shown in Ag. 2.23. This function s equivalett o the mnitaal
ocondition (2.77) at z 6 (Ots), and also agrees with the boundary condition 2.55) at2 = Q.
Furthermore, it fulfilks the condition (2.76), which justifies that the doice of this expansion
s gooropriate.

------ () .7 Ac )
HR Aql 4I g'___
( ) Ca ¢

CA0

2t 4t

Figure 2.23: Graphical representation of the function ca(Z) (bold dashed line), which is a periodic
expansion of the function cA(z, 0) (bold solid line) representing the initial analyte distribution across
the sensing layer. The open points represent those points that do not belong to the lines (see the
open intervals in Eq. (2.83)). The difference Ac is given by Ac = cAi - cAo

Employing Fourier amalysis, it follos that the function ca(z) defined in 2.83) can be
written in the form of the Fourier series

chA(z) = a0+ v~ anos (ZAn-"—\ + K sin 3D
72=1

Using a well known procedure, the aoefficiats an and bn can be found as

«0 = CAU
an= - [~ (-1)] (cai - ca) n=12, ., &)
=0, —12,...

By comparing the eqoressions (2.82) and (2.89), the distribution of the analyte concentration
in the sensiing laer, as a function of time, can be written as

CA(z,1) = cai sin ep *-((2n-1)") ). (2.86)
n=1
Figure 2.24 shows an example of the time evolution of the analyte concertration profile
based on Bg. 2.85)- In the caladlation, the values of Ds = 10-12m2s1 and ts = 1/im were
arsidered. The graph in Fig. 2.24(@) shows the process of the diffusion of the analyte into
the sasing laer. At the beginning of the process, e, att = 0 s, the concentration in the
sensing laer B oonstant and equal 1O cao = 10%. As the time pesses, the layer becomes
filled by the analyte from the left-had sice. Note that the derivative dcA{z,t)/dz BZzero
atz —ts for every time t, as it should according to Bg. 2.75). After a aufficiendy log
time (t > 29), the distribution of the amalyte concertration does not change and remains
equal to the equilibrium value of cal —90% across the ettire sensing laer.
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Figure 2.24: Examples of the time evolution of the analyte concentration profile across the
sensing layer. In the calculations, which are based on Eg. (2.86), the values Ds = 10-12m2s1
and ts = 1/xm were used. The graphs (a) and (b) correspond to the process of diffusion into and
out of the sensing layer, respectively.

The reverse diffusion process for the same parameters Ds = 10~12m2s1 and ts = 1fim
sshown InFig. 2.24(0)- In this s, the infaal analyte concenrattion sequal 1o the equillib-
rium value cao = D%. When the concentration outside the sensing layer changes abruptly
cai = 10% att = 0s the analyte starts leaving the layer from the left-hand sice. Again, the
ocondition Oca(z ,t)/dz = O ssatishiad forevery timet. After a aufficiently long time (t > 29),
the distribution of the analyte concentration does not change and remains equal to the equi-
libriunvalue of cai = 10 % across the attire sensing laer.

2.4.3 Time evolution of the output signal

This section presents nurerical examples of the time ewolution of the output sigal of the
sensor system. The examples are based on Eq. (2.36) and the dynamics of the analyte diffusioan
discussed in the previous section. Combining equations 2.70) and (.8), it sevidat that
due t the diffusion of the amalyte Into the sensing layer, the distribution of the extinction
axfficiat ks varies aoross the sansing laer in time, e, Ks(z,t) = ksq+ KsCA{z,t). Due
o the lirsrity of the relation, the profile K$(z,t) lodks similar to that of ca(z,t) already
analysed In Sc. 242 (see Hg. 2.20), and willl not therefore be discussed any furtter.

The feature of P relevatt o the evaluation of the sensor output sigal Ethat it
non-homogeneously distributad across the sansing laer. The matrix formalism developed in
Sxc. 22, which i suitable for the amalysis of multilayer systems consisting of an arbitrary
number of layers (Sse equations (2.52-2.54)), can now be advantageously goplied. Arstly, the
sirgle sensing layer with the extinction cefficiet profile Ks(z,t) s approximated by a stack
of N laers, each having a uniform distribution of the extinction cxefficiet. Depending on
the precision required from the calaulation, the division of the sensing layer into the stack
of N laers can vary. In the simulations presented belov, the layer s divided into layers of
equal thiddesses denoted by ts = ts/N. The extinction aefficiet of each of these laars B
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calaullated as the value of Ks(z,t) Inthe cartter of the particular laer, ie,

laerj\ expands fronzZj-\ = ( - Dts OZ = jts,
Ksj = Ks((zj—+ Z1 V2),

(2.87)

wherej = 1,2,... ;A. The real part of the refractive index of each laer in the stadk B
assumed to be the same and equal t© that of the sansing laer, 12, I{NST} = SiEs)-

To fird the time evolution of the output sigal V In (2.3), it necessary o evaluate the
time variatios of the attenuation factor T.  In the follloving analysis, a ray-gotics approach i
employed, ie, T Bapproximated by Tey h Bg. @.6). Furthermore, for sinplicity reesans,
only a sensor system based on one reflecian, ie, v = 1, Baosidered.

The parareters daracterising the sensing element are summarised inTable 2.3@), ie, it
axsists of a guiding layer (hg = 1.515) and a sansing layer (ns= 1.43 + iKs) surrounded by
air (@a = 1.0). The spectral daracteristics of the internrogating ligtt, which isassumed tobe s-
polarisd, are shown InFig- 2.2. The sensing layer isdivided INtoN = 50 laars. The relation
between the amalyte concentration irsice the sensing layer and the extinction aefficiet B
given by (2.7D) and (2-72)- The diffusion cefficiatt sassuned tobe Ds = 10-12m2s-1.

The examples of the response of the sensor system, which employs the above described
sasing element, to the variations of the analyte concerntration between 0% and 100% are
shown in Hg. 25. The aurves in the graph @ and () correspond t the values of the
sansing layer thideess ts = 0.3pm and ts = 0.8¢¢n, respectively. The output sigals were
calaulated for saveral values of the incident angle 0 (see the legend of the graphs) inorder
compare the corresponding sensor performances.
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Figure 2.25: Numerical simulations of the time evolution of the output signal of the sensor system
employing a sensing element characterised in Table 2.3(a). The sensing layer, with thickness of
either ts = 0.3/¢m (a) or t3 = 0.8”m (b), is assumed to be interrogated by an s-polarised light
with spectral characteristics shown in Fig. 2.22. The concentration above the sensing layer changes
abruptly between 0% and 100%. See text for more details.

As can be seen from the graphs, the thider layer results ina greater dynamic range of the

sensor output but longer response time (compare the scales of the x and y axes), as expected
from the sersitivity caunves InFig. 2.14(@) and from the amalysis of the analyte diffusion. The

81



2.4. SIMULATION OF SENSOR PERFORMANCE E. Polerecky

graphs also demonstrate the variatios of the dynamic range of the output sigal with the
incicentt aglle 0. As expected from the amalysis In Secs. 2.2.7 and 2.29, the sasitivity of
the sensor to the variations of the analyte concerntration i lorer when the evanescent mode
of the sensor operation i chosen (e the aunves pllotted for 6 = 75° and 6 = 8°). On the
other hand, by adjusting the incidant angle to the optimum value 0Q&i (s the solid lins),
the dynamic range of the sensor can be increased significantly, especially far a thider sensing
laer. This demonstrates that the sensing cofiguration employing the optimum angle of
incidence 0Q&Li provides enhanced sasitavity In comparison with the sasitivity achieved by
the evanescent-wave sersing.

2.4.4 Response of the sensor system—ideal vs real sensing element

In this sectian, the performance of the sensor systems employing the ideal and real sensing
elements i conpared. The purpose i 1o provide better understanding of the conclusions
drawn in Sec. 231 and 232. K was found that the maximum sasitivity of the sensor
system employing an ideal sensing element s achieved when the interrogating ligt impinges
on the sansing layer at the incidatt angle of 9 = OQptb as shown in Figs. 2.14 and 2.16.
On the other hand, folloving a differat ariterion for the optimum sensor performance, the
optimum sasitivity of the sensor system employing a real sensing element s achieved when
the incidat angle sequal t© 6 = OQoL> as shown InFHg- 2.21.

The conditions far which the numerical sinulations are carried out are very similar to
those in the previous ssection. The sensing element aorsists of a gless susstrate (g = 1.515)
and a sersing laer (ns= 1.43+ms)covered by air (ha = 1.0). It s interrogated by the broad-
band light whose spectrum ishown inFg. 2.2. The ligt sassumed to be p polarisd, as
opposed to the 5 polarisation considered previasly. Only the simglereflection internrogation
is considered.

The thiddaess of the sensiing layer isconsidered to be around the optimum value IppLll =
0.80/i1m, as discussed in Sec. 2.3.2 and shown in Ag- 2.20()- This thidkess corresponds to
the situation where one can achieve such a sensing configuration that the sensor response
B\ery insensitive to the variatios of the sensing layer thidaess or the incidet angle (3=
Fig. 2.20).

For the purpose of comparison, two values of the incidert agle 0, namely 6 = Ogptn— 4°
and 6 = 0Q1 = 67°, are considered in the nurerical simulatios. As folloxs from Fig. 2.21,
the sasitivity at the incident anglle 0Qai s approximately twice as lare as that at the
agle Optii- On the other hand, this sasitivity also exhibits much greater dependence on
the thiddaess of the sensing laer, which salmost negligible when 6 = 0gotn isusd.

Instead of amalysing the time ewolution of the output sigal, which was done In the
previous ssctian, the foous here B on the calibration function of the sensor system. The
calibration function provides a relation between the response of the sensor (output sigal)
and the analyte concartration.

The response of the sensing medium, interms of the variation of the extinction cefhiciatt
with the analyte conoentration, issummarised InEgs. (2.71-2.72) and depicted In Fig. 2. 2.
The output sigal V of the sensor system i given by Eg. 2.3%), where the attenuation
factor T Bexressed by 2.63) withv —1.
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Hrsty, it isassumed that the sensor system s confiigured in such a way that the value
of the product P ivarec in 2.3) sequal t 10 V. This can be achieved by the initial
adjustment of the arplification 7ec of the electranic dirauit. Furthermore, the initial off~set
Vo = 0V saosidered. The output sigal which s calaulated under these conditions walll be
referrad 1o as the raw output sigsal.

20 40 60 a0
analyte concentration cA[%] analyte concentration cA [%)]

@ ©

Figure 2.26: Raw output signal produced by the sensor system in response to the variation of the
analyte concentration. The graphs (a) and (b) correspond to the incident angles of 6 = 0(pt,n =
° and 6 = Apt)i = 67°, respectively. The different lines correspond to different thicknesses of
the sensing layer, as specified in the legend.

The variation of the raw output signal with the anallyte concertration isshown inFig. 2.26.
The graphs @ and () correspond to the incident agles 6 = OQll = %4° and 6 = OQl =
67°, reectively. The response curnve depicted by the solid lire corresponds to the thidaess
of the sensing layer ts = ¢Ppptii= 0.8 /im.

As can be sen, the dynamic range of the raw sensor output corresponding © 0 = OQLP
which extends from VvV (O%) « 8.75V toV (100%) « 7.66V, isapproximately 3.4 times greater
than that associated with 6 = OQLi: which ranges from V(0%) « 9.66V 1t N(100%) ~
9.33V. Honever, ifthe thidaess of the sensing layer isdifferant from the optimum value 0.8/im
by as littke as +40 nm, both the dynamic range and the absolute value of the raw sigel
for6 = 67° change sighificantly, as shown by the dashed and dash-dotted lires in Fig. 2.26(0).
On the other hand, this change of the sensing layer thickness has only a ngligible influence
on the sensor response emplloying the incident angle 0 —0QpE,n = 54°, as shown by the dashed
and dash-dotted lires in Fig. 2.26(8), which are barely visible as they lie so close 1o the 0llid
Ire.

The differance between the two cases shown InFIgs. 2.26(@) and 2.26(b) isnot yet directly
comparable. The quantitative comparison & possible only when the dynamic ranges of the
two sensor configurations are matched. This matching proceeds as folloss: it B assumed
that the two sensor systems employ the same ideal sensiing element with the thidkess of the
sensing layer equal 1o ¢sopLil = 0.8fim. It s required that the dynamic range of the sensor
output B between 5V (@ ca = 100%) and 10V (@ ca = 0%) for both sensor systams.
This can be achieved by adjusting the gain (ec) and offFset (W) of the electronic ciraurt
(= . 3F)). Understandably, due to differait dynamic ranges of the raw siguls, this
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adjustment sdifferat far each of the sensor systems. Once this has been done, the response
looks as shown inFig. 2.27 by the solid lire. Again, the graphs @ and (b) correspond to the
sensor systems daracterised by the incidatt agles 9 = 0Qog,h — ™4° and 9 = 9Qdi = 67°,
respectively.  This procedure also esteblishes the calibration functions associated with both
SENsor Systans.

Now, the assumption of the sensing element being ideal s abandoned. This means that
the thidess of the sensing layer can differ from the optimum ore. Consequently, this can
result in the alteratians of the response of both sensor systems, as implied by the variatios
of the raw sigal shown in Fig. 2.%56.

In prectical sittatias, the thidaess of the sensing layer should not vary once the sensing
element s incorporated into the sensor system. Moreover, ifthere i no possibility of move-
ment of the sensing elemant, the response of the sensor should not change. Honever,  ifthere
5a need 1 replace the sensing elenent, itmight pose a problem, sinee the calibration cune
could be modified due 1o a slightdy different thiddess of the sensing layer or srall misadjust-
ments in the positioning of the new sensing element. At the same tine, it s dssirable that
the calibration procedure should not be carried out again.

As mentioned at the end of Sec. 2.3.2 and i inplied by Eq. (2.70), the problem can
be solved by readjusting the gain of the electranic cirauit 7ec at one value of the analyte
concentration, such as at ca = 0%. In this e, the gain factor jec B adjusted s0 as ©
ensure that the output sigal atca = 0% Bequal to 10 V.

20 40 60 0
analyte concentration ¢ analyte concentration cA [%]

O

Figure 2.27: Modified output signal produced by the sensor system in response to the variation of
the analyte concentration. The graphs (a) and (b) correspond to the incident angle of 6 = 0(vt,n =
54° and 9 = QO i = 67°, respectively. The different lines correspond to different thicknesses of
the sensing layer, as specified in the legend.

Once this Bdone, the response of the sensor systems lodks like thatt depicted In Fig. 2.27.
As can be sen, the calibration function of the sensor system employing the intenrogation
at 9 = 001 s noticesbly altered even by as small variatias of the sersing layer thickness
as x40 nm. This drawback throas a question-mark over the advantages that make this
configuration attractive, namely the enhanced sasitivity. This drawback remains sighificant
unless it s Tessible 1o produce the sensing elements wirth very good precision or it isafforceble
o perform the calibration procedure of the sensor system every time the sensing element B
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exchanged.

On the other hand, small variatiaos of the sensing layer thidkess have only a nggligible
influence on the calibration function of the sensor system emplloying the Intenrogation at 0 =
Ogpt,rb as shown In Fig- 2.27(@)- This configuration could therefore be attractive from the
point of view of the mass—production. Even though the provided sasitivity isnot as lare as
in the previous aofiguration, it sdill at lesst 3 times greater than that achieveble by the
evanescant wave interrogatian, as folloas from the graph (©) InFAg. 2.21

2.5 Conclusion

In this dgpter, a rigorous electranegretic theory was developed which isauitable for the de-
scription of absorption-ased gotical chemical sensors emplloying a planar waveguide coated
with a thin sensing laer. Using the theory, conditions were identafied for which the perfor-
mance of the sensor s optimised.

The detailed analysis focused on a highly multimode waveguide structure, such as a gless
microscope slice, covered with a thin sensing filn. These types of structures provide a number
of advantages in conparison t their mono-mode coutterparts, such as ease of preparation
and handling, less elaborate coupling of light into the guided modes, etc.

Two approaches to the amalysis of the sensor sarsitivity as a function of the parareters
describing the waveguide structure were developed, based on, respectively, wave gptics and
ray godcs. These two approaches were found to be equivallent in the approximation of weak
absorption and short interaction legth. The use of the ray-based model i prefarable if
the ray, which s used as the approximation of the light propagating along the waveguide,
undergoes only a srall number of reflectias from the sensing laer. This B because the
results necessary 1o determine optimum sensing conditions can be calaulated much fester.
However, if the number of reflectias increesss the Tull wave-based description of the ligit
propagation along the waveguide has 1o be employed to predict the optimum conditions more
aourately.

A detailed nurerical amalysis was carried out for a structure comprising a glass slice
(thidaess « 1mm, refractave index 1.515) coated with a thin sensing layer (thidkess « 0.3-
0.8/im, refractive index 1.43) and covered by the environment which was either air or water.
The amalysis showed that two types of ariteria far the optimised sensor performance can be
formulated.

The first aiterin, which i goplicable to structures whose parameters are daracterised
with very high accuracy (s0-called “ideal”structures), sbased on the requiirement ofmax imum
sasitivity of the sensor output o the changes in the amalyte concenration. kit was found
that such sensing conditions can be achieved if, Tor a given thidkess of the sensing laer,
weak absorption and short interaction legth, the incident angle of ligt ray interrogating
the sensing layer s equal to the optimum angle OQ,F This angle was found to be smaller
than the aitical angle of the sensing layer/quiding layer interface but greater than that of
the enviromment/guiding layer interface. This corresponds to the situation where the sensing
layer 5 Interrogated not by the evanesocent wave but rather by a wave which s propagating
(but not being quided!) in the sensing laer. ltwas found that the sarsitivity of the sensor
can be susstatially enhanced at this agle, eseecially for thider sensing laers.
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This conclusion waes, honever, found to be valid only for a weakly absorbing sensing
laer and for a short interaction legth. A more detailed aalysis showed that there edists
some aiticl distance Lc far which the configuration employing the optimum angle 00l no
longer provides max imum sasitvity. This distance can be determined from the wave-based
description of the sensor gperation.

The second aiiterion, which s gyplicable 1o structures whose parameters can be charac-
terised only with Timited accuracy (so-called Teal” structures), s based on the requirement
that the output sigal of the sensor s sasitive o the variation in the analyte concentration
but insrsitive o the variatios of the thidaess of the sasing laer, ts, and incident an-
dle, 6 ,0f the Interrogating ray. ltwas found that such sensing conditions can be achieved
only for values ofts and 6 laying In certain intenals, namely around optimum values ISp(Lii
and 0Qptn- These optimum vallues can be determined from the theoretical model, provided
that the remaining parameters daracterising the waveguide structure are known.

At the end of this dgpter, the main conclusions drawn during the development of the
theory were illustrated and explained further using a number of nurerical exarples. In
these exarples, the time-dependence of the output of a sensor system was simullated and
the performance of various sensing configurations was compared. Furthemore, the varia-
tion of the calibration cunve of a sensor system with the thidkness of the sensing layer was
analysed 1n order to demonstrate the differait advantages and disadvantages provided by the
configurations employing the optimum anglles 0Q&,1 and 0Qx& il
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Chapter 3

Luminescence-based optical
chemical sensors—theory and
simulation

This chapter provides detailed analysis of two important isses that play a fundamental role
in the area of gotdcal chemical sensors and biosensors based on luninescence. The first isse
s related to the luminescence capture efficiaty, the second one to the problem of surface-
generated luninescence.

It was mentioned in Chapter 1 that most luminescence-based sensor systems employ
rather irefficiat tednigues for the collection of luminescence emitted by a thin sensing film
or molecules attached t a surfae. Recently, a number of authors have reported new ways
of dealing with the isse of lov luminescence intasity emitted by systems under study.
Liebermann et d. [ exploited the enhancement of the amplitude of the excrtation ligtt in
the close vicinity of a metal surface provided by the efficient excirtation of the surface plasmon
wave. Blair & Chen P showed that Iuminescence of molecules can be enhanced by the use
of planar oylindrical resonant gotical caaties. Recaritly, very promising results related
the enhancement of the luminescence quantum yield have been reported by Mayer et d.
and Lakowicz et d. F]- They showed that the use of metal nanoparticles can have a very
positive influence on the intesity of luninescence emitted by moleculles located in treir close
vicinity. Enhancement of the quantum yield in the order of 100-1000 was reported. Although
these new developments are certainly valuable for the improvement of the performance of
the luninescence-based chemical sensors and biosasors, they do not address the isse of
efficiaxy of the luminescence collecdan.

Recentlly, a configuration enabling improved collectian of ligit emitted from a sirgle mo-
leaule was published by Enderlein et d. [f. They exploited the fact that the radiation of
a molecule located in the vicinity of a glass surface i highly anisotropic b, 7, 8] and that
a relatively large amount of light emitted by such a molecule i radiated into the glass sub-
strate. They used a paraboloid gless segrent to redirect the ligt radiated into the substrate
tonards the detector placed below the sustrate. Zeller et d. [F] eploitad the fact that the
rediation of molecules located near a periadically corrugated surface, such as gratings, B
highly directical. The efficiaxy of the luninescence capture was improved by positioning
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the detector in the direction of this enhanced luninescence emission.

In this dgpter, the idea of anisotropic radiation of molecules located near an interface B
expanded to cover systemns employing thin luminescent filns or nultilayer structures, which
are of practical use iIn the area of gotical chemical sasars. This B achieved by developing
a rigoraus electraregnetiic theory of radiation of mollecules embedded in an arbitrary mul-
tlaer system. Using this theory, the soatial properties of the light emitted by nolecules
incorporated in various multilayer structures are demonstrated by a number of nurerical
examles. Using this aalysis, a number of configurations i proposed which provide en-
hanced efficiay of luninescence cgpture. Detailed nurerical analysis s presented for one
particular structure which offers the most promising enhancement fector.

The detection of luminescence from molecules attached to a planar surface s of primary
importance In biotecdrology, medical and pharmaceutical gplicatias. In particdlar, this
approach s used to monitor surface-specific binding of analyte molecules in order t check
thelr presence in a solution under study. Typically, this i achieved by the evanescent-
wave excitation,where the evanescent field of a guided mode, which i confined to a small
region above the waveguide aufae, i used o ecite fluoresoantly-labelled surface attached
nolecules. This method ot partiaularly efficiet, as only a small fraction of energy of the
source of the excitation light s used for the actual ecitation. This & predominantly due t©
the followving reesons: () irefficient coupling of the ligit generated by the source into the
guided mode(s), @) the fraction of the gotical power cotained in the evanescant field svery
small in comparison to the power cortained in the quiding laer.

In this dgpter, a theoretical background s developed describing a novel method for the
detection of surface-gererated Iuminescence which employs the excitation of the luminescent
moleculles by direct illumination, ke, using the full power of the source of the excitation
light. Along with the theoretical background, two possible experimental implementations of
the method are proposed.

3.1 Theory of radiation of dipoles embedded in a multilayer
structure

In this section, a theory Bsdeveloped that can describe the soatial distribution of the lumines-
cence radiated by molecules embedded inside an arbitrary nultilayer structure. The initial
stages of the theary, iIn particular those prior to equation 3.17), are based on the theoretical
analysis aailable inthe literature B, 10, 11]. The derivations appearing after equation (3.17)
are original to thiswork. The theory Kbased on the radiation of a sirgle point dipole and
can be gpplied o systems aosisting of arbitrarily distributed Iuninescent molecules across
multilayer systems comprised of arbrtrary lirear, isoropic media. The inplications of the
theory willl be extesively used in the folloving sectians which deal with the isses of the
luninescence capture efficiaxy and detection of the surface-generated luminescence.

3.1.1 Notation and assumptions

In the folloving derivatias, apoint electric dipole Bused to model the radiation ofa lunines-
cent nolecule. The dipole sembedded irsice a multilayer system and ccillatss at a discrete
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angular frequency corresponding 1o the wavelength A, as shown in Fig. 3.1@). The calaula-
tion can essily be extended to the case where radiation s daracterised by some broad-band
spectrum sinply by integrating the firal results over the emisssion spectrum.

The multilayer system containing the radiating dipole ks the same as that considered in
Sc. 221 larsistsofM  layers separated by planar interfaces parallel to the x-y plane. The
positians of the Interfaces are daracterised by the co-ordinates Zj, as shown in Fig. 3.1(0).-

@ ©®

Figure 3.1: (a) A schematic diagram of the 3D representation of the emitted luminescence
originating from a dipole embedded inside a multilayer system, (b) A diagram of the multilayer
system considered in the derivations. The radiating dipole positioned at the j th interface is depicted
by a thick arrow.

The gotical properties of the layars are daracterised by refractive Indices rij , where
i = 1,...,M. The multilayer system i surrounded by the superstrate (z < 0) and substrate
(z > 0) of refractive index no and tim+, regectively. In gereral, the values of the refractive
indices can be complex, ie,rij = + z8{nj} with > 0 ,which allors for Inclusion
of Iossy or metal laers in the nultilayer system. However, the refractive indioss of the
surrounding media are considered to be real, which corresponds to the mgjority of practical
sitLatias.

The dipole, which ccilllates at an angular frequency u = ZAo/A, @ being the speed of
light invacuum, ilocated at the interface between thej th and g+ Dth laers. By appropriate
doice of the values of thidkess and refractive index, all possible configurations of the dipole
placement can be treated.

The field across the multilayer system i described in the same way as in Sec. 2210 In
partiaular, the field inthe j th layer can be decomposed into a sum of plane waves in the form

Ej(r)= Jd3kj Sj(kj)explikj =r]. GD

The factor 1/kg, where ko = ZA/A, ensures that the units of the plane wave vector ampli-
tudes £j{kj) are the same as the wits of the total fidd

It 5 convenient to decompose vectors kj and r inmto components lying in the x-y plane
(which s parallel o the interfaces of the layers in the nulitilayer system) and those perpen-
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diaular o that plae, 1e, kj = \q3,kzj], r = [p,2\, a shown in Fig. 3.1@). This leaks t©
the expression

EJP.2) = 2 Jdoj EJ(iPD exP[* -p] > (W)
where
= ~j~Jdkzi £j([Qj’kzj}) exP[ikz3z\ m (€X0))

The vector £j{qj) can be inmnerreted as the complex amplitude of the field radiated in the
direction which when projected onto the x-y plane isequal to g3.

Upon rotation of the laboratory co-ordinate system [x'2y'~z'] by angle #around ¢™-ads,
the expression far g3 In the new co-ordinate system [x, y, z] becomes

Q = [0,%- GH

As reversion o the laboratory system i straigitforward and working in the co-ordinate
system [x,y,z] does not introduce any less of gererality, the folloving derivations will be
restricted 1o this co-ordinate system. This i also convenient from the point of view of the
matrix formalism which willl be used to describe the response of the multilayer system. In
these co-ordinates, the situation under consideration looks as depicted in Fig. 3.1().

The principal aim of this section B 1o derive expressions for the angular distribution of
the intarsity radiated by a sirgle dipole, as vell as a layer of dipoles, Into the surrounding
media. In particular, this study seeks 1o estebllish exoressions for the functions 1o(6q, ()0) and
—Im+-i(Om+1? $AFH)- They represent the angullar distributions of the intasity radiated in the
media daracterised by refractave index no and n” +1, regectively.

As will be seen in the folloving ssctias, it more convenient to express the electro-
magnetic field and thus the radiated intarsity as a function of the wvave-vector £, ie, inthe
form of the plane-wave decomposition given by Eg. (@.1). However, the components of the
wave-vector, when expressed in the original co-ordinate system [x\y\z'], are relatd to the
agles 0 and 0 by

ko0 = [iol[sino0sin  ,sin00cos M ,a0s0q, @5

AM+1 = |&M+I| [sinOM+] sinOM+1jSin0Af+iCOSOAf+I>COSOAF+1Jj -
as folloxs from Hg. 3.1@). Therefore, it B aufficiet to find the fuctions £o{ko) and
£ M+\ ("W+i) inorder to determine the angular distributions /0000>"0) and /m+i (On+i? $m+i)
of the radiated intesity, respectinvely.

3.1.2 Radiation of a point dipole embedded inside a multilayer system

The formalism for the description of the field across the nultilayer system was developed
inSxs. 221 and 22 2. All equations derived therein are also valid in this analysis, with
the s0le exception of Bg- (2.19). The problem with (2.19) sthat it represents the boundary
conditions for the electromegretiic field at the j th interface, which B assumed to be firee of
surface charges and aurents.  Honever, due to the presence of the radiating dipole at this
interface, this assumption i not valid in this case. Therefore, an eguivalent © (2.19) has to
be found.
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Free oscillating dipole

AHrstly, a point dipole A oscillating at an angular frequency u and positioned at ro = 0 inan
unbounded medium s oosidered. The dipole acts as a current source that can be formally
epressed as
J@r,t) = —iufi exp Fiut] 8(r —ro). G.6

To determine the space-time dependence of the field produced by the dipole, Maxwells
equations have to be solved using the aurrent source (3.6)- In the following derivatios, the
electric field produced by the dipole isdenoted by Ej(r, t). The subscriptj refars to the fact
that the medium surrounding the cscillatirg dipole s daracterised by refractive index rij.

The time-evolution of the field Bassumed to have the same harmonic form as the dipole
radiation, ie, Ej(r,t) = Ej(r) exp[—iut]. To derive the soace-variation of the field, a more
elaborate procedure has t be gplied. Arstly, the gatial component of the radiated field B
expressed by the Fouriier expansion

Er@ = J3J BkE?(K) explik =r]- (€X))

As derived InRef. [10], the expression for the vector arplitudes £j(k) can be written as

e*l)=N Vv f + J-kf)- (3-8)

where k = \k\, kj = rijko and eo Bthe vacuum pamittivity. When the vector k isdecomposed
ino the x-y and z components as k = [qg, kz], the epression (3.7) can be renritten as

(Ip>*1) = (2 7)3~ 4 [ 120 exp + fcf _ Y | exp »  (3-9)

where kzj Bgiven by
Ki = s[k) - @2, > 0 G109
The integration over kz can be performed using the contour integration in the kz plare.

Considering only the terms contributing to the power dissipation, the field produced by the
dipole Bexpressed as

Ej([p>21= ~ 272 ¢3 \Jiz« exP N +p] exp [£ikZ¥Z] A - (3.11)

In this eqression, the sigs “+”” and & correspond t the semi-spacesz > Oand z < Q,
regectively. Furthermore, the vectors k” are given by

kf = [g tkzJ\ (3.12)

Using vector algebra, the vector product term in (3.10) can be written in a form which
B more convenient far relating the field expression o the formalism used in Sscs. 2 2.1
and 222. Due to the fact that the vectors g),st, ejir: and k* form a corplete base of
a three-dimensional space, the vector jx can be decomposed as

H= @, =ej"st) (M “&j,p2) & ,px “F (M kj )kKj . (CHK))
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In this equation, the vectors éjj and éj)k, which daracterise the s and p polarisad Iidt,
can be calaulated from (2.15) upon substitutionNyj = g. Consequently, the expression (3.1D)
for the electric field produced by a free point dipole can be written in the form

Ej{[p.*]) = 8mr2coeo j d2quz7 { (M j5+Iejs+ + N 'ejp+rejp+} exP P+ ikzjZ] z>0

E%([p,z]) = Sn2koeo J d2(I -j~ {C*~me;>) éi1,0-+ (p =i.P~) ei,p-} exP[iQ-p- ikzjz], z <
G
Equation (3.14) inplies that the field radiated by the free dipolle can be expressed as a su-
perposition of the s and p pollarised plane waves characterised by the vector amplitudes

£7s+(@) = £°e{0) §.5t,
G-D)

where the magnitudes E?3 and £/p+ are given by

Ei'st{q) = w 70,7 ™ Tejsi’
- 13

GB

£ +{q) = s~ ~ro0 k ~ ~ tej,px")’

Oscillating dipole inside a multilayer system—field magnitudes

After the exressions far the electric field produced by a free ascilllatirg point dipole have
been derived, the amalysis can proceed with the derivation of the field radiated by a dipole
embedded insice the nultilayer system.

It Bassumed that the point dipole isthe only source of the electromagnetic field present
in the multilayer system and that there are no other extermal sources of the fiekd This means
that the vectors A g and Am+1 defined In Q 20) must take the form

Aqg= P .B0,5>07%0,pT>
Am-H= [EMI, S0 Em+ip+iO.

It i alwn assumed that the field generated by the dipole does not influence the dipole
radiation. Although the results of Chance et d. [11] indicate clearly that the presence of
a metal interface near the radiating dipole modifies the damping rate (inerse of the lu-
minescence life-tire) and the frequency at which the dipole oxillates, the modification of
these time-domain daracteristics of the dipole radiation i not of Interest here. What B
of interest & the INfluence of the surrounding multilayer system on the angular distribution
of the dipole radiation, i1, on the space-domain daracteristics. Therefore it i considered
that the Influence of the surrounding multilayer system on the time-domain darecteristics
s already contained In expression @ 6) describing the dipole radiation in that u  represents
the dipole cecilllation frequency perturbed by the surrounding media. This willl be partic-
ularly important in Sc. 3.1.3 where the layer of mutually inooherent oscillating dipoles B
consicered.
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ifthe dipole was not Inserted into the multilayer system, the vectors Aq and Am+\ would
be related by _
AQ — LjAJ 5
G1B
A7+l
whiich can be derived by reaursively applying equation .19). Honvever, when the dipole B
considered to be located at the j th interface, this relation has to be modified so as O take
into acoount the disoontinuity of the fields tangantial components across the jth interface.
The modification has the form

AQO = Lj (Aj + PJ1e=]0,

G199

Aj+1+£j+is+>>0, y 0 1 — OAm+i-

This B a acial step in this aahlysis.

Now, it sassumed that the refractive indicesof layersj andj + 1areequal. Although this
does not introduce any loss of gereral ity to the descriiption of the dipole+ nultilayer system
@l possible configurations of positias of the dipole insice the nultilayer structure can be
achieved by the appropriate doice of the values of refrective index and layer thideess), it
allons for writing the equations (3.19) in a more eplicit form. After some rearrangements,
equation (3.19) can be remitten as

Ag=Ln+iAn+i+ LjPj 1 (EW.0))

where the vector A* B defined as

A @2
Equation (3.20) i an analogue of Bg. (2.5) for the multilayer system containing a sirgle
point dipole located at the j th interface.

Equation (B.20) shows that the contribution of the dipole to the extermal field (representd
by the vectors A q and AT ) corsists of a product of three quantitties that can be essily
interpreted.  Arstly, the radiation characteristics of the dipole are given by the vector A,
Secondly, the position of the dipole at a distance tj from the ( - Dith interface s represented
by the matrix P*“1. Firally, the matrix Lj describes the response of that region of the
multilayer system which s above the layer containing the dipole, ie, at 2 < Zj-\. This
factorised form B very advantageous, as italloas for signhificat sinplification of the formulae
describing the radiation of multiple dipoles embedded irsice the nultilayer system, as will
be shown in the next sectaion.

In order t© fird eglicit expressions for the magnitudes of the plane waves radiated Into
the surrounding media, equation (3.20) must be sohed. After some sinmple algebraic manip-
ulatias, one arrives at

em+i,s+{q) - ujis exp[ ikz.iti1eis+¢q) + UjiSexp[+ikzjtj]1£jS (q),
(3.22)

Em+ipt(q) = UjPrexp[~ikzjtj] £jtP+(q) + UjtP- exp [+ikzjti] ~ p_(@)
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for the magnitudes of the plane waves propagating in the sustrate, and
£o,5- @

Vits+ exp [-ikzJtj] £2s+(q) + V&S exp[+ikzJtj] £f  (q),
(EWS))

£0,p+{0) VitP+ exp [-ikzjtj] £jtP+(q) + VjtP- exp[+ikzjtj] ££p_(q)

for the magnitudes of the plane waves propagating in the syperstrate. The acefficiats uj)St,
Uj,p+i Vj,s+, and vjw are calaulated as follos:

ujs+ = LUj/LiI"M+i, Ujye = -Li2j/Ln)MHi,
(€0

Uj,P+ * A33j7733,M+l, UjfP- = -"34j/"33,M+1)

and
Vii,s+ —"21L,M+INj s+ - L21), ViR = Z2LMHlujis + 1223,
GD

K"+ ~ M3 M-(-1N",P+— ~ 4 3 Vj,p- = -M3,MIN,p- + M4 .
In these eoressians, Lkij represents the /] element of the matrix Lj defined in .26).

Radiated intensity

The Intersity (O irradiance) ofa plane electranegnetic wave daracterised by the wave vector
k and the corresponding complex amplitude £{k) isgiven by fi2, 13]

1K) = IG@)I, G-D)

where the time-average of the Poynting vector S (k)) isgiven by

<s(o) = LIECD x KO} = 3 |, th) 1800\ 3.27)

In this equation, denotes the real part of x, x* denotes the complex conjugate of x ,and
rj iBsthe medium impedance evaluated as 1j = y/pje.

As can be seen from equations (B.2) and (B.23), the equressias far the plane wave
magnitudes of the field propagating in the substrate and superstrate are pararetrised by g,
ie, by the projection of the fcvector o the x-y plae. The corresponding expressions
pararetrised by k can be found essily. Due to the relation d3K = (kj/kzj)dkjd2q, which
folloss from geometry (s Fig. 3.1(@), the vector field anplitudes are related by

£),s+(k) = "£],sx(q),
3 (€223)
£j,px{k) = JJ £ dpx(q).
Using expressions (3.22-3.28) and the fact that the s and p polarised modes are orthogoral,
the expression for the intersity radiated by the dipole into the substrate by means of a mode
cdharacterised by the wave-vector k can be written as

o . \N_ ~A{nM +i} 'z,M+1
tj) — 270
&M +

(3.29)
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where
i U)-*m +i,x(9) = \Ui,*+\21" >+ (9)]2 exp[+29{fc2jiI}],
~ > 17Mi-0 X exp[-20{kzjtj}], (X))

1OH « +1,,0) = 22{",*+ K- x=1*"x+ @) [%-(<QT* >

In these equatians, x represents the polarisation states of the radiated fild, ie, x = s,p.
A similar eqression can be dbtained for the intesity radiated into the sperstrate. it B
given by equations (3.29) and 3.30), where M + 1and Ujjx are substituted by 0 and Vjp4,
regectively. The arguments k, [i and tj in the eqoression (3.29) indicate that the radiated
inersity i a fuction of the wave vector, the point dipolle amplitude and its posiion. The
subscript () refars o the fact that the expression represents the radiation of a sirgle point
dipole located at the j th interface.

The angular distribution of the luninescence intarsity radiated into the substrate can be
obtained by considering the equation

(1A2y £,1)) d k = JI(j)~+M+i,x{0>0? tj) diijw+> G3D
\K\=KMHi
kz>0

whiich represents two equivalent ways of evaluating the total energy radiated inmo the super-
strate by means of the modes daracterised by a constant value of \k\ and equal to \k\ =
/ot = /D) riki-  In this equation, dfi, = sintfd"d# s the element of the solid angle
in the direction k = \K\ [sir0sin0,sin0cos0,as#], as shown in FAig. 3.1@). Equation @B.3D
inplies the relation

1G)—=MaxX> 1)) = ! (S5 tj), G2

which has 1o be considered when transforming the results from the fo-ge0e to the 6 ,()-Sae
and vice versa. When M + 1 s substituted by 0 in 3.3), the angular distribution of the
luninescence iINtarsity radiated INto the syperstrate s dotained.

3.1.3 Luminescence emitted by a layer of oscillating dipoles

In sensor goplications employing luminescent coatings, one typically has a thin dielectric
layer doped with radiating dipoles. Therefore, it isuseful to fird exoressions for the radiated
intersity produced by an ensemble of dipoles distributed across a layer which s embedded
insice a nultilayer system.

For sinplicity, It i assumed that the cscillating dipolles are evenly distributed across
a laer of total thidaess Tj and refractive index nj ,and that the radiation of any of two ra-
diating dipoles smutually incoherent. Furthermore, it lsassumed that the vector /Z in (3.6)
has the same magnitude and oriettation for al dipoles. The case of random dipole orienta-
tions will be considered kter.

At this point, an advantage s taken of the factorised form of the expression far the dipole
radiation, as discussed in Sec. 3.1.2. Due 1o the mutual incoherence of the dipolles’ rediation,

97



3.1. RADIATION OF DIPOLES WITHIN A MULTILAYER STRUCTURE E. Polerecky

the total intersity radiated by the layer of dipoles sgiven by the integral of intasities (3.29)
over the positios of the dipoles. Due t© the fectorisation (3.30), the Integration s essily
carried out as it sonly the exponentiial terms exp [228s{kzjg}] and exp [- 2 iSHkzjtj}] that
have to be Integrated.

As mentioned previasly, thej th interface Bnot an interface in the actual meaning of the
word, as it isseparating layers of equal refractive Indices, ie, fj = rijH. The thidkesses of
these two laers fj and +\ are assumed to fulfill the relation f + i72+1 = Tj (see Ag- 3.1(0))-
Consequently, the integration of 3.2) over § £ (O Tj) can essily be performed and the
epression for the intarsity radiated by the dipoles uniformly distributed across the layer of
thidkess Tj can be written as

il N
N\AM 1 ) — AR "
(CXCO))
where
I fcu+lX9) = |UtX+2\EEx+(q)\2exp 1 + ~ jTi}] Tjsinch j T j}],

fau+i,M) = K*-\2\gx-(D\2 exp [-2s¢{k.iTi3+ 73S i n ¢ h

A1, (9) = M{ViLx+ ix-17€71IXH0) [E& ()T* exp[-m{kzjTj}1}Tj sincmkz,jTj}]
B3
In these equations, sire B] = sinXl/x and sinch [X] = sirjo;J/x. The arguments k and
indicate that the radiated Intensity depends on the wave vector and the vector amplitude
of the point dipole. The subscript [] refars o the fact that the expression represants the
radiation originating from the dipole layer daracterised by the indexj (refractive index m,
thideess 7j). The angullar distribution of the radiated intarsity isobtained using B9. 3.3),
inwhich () ssustituted by [j]. The eqoression for the intasity radiated into the superstrate
can be obtained from (3.3) upon susstitutionofM + 1 by O

3.1.4 Radiation of randomly oriented dipoles

Bressions (3.2) and (3.33) represent the angular distributios of the intarsity radiated by
a sirgle dipole and a layer of dipoles embedded irsice the nultilayer system, respectiely.
In both casss, the strength and oriientation of the dipoles were assumed to be constant and
equal t A Honever, inthe vest majority of sensor goplicatias, there ino gecial attention
being paid t the orientation of luninescent molecules during the tedrological process of
the laer preparation.  In other words, while the strength of the dipoles can be assumed
o be constant far all radiating molecules, the dipole orientation can be considered as being
random. Therefore, itisdesirable to find an expression for the intensity radiated by randomly
oriented dipoles.

To dotain such an eoression, an integration of the intasities /(Q) W ,x an(® 1®
over the random orientatios of the vector A needs to be carried aut. Honever, due to the
symmetry of the problem, this rather exhaustive step can be bypassed and the result can
be dotained by sinply averaging Egs. 3.209) and (B3-3) over a complete s=t of arbitrary
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orthogonal dipole orientatias. One possibility o consider the sst

Mi = P30 03
My = P.M], GH)
Mi = P2 .4l

Consequently, the expressians far the intersiiies radiated by the randomlly oriented dipoles
can be written as

=" A (€X9))

and

NP = - Al +ix 2/ @G3)

In this equation the superscript g refars o the polarisation state of the radiated fied, ie,x =
s,p. Furthermore, the exressions far the intersity radiated into the superstrate can be
obtained upon substitutionof M + 1by Q.

Due 1t the symmetry aosideratians, the dependence of the radiated intarsity on agle ()
vanishes after the integration (@veraging) over the dipole oriettations. Consequently, the ex-
pressios (3-3) and (3-37) describe the dependence of the radiated intarsity on the azimuthal
agle 0, ie, the angle between the axis z and the direction of cbservation (s Fg. 3.1@))-

3.2 Numerical examples

In this sectian, a number of nurerical examples Bprovided to illstrate the results obtained
in the previous secdon. The nurerical values were dotained by a self~develgoed code wrirtten
in Matlab. The parameters used in the calaulations correspond to the neterials that are
extesively used in the laboratory where this research was conducted [H4]. For the purpose
of the calaulation, they are considered to be independent on wavelength. A typical sustrate
supporting the luninescent media cosists of glass s = 1.515). As for the luminescent
medium, micro-porous glass media doped with a ruthenium complex are commonly used [15,
16, 17, 18]. A typical value of the refractive Index of these materials s = 143, In typical
goplicatias, the sol-gel s coated on a gless slice and s covered by the enviroment, whose
refractive index isdenoted by ne. The environment s typically either air (ne = na= 1.0) or
water (ne= nw = 1.33).

3.2.1 Radiation of a point dipole placed at a surface

Arstly, a point dipole placed at the surface of a glass substrate s considered [B). The orien-
tation of the dipole Bconsidered 1o be random, ie, equation (3.35) can used t calaulate the
angular distribution of the radiated intersity. The angular distribution plotted ina spherical
co-ordinates isshown InFig. 32. The graphs @ and (©) correspond to the situation where
the medium covering the glass substrate s alr and water, respectively. The radiation propa-—
gating in the positive (down) and negative (Lp) ¢~directias correspond to that radiated into
the glass substrate and the enviromment, respectinvely.
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Figure 3.2: Angular distributions of intensity of luminescence radiated by a randomly oriented
dipole located at the glass substrate. The environment covering the substrate is either air (a) or
water (b). The three-dimensional graphs are plotted in a spherical system of co-ordinates.

it B vwell known that when a randomly oriemted radiating dipole & located in a free
unbound space, its radiation i isotrpic [12, 13]. In the spherical representation used in
Hg. 32, the angular distribution of the radiated intesity would look like a gohere. As can
be san, honever, the angular distribution is sighificatly altered when the radiating dipole
Bplaced at the interface. Arstly, it can be noted that the radiation i highly anisotropic.
Secondly, a significant part of the luminescence s radiated into the glass substrate, which
has a higher refractive index than the environment above it

environment

angle 6 [deg]
@ ©

Figure 3.3: Angular distributions of intensity of luminescence radiated by a randomly oriented
dipole located at the glass substrate. The solid and dashed lines correspond to the situations
where the environment covering the substrate is air and water, respectively. The graphs (a) and
(b) correspond to the polar and Cartesian representations of the intensity distribution, respectively.
In graph (b), the intervals 9 € (0°,90°) and 9 £ (90°, 180°) correspond to the intensity radiated
into the substrate and environment, respectively.

Due 1o the fact that the angular distribution s axially symetric, it is possible to plot
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an intersection of the distribution at a particular agle g), such as = 0. These distributios
are shown In Fg. 3.3, where the graphs @ and (©) are plotted in the polar and Cartesian
oco-ordinates, regectely.

As can be seen, the angular distribution eibits a sharp peak whose position corresponds
1o the radiation into the substrate.  Further investigation reveals that the angullar position of
this peak Bequal 1o the aitical angle corresponding o the enviroment/substrate interface,
ie, 91s = arcsin(ne/ns). For the particular values used in this calaulation, the values of
the ataal agle are 9“s = 41.3° and 9™ = 61.3° when the environment s air and water,
regectively. Therefore it can be concluded that the dipole located at a surface preferably
radiates into the higher refractive index substrate at agles cloe o the attial agle ges.
The inmtersity radiated into the environment i relatively srall, as can be seen from Hg- 3.3.

3.2.2 Radiation of a point dipole vs distance from a surface

This section considers a randomly oriented dipole placed in the environment at various dis-
taces from the glass sustrate, as shown in Fig. 34. Figure 3.5 shows the angular dis-
tributios of intasity of the radiated luminescence far three distances ts of the radiating
dipole from the glass substrate (see the legends of the graohs). The graphs @ and () corre-
spond to the situations where the environment covering the glass substrate s air and veter,
reqectively.
environment
Hi

0
glass siibstrate:;.\.

Figure 3.4: A schematic diagram of a point dipole (depicted by the black point) located in the
environment at a distance td from the glass surface.
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Figure 3.5: Angular distributions of intensity of luminescence radiated by a dipole located in
air (a) and water (b) at various distances td from the glass substrate, as shown in Fig. 3.4. The
particular values of the distances are specified in the legends.
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As can be seen from the graphs in Fig. 35, the angular distribution of the inmtensity
radiated below the aitical angle 91s does not change with the distance td of the dipolle from
theglasssbstrate. The imtersity radiated into the enviroment, ie, atagleso G (@, 180°),
varies in that its total amount increeses with increesing value of td-  Furthermore, a peak
starts emerging at 9 % 110° for greater values of td- Appllication of the theory developed in
Sec. 3.1 would show that this isdue 1o interferance of the luninescence radiated directly into
the environment and that reflected from the enviromment/substrate interface. The number
of these pesgks, which form a fringe-like pattem in the angullar distribution of the intasity,
would increese with incressing distance td (ot shown in the figure).

The most sigiificait changes in the intasity profile are observed within the angular
range 9 6 (0",90°), where 9es Berther 9™ = 41.3° or 9™ = 61.3°, depending on whether
the environment s air or water, regectely. In partiadlar, the intesity fall-off above the
aitial agle Bmore abrupt for greater distances td- Furthermore, for a distance as low as
td = 0.54, there salmost no luminescence radiated above the attacal agle 97s, as shown by
the dash—dotted lire. These important features can be explained as follos. The electromag-
retic field which propagates in the gless substrate at agles 9 E (05,900) i exponantially
decreasing inthe enviroment. A daracteristic penetration depth of this so-called evanescent
Tield B approximately A and it decreases with the Increassing propagation agle 9. Because
the Tuminescence at these aglles i provided by coupling of the dipole’ near-field with the
evanescert fied, it i understandable that its intesity s decressing far incressing 9. More-
oer, for a aufficiently larte distance of the dipole from the aurface, the evanescent field does
not reach dipolesposition. This inplies that there isvery little luminescence radiated above
the aitical angle for such large distances due t a weak coupling of the evanescent field and
the dipoles rer-field, as concluded aove.

3.2.3 Radiation of a thin luminescent layer deposited on a substrate

In this sectian, the angular distribution of the Intarsity radiated by a thin luninescent layer
deposited on a planar gless substrate saalysed. The layer i formed by a sol-gel Iayer of
refractve Index v = 1.43 doped with a luninescent ruthenium complex [15, 16, 17]. The
environment covering the layer seither air or vater. The structure isshown inFig. 36.

environment

piase «Hhcfrafi*

Figure 3.6: A schematic diagram of a thin dipole layer (refractive index n/ = 1.43, thickness £/)
deposited on a planar glass substrate. The environment covering the layer is either air or water.

Figure 3.7 shows the angular distributions of intasity of the luminescence radiated from
the luninescent layer whose thidkness takes valuesti = 0.1A,0.5A, 1.5A, where A Bthe wave-
length of luninescence. Only the Intesity radiated into the glass substrate s shon. As
can be s=en, the angular distribution at agles below the aTtacal agle 9es does not change
significatly with the thidaess of the dipole laer, and i close o that corresponding to the
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point dipole radiation (S Sc. 3.2.2 and Fig. 35).

angle 0 [deg] angle 0 [deg]
@ ()

Figure 3.7: Angular distributions of intensity of the luminescence radiated from athin luminescent
layer deposited on a planar glass substrate (see Fig. 3.6). The environment covering the layer
is air (a) and water (b). The thickness of the luminescent layer varies between values ti =
0.LA0.54, L.5A, as shown in the legend. In order to make the differences between the angular
profiles more visible, the normalised intensity, i.e., 1(0)/ti is plotted.

Notable changes are obsernved at agles 0 £ (61s, Ots), where Ots = arcsin(vV/ns) « 70.7°
s the ataal agle of the layer/susstrate interface. Within this angular range, the angular
distribution of intasity exibits a distinct peak. This peak Bmore pronounced and shifted
tonards 6ts far greater values of the thidaess of the dipole laar. Furthemore, at these
greater thideessss, the sharp peak s accompanied by saveral lkess significat pesks, which
“emerge” from the angular position determined by O™ This s demonstrated by the dash-
dotted lire iInFg. 3.7@)- This feature ot yet visible In Fig. 3.7(b) as the thidaess of the
luminescent layer s not sufficiady late.

The behaviour of the radiated intarsity described above can be qualitatively understood
by considering the folloving argurents. The electroregretic field, which corresponds to the
modes propagating in the glass substrate at agles 0 E Q7s,6ts), ipropagating within the
dipole laer. Due to interfarace effects caused by the reflectias at the substrate/layer and
layer/enviroment interfacss, the magnitude of the field can be considerably enhanced for
a cartain value of the agle 9. (An example of the field distribution across the structure
corresponding to this angle & shown in graphs @ in Fg. 26, Chapter 2) The coupling
efficieay between the near-field of the dipoles irsice the layer and the far—field propagating
in the glass s proportional to the magnitude of the field insice the dipole laer. Therefore,
the enhancement of the radiated intesity at a particular agle 0 i a consequence of the
enhancement of the field corresponding to the modes propagating at this agle.

3.2.4 Radiation of a thin luminescent layer separated by a buffer layer

In this section, a the two-layer system shown in Fig. 3.8 i casidered. The system arsists
of a glass sustrate covered by a buffer layer of refractive index v = 1.43 and variable
thideesst On top of the uffer layer Ba luminescent dipole layer of refractive index n[ =
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1.43 and thidkess &= 0.1A. The Iuminescent layer i covered by the environment which i
either air or water. This example Bchosen inorder to demonstrate the influence of the buffer
layer thidkess on the angullar profile of intensity of the radiated luminescence.

environment
[luminescent layerli
buffer! layer

(0)

Figure 3.8: A schematic diagram of a two-layer system comprising a thin luminescent layer (refrac-
tive index n/ = 1.43, thickness ti) and a thin buffer layer (refractive index ni = 1.43, thickness U)
deposited on a planar glass substrate. The structure is covered by the environment which is either
air or water.

The angular dependence of intarsity of the luninescence radiated into the glass substrate
Bshown inFig. 3.9. The graphs @ and () correspond to the situations where the lunines-
ot laer soovered by air and vater, respectively. The thidaess of the buffer layer varies
between tf, = 0A, 0.5A A

As can be seen, the influence of the buffer layer on the angular profille of the radiated
inEesity s two-fold. Arstly, in the angular range 6 G (Oes,0ls), the smooth decrease of the
inensity with the incressing angle 0 i changed to a more complex profile comtaining peaks
and dips, the number of which depends on the thidkess  of the buffer laer. These peaks
are due to the same interference effedts as those discussed In Sec. 3.2.3.

>>

angle 0 [deg] angle© [deg]
@ )

Figure 3.9: Angular distributions of intensity of the luminescence radiated into the glass substrate
and originating from a thin luminescent layer (thickness i/ = 0.1A, refractive index ni = 1.43)
which is separated from the substrate by a buffer layer (refractive index n/ = 1-43), as shown in
Fig. 3.8. The luminescent layer is covered by air (a) and water (b). The values of the thicknesses th
of the buffer layer for which the distributions are plotted are shown in the legend.

The second important influence of the buffer layer can be observed at agles above the
aitial angle 0ts of the buffer layer/slbstrate interface. The total amount of luminescence
radiated above this agle i decreased sustantially even for as thina buffer laeras = A
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(=== the dash-dotted lire). This iBdue to the same reasons as allready discussed in Sec. 322
In partiaular, the field corresponding to the intesity observed at these agles s evanescent
in the buffer laer. When the thidaess of the buffer layer s ufficiently late, the field barely
reaches the luminescent layer, which decreases the coupling efficiay between the rear-field
of the radiating dipoles and the radiated fidkdl  Consequenttly, the amount of luminescence
propagating in the glass substrate at agles 0 > 6ts Bvery snall for greater values of

3.2.5 Radiation of dipoles—thin layer vs bulk contribution

This section considers a cotfiguration similar to that discussed in the previous secian. The
results obtained from this nurerical analysis will have very important inplications for prac-
tical goplications where the surface-gererated luminescence s ofF interest.

The wo-layer system under consideration i shown in Ag. 3.10. It axsists of a glass
sustrate, which s oovered by a ol layer of refractive index 1/ = 143 and thidkessti =
1.5 This laer s either luninescent or non-luminescent. On top of this laer s a bulk
laer of water (thideess K), which either does or does not cormtain luminescent moleaules.
The purpose of this bulk laer it model the cotribution t the radiated luminescence
originating from the volume above the thin ol-cel laer. The bulk layer s covered by water.

water water water
culkja®
Isol-geli layer| ||| |
10 ' 1(0) 10
glass substrate; ; :::0 glass substrate;: i
@ © ©

Figure 3.10: Schematic diagrams of two-layer systems consisting of a glass substrate, sol-gel layer
and a bulk layer. The structures are covered by water. Diagrams (a), (b) and (c) correspond to
the following situations: (&) the bulk layer contains luminescent molecules while the sol-gel layer
does not; (b) the bulk layer does not contain luminescent molecules while the sol-gel layer does;
(c) both the bulk and sol-gel layers contain luminescent molecules.

Arstdy, it s considered that the ol-cgel layer does not and the bulk layer does comtain
luninescent moleaules, as shown In AIg. 3.10@)- The corresponding angullar profille of inten-
sity of the luminescence radiated into the glass substrate isshown inFig. 3.11@). As can be
=N, the luminescence radiated from the bulk layer can be observed mainly at agles below
the aittial agle of the water/substrate intexrface (0™s). The greater sthe thidkess & of the
bulk laer, the greater i the amount of luminescence observed below the aitical agle 6™s.
On the other hand, the cotribution of the bulk layer to the luminescence observed within
the angular range 6 £ {07s,0ts) i 9mall and does not significatly change when the bulk
layer thidhess exceeds the value of approximately 4A, as demonstrated by the dash and
dash-dotted lirss in FAig. 3.11(@). This B an important observation because it ergbles one
1o extend the thidaess of the bulk layer 1 an arbitrarily large vallue without modifying the
angular distribution of the luninescence radiated within this angular rage. Last but not
lesst, it Bworth noting that there s only a negligible contribution of the bulk layer © the
luminescence observed above the attical agle 6ts.
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Figure 3.11: Angular distributions of intensity of luminescence generated by a multilayer structure
shown in Fig. 3.10. The bulk layer is characterised by refractive index = 1.33 and thickness tb,
while the sol-gel layer is characterised by ni = 143 and ti = 1.5A. The graphs (a) and (b)
correspond to the situations depicted in Figs. 3.10(a) and 3.10(b), respectively.

Now, the gpposite case B oasidered, ie, the ol laer does and the bullk layer does
not cormtain luminescent molecules. The corresponding angular distribution of the intEsity
observed in the glass looks as depicted In Fg. 3.11(0). The features of this profile were
already discussed inSsc. 3.2.3. In contrast 1o the situation depicted inFg. 3.11(3), the main
contribution to the Tuninescence originating from the ol-gel layer isobsenved at agles 6 6
{0™si0ts)- Furthermore, there i a considerable amount of luminescence radiated above the
aitial agle 9ts.

Figure 3.12: An example of the angular distribution of intensity generated by a multilayer structure
shown in Fig. 3.10(c). The bulk layer is characterised by refractive index rib = 1-33 and thickness tb,
while the sol-gel layer is characterised by ni ~ 1.43 and ti = 1.5A. Both the sol-gel and bulk layers
contain luminescent molecules with equal concentrations.

When both the sol-gel and bulk layers cortain the luninescernt molecules,1 as shown in

~or simplicity, both layers are assumed to have equal densities of the luminescent molecules.
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Fig- 3.10(©), the angular distribution of intasity looks as shown InFAg. 3.12. Due to the fact
that the contributions to the luminescence originating from differait parts of the structure
are considered 1o be uncorrelated (in the statistical sas2), the total intasity isgiven by the
sum of the contributions from the sol-gel and bulk laers.

The graph demonstrates that it is possible to distinguish between the contributions orig-
inating from the doped 0lcel layer and the Tuminescent bulk laer. This sdue o the fact
that these two contributions are observed within differat angular regios.  In partiaular,
the main contribution originating from the bulk layer isradiated at angles below the attcl
agle 0™, whille the main contribution origirating from the thin solel layer isobsenved at
agles above the aitical angle 0™s. Although the distinction between the two contributions
K5 not sharp around the ataal agle 6™, there B a definite agle, denoted by n above
which the contriibution originating from the bullk layer isnggligible ih comparison to the con-
tribution originating from the sol-gel laer. The value of this anglle can be determined by
combining this analysis and the noise daracteristics of the particular detection system.  This
will be more extersively studied in Sec. 34.

3.2.6 Radiation of dipoles—surface vs bulk contribution

In this secian, another inplication of the theory that could be exploited in a tednique
suitzble for distinguishing between the surface and bullk-generated Iuminescence isdisaussed.

water water water
Joullcja’er
[ | surface} Tayerfl||
17 \'m
glass sijbstrate
@ ©® ©

Figure 3.13: Schematic diagrams of a two-layer system consisting of a glass substrate covered with
water. The water above the substrate is divided into a surface layer and a bulk layer. Diagrams (a),
(b) and (c) correspond to the following situations: (a) the bulk layer contains luminescent molecules
while the surface layer does not; (b) the bulk layer does not contain luminescent molecules while
the surface layer does; (c) both the bulk and surface layers contain luminescent molecules.

The structure under consideration arsists of a glass substrate covered by water. The
water environment sdivided Into a “surface” laer, a “bulk’” layer and the bulk . The
surface layer iBa layer ofwater of thidiess ts adjacent 1o the glass susstrate. The bulk layer
sanother layer ofwater (thidaess 15) covering the surface layer. The purpose of this division
istomodel the contributions 1o the radiated Iuminescence originating from mollecules located
cloe to the surface of the substrate and those located further away from the auface. The
situation s depicted in Fg. 3.13.

Arstdy, it sassumed that both the surface and bulk layers cortain Iuminescertt moleculles.
This means that the luminescence originates from a layer of thidkess ts -Fhi as shown in
Fig. 3.13(©). The angular distribution of intarsity of the luminescence radiated into the glass
substrate from such a system i shown in Fig. 3.14@) forts = A and variaus values of the
bulk layer thidaess (s the legend of the grgoh). As can be seen, the increased value of the
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Figure 3.14: (a) Angular distributions of the total intensity of luminescence radiated into the
glass substrate, which is given as a sum of the contributions originating from the "surface” and
“bulk” layers, i.e., from a layer of total thickness ts + £ (b) Separate contributions to intensity
of the luminescence originating from the surface layer of thickness ts = A (solid line) and the bulk
layer of thickness tb = 3A (dash-dotted line). Both the surface and bulk layers are comprised of
water (see Fig. 3.13 for the explanation of the structure under consideration).

bulk layer thidaess results only iIn increese of the level of luninescence intersity below the
ataal agle of the enviroment/substrate interface Oes. Above this agle, the intesity of
luminescence remains practically unchanged for all values of the bulk layer thickness

To explain this behaviour, the contributions origirating from the surface and bulk layers
are plotted sgarately.  This s shown in Fig. 3.14(b) by the solid and dash-dotted Iies,
regpctively. The dash-dotted lire indicates that the luminescence originating from the bulk
layer falks rapidly above the ataal agle 0*s. Above the threshold value of the doservation
angle (O, the luminescence intersity arising from the bulk isnegligible In comparison with the
cotribution of the surface layer. As follass from the graphs @ and ) inFig. 3.4, itisthe
surface layer that cotributes to the luninescence radiated vwell above the aitical agle Qs
ar, more precicely, above the thresholld anglle Ot= Therefore, by defining the value of 6tr and
observing the angular distribution of the luminescence radiated into the (higher refractive
index) substrate above 6tn one can esteblish a useful detection tednique. Employing this
tedmique, one can distinguish between the luminescence originating from the surface laer
and the luminescence originating from the bulk covering the surface laer. The thidkess of
the surface layer has 1o be determined by the particular goplication explorting this prirciple.
Once it sknown, the threshold angular position 6tr can be calaulated. Further details of this
calaulation wailll be treated more extensively In Sc. 34.

3.3 Optimisation of luminescence capture efficiency

Following the theoretiical and nurerical analysis of the properties of luninescence gererated
from structures employing thin luminescent fils, it i now possible to address the isse of
the luminescence capture efficiany. Arstdy, a nurerical analysis of the capture efficiaxy
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for cooventional detection systems s amnalysed. Subsequently, a list of novel anfiguratians,
whiich can susstantially increese the efficiacy of the luninescence capture, are proposed and
discussed in detail.

3.3.1 Numerical analysis of luminescence capture efficiency

As mentioned in Sec. 14, a typical configuration in many luminescence-based sensor aopli-
cations inolves a thin luninescent film or spot deposited onto a planar substrate.  In the
folloming disaussion, the element containing the planar substrate and the luminescent layer
or spot will be referred 1o as the sensiing element or sensor chip. The sensor chiip isoconsidered
o be designed independently of the sensor system inwhich it isto be incorporated.

One possible and very simple implementation of the sensing element comprises a higher
refractive index substrate, such as a glass slick, on top of which a fuminescent fillm or spot
s deposited.  This configuration is widely used in the laboratory where this research was
conducted and therefore will be the primary foous of the folloving disoussion.

LED LF PD

EL

©

Figure 3.15: (a) A diagram of the sensor chip used in the probe of the dissolved oxygen optical
sensor [17]. The sensor chip employs a plastic substrate (PS) coated with a small luminescent
spot (LS). The LED provides the excitation light (EL), while the photodiode (PD) collects the
luminescence (L) transmitted through the substrate, (b) A diagram of the sensor chip used in
the O2 or CO2 laboratory sensor system [19, 20]. The sensor chip employs a glass substrate (GS)
coated with a thin luminescent film (LF). The LED provides the excitation light (EL), while the
photodiode (PD) collects the luminescence (L) transmitted through the substrate, (c) A diagram
of the configuration employing the edge-detection of the luminescence (L) which is trapped inside
and propagating along the glass substrate (GS) towards the slide edge [21]. The LED provides
the excitation light (EL), while the photodiode (PD) transforms the luminescence to an electrical
signal.

When the sensing element i incorporated into the sensor systen, the excitation of the
luminescence s typically provided by a direct illunination of the luninescent layer or oL
Furthermore, the detector s placed directly (O almost directly) under or above the sensing
diip. Examples of the typical configurations using this geometry are shown inFig. 3.15@&b).
Although another configuration employing the edge detection (see Fig- 3.15(C)) was reoaitly
developed [21], the improvement of the Iuminescence capture efficiay was not adequately
analysed nor yet fully explorted.

Based on the theory developed in Sec. 3.1, the probllems with the detection of the directly
transmitted ligtt are now highligtted. Airstly, the sensing element, for which a thorough
investigation s caried aut, s precisely defined.  Although particular values of the material
and other georetrical parameters are assuned, the same amalysis can be performed for any
other st of parareters.
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The sensing element under consideration sshown In Ag. 3.16. It aosists of a “thidk”
glass slice substrate (refractve index ns = 1.515, thideess « 1mm) on top of which a small
spot of luminescent material (refractve Index 1V = 1.43) sdeposited. The thidkessti of the
layer forming the spot sassumed to be uniform and in the range of hundreds of nanometers.
Furthermore, for sinplicity, the siz of the spot sassumed to be small compared to the siz
of the area of the detection system which Bsused to detect the Tuninescence produced by the
soot. The latter restriction s assumed only 1o ensure that the Tuminescent spot “appears”
1o the detector as a spot rather than as an area over which the radiated intersity would have
be integrated. Consequently, the lateral -y ) dimensions do not have to be considered and
only the angullar dependence of the radiated intansity needs to be taken into account in the
folloving analysis. The luminescent spot sassumed to be covered by the enviromment, which
Beither air (na= 1.0) or water @w = 1.33). The slide i surrounded by air from bellow.

@

water

©

Figure 3.16: Angular properties of luminescence radiated from a small luminescent spot deposited
on a glass substrate. The substrate is surrounded by air from below and by air (graph a) or
water (graph b) from above. The blue solid line and the red dashed line represent the angular
distributions of luminescence radiated from the luminescent spot of thickness ti = 0.5A and ti =
1.5A, respectively.

The predicted angular distribution of the luminescence emerging from the srall lunines-
ot spot deposited on the glass sustrate s shown INHg. .15, The graphs @ and ©)
correspond to the situation where the environment covering the spot ks air and vweter, re-
Sectively.  In both graphs, the solid blue lire and the dashed red lire correspond t the
thidaesses of the luminescent spot equal ot - 1.5 Aand ti = 1.5 A, regectvely, where A
5 the luminescence wavelength. Although this situation was allready discussed Ih Sec. 3.2 .3,
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the results willl now be evaluated from a differant perspective.

Luminescence that can be detected by the detector placed above the glass substrate B
schematically shown by the green arrow. As can be seen from the blue or red lire located inair
or water above the glass austrate, the amount of luminescence radiated into the environment
ocovering the spot s relatively sall.

The situation similar when the detector isplaced below the glass substrate. Due to the
reflectios taking place at the bottom glass/air interface, the light impinging at this interface
5 transmirtted to aiir only ifthe incident angle lies within the angular range 0 G (—9%s,0%s),
where 0“s = arcsin{na/ns) « 41.3° s the aitial agle of the substrate (glass)/air interfae.
This ligt s schematically depicted by the dashed orange arrons. Due to the refraction, the
ligt propagating insice the sustrate at angles 0 G (-0c¢s,0%s) s partally transmitted into
the air under the substrate at agles 0 G (-90°, 9°). The blue and red lires within the
angular range 0 G (-0™ ,0™) demonstrate that the amount of luninescence transmitted
air below the gless substrate sal< relatively sall.

The light propagating insice the substrate at agles greater than the aitial agle 0“s B
totally reflected at the loner substrate/air interface. I the environment covering the slice s
air, as shown InFig. 3.16@), this light salso ttally refected at the upper layey/air interface
and i effectively trapped (or cotfined) within the waveguiding glass sustrate. I the ervi-
ronment above the slice Bvater, as shown inFg. 3.16(b), the part of the light propagating in
the substrate at agles 0 G (0cs,0™s) and 0 G (~0%s, ~ ~ s) Bpartially transmitted into water
and partially reflected back to the substrate. Furthermore, the part of light propagating at
agles0 G (0rS90°) and 0 G (-0™s, -90°) totally reflectad at the upper layer/Awater inter—
fae. Inany e, due 1o the relation 0™ > (85, the light exhibiting the enhanced Intarsity
s always trapped irsice the substrate due 1o the total intermal reflection at both the upper
and loner interfacss.

This amalysis clearly elains why large values of the luminescence capture efficiay can-
not be achieved by the conventional detection tedhnique employing detection above or below
the sustrate. It smainly due to the fact that this tecnique feailitates the detection onlly of
the lo-intensity modes generated by the luninescent got. The amalysis also demonstrates
that a higher capture efficiay could be achieved ifthe more intense modes, ie., those prop-
agating at agles 0 E (Oes,0ls) and 0 G (-01s,-01s), are detected.  In these eqressias, 06 B
equal erther to 0“s or 0™s, depending on whether the environment covering the luminescent
spot sair or water, and Ols s the aittical agle of the layer/substrate interfae.

To sinplify the subsequent disoussion, the folloving terminology s introduced. The Iu-
minescence directly transmitted to air or water above the substrate will be called the air-
transmitted or the water-transmitted lunminescence. The corresponding modes of the electro-
magnetic field will be called the air-transnitted or water—transmitted modes ar, Sortdy, AT
orWT modes. The Iuminescence radiated into the substrate at agles 0 G (-0£s,06s), which
severtual ly transmitted into air under the substrate, will be callled the substrate-transmitted
luninescence. The corresponding modes will be callled the substrate-transnitted (ST) modes.
The luminescence radiated into the substrate at agles 0 G (0es”™ls) and 0 G (~0es”-0ls),
which s trapped (cotfired) irsice the sustrate, will be called the substrate-confined lumi-
nescence.2 The corresponding modes willl be called the substrate-confined (SC) modes. The

2Even though the term substrate-trapped luminescence would be more suitable, it will not be used here
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luninescence propagating at agles 6 £ (0°90°) and 0 E (0ts, —90°) will be called the
evanescent-wave (EW) Ruminescence. Although it s also trapped (confined) irside the sub-
strate, this name reflects better the daracter of the field corresponding to these modes, whiich
5 evanescent in the luminescent laer. This & galitatiely differatt from the SC modes,
whose field i propagating (e, described by a harmonic fuction) insice the luminescent
laer.

To provide guantitative amalysis of the improvement inthe luninescence capture efficiaty
that coulld be achieved by employing the detection of the SC modes, the total gotiical power
camied by the AT/WT modes, ST modes, SC modes and the EW modes s calaullated and
conpared. This comparison isshown InFAgs. 3.17 and 3.18. The graphs @ and (©) in both
figures correspond to the situatias where the environments covering the luminescent spot

are air and water, regpectively.

tX tX
(@) ©

Figure 3.17: Relative optical power carried by the AT/WT, ST, SC and EW modes as a function
of the thickness ti of the luminescent spot, while the refractive index of the layer is constant an
equal to ni = 1.43. The graphs (a) and (b) correspond to the situations where the luminescent
spot is covered by air and water, respectively.

Figure 3.17 shows the relative power carried by the modes as a function of the thidkess ti
of the luminescent laer, where the refractive index of the layer ks assumed to be constant
and equal toni = 143. As folloas from B (3-34), the total powver carried by dl the modes
is proportional o the thidaess tt (J In Bg. (3.3)). However, as can be seen from both
graphs in Ag. 3.17, the relative fraction of the power carried by each of the modes remains
practically constant over a substarttially large intenval of ¥. The notable variation sexhibited
by the SC modes which gain the relative power at the expense of the EW modes. This B
due to the fact that for greater values of ti the coupling between the more distat regios
of the luminescent layer from the substrate and the EW modes isweaker (due to the finite
penetration depth of the evanescent fiekd).

The graph @ InFAg. 3.17 indicates that the SC modes carry approximately 66% of the
total luninescence radiated by the spot when the spot s covered by air.3 This number B
somewhat smaller when the luninescent spot iscovered by water (« 50%), which iscaused by

since the abbreviation ST would be the same as that for the term surface-transmitted luminescence.
3Understandably, the numerical values depend on the parameters used in the calculation.
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the increese of the fraction of luninescence radiated into water by means of the W T modes,
as follarxs from the comparison of the dashed lires ingraphs @ and (©)- Although these
numbers might not seem too large when compared to the fractias of the power carried by
the AT modes (« 15%), WT modes (~ 30%) or the ST modes (« 15%), it s important
realise that the SC modes are “localised” ina narroner angullar range (AO = Ots - 0% « °
and AO = 0ts - 0™ ~ 10° for the situatiaos where the spot i covered by air and water,
reseectively) than the other modes, whiich are propagating in the full range 0 E (-90°, 90°).
To fecilitate the detection of the Tull power carried by the AT, WT, or ST modes, one would
have to use a detection system with the value of the nurerical aperture equal o 1, which B
practically inpossible. On the other hand, the large power carriied by the SC modes could be
detected using a detection system with a low value of the numerical aperture (ot exceeding
sin15° « 0.26 for A0 = 30° or sin5° « 0.0 for A0 = 10°).

Figure 3.18: Relative optical power carried by the AT/WT, ST, SC and EW modes as a function
of the refractive index n/ of the luminescent spot, while the thickness of the layer is constant an
equal to ti = 1.5A. The graphs (a) and (b) correspond to the situations where the luminescent
spot is covered by air and water, respectively.

Figure 3.18 shows the relative power carried by the modes as a function of the refractive
index of the luninescent laer, where the layer thidess isassumed to be constant and
equal totj = 1.5A It can be seen that the power carried by the SC modes increases rapidly
as ni approaches the value of the substrate refractive index (s = 1.515). This smainly due
o the shift of the aitical angle 0ds,which coverges th 0° as approaches ns. As inthe case
disoussed above, the fraction of the power carried by the SC modes isgererally smaller when
the environment covering the luminescent spot Bvwater. This s again due 1o the fect that
the luninescence radiated into water has higher intasity, as follos from the comparison of
the dashed lires inthe graphs @ and () of Aig- 3.18. Nevertreless, figure 3.18 demonstrates
that a greater fraction of the energy carried by the SC modes isobtained when the refractive
index of the luminescent layer s chosen as close 1o that of the substrate as possible.

The above analysis considers the total optical power carried by the various types ofmodes
radiated from the luminescent got. This means that in order t make these quantities
comparable as measures of the luninescence capture efficiaty, a detection system which B
able to capture all the power carried by the particular modes would have to be employed.
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Figure 3.19: A schematic diagram of an ideal detection system (IDS) characterised by a numerical
aperture NA = sin0Q where 9@ is the cone angle associated with the cone of light entering
the system. The system employs an ideal lens (L) which redirects the beams corresponding to
the AT/WT and ST modes to the detector array (DA). S denotes the substrate containing the
luminescent spot (LS), as shown in Fig. 3.16.

For example, incaseof the AT, WT or ST modes, the detection system would have to be able
1o detect light beams propagating in the cone with the cone angle of O°, ie, daracterisd
by the nurerical aperture NA = 1

In order to provide a better quantitative comparison between the differat types of modes,

it i necessary to consider them in the context of the detection system. This can be done
by evaluating the detected power as a function of the nurerical aperture of the detection
system.
In the folloving amalysis, an ideal detection system, which s depicted in Fig. 3.19, B
considered. It sBassumed to be placed directly below or above the Iuminescent quot, ie, its
axis (dashed-dotted lire) s perpendicular 1o the surface of the substrate and intersects the
luminescent got.

One of the most important gantities daracterising the detection systen s its nurerical
aperture (NA). It s related to the value of the cone anglle 6co by NA = sin0Oo. The fact that
the system s ideal means that all the light propagating within the cone daracterised by the
cone agle 0D = arcsinNA B detected and converted to the sigal proportional o the total
power carried by the corresponding modes.

At this stage, only the AT, WT and ST modes are considered. The SC modes willl be
considered in the folloming sectian, where saveral novel configurations enabling treir efficiet
detection wmill be proposed.

Figure 3.20 shows the efficiaxy of detection of the AT, WT and ST modes as a fuction
of the nurerical aperture of the ideal detection system described above. In the calaulation,
thevalues /= 143 and ti = 1.5A were consiidered.

It can be seen from the graph that the relative values of the detected gotical poner, which
are listed inTable 3.1, can be achieved only with a detection system whose numerical aperture
sequal 1o inity. For NA < 1, the capture efficiaxy decreases repidly. For exanple, itk
below 5% farNA < 05. This means that even an ideal detection system cannot detect more
than 5% of the total power radiated by the luminescent spot when its nurerical aperture B
loner than 0.5. This makes the SC modes attractive because they carry more power which B
concenttrated within a narroner angullar range, thus allowving for a greater capture efficiacy at
a loner nurerical aperture of the detection system. The folloving section will provide detaills
on how these modes can be effectively detected.  Furthermore, it will present quantitative
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Figure 3.20: Efficiency of the detection of optical power carried by various types of modes radiated
by the luminescent spot. The efficiency is plotted for the ideal detection system depicted in Fig. 3.19
as a function of its numerical aperture NA. The lines marked by (a) and (w) correspond to the
situations where the luminescent spot is covered by air and water, respectively.

comparison with the results dbtained in this secion.

The numerical amalysis presented In this section senes only as an example. 1t focused
only on partiaular configurations using partiaular values of the refractive index and thidaess
of the luminescent layer and other materials inohed. However, using the theory developed
in Sec. 3.1, a similar aalysis with qalitatively similar results can be carried out for any
other st of parareters.

lumiinescert spot covered by

air water
AT modes: «13% WT modes: 31%
ST modes: «16% ST modes: 14%
SC modes: « 66% SC modes: « 50%
EW modes: «5% EW modes: « 5%

Table 3.1: Relative values of total optical power carried by specified modes calculated for a sensor
chip depicted in Fig. 3.16. The thickness and refractive index of the luminescent spot for which
these values were calculated are ti = 1.5A and n* = 1.43, respectively.

3.3.2 Configurations with enhanced luminescence capture efficiency

The previous section concluded that the luminescence radiated from a luminescent spot or
layer by means of the SC modes should be detected inorder 1o improve luminescence capture
efficany. This section provides a Iist of configurations which fecilitate the detection of
the SC modes. Detailled amalysis of the Tuminescence capture efficiaxy for one particularly
promising cotfiguration s presented and compared to the results dbtained in the previous
scton.

The underlying principle of dll the configurations s the modification of the geometry
of the top or bottom interface of the substrate in order to radirect the SC modes tonards
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the detector placed above or under the sustrate. This modification can be achieved by
employing macroscopic or microscopic structures at the top or bottom substrate interface,
which, by means of reflection, refraction or diffractian, change the direction of propagation
of the SC modes.

Edge detection

This configuration was already mentioned in Sec. 3.3.1. It takes advantage of the fect that
the luninescence radiated by means of the SC modes propagates along the substrate and B
radiated out of the substrate at the edge, as shown inFig. 3.21(@). This concept has alreaedy
been demonstrated in the laboratory where this research was conducted [21, 22] as well as
by other authors [Z3, 24, 5, 6, Z/]. Although this configuration fecilitates the detection of
the SC modes, the detection s not gotimised. This i due to the fact that onlly a fraction

of the SC modes & detected, In particular that corresponding to the modes propagating
within the angular range of A/, as shown inFig. 3.21(b). In order to maximise this fractim,

the detectors woulld have to be put all around the substrate, which i not fessible In most
practical gplications. The situation could be improved by employing a channel waveguide,

as shown In Ag. 3.21(©)- In this =, a fraction of the SC modes would be coupled into the
channel waveguide and subsequently detected at the edge. This fraction could be considerably
greater than that for the cofiguration without the damels, especially If the number of
channel waveguides “emerging” from the luminescent spot sgreater. However, this structure
would be more demanding from the point of view of the tedrological processes involved in
preparation of the substrate as well as the requirements on the number of detectors. Due 1o
these ressos, further numerical estimation of the improvement of the fuminescence capture
efficiaxy will not be given for this configuration.

SC modes

@ ® ©

Figure 3.21: Side (a) and top (b) views of the configuration employing the edge detection of the
SC modes. The configuration (c) employs channel waveguides to deliver a greater fraction of the
SC modes into the detectors than that in the configuration (b). The red spot in the centre of the
waveguides represents the luminescent spot.

Combination of refractive and reflective elements at the bottom interface

A configuration which employs a combination of refractive and reflective elements at the bot-
tom interface of the substrate Bshown in cross-section INFg. 3.2, Total imtermal refllecian
at the bottom interface of the substrate s avoided by corfiguring the plane of the interface
S0 as o decrease the agles of incidence of the SC modes 1o values lover than the attcl
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agle 0%. This plare, through which the SC modes are refracted and transmitted outside
the sbstrate, & denoted by A. If it s required that the detection takes place under the
sustrate below the luninescent soot, an additional air-susstrate interface, denoted by B,
can be incorporated in order to reflect the SC modes, as shown in Fig. 3.2(b).

SC modes
SC modes

@ ©

Figure 3.22: Side views of the configurations employing a combination of refractive and reflective
elements. The SC modes are transmitted through the plane A. In the diagram (b), they are further
reflected by the plane B and redirected towards the detector (D) placed under the substrate.

A particular advantage of this cotfiguration s that the top interface cottaining the lu-
minescent spot splanar. This i inportant ifthe system s required to be canpatible with
another system employing a planar architecture. Furthermore, the orientation of the plane A
s designed S0 as o ensure that the SC modes impinge on the plane A at agles close 1o (°,
ie, almost at normal incidence. This s important because the fraction T of the power trans-
mitted through this plare, which isdetermined by T « 1— J@hs- na)/(ns + na)R, & lage
(Tw 96%).

Although the il interface A provides efficiet out-coupling of the SC modes outsice
the slbstrate, the modes propagate in air inmediately after the interface A at large agles.
This would make it difficult to detect the SC modes effectively by a detector placed under
the substrate.  For this reason the reflectirg interface B s provided in the configuration.  Hs
function sto radirect the SC modes towards the detector. Honever, a high reflectivity of this
interface cannot be achieved ifit isdetermined solely by the differences between the refractive
indices of the substrate and air. For example, forns = 1.515 and na = 1.0, the reflecivity
sapproximately |(ns- na)/(ns + na)Rw 4% for the incident agles up t « 50° and is4ill
less then « 50% for agles as high as 8°. Therefore, unless the reflectiviity of the interface B
B increasd, eg., by depositing a reflective metal laer, the poor reflectivity of this interface
makes the redirection and thus the detection of the SC modes under the substrate rather
ireflective. Due to these reasaos, further amalysis of the luninescence capture efficiaxy of
this configuration will not be conducted here.

Diffractive elements at the bottom interface

Another way of out-coupling the SC modes from the substrate and redirecting them tonards
the detector placed under the substrate B t© use diffrecion.  For example, ifa diffractive
element, such as a grating or amore gereral diffractive gotical element (DOE), splaced inthe
position where the SC modes hit the bottom Interface of the sustrate, the light propagated
by means of the SC modes can be out—coupled and redirected tonards the detector at the
same time. This configuration isshown in Fg. 3.23.
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SC modes
SC modes

@ ©)

Figure 3.23: Side views of the configurations employing a diffractive optical element (DOE) placed
at the bottom interface of the substrate. The diffractive element facilitates both out-coupling of
the SC modes from the substrate and redirecting them towards the detector placed under the
substrate.

The advantage of this configuration s that both the top and bottom interfacss of the
substrate are planar .4 Furthermore, the DOE can be designed 0 as, Tor example, to fadilitate
focusing of the SC modes into the detector, as shown in Fg. 3.23().

Honever, there are also great disadvantages 1o this cofiguration. The firstone s implied
by the complex tedrological processes involved in the preparatiion of the diffraction elements.
The second and a more important one s associated with the fact that even the best DOEs
aailable on the market have dill very low diffraction efficieties (in the order of a few
peraent). This makes the overall out—coupling efficiay of the SC modes rather lov and 0
their detection below the substrate rather ireffective.

Modification of the top interface

The firal configuration, which isdesigned to provide increased efficiaxy of the fuminescence
cpture, Bshown inFig. 3.24. In contrast 1o the previausly discussed cotfigurations, the out-
coupling and redirection of the SC modes radiated from the luminescent spot are fecilitated
by the modification of the top interface.

The principle behind this design s the total intermal reflection of the SC modes rediated
from the luninescent spot by the tiled interface A, as shown inFig. 3.24@). The advartage
of this configuration stwo-fold. Arstly, the total intemal reflection at this interface sfessible
for all the SC modes and can be achieved by a proper doice of the tilt aglle a. Secondly,
the redirected SC modes impinge on the bottom interface of the substrate at agles close
o O° which guarantees that a large fraction of the power Istransmittedout of the substrate
tonards the detector (tramamittivity T « 96%, as discussed  above). The disadvarttage of this
configuration s that the top interface of the substrate needs to be modified which makes it
not directly conpatible with systems employing pure planar architecture.

Detailed amalysis of the improvement in the luminescence capture efficiaxy s based on
figues 3.16(@) and 3.24()- In this amalysis, the substrate cortaining the luminescent spot
s assumed to be made of glass (0s = 1.515) and surrounded by air (qa = 1.0) both from
the top and bottom. The amalysis can be, honever, extended to any other set of parameters.
The properties of the luninescent spot are the same as those used in the nurerical amalysis
presented InSec. 331, ie, /= 143 and ti = 0.5A

4The bottom one at least in the macroscopic sense.
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Figure 3.24: (a) Cross section of the configuration facilitating improved efficiency of the lumi-
nescence capture. The configuration employs a frustrated cone located at the top side of the
substrate. The SC modes radiated from the luminescent spot are redirected towards the detector
placed below the substrate by means of a total internal reflection at the interface A. (b) Detailed
diagram of the design in (a). See text for further explanation.

As Bshown inFig. 3.16@), the SC modes propagate in the glass substrate at agles 0 6
(Oas,0ts), where 0“s = arcsin{na/ns) « 41.3° and 0ts = arcsin(i//ins) « 70.7° are the atacl
agles of the alr/austrate and laer/albstrate interfacss, resectively. The doice of the
tilt agle a can be based on various aiteria.  In this aslysis, the requirement s that the
central SC beam, ie, the light corresponding to the SC modes propagating in the glass at
an angle Oaaire= {0%s + Ots)/2, Bsredirected straight down upon total intermal reflection from
the Interface A, as shown InFAg. 3.24Q)-

Simple gearetrical analysis inplies that the anglles 0 and 0, ie, the propagation agles
of the light before and after the total intermal reflection from the interface A, are related by

0+ 0= 2a. GD

Due to the fact that 0 = Centre and 0 = O for the catral SC beam, the tilt agle a can be
calaulated as

a = ~center = + #) » 8°. (X))

Using this value of a, the beams corresponding to the SC modes propagating at angles (s
and Ots before the ttal intermal reflectaion at the interface A are propagating at agles 0°s=
AOZT/2 and Oks = —A0I/2, resectively, where

AO“= Qb - 0es)« D.4°. G40
This means that the SC modes propagate within the angular range of
oe ( =£-) » (-14.7°,14.7°) G4

immediately after the total intermal reflection at the interface A.
When the refraction at the bottom interface of the substrate s considered, the SC beam
propagating in the glass substrate at an anglle 0 s found 1o be propagating in air below the

119



3.3. OPTIMISATION OF LUMINESCENCE CAPTURE EFFICIENCY R Polerecky

sustrate at an angle 9 ,as shown InFg. 3.24(Q)- These agles are related by the Sell law,

ie,
nasin9 = ns sing. GL

Consequently, the SC modes propagate in air below the substrate within the angular range
of

[ AQla Af)la\
06 I— 1~ M«(-22.6°,22.6°>. (3.43)

This inplies that all the power carried by the SC modes can be captured by a detector whose
numerical aperture corresponds 1o the cone agle of 90 = 2.6°, ie, NA = sin22.6° « 0.3.
The schematic diagram of such a situation isshown in Fig. 3.5.

LED

0©® SC modes

Figure 3.25: A schematic diagram of a sensor system in the configuration with improved lumines-
cence capture efficiency. The sensor system employs an ideal detection system (IDS) consisting of
a lens (L) and a detector array (DA). The sensor chip (C) contains the luminescent spot which is
deposited on top of the frustrated cone, as shown in Fig. 3.24. The SC modes of the luminescence,
which is excited by an LED, are redirected towards the detector in such a way that they propa-
gate within the cone characterised by the cone angle A~a/2. The cone angle can be calculated
from (3.40) and (3.42). The ideal detection system is characterised by the numerical aperture NA
which is related to the cone angle 9@ by NA = sinOco.

After the propagation daracteristics of the luminescence have been foud, it is possible
o make a comparison between the luminescence capture efficiaxy of the coventional de-
tection technigue (&= Figs. 3.19 and 3.20) and that of the improved corfiguration depicted
in Fg. 3.24. In a similar way to the treatment in Ssc. 3.3.1, the improved configuration i
assumed to be incorporated ina sensor system employing an ideal detection system, as shown
inFg. 3.5.

Figure 3.26 shows the efficiey of the luminescence detectiion as a function of the numer-
ical aperture of the ideal detection system. The dashed and dash-dotted lires correspond to
the converttiional technigue employing detection of the luminescence radiated from the lumi-
nescant spot by means of the AT and ST modes, respectively. This technique was discussed
indetail In Sec. 3.3.1 (8= Ags. 3.19 and 3.20 In that sscdan)- The solid lire corresponds o
the configuration employing frustrated cones (s Figs. 3.24 and 3.5).

In the caalaulataon, the values ns = 1515, na = 10, 7= 143t = 0OB5Aand a = 28°
were considered. Furthermore, the tramanittivity of the bottom substrate/air interfae was
assumed to be independent of the incident angle and equal 1o itsvalue at the normal incidence,
ie, T = 1- |@s- na)/(ns+ na) R« 96%.

As already mentioned in Sec. 331, the coventional detection technique can capture
amax imum ofapproximately 15% of the totall emitted luninescence. However, this ispossible
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Figure 3.26: Fraction of the luminescence detected by an ideal detection system as a function
of its numerical aperture NA. The dashed and dash-dotted lines correspond to the conventional
detection technique, which is depicted in Fig. 3.19. The solid and dotted lines correspond to the
improved detection technique, which is depicted in Fig. 3.25.

only with a detection system daracterised by NA = 1 On the other hand, the detection
systemwithNA « 0.3 sable to detect approximately 63% of the total luninescence radiated
from the luminescent spot ifthe improved detection corfiguration isemployed to redirect the
SC modes tonards the detector. This clearly represents a substantiial improvement.

As can be seen from Fig. 3.6, the efficiary of the luninescence capture achieved by the
improved configuration does not increese above 63% for NA > 0.33. This s because only
the SC modes are considered in the evaluation of the capture efficiety. In rality, honever,
the detector pllaced below the substrate would also detect the ST modes iIn addition to the
SC modes. Consequently, the capture efficiaxy of such a system would continue incressing
above NA = 0.38. This i depicted by the dotted aune, which s obtained as a sum of the
0lid (SC modes) and dash-dotted (ST modes) aunes.

When the luminescence capture efficiay of the converttional detection technique at NA «
0.3 seaaluated, a value of only « 1.8% i found (sx Fig. 3.26). This means that for this
given vallue of NA, the improved configuration provides approximately 35-fold @) increese in
the luninescence capture efficiay. This remarkably large increase makes the configuration
\ery attrective, despite the fect that it isnot entirely cornpatible with the planar architecture.

In the design of the configuratiion with improved luminescence capture efficiaty, the tilt
agle a plays a fundamental role. As mentioned earlier, Ttsevaluation can be based on variaus
aiteria. The atterion employed in this amalysis leads o a given by (3.3). Once this agle
Bsdetermined, the values of the other parameters daracterising the aonfiguration, such asw ,
handt (se Fig. 3.29), can be found from sinple geanetry. Subsequently, the values can be
proportionately scaled up or down. The scaling factor s primarily determined by the target
goplication and the tedology employed in the Tabrication prooess.

i the parameters daracterising the properties of the substrate, luninescent spot or the
environment covering the spot are differatt, the georetrical parareters of the configuration
with improved luminescence capture efficiaxy would change. However, these parameters
can essily be found by adopting the above amalysis to such a system. Following the same
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steps as those discussed aove, the tilt angle (B.30) together with the angular range 3.43)
can be foud. Furthermore, the dependence of the luminescence capture efficiay on NA,
whiich woulld be similar to that shown in Fig. 3.26, can be evaluated in order to determine
the optimum design parareters.

©

Figure 3.27: Schematic diagrams of sensor chips with an improved luminescence capture efficiency.

Last but not lesst, it B Important to mention that the schematic diagram in FAig. 3.24
shows only the atss section of the configuration with improved luminescence capture effi-
ciexy. The real design would however involve a 3D structure.  In this cotext, there are
two fessible gotians. The first gption could employ an axially symetric structures, ie,
the frustrated cones anallysed above. Figure 3.27(@) shows an example of a planar substrate
containing a 2D array of frustrated cones with Iuminescent spots deposited on the top of
the frustrated ares. The second option could employ a grove-like pattem, as shown in
Fg- 3.2Z7/(b)- This design coulld be used iIn goplications where lirear micro-chamels are em-
ployed to fecilitate the celivery of the aalyte. As folloaxs from the above aalysis, these
platforms should provide a considerable improvement in the efficieaxy of the luminescence
detection and thus be attractive in practical gplicatios.

3.4 Collection of surface generated luminescence

As discussed earllier InSec. 1.4, the detection of surface generated luninescence isparticularly
Important in biosensors In order o discriminate between surface-bound and bulk molecules
which are luminescently ldxelled. The theoretical and nurerical analyses of the properties
of the surface—gererated luminescence were presented in Sec. 326. This section provides
tedmical details of a novel detection techniigue which enables detection of the luminescence
originating from a region adjacent 1o the substrate interface and excited by a direct illumi-
ration. The thideess of the region of interest, which i in the order of the luminescence
wavelength A, can be tailored according 1o the needs of a particullar aoplication.

In the folloning analysis, the substrate s considered to be made of glass (s = 1.515) and
the environment containing the luminescent species Bwater (nw = 1.33). Similar conclusions
can be, honever, drawn for any other set of parareters.

It was concluded in Ssc. 3.2.6 that the detection of the luninescence originating from
a thin layer adjacent © the (Oles) sustrate, e, the surface laer, can be achieved by
measuring a specific fraction of the luminescence, inparticullar that propagating inthe (Qless)
Substrate above the threshold angle 0tT. This conclusion sdemonstrated inFg- 3.14(b) where
the difference between the angullar profilles of the Tuminescence originating from the surface
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layer of thidkess ts = A (0lid lire) and the bulk layer of thidknesst = 3A (dash-dotted Ire)
are clearly visible.

angle 0 [deg] tAX
@ ©

Figure 3.28: (a) Angular distributions of the luminescence radiated by a 2-layer system depicted
in Fig. 3.13. The curves denoted by (BL) and (SL) correspond to the situations where the lumines-
cence originates from the bulk and surface layers, i.e., to the situations shown in Fig. 3.13(a) and
Fig. 3.13(b), respectively, (b) Threshold angle OtT as a function of the surface layer thickness ts
for two different values of the threshold factor Ftr.

From the goplication point of view, it i important to know the relation between the
thickness ts of the surface layer from which the luminescence origirates and the threshold
angle 0tT above which the luminescence shoulld be dosernved. Figure 3.28(2) shows the angular
distributions of the luninescence radiated from a 2-layer system depicted in Fig. 3.13. The
distributios are plotted for two values of the surface layer thidaess, namely ts = 0.5A
and ts = A, and for one value of the bulk layer thideess, namelly tb = 3A. Inorder to s the
relative relation between the various aines, the y-axis employs a logaritimic s=lke.

From FAg. (3.2)@), it can be seen that there B a sigificat difference between the
contributions to the luminescence originating from the surface and bulk laers, particularly
above the aitial agle 0™ of the vater/substrate (Qless) interfae. While the intersity
corresponding to the bulk layer decreases abruptly for 6 > 6™s, this decrease iBnot <o rapid
for the intarsity corresponding o the surface laer. Furthermore, the rate of this decrease
varies with the thidaess of the surface laer, which i the fundamental feature that can be
eploitad for determining the relation between ts and OtT.

The threshold angle Otr can be defined as the anglle above which the ratio between the
intesity of the luminescence origirating from the surface layer (1s) and that originating from
the bulk layer (B isgreater than a goecified threshold fector Ftr. This definition of 6tr can
be formally expressed as

Is(0tr) > Fa G4
h(9tr)

In a real gplication, the intasity of luninescence B always daracterised by some leel
of uncertainty due to the electronic and other sources of oise. Therefore, the value of  rcan
be chosen in such away that /&) in (3.4 corresponds to this mise lkeel. Consequently,
the definition (3.44) Bsinply a formal expression of the requirement that the signal-to-oise
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ratio of the measurement of the Iuminescence origirating from the surface layer be greater
than some specified value Ftr. This also justifies the definrtion of 0tT given by G.49).

It can be seen from Fig. 3.28(@) that the intasity of the luminescence originating from
the aurface layer of thidkess ts = A 5 10 times greater at 0tT = 62.7° and 100 times greater
at Otr= 66.8° than the intasity of the luninescence originating from the bulk laer. There-
fae, by measuring the luminescence at agles 0 > &.7° and 6 > 66.8°, the cartainty that
only the luninescence originating from the surface layer of thideessts = A Bmeasured 510
and 100, regectively.

As folloss from the aunves In FAig. 3.28(@) calaulated for a different value of ts, the value
of the threshold angle Otrvaries with the desired thidkess of the surface laer. For example,
Qr=&.7° forts= Aand Ftr = 10 but itincreeses o r— 62° forts = 0.5A and Fr= 10.
Therefore, from the practical goplication point of view, it Bnecessary to establish the relation
between ts and the corresponding value of 0tT. Understandably, this relation s pararetrised
by the threshold fector Ftr.

An example of 0tr as a function of ts i shown iIn Fg. 3.28(b), where the solid and
dashed lires correspond to Ftr = 10 and Fr= 100, resoectively. The graph implies that, for
example, 1fan goplication requires that onlly the luminescence originating from a surface laer
of thideess ts = 0.5A and ts = A be detected with a cartainty daracterised by Ftr = 10,
the detector should measure only the luminescence radiated at agles greater than Otr =
66.2° and Or = &.7°, regectively. These aglles increase to approximately 88° and 66.8°,
regectively, ifa greater leel of cartainly, namely Ftr = 100, s required.

The graph In FAig. 3.23(b) also shows that there are some limits with regard to the min-
imum thickness of the surface layer that can be resolved by this method. For example, the
luninescence origirating from a surface layer thimer than approximately 0.2A cannot be
detected with a cartainty leel of Ftr > 10, as indicated by the solid lirewhich isnot defined
forts < 0.2A. This minimum thidaess i increased o « 0.9A ifthe cartainty leel ks increased
t 100. This feature i related to the fact that the penetration depth of the evanescent field
s greater than zero even far an incident angle approaching or equal to 90°.

The graph also shows that iFthe surface region of thickness not exceeding ts = 2A isofF
interest, it can be probed with a high cartainty (Fr= 100) by measuring the luminescence
radiated above approximately 65°. This value saufficiently srall 1o be aoccessible by a simple
experimental setup, such as that proposed bellow.

It B Important to emphasize that the excitation of fuminescence was not mentioned N
the above aalysis at dll. This sbecause the angular properties of the emitted luninesocence,
which are exploited in this tednique, are independent of the way how the luminescent mole-
alles are ecrted. Therefore, it ispossible t© use direct 11lunination for efficient excitation of
the molecules whille detecting the luminescence originating seecifically from a close vicinity
of the suface. This Bwhat makes this technique very attractive.

Experimental setup for collection of surface-generated luminescence

Folloving the above nurerical aalysis, experimental configurations fecilitating the detection
of a surface-gererated luninescence can be proposed. The schematic diagrams of two possible
setups are shown in Fig. 3.29.
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LED

Figure 3.29: Schematic diagrams of experimental configurations for measuring the surface-
generated luminescence employing direct illumination for the luminescence detection. The configu-
rations comprise the following parts: (a) substrate (S), semi-cylindrical prism (SCP), detector (D),
flow-cell (FC), luminescent solution (LS), light-emitting diode (LED), (b) substrate (S) with a mod-
ified top interface (frustrated cone), CCD detector array, flow-cell (FC), luminescent solution (LS),
light-emitting diode (LED), opaque coatings (OC). In both diagrams, the surface-generated lumi-
nescence is depicted by the red arrows while the blue arrows depict the bulk-generated luminescence.

In the first setwp, which isshown InFIg. 3.29(3), the substrate, above which the lumines-
cent solution can flav, sattached to a sami-cylindrical prism made from the same nmaterial as
the sustrate, eg., gless. This way, the luminescence propagating in the substrate above the
threshold angle Ot> ke, the surface—gererated luninescence, can be detected by a detector
positioned at 0 > Qr, as shown in AIg- 3.29(@)- The detector In this setup can be erther
a linear detector or a photodiode with a srtall detection area.  Luminescence s excited by
an LED placed above the luminescent solutian, ie, by direct illunination.

The second sstip, which i depicted in Fg. 3.2(), comprises a substrate whose top
interface smodified ina manner similar to that shown InFIg. 3.24. In this e, the surface-
generated luminescence (depicted by the red arroas) ks imaged to an area at the detector
which Bspatially separated from the areawhere the luninescence generated by the bulk layer
(Depictd by the blue arrons) & imaged . Therefore, measuring the luminescence below
the substrate by a two-dimensional detector aray, such as a CCD carera, enables one t©
distinguish between the surface and bulk-generated Iuminescence by acquiiring the signal from
differatt parts of the image. To prevent the imaging of the bullk-generated Iuminescence to
the same arees on the detector where the surface-generated luminescence i imaged, opaque
coatings can be placed at the bottom interface of the substrate to block out this undesirable
luminescence, as shown in Fig- 3.29(b). Although this design s fessible from the theoretical
point of view, Its practical realisation could become rather elaborate.

3.5 Conclusion

In this depter, a rigorous electromegretic theory was developed which s suitable far the
description of the angular anisotropy of radiation of molecules embedded in an arbitrary
nultilayer system. The theory was gpplied to two main arees.
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Airsty, the angular anisotropy of luminescence emitted from a thin luninescent layer
deposited on a higher refractive index substrate was studied.  twas found that, with respect
1o the character of the field insice the luninescent layer and in the surrounding media, the
modes of the electraregnetic field radiated by a thin film can be divided into four categories.
One category of the modes, the so-callad substrate-cotfined (SC) modes, was found to be
partiaularly attractive for luminescence-based sensing gplicatios. These modes propagate
in the susstrate at agles greater than the attical agle of the enviroment/substrate in-
terface and loner than the aitical angle of the luminescent layer/sustrate interface. Their
attractiveness i derived from the fact that they carry a relatively large proportion of the
emitted gotical power in a relatively narrow angular race. (For exaple, the fraction B
more than 60% and the angular width s approximately 30° ifthe substrate dlass and the
environment Ksair.)

Even though these modes are attractive Tor sensing goplications, they are not exploited in
conventional thin fillm-based sensor systems whiich typically employ detection of luminescence
directly above or below a planar subsstrate on top afwhiich the luninescent layer isdeposited.
This s mainly due to the fact that these modes are trapped in the planar substrate (hence
the name) and thus cannot be directly detected unless goecial cofigurations are employed.
Based on the theory, a number of such configurations were proposed. They provide efficiat
detection of the SC modes and thus coulld be used in order to improve the luminescence
capture efficiary. One particular configuration that provides the most berefits was studied
inmore detail. This configuration employs frustrated cones on top of which the luminescent
laer B dposited. et was found that, for certain values of parareters daracterising the
structure and the detection systam, the collection of luminescence could be improved by as
much as 35 times in comparison with the collection efficiexy that can be achieved using
converttional tedmiques.

The theory was als0 gpplied to the area where the luninescence of interest s that gener-
ated gecifically by the molecules located in close vicinity to the suface.  In partiaular, a de-
taildd theoretical amalysis was presented which described the realisation of a novel method
for the detection of such luninescence.  In conrast o the coverttional method that em-
ploys evanescent-wave ecitation, this method enables one to use direct 1llunination to ecite
the luminescent moleculles. The distinction between the Tuminescence radiated by molecules
located in the bulk and near the surface s achieved by the measurement and appropriate
treatment of the angular profile of luninescence intasity. In partiaular, by measuring the
emitted luminescence above a certain threshold angle $tr> only the luninescence origirating
from molecules located closer 1o the surface than some corresponding distance dtT isdetected.
Taking into account that the excitation by direct illuninettion smuch more effective than thatt
provided by the evanescent-wave excitation technique, this new method can be particularly
attractive in immunosensing gplicatios.
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Chapter 4

ADbsorption-based optical chemical
sensors—experimental work

This chapter presents an experimental investigation of the theoretical predictions discussed
in Chapter 2. Hrstly, the angular dependence of sasitivity of an absorption-based sensor
s \erified experimental ly using a multimode waveguide sensing platform carmprising a glass
slice coated with a thin sensing film. Based on the theoretical aralysis of optimised sensing
oconditians, a prototype LED-based sensor system was designed and fabricated. Tedhnical
cetails of the compact and portable sensor unit are presented along with the results displaying
the sensor performance using gaseous ammonia and pH as the amlytes.

4.1 Angular distribution of sensor sensitivity

In this ssction, the angular distribution of the sasitivity of an absorption-based gotical
chemical sensor isstudied experimarttally. This experimental work was conducted inorder to
inestigate the theoretical predictios discussed in Scs. 2.2.7-2.2.9. Arsty, the preparation
of the sensor elementt whiich was used in the experiments i briefly described. Then the
description of the experimental apparatus i provided. Firally, the experimental results are
presented and discussed in detail.

4.1.1 Preparation of the sensor element

Throughout the experimental work presented hare, the multimode planar waveguide plat-
form, which was thoroughly studied in Chapter 2, consisted of a standard glass microscope
dlick. The refractive index of the gless dlick at the amalytical wavelength was ng = 1.515.
The thiddess of the slice was approximately 1mm, which guarantees a highly multimode
dharacter of the planar waveguide.

The sensing layer was prepared using a Sol-cel technique which swell established in the
laboratory where this research was conducted [, 2, 3]- A typical ol was prepared as described
in the literature ] and was doped with Bromocresol Purple (BCP). The composition and
steps of preparation of the 0l are summarised in Table 41. The thin sasing laer was
deposited by dip-coating the ol on one sicde of the glass slick at a speed of 1 mm/s, which
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dissolve 30mg of BCP in4g of ethanol and star for 10 mins
add 2 g pHI HC1 dropwise and stir for 10 mins
add 6 g TEOS dropwise and stir for 1 hour

Table 4.1: Recipe for the preparation of the BCP-doped sol. See Appendix A for the explanation
of abbreviations used.

produced a uniform layer of thickness ts « 04¢gm. Following this, the filmwas oven-dried at
70°C for 17 hours.

BCP BapH indicator dye with an absorption band displaying a maximum at « 580nm
corresponding 1o iits deprotonated state. The magnitude of this peak varies with the pH of the
enviroment. This sshown InFig. 4.1, where the dash-dotted and dashed lires represent the
absorption spectra of the BCP-doped sol-cel film in presence 2ppm) and absence (Oppm)
of ammonia, regectiely.

3 wo s

SINee

400 500 600 700
X [nm]

Figure 4.1: Absorption spectra of a BCP-doped sol-gel film in presence (2 ppm, dash-dotted line)
and absence (Oppm, dashed line) of ammonia. The solid and dotted lines correspond to the
emission spectra of the green He-flle laser and LED, respectively.

4.1.2 Laser-based experimental apparatus

The experimental apparatus which was used to measure the angular distribution of sasitivity
(&2 Sc. 22.7) sshown InFg. 4.2

The oore element of the experimental apparatus was the semi-cylindrical prisn. The
sensing element described in Sec. 4.1.1 was in gotical cortact with the prism via an index-
matching immersion liquid. The dimensions of the prism were designed to be such that
the addition of the glass slice resulted in a perfect sami-oylinder. This element was then
incorporated into a flov &l which enabled a aontrolled flow of the gaseous amalyte above the
sensing laer.

The ligtt interrogating the sensing layer was provided by the green He-Ne leser (A =
543.5m). The ligt was sqolarisad. The beam was passed through a chopper which mod-
ulated its intesity at a frequency of approximately 2kHz. Subsequently, the beam was
incident on a beam litter (BS) which provided reference and sigal beams. The reference
beam was detected by the detector D 1 while the sigal beam was detected by the detector D2
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Figure 4.2: A schematic diagram of the laser-based experimental apparatus for measuring the
angular distribution of the sensor sensitivity. In order to facilitate the interrogation of sensing
layer (SL) by the laser beam at incident angles greater than the critical angle of the air/glass
interface, the glass slide supporting the sensing layer was attached to a semi-cylindrical prism. See
text for further description of the system.

after reflection from the sensing element.

Detection of the light intarsity was provided by two lodk-in arplifiers (Stanford Research
Systems, SR510) which used the sigal from the light chopper as a referance (ef). Using
this tednique, the sigals sigl and sig corresponding 1o the ligt intasity entering the
detectors D1 and D2, respectively, could be determined independently of the ambient ligt
intesity.

The system cosisting of the sami-cylindrical prism, sensing element and the flov i
was mounted on a high+precision rotary stage (Physik Instrurente, M-038, wnidirectiosl
repeatability 20/ rad) which fecilitated variation of the incident angle 0. This angle could
be varied within the angular range of 0 6 (@, 75°). The upper limit of 75° was due to the
restrictias determined by the dimensions of the flov call and the prisn. The detector D2
was mounted onto an independently rotating arm to faalitate detection of the reflected laser
beam whose angular position 02 folloned the incidet angle 0, 12,02 = 0.

Gaseous ammonia (NH3)was the amalyte chosen far the experiments. A cotrolled mix-
ture of NH3 InN2 was provided by mass flov antrollers- MFC1 for N2 (51/min) and MFC2
for 1% NH3 inN2 (Gseam). By using these antrollers, the relative ratio of NH3 inN2 could
be varied between ca = 0 ppm and ca = 20 ppm.

The entire experiment was controlled by a personal computer (PC) via a data aoouisition
card Bytronics, MBIBM3). The analogue outputs of the card comrolled the mass flow
arollers MFC1 and MFC2. The digrital outputs of the card conrolled the movement of
the detector D2 . The DC analogue sigals corresponding to sigl and sig were converted to
the digital values using the 12-bit analog-to-digital converters on the card. Rotation of the
high-precision rotary stege was aottrolled by the PC via the PIC842 card supplied by the
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manufacturer .

The program aonrolling the experiment was written in LabView. The screenshot of the
program & shown in Fg. 43. The algorititm implemented in the program proceeded as
follos:

1 the positians of the rotary stage and the detector D2 were st to the initial values and
the concertration of NH3 in N2 was set to Oppm;

2.2000 aoguisitioss of the sigels sigl and siz were made and the mean values together
with the standard deviations calaulated;

3. the values of the incident agle, the mean values and the standard deviations of the
sigals were appended to the output fils

4. the rotary stage with the sami-cylinder, sensing element and flov call was rotated
by A6 = 2° and the position of the detector D2 was changed by 2A 6 = 4°;

5. steps 24 were repeated uttdl the maximum value of the incident angle was reached;
6 - Steps 1-5 were repeated for the concentraition of NH3 inN 2 equal to 2 ppm.

After the experimental data were aoquired, the reflectivities Ro and R2 were calaulated
from the values stored in the output filke using the formula Rc = sige/siglc, where c = 0
and c= 2 for the concentration of NH3 inN2 egual  Oppm and 2ppm, regectively. This
way, possible variatias in the intarsity of the lasar beam were referenced aut.

4.1.3 Experimental data

An example of the data measured by the experimental apparatus described In Sec. 4.1.2 B
shown in FAig. 44. The graph @ shows the angular distribution of reflectivity correspond-
ing  Oppm Rq) and 2ppm (R2) of NH3 inN2. The graph (©) shows the corresponding

sasitivity calaulated as S = \R2 —Rqg\. The data in the graph @) were fitted using the ex-
pression (2.6) for reflectivity. The corresponding fittirg paraveters are listd in Table 4.2

As can be seen from Fig. 4.4, the agreement between the experimental and theoretical data
sexellatt. The thidkess of the sansing layer was found to be ts = (0.40+ 0.0D) /m. Both
the normalisation fector (e, the ratio between the experimental and thearetical data) and
the thidkess of the sensing layer were found to be the same far both anallyte concentrations.
This confims relisbility of the experimental data as vwell as the fittirg procedure. Table 4.2
sugests, honever, that the real part of the refractive index of the sensing layer changed from
ns0 = 1.42040.002 tons2 = 1.45040.002 when the concerntration ofNH3 inN 2 changed from
Oppm t 2ppm, which a rather significant change. This means that the analyte did not
change only the absorption properties (determined by the imaginary part of the refractive
indeX) but also the gotical density of the BCP-doped sol-cel film.

The experimental data in Fig. 4.4(b) show a distinct peak in sysitivity at the agle
of incidence equal 10 0 = €@t « 66°, as predicted by the theory. However, the enhance-
ment with respect © the sasitivity that can be achieved in the configuration employing
evanescent-wave absorption (e, by means of the interrogation at incidat angles 6 > 9sg =
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Figure 4.3: A screenshot of the LabView program controlling the experiment measuring the
angular distribution of sensitivity of the absorption-based optical sensor system depicted in Fig. 4.2.

@ ©

Figure 4.4. (a) Experimental data of reflectivity as a function of the incident angle 8. The
values denoted as RO and R2 correspond to the concentrations Oppm and 2 ppm of NH3 in N2,
respectively, (b) Experimental data of sensitivity as a function of the incident angle 6 obtained
from the data in the graph (a) by S = |R2- Rqg\. The solid lines represent the theoretical fit.
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parameter fitofRqg Oppm) fitofR2 (2 ppm)
ns 1.420 +0.002 1.450 +0.002
Ks 0.0043+ 0.0001  0.0130 + 0.0003
ts bra] 0.40+0.01 0.40+ 0.01
normal isation factor 0.8+ 0.01 0.8+ 0.01
parameter fitof s = \rR2 ~ Rq\
interrogation aglle o0t 66°% 1°

Table 4.2: Parameters of the sensing layer obtained from the fit of the experimental data in
Fig. 4.4 by a function given by Eq. (2.61).

arcsin(l.4%/1.515) « 73°) snot very significait. The reason for this s wo-fold. Arstly, its
due t a relatively small thidkess of the 0l-g=l Iayer Tor which the peak In sasiavity 5ot
0 pronounced (e Fg. 2.14). Secondly, it sdue 1o a relatively large value of the extinction
axefficiatt of the s0l-el laer, as discussed bellow.

Table 4.2 shows that both the absolute value and the relative change of the extinction
axfficiatt of the BCP-doped =ol-cel Iayer are relatively larte (ksq = 0.0043, k& = 0.013,
A;s = nR - /D ~ 0.00). This means that the BCP-doped <ol-cel in the camposition
goecified in Sc. 4.1.1 provides a large value of sasitavity even In a configurattion employing
a sirgle reflectiocn. Although thismay be advaritageous in sensor systems where onlly a single-
reflection configuration required, ithas an important negative drawvback when intenrogation
by means of multiple reflectias ks considered.

11
£L~0 ™
AL=0.2

— £l =05
£Ll=1

maaf A
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Figure 4.5: Distributions of the values of sensitivity S among the guided modes of the waveguide
structure. To facilitate the easy viewing of the graph, it has been reproduced here. For a more
detailed description, see Fig. 2.9 in Chapter 2.

Due t a large ausolute value of the extinction aefficient, the attenuation of the ligtt
reflected from the 0l-el film B lage (eflectivity in the order of approximately 05, as
shown In Fg. 4.4@)- Consequertly, the effect of nultiple reflectios s not only a decrease
in the absolute value of the intersity of ligit undergoing the multiple reflectias, but also
a decrease in sensitivity. This effect i demonstrated in Fg. 4.5 (reproduction of Fg. 2.9)
where the sasitivity at the optimum angle 0qot decreases with the increasing value of the
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parareter £L. It B Important to realise that this parameter increesss not only with the
interaction length L but also with the extinction aefficiat ks of the el (sasim) laer
(EbEs. 2.3D) and R.5)). For some aitical value of the interaction lengthLc Cc « 0.5%),
the sasitiviity at the angle 0ot no longer corresponds to the maximum sasitivity, as shown
by the dashed lire (tre lire for £L = 0.5) In Fg- 45. Furthemore, the sasitivity provided
by the evanescert-wave absorption iscomparable to that achieveble at the incident angle 0 =
6Qpt. Therefore, the angle 6ot can no lager be called the optimum angle of interrogation
forL > Lc.

For the experimentally dotained parareters (s Table. 4.2), the parameter £ varies be-
tween 0~ 14x 106m-1 and £2 = 4.4 x 106m™"1, which inplies the values of the aitical
interaction length of Lc0 « 3.5/imand L2 « 1.1/im. The subscripts 0 and 2 correspond to
the concentrations Oppm and 2ppm of NH3 inN 2, regoectively. When these values of the in-
teraction length are substituted Into (2.62) and the thidkness of the gquiding layeroftg = 1mm
is aosidered, the number of reflectias s found 1o be equal o ae. This rough calaulation
tharefore proves that the interrogation of the ligit with the sensing element described in
Sx. 4.1.1 provides enhanced sarsitivity at the incident angle 6 = 6Qot « 66° indeed only
in the simgle~teflection configuration, as concluded aove.  In other words, the configuration
employing multiple-refiectias provides real berefits only when the absorption acoefficiet of
the sensing layer smuch loner than that dotained in the experiment discussed in this secda,
eg., <0001.

4.2 LED-based prototype sensor system

In this sscdan, the desiign, construction and performance darecteristics of a prototype LED-
based sensor system are described. The parameters of the sensor design are based on the
optimised values provided Ih Sc. 4.1. Technical details of all the parts of the sensor system
are provided and discussed in cetail.

4.2.1 Design of the sensor unit

The design of the prototype sensor system s based on the sensing element which was de-
scribed and analysed in Secs. 4.1.1 and 4.1.3. The fundamental parameters daracterising the
properties of the sensing element relevant 1o the sensor design are summarised in Table 42

it was concluded in Sec. 4.1.3 that the sensing element s suitzble only for sensing In
the simgleteAecian configuration.  Furthermore, the nurerical amlysis preseted in sec-
tion 2.2.9 demonstrated that the angullar variation of sasitavity does not change sighrficantly
when the monochromatic light intenrogating the thin sensing layer s substituted by a source
with a broad emission spectrun, such as an LED (s FHg. 2.16). Therefore, the prototype
sensor was designed so that the light emitted from an LED  (@ts emission spectrum s shown
in Ag. 4.0 would intenogate the sensing layer in a simglereflection configuration at the
intenrogation angle 0 = 0Qt— 66°.

The schematic diagram of the prototype sensor system isshown in Fig. 4.6@). The core
feature of the sensor unit isa metal holder (MH) whiich provides a rigid support for the LED
and Si—photodiode. The drawing of the metal holder containing all the dimensions i shown
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in Aig. 4.6(-¢). The oriettations of the LED and detector are selected so as to ensure that
the cartre angle of interrogation corresponds to the point where maximum sasitivity can
be achieved, ie, 6 = 0ot = 66°. The dimensions of the LED and detector apertures (A)
are designed s0 as to allov only the light within a narrow angular width (full angular width
s approximately 8°) to intenogate the sensing layer and be detected by the detector. As
can be seen from Fig. 4.4Q0), the light within this angular region isnot incident solely in the
region of optimum sarsitivity but also ina region where sarsitivity decreases to approximately
halfof itsmax imum value. This results in a reduction of the maximum achievable sssitavity.
Further gotimisation spossible by reducing the diameters of the LED and detector apertures
0 as 1o decrease this angular width. However, this step has 1o be taken with care. Although
the reductiion of the aperture siz could Increese the sasiavity, itwould also decrease the
sigal-to+oise ratio due t© lover leels of intasity, which might result in the deterioration
of the sensor performance.

analyte analyte
in SE out

©)

25 25

Figure 4.6: (a) A schematic diagram of the LED-based prototype sensor system working in a single-
reflection configuration. The side and top views of the metal holder are shown in diagrams (b)
and (c), respectively. The dimensions are in millimeters.
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The flov cll (FC) fecilitatarg the flow of the analyte above the sensing layer was designed
0 as 1o provide sealed enclosure of the sensiing element (SE) insice while leaving an opening
through which the sami-cylindrical prism (SCP) could be attached to the bottom sice of the
sensing element.

The sensor it B asserbled by attaching the box containing the electronic cirauit, the
metal holder comtaining the LED and photodiode, and the flov call comtaining the sensing
element and sami-cylindrical prian. The power i supplied extermally by either a standard,
comercially aaileble pover supply or batteries. The sensor unit provides a DC sigal in
the range of 0-10V that can be fed directly t a wltmeter or a data acouisition card. The
photograph of the sensor unit isshown inFg. 4.7.

L. Polerecky
DCU,

Figure 4.7- A photograph of the LED-based prototype sensor system. The sensor unit is assembled
by attaching the box (1) containing the electronic circuit, the metal holder (2) containing the LED
and photodiode, and the flow cell (3) containing the sensing element and semi-cylindrical prism.

4.2.2 Design of the electronic circuit

The purpose of the electroniic cirauit was to measure the intensity of the light emitted from
an LED and reflected from the sensing elementt. In order to make the output signal indepen-
dent of the ambient light intasity, a lodk-in detection technique was employed.

The scheme and the photograph of the electronic cirauit used in the LED-based prototype

sensor system are shown in Figs. 4.8 and 4.9, respectively. As folloas from the diagram, the
ciraurt arsists of three main parts:

1 an LED driving drauit, ie, the araiit providing an altermating current through the
LED,

2 . a detection ciraurt, 1e, the cirauit providing detection and further processing of the
sigal, and

3. a power supply draiit, ie, the ciraurt far conversion of the extermal power supply t©
the leels suitable for the gperation of cirauits 1 and 2.

In the folloving, the function of each part of the cirauit i discussed in greater detail.
The LED driving ciraurt sbased on the 1CM7555 timer chip. This chip produces a square
wave with Vie = OV and Vhi = 12V. The frequency and duty cycle of the square wave can
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SENSOR OETECTION CIRCUIT

LEO DRIVING CIRCUIT

Figure 4.8: Scheme of the electronic circuit used in the LED-based prototype sensor system. The
circuit provides a square wave current to drive the LED (D4) and employs a lock-in detection
technique for the measurement of the light intensity detected by the photodiode (D6).
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Figure 4.9: A photograph of the electronic circuit used in the LED-based prototype sensor system.

be adjusted by the values of the resistors R\ and Rz and capacitors C\ and C2 and is equal
to approximately 5kHz and 50%, respectively. This square wave is subsequently modified
to a square wave denoted by Ux with VLo = 0.1V and Vhi = 25V. The high and low
values can be adjusted by the variable resistors R12 and #13 and depend on what current
is required to drive the LED. Finally, the square wave Ux is converted via the operational
amplifier (IC2B) with the FET transistor in the feedback to the current wave Ux/Rj whose
high and low values are very stable. This current then flows through the LED resulting in
the light intensity alternating at a frequency of s kHz. The choice of the value R7 = 100 fi
results in the high and low values of the current through the LED (D4) to be /hi = 25 mA
and lio = 1mA, respectively. These values correspond to the optimum values of the current
through the LED in order to vary the emitted light intensity between Jhi = Jmaxand Jlo =
respectively.1 The light intensity levels Jhi and Jlo are very stable due to high stability of
the current Ux/R 7 and due to an excellent stability of the LED’s emission characteristics.
This is important to note because in the version of the circuit shown in Fig. 4.8 the detection
circuit does not provide any means to reference out the variation of the light intensity emitted
by the LED.

The light emitted from the LED interrogates the sensing layer and is reflected towards the
detector, which is a standard Si photodiode (Ds). The signal from the photodiode is DC de-
coupled and amplified which results in a signal (SIG2) in the form of a symmetrical square
wave whose magnitude is proportional to the highz level of the input light intensity JinHi
entering the photodiode, i.e., V*hi — _“2,l0 oc Jin,hi- This signal is fed to the AD630 bal-
anced modulator/demodulator which is connected so as to provide lock-in amplification. The
reference signal (REF) to the AD630 chip is supplied from the ICM7555 timer chip whose
output is modified from the 0/12 V square wave to the 0/5 V square wave.

The principle function of the AD630 chip connected as a lock-in amplifier is that it
multiplies the input signal (S1G2) by factors F or — depending on whether the difference of
the signals at the gates 9 and 10 is positive or negative, respectively. The levels of the signal
S1G2 were sufficiently high and so the factor F was chosen to be F = 1, i.e.,, no additional

IrTo avoid confusion, the light intensity is denoted by J as opposed to the electrical current, which is
denoted by 1.
2The low value of the input light Jin.Lo intensity is zero due to 71o = 0.
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amplification. Consequently, the output signal (SIG3) is equal to SIG3 = SIG2 = V*hi
and SIG3 = -SIG2 = —V”"lo when the reference signal REF is equal to REF = 0 and
and REF = 12V, respectively. In other words, the signal SIG3 is equal to V*HI? which is
proportional to the input light intensity JinH> f°r the whole cycle of the reference signal.

Although this would be valid in an ideal case, the signal SIG3 produced by the real
ADG630 chip has some spikes due to fast switching taking place in the processes described
above. These spikes are removed by a low-pass filter. Finally, the resulting DC signal is
passed through a set of operational amplifiers using which the final off-set and gain of the
output signal VOUT can be adjusted by variable resistors R34 and # 40, respectively.

This feature is useful when the dynamic range of the sensor output is to be adjusted to
meet the requirements of a particular application or to make effective use of the resolution
of the data acquisition device. For example, if the input intensity Jjn changes between Jjnj:
and Jin>2 for the concentrations of the analyte varying between c”\ and ca,2, respectively,
and the working range of the analogue input channel of the DAQ card is 0-10 V, the variable
off-set and final gain of the signal allow for adjusting the output signal to VOUT = 0V
and VOUT = 10V for J\n = Jin,i and Jin = Jinz>respectively, thus using the entire dynamic
range of the data acquisition device.

As can be seen from the schematic diagram in Fig. 4.8, the components comprising the
LED driving circuit and the detection circuit have various power supply requirements. To
meet these requirements, the power supply circuit is provided which converts the external
input supply of GND/ + 15V to power supplies 12V and +£5V. The supply £12V is
obtained using the standard 7812 and 7912 voltage regulators. On the other hand, the 5V
supply is obtained by feeding the output of the 7805 voltage regulator to the inverting and
non-inverting inputs of two operational amplifiers (ICs A and ICsB) connected as the voltage
followers. This is done due to high requirements on the stability of symmetry of the +5V
and —5V supply in the part of the circuit where the final off-set of the output signal VOUT
is adjusted (see resistors #s2-" 34)e

4.2.3 Performance of the LED-based sensor system

The response of the LED-based sensor unit in both aqueous (various pH buffers) and gaseous
(NHs in N2) environments was investigated and is summarised below. It is important to
emphasize that it is the efficiency of the sensing platform, and not any limitations of the
sensing chemistry, which are of relevance in the following discussion.

Response to pH buffer solutions

The response of the sensor unit to various buffer solutions with pH values ranging from pH5 to
pHII is shown in Fig. 4.10(a). It can be seen that the typical response time of the sensor was
approximately 15 minutes. The output signal of the sensor varied from approximately 5.45 V
(for pH5) to 1.76 V (for pHII). The response over the entire range pHs-pH Il could be very
well approximated by a linear function. This is demonstrated in Fig. 4.10(b) which shows
the calibration function of the sensor unit obtained from the data in the graph (a).

The noise level of the output signal could be expressed by the standard deviation of the
output signal after reaching its equilibrium for a particular value of pH. This value was found
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to be equal to AV « 1.5mV independent of the signal level. Consequently, using Eq. (2.37),
the resolution of the sensor system was found to be approximately 0.007 pH units over the
range of pH5 to pHII.

time [mins] pH
(@) (b)

Figure 4.10: (a) An example of the response of the LED-based optical chemical sensor to various
buffer solutions with pH values ranging from pH5 to pHII. (b) Calibration function of the LED-
based optical pH-sensor obtained from the data in the graph (a). The data points, which were
obtained from both pH-cycles, were fitted by a linear function.

This result, which is achieved with an LED-based single-reflection prototype sensor sys-
tem, compares favourably with the performance of an optical fibre-based sensor system em-
ploying evanescent wave absorption developed by Butler et al. [5]. In that case, a multimode
optical fibre (core diameter 600/;m) was employed and a declad section of the fibre was
coated with a sol-gel-derived film which was doped with a pH-sensitive indicator. Although
a significant interaction length (approximately s cm) was used and high-order mode selection
techniques employed to enhance sensitivity, a resolution of only 0.025 pH units was achieved.
In such situations, sensitivity can be enhanced by increasing the interaction length but this
enhancement does not scale linearly with the coating length and problems such as mode
stability render this approach impractical beyond a few centimeters.

Response to gaseous ammonia

Figure 4.11(a) shows a typical example of the response of the sensor system to various con-
centrations of NHs in N2. It can be seen that the response of the sensor was very slow as
the signal did not reach equilibrium for any concentration even after approximately 2 hours.
This was mainly due to complex water mediated chemistry involved in the sensing layer [4].
This suggests that the sensor chemistry needs to be substantially improved if it is to be used
in practical applications involving ammonia sensing.

The calibration curve based on the sensor response shown in Fig. 4.11(a) is plotted in
Fig. 4.11(b). W th this typical non-linear response, the greatest resolution is achieved at low
ammonia concentrations (< 2ppm). Taking into account the noise level of the output signal
of AV % 1.5mV, the calibration curve yields a limit of detection of LOD « 10ppb. At higher
concentrations (6-12 ppm) the sensor resolution increases by a factor of approximately 30 due
to the fall-off in sensitivity, which is again determined by the sensor chemistry.
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time [mins]
(a) (b)

Figure 4.11: (a) An example of the response of the LED-based optical chemical sensor to concen-
trations of NH3 in N2 ranging from Oppm to 12 ppm. (b) A calibration function of the LED-based
optical NHs-sensor obtained from data in the graph (a).

The significance of these data becomes apparent when compared with published results [s]
where a more complex, multimode fibre-based system was employed. A LOD in the ppb range
was inferred in this work and this corresponds to the value obtained with the optimised,
single-reflection system presented here.

4.3 Conclusion

In this chapter, the experimental corroboration of the angular dependence of the sensitivity
of absorption-based sensors was presented. Using the experimental data, the thickness and
refractive index of the sensing layer was determined. Furthermore, the optimum conditions
for the sensor performance were identified.

Based on these optimum conditions, an LED-based sensor system was designed and fab-
ricated. The sensor operated in a single-reflection configuration, since it was predicted by
the theory that more than one reflection would result in decreased sensitivity. The prototype
sensor unit was tested both for gaseous (NHs) and liquid (pH) analytes. In the former case,
a limit of detection of 10ppb of NHs in N2 was achieved. In the later case, a resolution of
0.007 pH units over the pH range 5-11 was achieved.

These performance data, which compare favourably with the performance data of more
complicated laser-based sensor systems reported in the literature, were mainly determined
by the optimum sensing conditions employed and the low noise of the electronic circuit.
The sensor system described in this chapter is an example of a generic, compact and high-
performance platform for absorption-based optical chemical sensing.
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Chapter 5

Luminescence-based optical
chemical sensors—experimental
work

This chapter presents an experimental investigation of the theoretical predictions discussed in
Chapter 3. Firstly, the angular dependence of luminescence intensity emitted from a thin lu-
minescent film is verified experimentally. Then, experimental data is presented which demon-
strate significant improvement of the luminescence capture efficiency provided by a particular
optimised structure. Finally, preliminary experimental results are presented which demon-
strate the successful implementation of the novel technique for the detection of surface-
generated luminescence.

5.1 Angular distribution of luminescence emitted from a thin
layer

This section presents experimental results which corroborate the theory developed in Sec. 3.1.
In particular, the angular distribution of luminescence radiated by a thin luminescent film
deposited onto a glass substrate is investigated. Firstly, the studied samples are characterised.
Then the experimental apparatus is described. Finally, the experimental data are presented
and their relation to the theoretical predictions is discussed.

5.1.1 Preparation of the samples

The samples under study consisted of a standard glass microscope slide coated with a thin
sol-gel layer. The recipe for the preparation of the luminescent sol-gel film was reported in
the literature [1, 2]. The details are listed in Table 5.1. After the sol was prepared, it was
deposited onto one side of the glass microscope slide by dip-coating. A protective tape was
used to cover one side of the slide during the deposition. The dipping speeds varied from
0.2mm/s to 3mm/s. The final step involved oven drying of the samples at 70°C for 17 hours.

The sol-gel film doped with the Ruthenium complex emits luminescence in the orange
region of the visible spectrum when excited by blue light. The excitation and emission
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dissolve 21 mg of Ru(dpp)s in 5.1 ml of ethanol
add 6.0 ml of MTEOS and 2.18 ml of 0.1 M HC1 and stir for 1 hour
add 750 (A of 0.3 M NaOH

Table 5.1: Recipe for the preparation of the sol doped with Ruthenium complex. See Appendix A
for the explanation of abbreviations used.

spectra together with the spectrum of the excitation light provided by an LED is shown in
Fig. 5.1.

X [nm]

Figure 5.1: Emission spectra of the blue LED (solid line) and the sol-gel material doped with
Ru-(dpp)3 (dash-dotted line). The excitation spectrum of the Ru(dpp)3-doped sol-gel, which is
depicted by the dashed line, overlaps very well with the emission spectrum of the blue LED.

5.1.2 Experimental apparatus

The experimental appartus which was used to measure the angular distribution of lumines-
cence intensity is shown in Fig. 5.2.

The core element of the experimental apparatus was a semi-cylindrical prism (SCP) on top
of which a glass slide (GS) coated with the luminescent layer (LL) was attached by an index-
matching immersion liquid. The dimensions of the prism were such that the addition of the
glass slide resulted in a perfect semi-cylinder. This configuration facilitated the measurement
of the luminescence intensity radiated into the glass substrate in the entire range of angles
6 G (-90°, 90°).

The excitation light was provided by a blue LED (see Fig. 5.1 for the emission spectrum).
Its intensity was modulated by a frequency generator (FG) at a frequency of approximately
2kHz. The light from the LED was coupled into a short multimode fibre (MF) with a core
diameter of 600 §jim. The position of the fibre tip was adjusted so as to provide a small spot of
the blue (excitation) light (diameter of « 1 mm) in the centre of the sample which coincided
with the centre of the semi-cylinder.

The prism with the attached sample and the holder of the LED and fibre were mounted
on a high precision rotary stage (Physik Instrumente, M-038, unidirectional repeatabil-
ity 20¢¢rad). Their position was adjusted so that the spot of the blue (excitation) light
at the sample coincided with the rotation axis of the rotary stage, as shown in Fig. 5.2.
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Figure 5.2: A schematic diagram of the experimental apparatus for measuring the angular distri-
bution of luminescence intensity radiated from a thin luminescent layer (LL) deposited on a planar
glass substrate (GS). To facilitate the measurement of the luminescence radiated into the substrate,
the glass slide was attached to a semi-cylindrical prism (SCP) by an index-matching immersion
liquid.

The luminescence was detected by a Si photodiode (PD) which was in a fixed position.
A red filter (F) was used to prevent the blue excitation light entering the photodiode. Fur-
thermore, a narrow slit approximately 0.5 mm wide was placed in front of the photodiode
to facilitate the measurement of the luminescence intensity radiated into a narrow range of
angles (AO < 1°). The signal from the photodiode was fed into a lock-in amplifier (SR510)
which used the signal from the frequency generator as the reference.

The entire experiment was controlled by a personal computer (PC). The rotation of the
high precision rotary stage was controlled via the PIC842 card supplied by the manufacturer
(Physik Instrumente). The analogue output from the lock-in amplifier was acquired by the
data acquisition card (Bytronics, MPIBM3).

The program controlling the experiment was written in LabView. A screenshot of the
program is shown in Fig. 5.3. The algorithm implemented in the program proceeded as
follows:

1. the position of the rotary stage was set to the initial value 6 = -90°,

2. 3000 acquisitions of the output signal were made and this was repeated 3 times in order
to evaluate the standard deviation of the signal,

3. the value of the angle of observation (6) together with the mean value and the standard
deviation of the signal were appended to the output file,

4. the rotary stage was rotated by A6 = 1°

5. steps 2-4 were repeated until the maximum value of the observation angle, i.e., 6 = 90°,
was reached.

Over the course of the experiment, the lock-in sensitivity and time-constant were kept
constant and equal to 10/iV and 3s, respectively. Furthermore, the properties of the excita-
tion light (the modulation frequency and the minimum/maximum values of intensity) were
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kept unchanged. Consequently, the values of the signal originating from different samples
were in relative proportion and could be therefore directly compared.
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MEASUREMENT EXPERIMENT EXPERIMENT
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Figure 5.3: A screenshot of the LabView program controlling the experiment for measuring the
angular distribution of the luminescence intensity.

5.1.3 Experimental results

An example of the raw experimental data is shown in Fig. 5.4. It can be seen that the signal
was symmetric around 6 = 0°. The features at angles 6 G (-90°,—9%s) and 6 G {0“s,90°),
where 6*s = arcsin(na/ns) = 41.3°, are clearly visible and agree with those predicted by the
theory (see Sec. 3.2.3). The broad peak at around 6 = 0° corresponds to the transmitted
excitation light detected in this angular region, which could not be completely removed by
the filter used. This is evident from the data depicted by “+” which correspond to the
sample coated with an undoped sol-gel layer. To obtain the data corresponding solely to the
luminescence intensity, this background signal was subtracted from the signal for each sample.
Examples of this processed experimental data are shown in Fig. 5.5. The experimental data
were fitted using the theoretical model developed in Sec. 3.1 (see Eq. (3.37)). During the
fitting procedure, the emission spectrum of the luminescence (see Fig. 5.1) was also considered.

As can be seen form Fig. 5.5, the agreement between the experimental and theoretical
data is excellent. From this fit, the value of the refractive index of the Ru(dpp)s-doped sol-
gel layer was found to be ni = 1.425 = 0.002. Furthermore, the fit was used to calculate the
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Figure 5.4: An example of the raw experimental data of the angular distribution of luminescence
radiated from a thin sol-gel film doped with Ru(dpp)3 dye.

0 [deq] 0 [deq]
(a) (b)

Figure 5.5: An example of the data with the background signal subtracted. The crosses represent
the experimental data, the solid lines represent the fit based on expression (3.37). The graphs (a)
and (b) correspond to the luminescent layers deposited at dipping speeds 1.5mm/s and 3mm/s,
respectively.

values of the thickness of the layers obtained at different dipping speeds [3]. These values are
plotted in Fig. 5.6(a). It can be seen that the relationship between the layer thickness ti and
the dipping speed Sd can be very well approximated by a linear function. The coefficients are
listed in Fig. 5.6(b).

The data shown in Figs. 5.5 provides experimental corroboration of the theory developed
in Sec. 3.1. It demonstrates that a maximum of the luminescence intensity occurs at an
angle 0 which lies within the angular range 6 e {940 &s), where 0“s = arcsin(1.0/1.515) «
41.3° and dés = arcsin(1.425/1.515) « 70° are the critical angles of the air/glass and sol-
gel layer/glass interfaces, respectively. The data also demonstrates that the peak shifts
towards 6ts and is more pronounced for greater values of the luminescent layer thickness, as
predicted by the theory.
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nt = 1.425 +0.002
ti=Asd+ B

A = (0.25 £ 0.01) /im/(mm.s_1)
B = (0.20 £ 0.02) /im
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Figure 5.6: (a) Thickness of the luminescent layer ti as a function of the clipping speed Sd. The
points correspond to the values obtained from fitting the angular distribution of luminescence by
the expression (3.37). The line represents the linear fit of the data. The corresponding fitting
parameters are listed in table (b).

5.2 Configuration with enhanced luminescence capture effi-
ciency

Section 3.3 concluded that the so-called substrate-confined (SC) modes are very attractive
when efficient capture of the luminescence radiated from thin luminescent films is of interest.
This is due to the relatively large amount of energy carried by these modes as well as to the
fact that their propagation is confined within a relatively narrow angular range.

Section 3.3.2 listed several configurations facilitating the detection of the SC modes.
Taking into account all the advantages and disadvantages mentioned in that section, the
configuration employing the frustrated cones (see Fig. 3.24) was found to provide the greatest
benefit. This included both a large enhancement factor of the luminescence capture efficiency
(see Fig. 3.26) and a relatively simple manufacturing process. For these reasons, it was this
configuration that was tested experimentally, which is reported below.

5.2.1 Preparation of the samples

The chip was made from polystyrene whose refractive index over the range of wavelengths
corresponding to the emission spectrum of the Ru(dpp)s-doped sol-gel is approximately ns =
1.590. The luminescent spots were made of the Ru(dpp)s-doped sol-gel, which is characterised
by the refractive index n/ = 1.425, as concluded in Sec. 5.1.3). The environment covering the
spots was air (na = 1.0). Using these parameters, the critical angles Ots and 9%, which play
a fundamental role in the design, could be calculated. Their respective values are 6ts = 63.7°
and 6“s = 39.0°. Consequently, the value of the tilt angle a, which is calculated from (3.39),
was chosen to be a « 26° (see Fig. 3.24 in Sec. 3.3.2).

The configuration was designed in the axially symmetric form, as depicted in Fig. 3.27(a).
The values of the dimensions w and h (see Fig. 3.24(b)) were w = 1mm and h = 1mm. The
chip incorporated a 2 x 4 array of frustrated cones on a single substrate. A photograph of
the chip is shown in Fig. 5.7.
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Figure 5.7: A photograph of the chip containing a 2 x 4 array of frustrated cones depicted in
Fig. 3.24. The luminescent spots made of a Ru(dpp)3-doped sol-gel were deposited by a stamp-
ing technique both at the top of each frustum (spots denoted by A) as well as on the planar
(unmodified) substrate (spots denoted by B).

The thin luminescent spots were deposited onto the substrate using a stamp fabricated
from poly-dimethylsiloxane (PDMS, see Sec. 5.3 for detail of the PDMS preparation). This
was done both at the top of each of the frustrated cones (spots A) as well as on the planar
(unmodified) substrate (spots B) in order to enable a direct comparison between the effi-
ciencies of the conventional and improved techniques of the luminescence capture. Although
the stamping method was cheap, fast to implement and easy to use, it did not facilitate
the deposition of spots with equal volume of sol-gel. Nevertheless, it was sufficient for the
purpose of this experiment as the discrepancies between the dimensions of the spots could
be taken into account during data processing. The diameter of the spots B was found to be
approximately 2 times greater than the diameter of the spots A, which was determined by
the imperfection of the stamping technique.

5.2.2 Experimental apparatus

A simple experiment for measuring the intensity radiated by the luminescent spots was set
up as shown in Fig. 5.8. The chip containing the luminescent spots (LS) was held in a fixed
position by a holder. The excitation light was provided by a blue LED, which was placed
above the chip so as to provide approximately uniform illumination of luminescent spots.
The LED was slightly misaligned with respect to the detector axis (dash-dotted line) in order
to prevent direct illumination of the detector array by the excitation light which could not
be eliminated completely even with the use of a high quality red filter. The detector (either
a CCD or CMOS camera) was placed at the back side of the chip. The lens of the camera
was adjusted so as to provide focused image of the luminescence emitted from the spots.

5.2.3 Experimental results

Two independent experiments using two independently prepared samples were carried out
in order to measure the improvement of the luminescence capture efficiency provided by the
configuration employing frustrated cones. The first experiment employed a CCD camera, and
the second one used an in-house developed detection system based on a CMOS-camera [4].
Typical examples of images obtained by the CCD and CMOS camera are shown in Fig. 5.9(a)
and 5.9(b), respectively.
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LED

CCD/CMOS
array

Figure 5.8: A schematic diagram of the experimental apparatus for the measurement of lumines-
cence radiated by luminescence spots (LS) deposited onto a chip containing structures providing
improved luminescence capture efficiency. See text for further details.

() (b)

Figure 5.9: Typical examples of the images of the luminescence detected from 4 spots deposited
onto the polystyrene chip depicted in Fig. 5.7. The bright ring-like intensity profiles denoted by R
and the less intense spots denoted by S’ correspond to the SC and ST modes of the luminescence
emitted by the spots deposited at the top of the frustrated cones, respectively (see Fig. 3.24). The
spots denoted by S are produced by the luminescent spots deposited onto an unmodified (planar)
substrate, i.e., they represent the images obtained by the conventional detection technique. The
images (a) and (b) were obtained by two independent measurements using a CCD and CMOS
cameras, respectively.

It can be seen that there are two distinct intensity profiles visible in both images. The
ring-like profiles correspond to the luminescence produced by the spots which were deposited
at the top of the frustrated cones. In particular, the light impinging the detector array at the
area of the bright ring (R) corresponds to the SC modes of the luminescence radiated by
the spot. On the other hand, the less evident grey spots (S) correspond to the ST modes of
the light produced by the luminescent spots deposited onto an unmodified planar substrate,
i.e., they correspond to the images of the luminescence intensity obtained by the conventional
detection technique. The intensity corresponding to the ST modes radiated from the spots
deposited at the top of the frustrated cones is also visible, namely in the inner area of the
rings (spots denoted by S°).

It can be seen that there is some non-uniformity in the intensity distribution across the
image. For example, using the image in Fig. 5.9(a), the right ring appears to be brighter
than the left one and the top spot seems to be less bright than that at the bottom. Similar
features can be observed from the image in Fig. 5.9(b). This is due to non-uniformity of
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the intensity profile of the blue excitation light illuminating the luminescent spots, which
could not be avoided due to an inherently divergent and spatially anisotropic character of
the light produced by a LED. Furthermore, the spots S appear to be greater in size than the
spots S’. This is due to a greater physical size of the luminescent spots deposited onto the
planar substrate than those deposited at the top of the frustrated cones, which was caused
solely by the stamping method, as mentioned above.

To estimate the improvement of the luminescence capture efficiency, the images, such as
those shown in Fig. 5.9, were analysed. In the analysis, the effects of both the non-uniformity
of excitation and the size of the luminescent spots were taken into account. Details of this
analysis are summarised below for both independently obtained experimental data.

(a) (b)

Figure 5.10: Images based on which the analysis of the luminescence emitted from the chip shown
in Fig. 5.7 was performed. The images (a) and (b) correspond to the experiments employing CCD
and CMOS cameras, respectively. See text for further details.

CCD-based experiment

The analysis of the experiment employing the CCD camera is based on the image shown in
Fig. 5.10(a). In the first step of the analysis, the total intensities detected in the areas denoted
by C1-C4, A2 and A4 were obtained. The circular areas Cl| and C3 represent the intensity
profiles of the ST modes emitted by the luminescent spots deposited onto the unmodified
(planar) substrate and detected by the CCD camera. The circular areas C2 and C4 represent
the same but for the spots deposited at the top of the frustrated cones. The annulus areas A2
and A4 represent the intensity profiles of the SC modes which are emitted by the luminescent
spots deposited at the top of the frustrated cones and redirected towards the detector, as
discussed in Sec. 3.3.2. The corresponding total intensities are listed in Table 5.2, step 1

In the next step of the analysis, the non-uniformity of the illumination by the blue light
was taken into account. This was done by requiring that the intensity in the centre of the
circular areas C1-C4 be the same for each circular area. This was based on the assumption
that all the spots deposited either at the top of the frustrated cones or onto the unmod-
ified (planar) substrate have equal thickness. Indeed, in that case, the intensities of the
luminescence radiated at an angle 6 = o° should be equal, as follows from the theory in
Sec. 3.1. The intensities corresponding to the centre of the circular areas C1-C4 are listed in
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total intensity [norm, units]

step Cl C2 C3 C4 A2 A4  C2+ Az C4+ A4

1 1.15 0.438 0.528 0.257 430 2.87 4.74 3.13

2 0o.010 o.010 0.091 0.072 — — — —

3 1.15 0.438 0.589 0.359 430 4.01 4.74 4.37
0.289 0.438 0.239 0.359 430 4.01 4.74 4.37

51 1.00 152 0.830 124 149 139 16.4 15.1

52 0.660 1.00 0550 082 9.82 09.16 10.8 9.98

53 1.21 1.83 1.00 1.50 18.0 16.8 19.8 18.3

54 0.805 1.22 0.666 1.00 12.0 11.2 13.2 12.2

Table 5.2: Analysis of the data provided by the image in Fig. 5.10(a). See text for further details.

Table 5.2, step 2. The intensities corresponding to all considered areas and obtained by this
renormalisation step are listen in Table 5.2, step 3.

In the next step of the analysis, physical dimensions of the luminescent spots was taken
into account. This was done by measuring the diameter d of the circular areas C1-C4 which
corresponded to the diameter of the physical spots. The following values of the diameters
were found:1 dci = 140, dc2 = 70, dc3 = 110, dc4 = 70. The intensities obtained afterthis
renormalisation step are listed in Table 5.2, step 4.

In order to write the values in a form which would be more convenient for further compari-
son, the values obtained in the step 4 were renormalised so that the intensities corresponding
to the circular areas C1-C4 would be unity. These final values are listed in Table 5.2,
steps SI™ 4, respectively.

It isimportant to mention that although the background intensity needed to be considered
in these calculations, it was found to be zero and thus did not affectthe final numerical values
listed in Table 5.2. On the other hand, as can be seen from theimage in Fig. 5.9(b), the
background signal was quite substantial in the experiments using the CMOS camera and thus
had to be considered in the calculations.

CMOS-based experiments

The analysis of the experiment employing the CMOS camera is based on the image shown
in Fig. 5.10(b). As mentioned above, the background signal has to be considered in the
analysis of the image shown in Fig. 5.9(b). Three regions of the same area are defined in the
image, namely a ring-like region (R) which corresponds to the intensity of the luminescence
emitted from the spot deposited at the top of the frustrated cone, a circular spot (S) which
corresponds to the same but originating from the spot deposited onto the unmodified (planar)
substrate, and a circular region “bkg” which provides a measure for the background signal.
All the regions are of the same area and so the total intensities obtained in the following
calculations are directly comparable. The total intensities measured in these regions are
listed in Table 5.3, step 1.

To enable direct comparison between the intensities emitted from the spot deposited

Irrhe values are given in arbitrary units.
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total intensity [norm, units]

step S R bkg
1 0946 2.12 0.837
2 0.109 1.28 0.000

3 1.00 11.8 0.000

Table 5.3: Analysis of the data provided by the image in Fig. 5.10(b). See text for further details.

at the top of the frustrated cone (area R) and that deposited on the planar (unmodified)
substrate (area S), the intensity of the background (area “bkg”) had to be subtracted. The
values of the intensities after this renormalisation step are listed in Table 5.3, step 2.

In order to write the values in a form which would be more convenient for further compar-
ison, the values obtained in the step > were renormalised so that the intensity corresponding
to the area S would be unity. These final values are listed in Table 5.3, steps 3.

Enhancement of the luminescence capture efficiency—summary

It can be seen from Tables 5.2 and 5.3 that the enhancement of the detected intensity provided
by the configuration employing frustrated cones (see Fig. 3.24) is substantial. In particular,
when the total intensity detected from a spot deposited at the top of the frustrated cone is
compared to the intensity emitted by means of the ST modes, an enhancement by a factor
of approximately 1:1-12 is obtained (see the values in columns C2 + A2 and C4 + A4 and
the values in columns C2 and C4 in Table 5.2 at lines 52 and 54, respectively). When the
total luminescence intensity detected from a spot deposited at the top of the frustrated
cone is compared to the total intensity detected from a spot deposited on an unmodified
(planar) substrate, an enhancement of approximately 15-20 is found (see the values in
columns C2 + A2 and C4 + A4 and the values in columns Cl and C3 in Table 5.2 at lines 5:
and 53, respectively). This factor is slightly lower (approximately 12) when the data in
Table 5.3 is used. This difference is attributed to possible discrepancies in the thickness of
the spots deposited at the top of the frustrated cones and those deposited onto the unmodified
(planar) substrate, the latter being approximately 1.5 times thinner than the former, due to
the imperfection of the stamping method used.

These results are the first experimental evidence of the level of improvement of the lumi-
nescence capture efficiency that can be achieved by employing the structure with frustrated
cones in comparison to the efficiency provided by the conventional detection technique. Even
though the improvement does not reach as high values as those corresponding to the ideal
situation described in Sec. 3.3.2, the 10-12-fold increase in the detected intensity clearly
demonstrates how attractive the improved configuration is. It is believed that this improve-
ment factor could be further increased by providing better quality (in terms of the surface
roughness) of the reflecting surface A (see Fig. 3.24).
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5.3 Thin layer vs bulk contribution to the radiated lumines-
cence

In this section, preliminary experimental data is presented which demonstrates the capability
of distinguishing between surface and bulk-generated luminescence by the method proposed
in Sec. 3.4. Firstly, preparation of the samples that were used in the experiments is briefly
described. Then, the experimental apparatus is characterised. Finally, the experimental data
is presented and discussed in detail.

5.3.1 Preparation of the samples

Each studied sample comprised a standard glass microscope slide coated with a thin sol-gel
layer. The sol was prepared in two forms: a sol doped with fluorescent ruthenium complex,
Ru(dpp)s, which will be denoted by D, and an undoped sol, which will be denoted by UD.
The recipe for the preparation of the sol was reported in the literature [1, 2] and the details
are listed in Table 5.4 for both the D and UD sol. After the sol was prepared, it was deposited
onto one side of a glass microscope slide by dip-coating at a dipping speed of 25 mm/s. The
final step involved aging overnight at 20°C.

(@) dissolve 12mg of Ru(dpp)s in : ml of ethanol
add 1.45ml of 0.1 M HCL1 and stir for 30 minutes
add 4ml of MTEOS and stir for 2 hours at 20°C

(b)  mix 1+ ml of ethanol and 1.45 ml of 0.1 M HC1 and stir for 30 minutes
add 4ml of MTEOS and stir for 2 hours at 20°C

Table 5.4: Recipes for the preparation of the doped (a) and undoped (b) samples. See Appendix A
for the explanation of abbreviations used.

The theoretical background for the experiments described below was presented in Sec. 3.2.5.
In the context of that section, the samples coated with the undoped sol-gel (UD-samples)
correspond to the multilayer structure depicted in Fig. 5.11(a) (reproduction of Fig. 3.10(a)),
while the samples coated with the Ru(dpp)s-doped sol-gel (D-samples) correspond to the
multilayer structure shown in Fig. 5.11(b) (reproduction of Fig. 3.10(b)).

water water

sol-gel! layer

w5 NKO)

glass siibstrate; ;

€)) (b)

Figure 5.11: Schematic diagrams of two-layer systems consisting of a glass substrate, sol-gel layer
and a bulk layer. To facilitate the easy viewing of the diagrams, they have been reproduced here.
For a more detailed description, see Fig. 3.10.

The purpose of this experiment was to distinguish between the contributions to the emit-
ted luminescence originating from a thin layer and from the bulk above the thin layer. There-
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fore, it was necessary to facilitate a flow of a solution above the thin sol-gel layer, where the
solution could either be undoped (UD-solution) or doped with the luminescent molecules (D-
solution). In the experiments, ethanol doped with the ruthenium complex was used as the
D-solution due to a very good solubility of the Ruthenium complex in ethanol. Pure ethanol
was used as the UD-solution.

Initially, deionised water was used as the UD-solution. However, problems related to
the non-deterministic mixing of water and Ru(dpp)s-doped ethanol were encountered during
the initial stage of the experiments. These problems were caused by different values of the
refractive index of water and ethanol. Therefore, it was decided to change the UD-solution
from water to ethanol. Nevertheless, the initial experimental data using water will also be
presented as they demonstrate certain features important for the subsequent interpretation
procedure.

As discussed in Sec. 5.1.1, the fluorescent ruthenium complex emits light in the spectral
region from approximately 550 nm to 650 nm. For this spectral region, the refractive index
of the D and UD sol-gel films was taken to be n/ = 1.425 (see the results of the fit of the
experimental data in Fig. 5.6) and the refractive index of the glass substrate and the semi-
cylindrical prism was considered to be ns = 1.515. The refractive index of the Ru(dpp)s-
doped and undoped ethanol was ofne = 1.362 while the refractive index of water was taken to
be nw = 1.332. Using these values, the values of the critical angles, which play an important
role in the analysis of the experimental results, were determined. They are listed in Table 5.5.

interface critical angle
air/glass substrate 0? = %1 86°
water/glass substrate QNS = 61.55°

(D/UD)-ethanol/glass substrate 0? = 64.03°
sol-gel film/glass substrate ote = 70.15°

Table 5.5: Values of the critical angle corresponding to various interfaces.

5.3.2 Experimental apparatus

As described in Sec. 3.4, one possible configuration for an experimental set-up suitable for
distinguishing between the thin layer and bulk contributions to the radiated luminescence
is based on the measurement of the angular distribution of the luminescence radiated into
a higher refractive index substrate. Although such a set-up was devised and successfully
implemented in the experiments described in Sec. 5.1, it could not be employed in these
experiments. The main reason for this was that this experiment was designed to enable
observation of real-time changes in the angular profile of the luminescence intensity. The
previous set-up enabled the acquisition of the angular profile of luminescence only every 20-
30 minutes, which was not sufficiently fast. Therefore, a different experimental setup was
assembled.

A schematic diagram and a photograph of the experimental set-up are shown in Figs. 5.12
and 5.13, respectively. Rather than rotating the sample, the semi-cylindrical prism (SCP)
with the sample attached was kept in a fixed position and the angular profile of luminescence
was recorded by a linear detector array (LDA). The LDA (Hamamatsu S3904-1024Q [5])
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Figure 5.12: A schematic diagram of the experimental apparatus for measuring the angular
distribution of luminescence intensity radiated from a sample consisting of a thin luminescent
layer (LL) deposited onto a planar glass substrate (GS). In contrast to the apparatus shown in
Fig. 5.2, the angular profile is obtained as a single-shot measurement using a linear detector
array (LDA). See text for further details.

Figure 5.13: A photograph of the experimental apparatus for measuring the angular distribution
of luminescence intensity in a single-shot configuration. See text and Fig. 5.12 for a detailed
description.
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consisted of an array of 1024 photodiodes characterised by a pitch of 25/im and dimen-
sions 20 (im x 25 mm. The total size of the array was 2.5 x 25mm. The input window of
the LDA was covered by a red filter (RF) in order to eliminate possible detection of the
blue excitation light. The LDA was placed near the face of the SCP in such a way that the
luminescence radiated over the angular width of approximately A0 = 37° could be detected.
Driver circuits (Hamamatsu C4070 and C4091), which were supplied with the LDA by the
manufacturer, enabled an independent acquisition of the signal from each of the photodiodes
with a repetition rate in the range of 1Hz to 10s Hz, depending on the level of the light
intensity. This means that the apparatus was able to acquire a single-shot angular profile
of the luminescence radiated into a relatively broad range of angles every 10/is to 1s. Due
to the very low levels of luminescence intensity provided by the samples used, the driving
circuits were slightly modified so that a repetition rate of 1/12 Hz could be achieved. This
value was also employed during the experiments.

The principle of operation of the LDA was as follows: The signal corresponding to the light
impinging onto each photodiode was accumulated during the time between two single-shot
measurements, which was equal to « 12 s in this experiment. After this signal accumulation
period, a train of digital pulses from the driving circuit triggered a train of analogue pulses
at the video-output of the LDA chip, as shown in Fig. 5.14. The analogue value of each pulse
corresponded to the total light intensity detected by the corresponding photodiode. Because
the time separation of the analogue video pulses was very short (10/¢s), a data acquisition
card with a high acquisition rate had to be employed. For this purpose, a data acquisition
card (Keithley, KPCI-3104) capable of up to 400kS/s acquisition rate on a single analogue
input channel was used.

Figure 5.14: An example of a train of digital pulses produced by the LDA driving circuit which
triggered a train of analogue pulses at the video output of the LDA. The image is a screenshot of
the oscilloscope monitor. It is important to note that the number of pulses shown in the image
does not correspond to the real number of pulses (there was a total of 1024 pulses in one train)
due to the finite resolution of the oscilloscope monitor.

The flow of the solution above the thin sol-gel layer was facilitated by a flow cell (FC)
attached to the glass slide. The flow cell was made of poly-dimethylsiloxane (see Table 5.6 for
a brief description of the recipe) which provided good adhesion to the sol-gel film. Further-
more, the flow cell consisted of a channel (CH) with dimensions of approximately 1 X 1 x 10 mm
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through which a solution could flow above the film in a controlled way.

(PDMS is commercially available as Sylgard 184 from Dow Corning [s])
mix liquid prepolymer and curing agent of Sylgard 184 in the ratio 10:1 (volume or mass)

pour the liquid mixture into a flow cell mould

cure at 70°C for 1 hour
detach the solidified flow cell from the mould

Table 5.6: A brief description of a recipe for the preparation of a flow cell made of poly-
dimethylsiloxane (PDMS).

Figure 5.15: A screenshot of the LabView program facilitating acquisition and visualisation of
the video-signal from the linear detector array. The program was used in conjunction with the

experimental apparatus shown in Fig. 5.12.

A special holder (H) for the flow cell was designed. The holder provided a rigid support
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for two syringe needles (SI and S2), which acted as the inlet and outlet ports. The needles
were attached to tubes T1 and T2, both with inner diameter of approximately 0.76 mm.
A peristaltic pump (P) was used to provide a controlled flow of the solution at a constant
rate.

The direct excitation of luminescence was provided by a multimode optical fibre (F) with
a core diameter of 600 /xm, which guided the light from a blue LED (see Fig. 5.1 for the
emission spectrum) placed at the other end of the fibre. The fibre was supported by the
holder (H) in such a way that the fibre tip was close to the surface of the thin layer. The
distance between the fibre tip and the surface of the layer, which defined the thickness of
the bulk layer 1s considered in Sec. 3.2.5, was in the order of 200-500 /im but could not be
determined with greater precision.

The peristaltic pump and changing of solutions was controlled manually. The data acqui-
sition and processing was facilitated by a personal computer (PC). The measurement program
was written in LabView. A screenshot of the program is shown in Fig. 5.15.
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Figure 5.16: An example of a 2D intensity chart displaying the time evolution of the angular
profile of luminescence. Each horizontal section of the chart represents an angular profile of
the luminescence intensity at a certain time. Different colours represent different luminescence
intensities, blue corresponding to the lowest and red to the highest level of intensity.

A typical experiment proceeded as follows:
1. Air was flowed over the sample in order to acquire a background signal.

2. The undoped solution was passed over the sample for several minutes and the angular
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profiles of the detected luminescence (if any) were acquired every 12 seconds.

3. The doped solution was passed over the sample and the angular profiles of luminescence
were recorded.

4. Steps 2 and 3 were repeated several times until a sufficient amount of data was acquired.

The angular profiles of the radiated luminescence were represented in 2D intensity charts to
provide an illustrative representation of the time-evolution of the detected signal. An example
of such a chart is shown in Fig. 5.16.

5.3.3 Experimental results

In this section, an example of an experiment employing the apparatus and samples described
above is discussed. The experiment is described step by step, each step accompanied by
a thorough discussion and, where possible, interpretation of the observed phenomena.

Calibration of the experimental apparatus

As mentioned in Sec. 5.3.2, the experimental apparatus included a linear detector array (LDA)
containing a total of 1024 photodiodes. The total length of the imaged area was 2.5cm. The
signal from each photodiode represented a pixel on the acquired image. Since the linear
detector was placed close to a round face of a semi-cylindrical prism, the distance of the
photodiodes from this face differed with the position of the photodiode on the LDA chip.
Therefore, at the begin of the experiment, it was necessary to calibrate the experimental
set-up. In particular, it was necessary to find (i) a relation between the pixel number and the
corresponding angular position and (ii) a relation between the measured intensity detected
by the photodiode at a certain position and the true intensity value at the corresponding
angular position.

The calibration was carried out using a sample coated with a relatively thick luminescent
layer (« 0.8/;m) surrounded by air. For this sample, the peak in the angular profile of the
radiated luminescence was distinct and its angular position could be determined precisely.
The semi-cylindrical prism with the attached sample and the fibre providing the excitation
light were mounted on a rotary stage. This allowed the images to be obtained at different
angular positions of the prism with respect to the LDA chip. In particular, after each image
was acquired, the prism, sample and the light source were rotated by A6 = 2°. This was
repeated 9 times and the corresponding experimental data is shown in Fig. 5.17. In the graph,
the x axis corresponds to the number of the pixel, i.e., the position of the single photodiode,
and the y axis represents the corresponding intensity detected by that particular photodiode.

It can be seen that the angular profile of the luminescence intensity remains unchanged
as the prism with the sample is rotated. On the other hand the profile is slightly distorted
at the edges of the image. This is caused by the fact that the photodiodes at the edge of
the LDA chip are more distant from the face of the semi-cylindical prism than those in the
centre of the chip, as mentioned previously. This is clearly demonstrated by the decrease of
the intensity of the peak as the peak position approaches the edge of the image.

The variation of the angular position of the peak was found to be linear with respect to
the sample rotation. Every rotation of the sample by A0 = 2° corresponded to the same
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Figure 5.17: Angular distributions of the luminescence intensity obtained for 9 different orienta-
tions of the semi-cylindrical prism containing the sample. The angles of rotation are shown in the
graph. Also shown are the calibration functions of the detection system employing the LDA.

change of the peak position on the image over the entire measured interval. Consequently,
the relation between the difference in the angular position, represented by A [deg], and the
difference in the pixel position, represented by A [pxI], was found to be

A [pxl] = 27.41 A [deg],
(5.1)
A [deg] = 0.03648 A [pxI]].

The variation of the peak intensity across the image was found to be described by a quadratic
function
y =A+Bx + Cx2, (5.2)

where A = 0.6255, B = 5.230 x 10-4 and C = —5.229 x 10~7. In this equation, y represents
the detected luminescence intensity and x represents the pixel position.

Equations (5.1) and (5.2) represent the calibration functions of the LDA-based detection
system. After the intensity profile is measured by the LDA chip, the values have to be
divided by the intensity calibration function (5.2) in order to obtain the true intensity profile
of the radiated luminescence. Subsequently, the profile is transformed to the angular profile
using (5.1).

It needs to be pointed out that this procedure does not provide absolute values of angles
but only the relative angular differences. This is caused by the experimental apparatus
itself. In particular, the positioning of the semi-cylindrical prism containing the sample is
not precisely defined. For example, when the samples are exchanged, the absolute value of the
angular position of the new sample can differ (by up to approximately 5°) from the position
of the old sample. On the other hand, once the absolute value of the angle of one particular
pixel is determined, it does not change during the course of the experiment for the particular
sample. Therefore, the angular profile of the luminescence intensity has to contain at least
one feature with a known angular position during any part of the experiment in order to
enable the interpretation of the observed data during the entire course of the experiment.

162



53. THIN LAYER VS BULK-GENERATED LUMINESCENCE L\ Polerecky

Ru(dpp)s3-doped sample

After the calibration procedure was completed, testing of different samples could proceed.
Firstly, the sample coated with Ru(dpp)s-doped thin sol-gel film (see Table 5.4(a)) was em-
ployed.

Curve 1 in Fig. 5.18 shows the angular profile of the luminescence intensity when the
luminescent layer was initially surrounded by air. The profile exhibits features that are typical
for a relatively thick luminescent layer (see Sec. 3.2.3). Using the refractive indices mentioned
at the end of Sec. 5.3.1, the thickness of the sol-gel layer is estimated to be ti & 1.5/;m.

e [deg]

Figure 5.18: Angular distributions of the luminescence intensity radiated by a Ru(dpp)s-doped
sample surrounded by air (curve 1) and water (curve 2). The curves represent the stabilised profiles
and they correspond to the data which was calibrated using Egs. (5.1) and (5.2).

After the sol-gel layer was covered by water, the angular profile of the luminescence
intensity changed to that depicted by curve 2 in Fig. 5.18. Again, the profile exhibits familiar
features as discussed in Sec. 3.2.5. From the profile, the thickness of the sol-gel layer of ti ~
1.5/im could be estimated, in agreement with the previously obtained estimation. The most
important feature of the profile is the transition between the (almost) constant intensity
profile below the critical angle 9™ and the profile with distinct peaks within the angular
range 9 £ (0™s,6ts) (compare the graphs in Fig. 5.18 and Fig. 3.11(b)). The typical shape of
this transition region could be used to determine the absolute angular position of the sample.
In particular, it was deduced that this feature is located at 9™s = 61.55°, as follows from
Table 5.5. All other features and their corresponding angular positions were deduced relative
to this value.

Another important noticable difference between the intensity profiles corresponding to
the situations where the layer is covered by air (curve 1) and water (curve 2) is that the
intensity of the peaks located at 9f and 9™ is greater when the layer is covered by water.
Furthermore, the angular position of these peaks is slightly shifted towards greater angles in
the case the luminescent layer is covered by water. Both of these features completely agree
with the expectations following from the theory developed in Sec. 3.1.

Following exposure to water, Ru(dpp)s-doped ethanol (D-solution) was passed above the
sol-gel layer. During the period of time when the coverage of the sol-gel film changed from
water to the D-solution, the behaviour of the angular profile of the luminescence intensity was
unpredictable. However, after the water had been completely substituted by the D-solution,

163



53. THIN LAYER VS BULK-GENERATED LUMINESCENCE Il. Polerecky

the profile stabilised. This stabilised profile is shown by curve 3 in Fig. 5.19.

Figure 5.19: Angular distributions of the luminescence intensity radiated by a Ru(dpp)3-doped
sample. The curves correspond to the cycle during which the Ru(dpp)3-doped layer was surrounded
by the D-solution (curve 3), water (curve 4) and the D-solution (curve 5), respectively. The curves
represent the stabilised profiles and are calibrated using Egs. (5.1) and (5.2).

There are several important differences between curves 2 in Fig. 5.18 and 3 in Fig. 5.19.
Firstly, the feature characterising the location of the critical angle of the substrate/environment
changed its angular location from 0™s to 9%s. When the numerical values obtained from the
calibration function (5.1) were evaluated, values that are in excellent agreement with those
listed in Table 5.5 were found. Therefore, it can be said that the change of the refractive
index of the medium flowing above the luminescent layer could clearly be observed by this
experimental method.

Referring to curve 3 in Fig. 5.19, the second important difference is that the intensity of
the angular profile below the critical angle oes increased substantially relative to the intensity
of the profile above the critical angle. This is in excellent agreement with the expectations
that the main contribution to the luminescence originating from the bulk above the lumines-
cent layer should occur below the critical angle Qes, as follows from the numerical examples
presented in Sec. 3.2.5. Furthermore, this is also the first experimental demonstration of such
a phenomenon.

When the scales of the graphs in Figs. 5.18 and 5.19 are compared, it can be seen that
the intensity of the angular profile depicted by curve 3 substantially decreased relative to
that depicted by curve 2, especially above the critical angle 9%s. This could not be explained
by the same argument as for the transition from air to water, as discussed above, because
that argument would imply an opposite effect. The observed phenomenon can, however, be
explained by considering that the D-solution containing luminescent molecules absorbed the
blue excitation light. This is understandable since this absorption had to occur in order to
generate the luminescence within the bulk region above the sol-gel layer. Due to this ab-
sorption, the intensity of the blue excitation light reaching the luminescent layer is reduced.
Consequently, the contribution of the luminescent layer to the luminescence intensity is re-
duced, in agreement with the observed reduction of the intensity of the profile above the
critical angle 6*s.

In the next step of the experiment, the D-solution was changed back to water. Again,
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during the transition period, the detected signal behaved unpredictably. However, after the
D-solution was completely substituted by water, the signal stabilised. This stabilised angular
profile is shown by curve 4 in Fig. 5.19.

It can be seen that the angular profile of the luminescence intensity essentially returned to
the profile corresponding to the case when the luminescent layer was covered by water, which
is shown by curve 2 in Fig. 5.18. On the other hand, the absolute intensity of luminescence
decreased by a factor of approximately 2 uniformly across the entire angular range. During
the experiment, the current through the blue LED was kept constant and even though there
could be some variations in the blue light intensity, they would definitely not be as large as
50%. Therefore, the most likely and reasonable explanation for the observed decrease in the
luminescence intensity was that the molecules of the ruthenium complex were either washed
away from the luminescent layer or their quantum yield was somehow reduced during the
previous step of the experiment. Although these processes seem to be very unlikely from the
chemistry point of view, no other explanation of the observed phenomena could be found.

In the next step of the experiment, water was substituted by the D-solution. The corre-
sponding angular profile of the luminescence intensity is shown by curve 5 in Fig. 5.19. The
same features corresponding to the water-»D-solution transition as those discussed above
were observed. Additionally, however, a further decrease in the overall intensity of the angu-
lar profile was observed. This observation provided further evidence to support the proposed
process of leaching of the molecules of the ruthenium complex from the sol-gel layer, as op-
posed to the idea of a systematic decrease of the excitation light intensity mentioned in the
previous paragraph.

In order to eliminate the above mentioned unpredictable behaviour of the angular profile
of the luminescence intensity during the period of time when the transition between water
and the D-solution occurred, water was substituted by undoped ethanol (UD-solution). This
removed the problems related to the fact that ethanol and water have different refractive
indices and that they mix in an unpredictable way. After this substitution, the change of the
solution above the sol-gel layer between the D-solution and UD-solution was accompanied by
a very smooth change of the corresponding angular profile of the luminescence intensity.

Three additional cycles were carried out during which the environment covering the lu-
minescent sol-gel layer was changed between the D and UD solutions. The angular profiles of
the luminescence intensity (stabilised signals) corresponding to these three cycles are shown
by curves 1-6 in Fig. 5.20.

Comparing the curves in the graphs (a) and (b), a clear difference in the angular profiles
at the angles below the critical angle can be observed. This is, again, in agreement with
the expectations implied by the theoretical analysis in Sec. 3.2.5. In particular, the presence
of the D-solution above the thin luminescent layer results in a substantial increase of the
luminescence intensity below the critical angle 6”s and a negligible influence on the profile
above that angle.

A further decrease in the intensity, which was uniform across the entire observed angular
range, was observed during the cycles. This supported the proposition that the luminescent
molecules were washed away from the thin luminescent film, as mentioned above. However,
an additional modification of the angular profile of the luminescence intenity was observed
during the course of the cycles. In particular, the angular profile obtained for the last cy-
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Figure 5.20: Angular distributions of the luminescence intensity radiated by the Ru(dpp)s-doped
sample. The curves correspond to the cycle during which the D-doped layer was surrounded by
the D-solution—curves 1, 3 and 5 in the graph (a)—and by the UD-solution—curves 2, 4 and 6
in the graph (b). The curves represent the stabilised profiles and are calibrated using Egs. (5.1)
and (5.2).

cle (see curve s in Fig. 5.20(b)) was quite different from the profile that would be expected
if a thin layer with uniformly distributed luminescent molecules was considered. Prelimi-
nary calculations revealed that the angular profile such as that depicted by curve s could
be explained if the distribution of the sources of luminescence within the thin layer was
non-uniform. More precisely, if the contribution originating from the region of the layer
neighbouring the environment was greater than the contribution originating from the region
close to the layer/substrate interface, then the observed phenomena could be explained. This
non-uniformity could have two possible explanations. The first one would suggest that the
concentration of the luminescent molecules within the region neighbouring the environment
was greater than that of the region close to the layer/substrate interface. The second ex-
planation would suggest that the cycling of the D and UD solution above the sol-gel layer
resulted in a substantial increase of absorption (over the blue region of the spectrum) in the
sol-gel layer. If this was the case, the intensity of the excitation light would change abruptly
across the luminescent layer. In particular, it would be lower in the region closer to the
layer/substrate interface, which would result in the observed effect on the angular profile of
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the luminescence intensity. Althought both of the above-mentied explanations seem to be
rather obscure and unlikely from the chemistry point of view, they cannot be completely
discarded.

Undoped sample

After the cycles employing the Ru(dpp)s-doped sample were completed, the sample was
replaced by the undoped sample (UD-sample). Figure 5.21 shows the experimental results.

Os eB ef ek
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Figure 5.21: Angular distributions of the luminescence intensity radiated by the UD-sample.
The curves correspond to the cycle during which the undoped sol-gel layer was surrounded by
air (curve “bkg"), UD-solution (curves 1 and 3) and the D-solution (curve 2), respectively. The
curves represent the stabilised profiles and are calibrated using Egs. (5.1) and (5.2).

Initially, the UD-layer was surrounded by air. The corresponding angular profile of the
luminescent intensity is shown in Fig. 5.21 by curve denoted by “bkg”. This curve also
represents the background signal for those parts of the experiment where the thin sol-gel
layer was surrounded by air. The curve is characterised by two visible features. In particular,
the slight increase of the intensity below the angle 44.3° corresponds to the blue excitation
light detected within this angular region. The light, which is generated at a great distance
(in comparison with the wavelength) from the UD-layer, cannot propagate within the glass
substrate at angles greater than the critical angle 0“s but can be observed at angles smaller
than this angle. If the divergence of the beam emerging from the tip of the fibre is considered,
the increase of the background signal below 0“s could be explained. However, as follows from
Table 5.5, the value of the critical angle is 0“s ~ 41.3°, which is 3° less than the measured
value. This is probably due to the fact that when the calibration (5.1) was extrapolated to
this angular region, it did not hold exactly.

The second feature can be observed around the angle Of. It is attributed to the scattering
of the blue excitation light at either the top or bottom interface of the sol-gel layer, or even
within the volume of the layer. If this scattering took place, it would effectively act as a source
of blue light within the sol-gel layer, which could result in a non-zero intensity within the
angular range 9 £ ,0ts), as observed.

After exposure to air, the volume above the UD-layer was filled with ethanol (UD-
solution). The corresponding angular profile of the luminescence intensity is shown by curve 1
in Fig. s .21. Again, the slight increase of the measured intensity below 6ls was due to the

167



53. THIN LAYER VS BULK-GENERATED LUMINESCENCE E. Polerecky

blue excitation light, which was allowed to propagate within this angular region by the same
argument as in the case when the layer was surrounded by air. In fact, it was this feature
that determined the absolute angular position of the sample.

Following the UD-solution, ethanol doped with the ruthenium complex (D-solution) was
flowed above the thin sol-gel layer. The corresponding angular profile of the luminescence
intensity is depicted by the curve 2 in Fig. 5.21. A substantial increase of the intensity below
the critical angle oes and a slight increase of the intensity within the angular range 6 €
(6es, 6ts) agree very well with the changes expected from the theoretical analysis in Sec. 3.2.5.

There were, however, several difficulties with the interpretation of curve 2. Firstly, the
decrease of the intensity within the angles from approximately 60° to 64° was not as steep
as it was expected from the theoretical analysis. Furthermore, the theory suggests that the
small peak occurring within the angular region 6 £ (0es”0%) should be more pronounced
at 6 = #2 rather than at 0 = Of. These features could not be explained satisfactorily and
require further investigation.

In the next step of the experiment, the UD-solution was flowed again above the sol-gel
layer. The corresponding angular profile of the luminescence intensity is shown by curve 3
in Fig. 5.21. It was found that the angular profile returned back to the same level as in the
previous case (depicted by curve 1). This means that no changes to the properties of the
thin sol-gel layer, such as diffusion of the molecules of the ruthenium complex into the layer,
could be observed.

Undoped sample—long term experiment

During the experiments described above, it was observed that the baseline of the experimental
data did not remain constant during the course of the experiments but gradually increased
instead. Although this increase was negligible with respect to the characteristic features of the
observed experimental data, it was necessary to investigate it further in order to determine
possible reasons.

Since there was no change of the properties of the UD-sample observed during the previous
experiment, the same sample was used in the long-term experiment. In this experiment,
the D-solution was flowed above the undoped sol-gel layer for an extended period of time,
approximately 3.5 hours. The corresponding results are shown in Fig. 5.22.

As can be seen from the graph, the angular profile of the luminescence intensity was the
same as that depicted by curve 2 in Fig. 5.21 and did not change during the course of the
experiment. On the other hand, the baseline exhibited a substantial drift towards larger
values. This drift was found to be approximately twice as large during the first 500 frames
(« 1.7 hours) as during the second 500 frames. Even though every measure was taken to
ensure that the intensity of the source of the excitation light (the blue LED) was constant, the
drift could not be eliminated. Furthermore, no other source of this drift could be identified.
Even though the drift might seem to be caused by seepage of the luminescent molecules into
the sol-gel layer, this explanation would not be acceptable as it would require a change in the
angular profile of the luminescence intensity, which was not observed. Therefore, it has to
be concluded that the origin of the drift is still unknown and requires further experimental
investigation.
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pixel

Figure 5.22: Angular distributions of the luminescence intensity obtained for the UD-sample
over which the Ru(dpp)3~doped ethanol flowed steadily over approximately 3.5 hours. The curves
represent the raw experimental data. Different curves represent the angular distributions at different
time frames which are indicated by the legend. Each frame lasted approximately 12s, i.e., the
frames number 100, 300, ..., 1000 correspond to 20, 60, ..., 200 minutes, respectively.

Summary of the experimental results

The experimental data shown in Figs. 5.18-5.21 demonstrate that the novel experimen-
tal technique, whose theoretical background and technical details were described in Sec-
tions 3.2.5-3.2.6 and 3.4, respectively, is suitable for distinguishing between the contributions
to the luminescence originating from the surface layer and from the bulk above the layer. Fur-
thermore, as can be judged from the number of conclusions drawn during the interpretation
and discussion of the observed data, the capabilities of the technique extend even further
than this. In particular, using this method, in-situ and real-time micro-scale variations of
the properties of thin luminescent layers could be detected and assessed. For example, an in-
homogeneous distribution of luminescent molecules in a thin layer could be mapped using
this technique.

Another area of application of this method is the detection of luminescence emitted by
molecules located within a specific distance from the surface of a substrate, while employ-
ing excitation by direct illumination. This area has not yet been fully explored and more
experiments need to be conducted in order to quantify the capabilities and limitations of
the experimental set-up or the method itself. Nevertheless, the preliminary experiments de-
scribed above indicate that the application of this method to this area is experimentally
feasible in its present configuration.

It also needs to be pointed out that the interpretation of the observed data is not trivial
and requires an in-depth knowledge of the area of angular dependence of luminescence radi-
ated from thin films or molecules located close to an interface. This is particularly true if the
observed phenomena exhibit complex and unexpected behaviour and there is no independent
source of information as to what factors might cause it. An example of such behaviour could
be the possible leaching or seepage of the luminescent molecules from or into the thin layer,
as mentioned earlier. Nevertheless, application of the theoretical model developed in Chap-
ter 3 enables the analysis of results obtained even from such systems as those containing, for
example, inhomogeneously distributed luminescent molecules.
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5.4 Conclusion

The first part of this chapter presented the experimental corroboration of the angular depen-
dence of luminescence intensity emitted from thin films. Using the experimental data, the
thickness and refractive index values of a thin luminescent film were evaluated.

In the second part, a configuration providing enhanced luminescence collection efficiency,
as designed in Chapter 3, was tested experimentally. It was found that the configuration
employing frustrated cones exhibits approximately 1:-12 fold increase in the efficiency of lu-
minescence collection in comparison with the conventional technique employing the detection
above or below a planar (unmodified) substrate.

In the last part of this chapter, an experimental set-up which enables the real-time mea-
surement of the angular distribution of the luminescence intensity emitted by molecules lo-
cated in the close vicinity of a planar substrate was reported. The preliminary experimental
results demonstrated that it was possible to distinguish between the luminescence originat-
ing from the thin layer and that originating from the liquid above the layer, while employing
direct illumination of molecules located in both regions. It was also pointed out that the
application of this approach to the detection of luminescence emitted by molecules located
within a specific distance from the surface of a substrate is feasible, in principle, but its more
specific quantification requires further experimental investigation.
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Chapter 6

Conclusions

6.1 Summary of work

The aim of this dissertation was to address the issues regarding optimisation of the perfor-
mance of absorption and luminescence-based optical chemical sensors and biosensors employ-
ing planar multimode platforms. In addition to theoretical development, the main focus was
on the instrumentation and optical design of the sensor systems in order to optimise their
performance.

W ith regard to the absorption-based sensors, a rigorous electromagnetic theory was de-
veloped which is particularly suitable for the description of operation of sensor systems em-
ploying multimode waveguides coated with a thin sensing film. Using the theory, conditions
for which the performance of such sensor systems can be optimised were identified. Situ-
ations dealing with the so-called ‘ideal’ and ‘real’ sensing elements were analysed in detail
and compared. A number of numerical examples were provided to illustrate the fundamental
theoretical results. In addition, numerical simulations were used to demonstrate the superior
performance of the optimised sensing configuration in comparison with the typically used
evanescent-wave sensing technique.

The theoretical predictions were experimentally corroborated using a laser-based exper-
imental set-up. Combining the experimental results and theoretical modeling, an optimised
configuration of an LED-based sensor system was designed. A compact and portable pro-
totype of such a sensor system was fabricated and employed for sensing of pH and gaseous
ammonia. A resolution of 0.007 pH units and limit of detection of IOppb of ammonia in
nitrogen were achieved with a sensor operating in a single-reflection configuration.

With regard to the luminescence-based sensors, a rigorous electromagnetic theory was
developed which is suitable for the description of angular dependence of luminescence emit-
ted by molecules embedded in arbitrary multilayer systems. A number of numerical exam-
ples were discussed to illustrate the main implications of the theory for the optimisation of
luminescence-based sensor systems.

The theory was applied in two areas. Firstly, it was used to describe the spatial anisotropy
of luminescence emitted from thin luminescent films. Based on this analysis, a variety of con-
figurations were proposed which should facilitate improved efficiency of luminescence collec-
tion. One such configuration was fabricated and tested. In comparison with the conventional
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detection techniques, the optimised configuration exhibited more than a 10-fold improvement
in the luminescence capture efficiency.

The second application of the theory involved the detection of luminescence originating
specifically from molecules located in the close vicinity of a surface. This task is of particular
importance in biomedical applications in order to monitor surface-specific binding or adsorp-
tion. Based on the theoretical predictions, a novel technique has been proposed, developed
and experimentally tested which facilitates the detection of surface-generated luminescence.
In contrast to the conventional technique employing evanescent-wave excitation, the improve-
ment offered by this novel technique is derived from the fact that the excitation is provided
by direct illumination.

6.2 Future outlook

The results obtained in this work can be implemented in the design and fabrication of novel
sensor platforms with enhanced sensitivity. This was successfully demonstrated in Chapters 4
and 5 where the experimental results obtained during the course of this research programme
were presented. Although the experimental results presented in this dissertation are very
promising, there are still many possibilities for further exploitation of the theoretical predic-
tions and their practical implementation. Some of the ideas are outlined below.

The compact absorption-based sensor system with the optimised design, as described in
Sec. 4.2, exhibited a very good performance which was superior or at least comparable to the
more complex laboratory systems reported in the literature. Even though the sensor unit was
small, compact and portable, its size could still be further decreased by employing surface-
mount technology in the fabrication of the electronic circuit and by purposely designing
smaller and more compact sensor chips containing the sensing chemistry. Apart from the
issues of size, the generic platform could be expanded to multi-analyte sensing employing
a single sensor chip. This would be of particular interest in many practical applications.
Another possibility of improvement of the sensitivity would be by designing the sensor chip
so as to facilitate the operation in the multiple reflection configuration.

In section 2.3, the differences between the performance of so-called ‘ideal’and ‘real’sensing
elements operating in particular optimised configurations were analysed theoretically. Fur-
thermore, a simple method was proposed which enables single-point recalibration of a sensor
unit whose calibration function was perturbed by such effects as misalignment or replace-
ment of the sensing element. It would be beneficial for further improvement of the sensor
performance to investigate these concepts experimentally and implement them in real sensor
systems.

W ith regard to the luminescence collection efficiency, it was demonstrated that the con-
figuration employing frustrated cones exhibited a very promising performance, as described
in Sec. 5.2. It would therefore be very beneficial if this configuration was employed directly
as a generic platform for optical chemical sensors based on the measurement of luminescence
intensity or lifetime. In conjunction with a miniaturised electronic circuit, it could enable
the fabrication of small and compact sensor devices. If the frustrated cones were designed in
a two-dimensional array, these devices could be easily expanded to multi-analyte sensing.

An important area where the research presented in this dissertation could be further
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expanded s the detection of the surface generated luminescence It was successfully demon-
strated 11 Sec 5 3 that the specially designed experimental apparatus enabled a clear dis-
tinction between the luminescence generated from a thin layer deposited on a substrate and
a bulk (volume) above the layer, while exciting the luminescent molecules present in both
regions by direct illumination This method could be directly employed in the real-time
monitoring of adsorption or specific surface binding of molecules onto a surface By using
direct 1llumination of the luminescent molecules, this method could provide a more efficient
and sensitive alternative to the currently used technique employing evanescent-wave excita-
tion Other advantages provided by this method include the possibility of momtoring the
luminescence generated by molecules located within a specific distance above the surface or
determining the distribution of luminescent molecules above the surface Although this work
provided a detailed theoretical analysis and successful preliminary confirmation of these con-
cepts, 1t would be desirable to conduct further and more specific experiments to provide more
precise quantification of this method

Finally, further work could be done 1n order to expand the theoretical model developed
m Sec 3 1, especially 1ts software implementation Its current capabilities are limited to the
cases covering a single luminescent molecule or a layer of umformly distributed molecules
embedded nside an arbitrary multilayer system However, the formalism implemented 1n
the model 1s flexible which means that 1ts expansion to more complex systems, such as those
employing inhomogeneously distributed luminescent molecules, 1s 1ather straightforward
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Appendix A

List of abbreviations of chemical compounds

BCP
MTEOS
PDMS

Ru(dpp);
TEOS

Bromocresol Purple — pH sensitive dye

methyl-triethoxysilane — CH3(CoHs0)3S)

poly-dimethylsiloxane

Ruthemum complex — Ru(II) tris(4,7-diphenyl-1,10-phenantrolme)
tetraethoxysilane — (CoH50)4S1
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