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Abstract

The necessity of using extremely high sensitivity biosensors in certain research areas has
remarkably increased during the last two decades. Optical structures, where light is used to
transduce biochemical interactions into optical signals, are a very interesting approach for the
development of this type of biosensors. Within optical sensors, photonic integrated architectures
are probably the most promising platform to develop novel lab-on-a-chip devices. Such planar
structures exhibit an extremely high sensitivity, a significantly reduced footprint and a high
multiplexing potential for sensing applications. Furthermore, their compatibility with CMOS
processes and materials, such as silicon, opens the route to mass production, thus reducing
drastically the cost of the final devices. Optical sensors achieve their specificity and label-free
operation by means of a proper chemical functionalization of their surfaces. The selective

attachment of the receptors allows the detection of the target analytes within a complex matrix.

This PhD Thesis is focused on the development of label-free photonic integrated sensors
in which the detection is based on the interaction of the target analytes with the evanescent field
that travels along the structures. Herein, we studied several photonic structures for sensing
purposes, such as photonic crystals and ring resonators. Photonic crystals, where their periodicity
provokes the appearance of multiple back and forth reflections, exhibits the so-called slow-light
phenomenon that allows an increase of the interaction between the light and the target matter. On
the other hand, the circulating nature of the resonant modes in a ring resonator offers a multiple

interaction with the matter near the structure, providing a longer effective length.

We have also proposed a novel approach for the interrogation of photonic bandgap
sensing structures where simply the output power needs to measured, contrary to current
approaches based on the spectral interrogation of the photonic structures. This novel technique
consists on measuring the overlap between a broadband source and the band edge from a SOI-
based corrugated waveguide, so that we can determine indirectly its spectral position in real-time.
Since there is no need to employ tunable equipment, we obtain a lighter, simpler and a cost-
effective platform, as well as a real-time observation of the molecular interactions. The
experimental demonstration with antibody detection measurements has shown the potential of this

technique for sensing purposes.






Resumen

La necesidad de usar biosensores extremadamente sensibles en ciertas areas se ha
incrementado notablemente durante las dos tltimas décadas. Las estructuras 6pticas, donde la luz
es usada para transformar interacciones bioquimicas en seflales Opticas, son una interesante
solucién para el desarrollo de este tipo de biosensores. Dentro de los sensores o6pticos, las
arquitecturas integradas son probablemente la plataforma mas prometedora para desarrollar
novedosos dispositivos lab-on-a-chip. Estas estructuras planares basadas en silicio muestran una
alta sensibilidad, reducido tamafio y un elevado nivel de multiplexacion para aplicaciones de
sensado. Ademas, su compatibilidad con los materiales y procesos CMOS abre la puerta a la
fabricacién en masa reduciendo drasticamente el coste del dispositivo final. Los sensores 6pticos
obtienen su especifidad y el sensado sin el empleo de marcadores a través de una correcta
funcionalizacién de sus superficies. La unioén selectiva de los receptores permite la deteccién de los

analltos objetivos dentro de una muestra compleja.

Esta tesis esta centrada en el desarrollo de un sensor foténico integrado sin el empleo de
marcadores en el cual la deteccién esta basada en la interaccion de los analitos objetivo con el
campo evanescente que viaja por la superficie de las estructuras. Hemos estudiado varias estructuras
como cristales fotdnicos y anillos resonantes para aplicaciones de sensado. Los cristales foténicos,
cuya periodicidad provoca la aparicién de multiples reflexiones, muestran el fenémeno de luz lenta
que permite un incremento de la interaccién entre la luz y la materia. Por otra parte, la naturaleza
circular del modo en el anillo resonante ofrece numerosas interacciones con la materia cerca de la

estructura proporcionando una longitud efectiva mayor.

Nosotros, ademas, proponemos un nuevo método de interrogacion del band gap foténico
de las estructuras de sensado donde simplemente es necesario medir la potencia de salida, al
contrario que las técnicas actuales basadas en la medida del espectro. Esta nueva técnica consiste en
medir el solape entre la fuente de banda ancha y el borde de la banda de una guia corrugada
fabricada en SOI, por lo que podemos determinar indirectamente su posicién espectral en tiempo
real. Como no hay necesidad de emplear equipos sintonizables, obtenemos una plataforma mas
ligera, simple y econémica ademas de la observacién en tiempo real de las interacciones
moleculares. L.a demostraciéon experimental con anticuerpos muestra el potencial de esta técnica

para propoésitos de sensado.






Resum

La necessitat d'usar biosensors extremadament sensibles en certes arees s'ha incrementat
notablement durant les dos dltimes decades. Les estructures optiques, on la llum s’utilitza per a
transformar interaccions bioquimiques en senyals Optiques, sén una interessant solucié per al
desenvolupament d'este tipus de biosensors. Dins dels sensors optics, les arquitectures integrades
sén probablement la plataforma més prometedora per a desenvolupar els nous dispositius lab-on-a-
chip. Aquestes estructures planars basades en silici mostren una alta sensibilitat, reduida grandaria i
un elevat nivell de multiplexacié per a aplicacions de sensat. A més, la seua compatibilitat amb els
materials i processos CMOS obri la porta a la fabricacié en massa reduint drasticament el cost del
dispositiu final. Els sensors optics obtenen el seu especifidad i el sensat sense 1is de marcadots a
través d'una correcta funcionalitzacié de les seues supetficies. La uni6 selectiva dels receptors

permet la detecci6 dels analits objectius dins d'una mostra complexa.

Esta tesi esta centrada en el desenvolupament d'un sensor foténic integrat sense 1ds de
marcadors en el qual la deteccié esta basada en la interaccié dels analits objectiu amb el camp
evanescent que viatja per la superficie de les estructures. Hem estudiat diverses estructures com a
cristalls fotdnics 1 anells ressonants per a aplicacions de sensat. Els cristalls foténics, la periodicitat
dels quals provoca l'aparicié de multiples reflexions, mostren el fenomen de la llum lenta que
permet un increment de la interaccié entre la llum i la matéria. D'altra banda, la naturalesa circular
del mode en l'anell ressonant oferix nombroses interaccions amb la materia prop de l'estructura

proporcionant una longitud efectiva major.

Nosaltres, a més, proposem un nou meétode d'interrogacié del band gap foténic de les
estructures de sensat on simplement és necessari mesurar la potencia d'eixida, al contrari que les
técniques actuals basades en la mesura de l'espectre. Aquesta nova tecnica consisteix a mesurar el
solapament entre la font de banda ampla i el bord de la banda d'una guia corrugada fabricada en
SOI, per la qual cosa podem determinar indirectament la seua posicié espectral en temps real. Com
no hi ha necessitat d'emprar equips sintonitzables, obtenim una plataforma més lleugera, simple 1
economica, a més de l'observacié en temps real de les interaccions moleculars. La demostracié

experimental amb anticossos mostra el potencial d'esta tecnica per a proposits de sensat.
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Introduction to biosensors:
transducers, applications and
technologies

1.1 Introduction

The definition of a biosensing device can be slightly different according to the area of
application, due to the use of diverse technologies, methods or terminologies. However, the basic
concept is always similar. For instance, M. Cooper simply defines a biosensor as “a device that uses
biological or chemical receptors to detect analytes (molecules) in a sample” [COO09]. On the other
hand, S.P.J. Higson introduced the concept biosensor as “a chemical sensing device in which a
biologically derived recognition entity is coupled to a transducer, to allow the quantitative

development of some complex biochemical parameter” [HIG94]. These descriptions, as well as

13



1.1 Introduction

most of the definitions about biosensors, have the same point in common: a biosensor is a system
that recognizes biochemical molecules, known as analytes, by means of their binding on a
biochemical layer; then the system is able to convert the recognition information into a measurable

signal to be analysed.

Some authors consider that biosensors comprise two parts: the biological layer, which is in
charge of the specific recognition of the target analyte(s); and the transducer, which has the ability
to transform the chemical information provided by the biological layer into a quantified signal, e.g.
mechanical, optical or electrical [MOHO06]. However, most researchers also agree on that a
biosensor also comprises a third basic component: the read-out system that allows the visualization
and interpretation of the sensing information by the user. Finally, in small-sized biosensors, where
the sensing area is significantly reduced (e.g., below hundreds of microns), the delivery of the target
analyte(s) is another key issue that must be taken into account. For that reason, we can even
consider the sample delivery system as a basic part of a photonic biosensing system. Fig. 1.1 shows
a simplified schematic representation of a biosensor with the four parts mentioned above:

biological layer (or recognition layer), transducer, sample delivery system and read-out system.

Analyte Sample delivery system

.\Qo. Py o. 00
2 \'Jﬁ‘.:&ﬁ;f

Recognition layer

Fig. 1.1: Schematic representation of a biosensor comprising four basic
parts: sample delivery system, biological layer, transducer and read-out of
the output signal.

In this chapter, we will first introduce in section 1.2 the properties and the role of the
recognition layer. Then, in section 1.3, some of the most common transduction mechanisms used
for biomolecular and biochemical sensing will be reviewed. In section 1.4, we will list the most
important requirements of a biosensor. Afterwards, in sections 1.5 and 1.6, we will introduce the
lab-on-a-chip (LOC) technology as well as some of its main application fields. In section 1.7, we
will briefly introduce the silicon photonics technology platform, which has been used for the
development of the photonic sensors used in this work. Finally, once all these concepts related with
biosensors technology have been introduced, we will present in sections 1.8 and 1.9 the objectives

and the framework of this Thesis as well as the framework in which it has been carried out..

14



Chapter 1

1.2 Recognition layer

The recognition layer provides to the sensing devices the ability to the selectively detect the
presence of the target analytes. Generally, it consists on a specific coating of proper receptors that
recognize the target molecules among all the background particles present in the sample. This
specificity is determined by the affinity between the receptor and each target analyte, thus
provoking that only the targeted analyte is the tresponsible of the chemical/physical changes to be
detected. Then the transduction element transforms such chemical/physical signal into a

measurable signal that is possible to be quantified using the read-out system.

In order to obtain a high sensitivity sensor, many sensing techniques require labelling the
target molecules in order to make their detection feasible. However, such labelling procedure can
be very complex and time consuming. Moreover, labels may interfere with the detection signal,
giving rise to unreliable results. Contrary to these label-based techniques, label-free methods allow
significantly simplifying the sample preparation procedure as well as avoiding any interference of
the labels on the final detection result, since the recognition procedure is directly based in the

presence of the target molecule itself even when it is contained in complex buffers.

The creation of the recognition layer comprising the molecular receptors is achieved by
means of the biochemical functionalization (or bio-functionalization) of the sensing structure. This
process is one of the most critical steps to obtain a biosensor with acceptable performance since
several intrinsic parameters such as sensitivity, detection limit, long-term stability, or uniformity, are
determined by the quality of the biochemical coating. Many different mechanisms can be used to
attach the receptors to the sensing structure, such as physical attachment, chemical attachment or
molecular recognition. In chapter 2, we will introduce some of the most common immobilization
techniques currently used for silicon substrates. In that chapter, we will also introduce the different
surface modification approaches that we have employed in the course of this PhD work for the

bio-functionalization of our photonic sensing structures.

Concerning the receptors comprising the recognition layer, several types of molecules can
be used, such as enzymes, antibodies, proteins, oligonucleotides, DNA, cells or aminoacids among
others. Table 1.1 lists the receptors mostly used for the development of affinity biosensors, which
will be mainly determined by the final application of the biosensor. For example, in an
immunoassay a certain antibody will be attached to the sensing structure in order to detect

specifically the presence of its antigen couple within the target sample.
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1.2 Recognition layer

Bioreceptor  Recognition mechamsm

component

Enzymes, proteins ~ They can catalyze specific chemical reactions. In can be measured by conversion
of the analyte into a detectable signal. The detection of the analyte can act as a
inhibitor or activator of the reaction.

Antibodiesand  The antigen triggers the immune response of the organism to produce
antigens  antibodies. Therefore, the antibody specifically recognizes the antigen in the
sample.

DNA strands  The recognition process is based in the hybridization of complementary DNA
strands through double helix.

Cellular structures A whole microorganism can be used as a recognition element such as non
catalitic receptor.

Biomimetic ~ The recognition is achieved using genetically engineered molecules: for instance,
artificial membrane and molecularly imprinted polymers (MIP) imitate the shape
of the bioreceptor molecules in order to attract the target molecules.

Table 1.1: Specific biomolecules widely employed for the
functionalization of biosensing devices and their recognition mechanism

[WAN11].

1.3 Transduction mechanisms

The transducer is the core element of any sensing device. It transforms the information
provided by the physical or chemical interaction between the receptor and the target analyte, into a
quantifiable signal. This signal can be electrical, mechanical or optical among others. This
conversion permits to the read-out equipment perform several functions to the signal such as

amplifying, recording or analysing to extract the main information of the interaction event.

Currently, there are several transduction elements with different physical conversion
methods. The choice of each of them, as occurs for the recognition layer, will also depend of the
application and the affinity mechanism between the target analyte and receptor. In this section, we
briefly introduce several types of transduction methods for the label-free detection of the molecular
interactions using affinity biosensors. Although a wide range of transduction methods exist, in this

section we will mainly focus on electrochemical, mechanical, acoustic and optical transducers.

1.3.1 Electrochemical transducers

Electrochemical transducers employ the variation of their electroanalitical properties such
as voltage, current, conductance or impedance due to the interaction between the analyte and the
attached receptor. As a sensing result, it provides a signal that can be measured using currently
available electrical equipment. The firsts electrochemical sensors dated from the 50’s [CLA50]. The
basic configuration of these sensors consists of a sensing electrode and a reference electrode, where
between them the sample is placed. When the sensing electrode is exposed to the target sample, the

electrical properties of the sensor changes, thus monitoring the electrical parameter through the
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Chapter 1

electrodes it is possible to perform the detection of the target substance. This transduction
technology has attracted a great interest due to its simplicity, maturity, low power consumption and
potential multiplexing capability [ROY09]. Since its discover, there have been many kinds of
electrochemical transducers from simple voltammetry sensors [GOS94] to recent developments in
field effect transistor (FET) based on silicon nanowires (SiNWs) [FAN12], carbon nanotubes
(CNTs) [TAN12] and electrochemical impedance spectroscopy (ELS) [ISM12]. A thorough revision
of sensing devices based on electrochemical methods is provided in these review articles [GRIOS,

CHE13]

Cyclic voltammetry [DEY12] is a method widely employed for the development of
electrochemical biosensors. It is useful to obtain information about the redox potential and
electrochemical reaction rates. The voltage and intensity of the sample is measured between the
reference electrode and the working electrode and the signal is plotted in a voltammogram. The I-V
curve of the sensor for a given reaction will depend on the catalyst concentration of the

recognition.

In electrochemical biosensors based on FET transistors, the conductivity between the
source and drain electrodes is modified due to the binding of target analytes on the channel that
connects them (instead of using a third gate electrode as for usual FET transistors), thus producing
a change in the measured FET current. Fig. 1.2a shows an implementation of FET-based biosensor
where a SINW is used to connect the source and the drain. Such nanowire is functionalized with
specific receptors, so binding events with the target molecules will provoke a change in the
measured current. The reduced size of the nanowire provides an extraordinary high sensitivity due
to the higher interaction of the particles with the transmitted current, as shown in Fig. 1.2b. One
example of its potential using this configuration is the detection of streptavidin with a
concentration below the pM range which was demonstrated by using biotin-functionalized SINW.
Furthermore, a reversible antibody binding dependence of the concentration was also shown

[CUIO01].

a) Channel

\Vsn\\\'f
Source V% Drain
X ) \

—_————————, s
um regime nm regime

Fig. 1.2: a) Schematic diagram of a SINW FET sensing device. The
conductivity of the SINW will depend on the molecules bound to its
surface. b) lllustration showing the influence of SINW size on the effect of
the target analytes bound to it.
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1.3 Transduction mechanism

The recent application of CNTs to the development of biosensing devices is also currently
under an exhaustive investigation due to their extraordinary and very promising electrical and
mechanical properties, which can be tuned depending the tube diameter. Regarding their use for
sensing, the most common method to implement electrochemical transducers based on CNTs is by
coating FET transistors and chemiresistors with them in order to control the reactivity towards the
target analytes. Due to the reduced dimensions of the CNTs, which is comparable to the dimension
of target analytes, scientists expect a significant improvement in the sensitivity of the sensing
devices. The application of CNTs has been demonstrated in electrochemical transducers for the

detection of several analytes such enzymes, antibodies or nucleic acids [WANO4].

The last kind of electrochemical transduction mechanism presented here is EIS, which is
another potential method for the analysis of biological samples [LISO8]. The presence of the target
molecules on top of the electrodes will affect the local environment of the sensing device that will
be translated into a variation of the electrical resistance/impedance/capacitance/conductance of

the system as a function of the frequency as shown in Fig. 1.3 [MAN10].

Antigen Antibody 1200 o

0.75:1.25mM
-1000 375:6.25 mM

*hed )

Conductor 600

fododo “f

0

Conductor

27y

|

0 500 1000 1500 2000 2500

ey

Fig. 1.3:Cross section of an EIS device. The frequency response of the
measured parameter will depend on the binding events between the probes
and the target analytes. Plot of a measurement of the imaginary part as a
function of the real part of the impedance varying the analyte
concentration.

Therefore, electrochemical transduction methods for label-free detection have become a
very mature detection platform. Furthermore, its compatibility with CMOS fabrication processes
permits the development of compact and low-cost biosensing devices with high production volume
and, in many cases, suitable for multi-parametric detection (despite the multiplexing level is usually
very limited). Currently, as result of many investigations, several systems based on electrochemical
transduction have become commercially available for different application fields. For example,
ACEA Bioscience [ACE13] and Applied Biophysics [BIO13a] have developed analysis systems with
application in the field of cell screening, which are shown in Fig. 1.4. These systems are based on

measuring the impedance of the cells on small top electrodes.
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Chapter 1

Fig. 1.4: Commercial equipment: a) iCELLigence from ACEA Bioscience,
and b) ECIS Z from Applied Biophysics.

1.3.2 Mechanical transducers

Another transduction mechanism for the detection of the interaction between the receptor
and the target analytes is that based on the use of mechanical variations such strain or resonance
frequency [TAM13]. Identically to most sensing techniques, the selectivity and the sensitivity of the
sensor towards the target analytes are determined by a proper functionalization of the biological
layer. Among mechanical transducers, we will focus here on two well-differentiated groups: quartz
crystal microbalances (QCM) and cantilevers. A complete review of mechanical transducers

technology can be found in [CAR06, BUC11].

The principle of operation of QCM devices, which are shown in Fig. 1.5a, relies on the
measurement of the oscillation frequency of the system by connecting an external oscillator to the
piezoelectric quartz crystal [FRIO8]. The oscillation resonance of the system will undergo a
frequency change due to the mass change provoked by the binding of the target molecules to the
receptors [ZAMOS, ZANO4|. For that reason, QCM sensing devices are widely employed for the
motorization of the deposition of thin film on surfaces. The main drawback of this technology is
the appearance of nonlinearities in the frequency oscillation due to the viscoelasticity and hydration
of the piezoelectric device when the target analyte is contained in aqueous solution [SHO12]. It has
been demonstrated that QCM sensors ate an excellent tool for a rapid and sensitive detection of
analytes, for example, staphylococcal enterotoxin has been detected with a detection limit of 6.1
ng/ml using a fast assay [LIU12]. Among the companies that commercialize sensing equipment
based on QCM technology, we can find Q-sense with its equipment Omega Auto in Fig. 1.5b

which is able to measure the mass of the structure and the thickness of the molecular layers.
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Fig. 1.5: a) Top and back parts of a common QCM with gold electrodes
and b) Omega Auto from Q-sense, based on QCM technology for the
analysis of molecular interactions.

On the other hand, microcantilevers are an interesting approach due to their mature
development using integrated technology. Its integration allows multiplexed detection in label-free
format being able to measure multitude of sensing devices in parallel. Two basic operation modes
for microcantilevers are mainly used: static and dynamic. The first one is based in the measurement
of the deflection of the cantilever when the target molecules are bound to the receptors [KOS13],
as shown in Fig. 1.6. For this approach, usually the variation of the cantilever deflection is
measured using the reflected signal from a laser beam in the cantilever.

Laser
Detector

Tatget analyte Bioeceptor

Deflection

Cantilever

Fig. 1.6: Representation of the operation principle in a deflection-based
cantilever.

The dynamic measurement of the cantilever variations is another mode for detecting the
presence of the target analytes. In cantilever-based sensors, it is possible to measure the change of
its resonance frequency, which is oscillated using a piezoelectric actuator [LAV04]. The binding of
the target molecules leads to a change in the resonant frequency of the cantilever that is measured

using a laser as well, similar to the previous configuration. The advantage of this scheme is that the
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sensor can be coated on its upper and lower surfaces giving rise an enhancement of the detection.
This scheme is more complex than the deflection-based approach since it requires maintaining the
cantilever in resonant mode. A recent work based on an array of gold-coated microcantilevers
functionalized with thiolated ssDNA probes working in dynamic mode proved the successful
hybridization of the complementary target ssDNA with a concentration down to 4 fM and with a

sensitivity range of up to 6 orders of magnitude [JOH12].

Concluding, mechanical sensors have demonstrated to be an alternative to implement
multiplexed label-free biosensors for the detection of several analytes, being the performance of
these devices comparable to other high performance techniques. Some commercial solutions based
on microcantilevers sensors that have been released into the market by Cantion (a) [CAN13],

Bioscale (b) [BIO13b] or Concentris (c) [CON13] are shown in Fig. 1.7.

Fig. 1.7: Commercial equipment based on microcantilever sensors: a)
CantiLab3D from Cantion, b) ViBE from Bioscale and c) CantiSens CSR-
801 from Concentris.

1.3.3 Acoustic transducers

Acoustic waves can also be used to develop biosensing devices. In fact, there are numerous
applications where this kind of sensors can be used, which are reviewed in [ION11]. This
transduction technology is based in the ability of acoustic waves for analysing biochemical reactions
in liquid and gas environments due to the possibility of such waves to travel across the sample.
These sensors exhibit valuable performances such as high sensitivity, portability, robustness and

compatibility with standard microfabrication processes.

The conversion of the biochemical information into a measurable signal is achieved by

using different types of acoustic waves. These waves can be either generated or received by means
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of different mechanisms including piezoelectric, magnetostrictive, optical and thermal. Similar to
the cantilever sensors, acoustic biosensors are designed to work using an oscillator in the resonance
regime. The surface of the acoustic biosensor can be functionalized using standard techniques and
the binding of the target analyte will induce a change in the frequency of the acoustic wave
[MAT13]. By measuring this variation of the resonance frequency and its subsequent analysis, it is
possible to determine the correlation between the acoustic signal and the interaction of the

molecules.

The classification of acoustic sensors can be performed according to the nature of the
acoustic waves used for the detection: bulk waves [ZHA10] and surface acoustic waves (SAW)
[LANOS]. The former method employs a common bulk piezoelectric crystal as a source and
detector of the acoustic wave, which travels through the target liquid or gas. For the second
method, the surface acoustic waves can be excited using an interdigital system of metallic electrodes
(IDT) on the surface. The principle of operation of this approach is schematically depicted in Fig.
1.8 where a surface acoustic wave travels between the two IDTs (one to generate the signal and the
other to receive it) interacting with the target sample. We can find several published results of SAW
sensing devices for example for the detection of rabbit IgG with a detection limit below 1 pg/ml

using a device functionalized with anti-rabbit antibodies [MAT13].

Interdigital transducer

Substrate

Fig. 1.8: Illustration of a SAW biosensor where IDTs are used for
excitation and detection of the surface acoustic wave.

One of the main benefits of acoustic sensors is its possibility to operate using wireless
excitation, thus being able to work in extremely hazardous conditions such as high temperatures. In
addition, the compatibility with integrated circuit technology permits a high efficiency in the
fabrication. However, the main drawback of this technique is that any vibration induced on the
system would produce a negative effect to the sensing signal of the sensor. In order to compensate
vibration noise, a complex analysis should be performed to differentiate between true biosensing

signal and vibrations. Recently a new company, SAW Instruments [SAW13], has released a
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commercial device for label-free biosensing based on SAW technology, the SAM-X (see Fig. 1.9),

with the ability to measure protein-ligand interactions.

Fig. 1.9: Commercial SAM-X system based on surface acoustic waves
technology manufactured by the German company SAW-Instruments.

1.3.4 Optical transducers

Optical transducers employ the interaction of the light with the target analytes to convert
the biological information into a measurable signal. In the majority of optical sensors, the sensing
mechanism relies in the variation of the effective index of the propagating mode that occurs when a
variation of the chemical or physical parameters is produced on the surface of the structure, as
shown in Fig. 1.10. When an optical wave is traveling through the core of an optical waveguide, a
fraction of its energy, known as evanescent field, extends to the surrounding medium decreasing its
intensity exponentially from the surface. This evanescent field will be the responsible of the

changes in the effective index of the propagating mode when the sensing events are produced.

It is obvious to think that the more amount of evanescent wave on the surface, the more
interaction of the field with the target analytes. However, in order to develop an evanescent field
sensor it is necessary to reach a compromise between the portion of the evanescent field that
travels on the surface and the portion that is confined on the waveguide core. An excessive amount
of evanescent field would provoke a significant degradation of the performance of the guiding
structure itself making the signal very weak. Therefore, the design parameters will play a crucial role

in determining the performance of the sensor.

In order to convert the effective index variations into a measurable signal such as intensity
or frequency variations, different configurations of photonic structures can be used (e.g., Mach
Zehnder interferometer (MZI), ring resonators (RR), photonic crystals (PhC)). Some of the most

typical configurations of photonic sensors are introduced below.
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Evanescent wave Target molecule

Substrate

Fig. 1.10: Schematic illustration of a label-free optical biosensor based on
the evanescent wave interaction. Due to the interaction of the light with
the analytes bound to the probes, the optical wave undergoes a change in
its propagation constant due to the variation of the effective refractive
index.

Optical fiber sensors

Due to their inexpensive cost and their physical properties, optical fibers have been
historically employed as mechanical sensors for the detection of strain, temperature or vibration
variations in several structures to monitor the forces acting over them [UDD11]. However, fibers
can be also chemically modified to be used for biosensing purposes [LEEO03]. A recent review

about last trends in chemical and biochemical sensors based on optical fibers can be found in

[WANT13].

One of the most employed approach is the use of fiber Bragg gratings (FBG), which are
fabricated by inscribing a periodic modulation of the refractive index in the core of a standard fiber.
The configuration of a typical FBG is shown Fig. 1.11a. This modulation provokes the appearance
of a range of reflected wavelengths that depends on the period, the refractive index of the structure,
and the refractive index on the surroundings of the structure. The fact that fibers are typically
employed for data transmission makes that their core is extremely protected to prevent losses, what
is a limitation for biosensing purposes. In order to overcome this drawback, the cladding of the
fiber must be removed (either chemically or by polishing) in order to expose the core and allocate

the target sample close to the optical wave used to perform the sensing.

Long period gratings (LPG), in Fig. 1.11b, are similar to FBGs but in this case, the
modulation pattern is in the order of a fraction of millimeters [CHI12]. In the LPG, guided light
also couples to the cladding, so there is no need to carry out additional processing steps to remove
the coating. Other configuration implemented in optical fibers for biological detection is achieved
by using Fabry-Perot (FP) cavities [WEI08], as shown in Fig. 1.11c. The cavity can be created by

different methods including tapering the fiber or inserting a hollow fiber between two standard
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fibers. The characteristic spectrum of these FP-based sensors can be monitored in order to relate

the measured spectral shift with the refractive index variation due to the molecular bindings.

In addition, a singular approach are photonic crystal fibers (PCF) that exhibit a cross
section comprising an array of microscopic holes as shown in Fig. 1.11d. These fibers have unique
light guiding properties and their holes can be filled with the target sample, thus enhancing its
interaction with the optical wave compared to standard fibers. Using a combination of PCF and
LPG, the monitorization of the thickness of a poly-Lysine monolayer and the detection of double-
strand DNA (dsDNA) has been reported [RINOG].

a) Period
FBG sensor

b) Period

e
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Fig. 1.11: Schematic illustration of a) FBG inscribed in a fiber, b) LPG
structure, c) Fabry-Perot cavity based on two FBGs and d) cross section of
a PCF.

Interferometric sensors

There are a wide variety of optical biosensors based on interferometric methods, such as
Mach-Zehnder interferometers (MZI) [ZOUO08], Young interferometers, Hartman interferometers,
Bimodal waveguide interferometer [ZIN11] (this structure will be further explained in chapter 5,
where its properties will be compared with other low-cost sensing platforms), or dual polarization
interferometer (DPI, commercialized by Farfield [FAR13]). Generally, the fundamental working
principle of these structures for sensing purposes is simple: the optical path is divided in two and
each route will undergo a different phase change due to the interaction (or not) with the target
analyte; then these two paths are recombined and a given interference signal will be exhibited. Fig.
1.12 schematically depicts a MZI-based sensor, where we can see that the access waveguide is split
in two and only one of them will be in contact with the target analytes. Then, both waveguides are
recombined at the output and the output signal, which will be determined by the phase difference

between the two paths, will be governed by the equation:

Ioue =2 (1 + cos(Ap())), (L.1)
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where I;, and L, are the input and the output power intensities respectively, and Ag(a) is the phase
difference between both propagation paths due to variations in the optical length, which include

the variation in the effective refractive index for the sensing arm when the detection is performed.

Reference Arm

Sensing Arm

Fig. 1.12: Mach-Zehnder interferometer sensor.

MZI-based biosensors are one of the more widely used interferometric sensing structures
in the context of planar integrated photonic technology. Integrated MZI sensing devices have been
demonstrated in a wide variety of materials, ranging from silicon oxide [CRE10], silicon nitride
[SEP0O], silicon on insulator [DENT11] and even polymers [BRU11]. Many groups have reported
different applications using integrated MZI-based biosensors, such as peptides detection [CRE10],
antigen/antibody detection [DENO09] and label free detection of ssDNA [ESI05]. Moteover,
multiplexed measurements have been demonstrated by employing up to 16 sensors in parallel

implemented in works reported by the National Research Council of Canada [DENT11].

Plasmonic sensors

Plasmonic methods are based on the use of Surface Plasmon Waves (SPW) [SIP13], which
are a charge density oscillation that occurs at the interface of two media with opposite dielectric
constants, e.g. a metal and a dielectric. In order to excite this electromagnetic surface wave it is
necessary to insert photons in the interface, generally by using a prism-coupling configuration as
shown in Fig. 1.13. At determined angle and wavelength, the optical evanescent wave matches with
the SPW producing the coupling of the photons to it. The wavelength and the angle of the coupled
optical beam are highly dependent on the refractive index of the vicinity on the metal layer and
therefore any change in the surface produced by a binding event or a refractive index alteration will
provoke a vatiation on the resonant angle and/or wavelength. Different aspects related to the SPR

sensors are described in several review articles along the years [SCA10, PET11, SIP13]. It is worth
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noting that, strictly speaking, plasmonic biosensors are not evanescent field biosensors; however,
the interaction of the SPW with the target analytes can be considered analogous to that type of

sensing structures.
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Fig. 1.13: Schematic representation of a SPR sensor based on prism
coupled configuration.

The fact that a prism is required in the basic configuration for coupling to the SPW is a big
limitation of this system, since this element is bulky and difficult to integrate [ZHA11]. For this
reason, different configurations for the excitation of the SPWs have been proposed in the last years

such as waveguide coupling [AKO12] or fiber polished coupling.

The basic SPR sensing technique is limited by its low integration level due to the elements
required for the coupling. In order to increase the multiplexing level of the technique we can find
the SPR imaging (SPRi) technique [STEO04]. This technique is based on the same fundamental
principles of SPR but a CCD detector is employed to monitor simultaneously several binding
events on the same surface instead a simple power detector. A broad-beam monochromatic
polarized light from a laser source is used to illuminate the functionalized surface and a CCD
camera provides the assay information measuring the power of each spot. However, the
implementation of the SPRi technique for multiplexed detection of different biological substances
causes a reduction of the limit of detection because the optical spot must be larger in order to

lluminate the whole sensing area.

Another approaches related to plasmonic sensors are those based on localized surface
plasmon resonances (LSPR) [SEP09]. LSPR are collective electron oscillations confined in the edge
of metal nanopatticles introduced in the surface of the sensor. The metal nanoparticle exhibits a

spectral resonance of the LSPR dependent on the size, shape, and local dielectric environment
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when an optical excitation incides. Therefore, the nanoparticle scattering provides valuable
information of the surroundings of the nanoparticles, leading to an enhancement of the sensitivity

of the device.

In conclusion, plasmonic-based sensors (i.e., SPR, SPRi and LSPR) have demonstrated to
be a robust platform for the label-free detection of a wide range of molecules. This technology is
characterized by its maturity, high sensitivity and good reliability, what has led to the production of
several commercial equipment based on it, such as those by Biacore [BIA13] or the Spanish

company Sensia [SEN13], whose systems are shown in Fig. 1.14.

Fig. 1.14: Commercial equipment based on SPR technology, a) X100 from
Biacore and b) Indicator from Sensia.

Whispering gallery sensors

Optical resonators for sensing technology have been under intensive investigation during
the last decade; many works related to this field can be found in some reviews dealing with this
topic [ZHU10, HUN10, PAS13]. In a whispering gallery mode (WGM) structure, the light wave is
almost perfectly guided in a rounded-shape element by optical total internal reflection. However,
the curved boundary between the guiding structure and the external media also provokes the
appearance of an evanescent wave at the surface of the structure, which is used to perform the
sensing. The existence of analytes around the sensor changes the effective index of the resonant

mode and its optical properties as well.

Adversely to what occurred in interferometric biosensors, the interaction with the
molecules in WGM sensors is no longer determined by the physical length of the optical path, but
rather by the number of the roundtrips of the light inside the cavity. Therefore, the effective
interaction of the sensor with the target analytes will be related with the quality factor (Q) of the
cavity, and consequently resonators with high Q are desired. High Q factors imply sharper
resonances and thus higher interaction times with the molecules on the surface of the structure. As
a result, optical resonator sensors exhibit similar or superior performances than interferometer or

waveguide based sensors. WGM-based sensing structures are categorized in ring resonators (RR),
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microtoroids [ZHUOQ9], microspheres [VOLO8] and optofluidic RR (OFRR) [SUT08] among

others. Fig. 1.15 schematically depicts these WGM-based sensing structures.

Microtoroid

a) Ring resonator

TLaser in

Microsphere d) Microtubbing

Laser in

Fig. 1.15: WGM-based sensing structures: a) planar RR b) microtoroid, c)
microsphere and d) OFRR.

Chapter 4 of this PhD thesis is focused on photonic sensors based in planar optical RR,
where their operation principle and performance will be extensively described. Moreover, an
overview of the state-of-the-art for this technology will also be introduced. Concerning other
WGM-based sensing structures, microspheres can support the confined light in a very small
dielectric volume. These structures are characterized for their extremely high Q-factors due to their
low surface roughness, what leads to extremely low detection limits. However, not all the bound
analytes to the sphere contribute to the shift of the resonance and therefore a large amount of
analytes is wasted. A variation of planar RR are microtoroids. These structures are not located on
the substrate surface but in an elevated position using a post, what difficult their integration and
decrease their robustness due to their fragility. To obtain such structures complex and accurate
fabrication processes based on reactive ion etching (RIE) techniques are required. The last type are
OFRR which are micrometer sized tubes generally fabricated in silica [WHI09] with the ability to
support different optical resonant modes to perform the sensing. The main advantage of these
structures is that the target aqueous or gas sample is directly flowed through the tube itself, thus

allowing the use of the same structure for the sample delivery and for its analysis.
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Photonic crystal sensors

PhC are dielectric structures that present a periodicity in 1, 2 or the 3 dimensions. Due to
the multiple reflections caused by the periodicity of the structure, a range of wavelengths cannot
propagate through the material. This range of forbidden wavelengths is called photonic bandgap
(PBG). By modifying one or several elements from the lattice, photonic defects can be created
within the structure and insert one or several optical modes within the PBG. These defects can be
mainly linear, leading to the creation of a photonic crystal waveguide (PhC-WG) [SKI07], or
punctual, leading to the creation of a PhC cavity [LEEO7]. The spectral response of these structures
is highly dependent on the refractive index of the environment and therefore any change due to a
molecular binding event will induce a shift in the transmitted or reflected spectral response. In
addition, the propagation velocity of the modes is slowed down for certain wavelength ranges,
yielding almost zero velocity. Such effect, known as slow-light effect, will enhance the interaction of
the optical signal with the sample due to the longer travel time through the sensing structure, and
the increase of the signal amplitude due to compression of the optical field in the defect region
[F1IG11, BABOS]. Although PhC technology is in its initial stages of development, several review
articles discuss the great potential of this platform compared with other structures [WAS11,
PAL12].

In this PhD thesis, chapter 3 will focus on 2D PhC structures for biosensing, whereas
chapter 5 is devoted to a novel low-cost sensing approach using 1D photonic structures. More
details about PhC structures and their particularities will be given in these chapters, as well as a

deeper introduction to the state-of-the-art and the recent progress related to PhC based biosensors.

1.4 Requirements of a biosensor

In order to compare different kinds of biosensors, it is necessary to provide a list of the
desired requirements that will determine the performance of the sensing device. Taking this into
account, the suitability of a biosensor for a particular application will depend on its performance
across a variety of these metrics. For certain application fields, some requirements will be very strict
whereas for others, they will be less restrictive or even not important. Although some of these
specifications can be defined numerically (either by means of theoretical or experimental
calculations) other characteristics are more subjective or simply comparable between available
sensing technologies. In the following list, we have selected a number of parameters that are usually

considered to evaluate the performance of a biosensor (photonic or not):

e Bulk sensitivity: indicates how much the sensot's output changes depending on the

homogeneous change of the medium; for example, in an optical sensor, it will depend on the
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homogeneous variation of the refractive index. For optical biosensors the sensitivity is
directly related with how efficient is the interaction between the light and the matter.
Sensitivity: is given by the relation between the variation of the output signal for a certain
chemical/physical variation in an experiment and the amount of the analyte. Besides the
sensitivity of the transducer itself, this parameter depends on other factors such as the
recognition layer, the affinity of the molecules, the buffer conditions or the fluidic
architecture.

System noise: is defined as the variation of the signal in a static measurement. To calculate
the resolution, the noise of the system must be characterized in a steady-state condition
without any intentional variation of the sensor. The signal noise is typically measured as the
standard deviation (o) of the stabilized signal.

Detection limit: is the lowest concentration or amount of analytes that can be detected. The
detection limit in optical sensors can be defined in different units such as in refractive index
units (RIU) to characterize the bulk performance of an optical sensor, in surface mass
density, in total mass or in analyte concentration.

Selectivity: this parameter is highly dependent on the chemical modification of the
transducer and it is the ability to discriminate the target analyte among other substances
presented in the analysed sample. A proper functionalization strategy prevents from other
particles being attached or adsorbed to the surface while provides a high affinity towards the
target analytes, which will bind to the receptors.

Dynamic range: is defined as the range between the largest and the lowest values of the
output signal of the sensor that can be directly related with sensing events.

Throughput or multiplexing level: indicates the capability of the sensor to perform several
parallel experiments in the same assay for the detection of different analytes or properties of
the target sample. Multiplexing approaches are used to obtain higher amounts of information
that indirectly reduces the cost per assays and provides a more reliable and complete analysis.
Cost: this parameter must be divided in two different concepts: the cost of the read-out
system and the cost of the analysis chip. Typically, the read-out system is quite expensive due
to its complexity (e.g., need of sources and detectors); however, it can be reused multiple
times. On the other hand, analysis chips are many times designed to be disposable (i.e., for a
single use), so it is interesting to minimize their cost.

Portability: this is a subjective parameter that determines the possibility to move the sensing
device to different locations to carry out in-situ measurements. This requirement may be
crucial for those applications where a rapid response is needed (e.g., chemicals detection,
critical information from a patient in an ambulance).

Sample volume: refers to the amount of the sample that is required for the analysis in order

to obtain a reliable result from the sensor. In some application fields, such as water analysis,
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this parameter is not important, but it may be a significant constrain for others where the
target sample is scarce or expensive (e.g., blood analysis for newborns).

e Energy consumption: this parameter determines the total energy that is necessaty to carry
out the assay. This requirement is related to the portability of the device since the higher the
consumption the shorter time the device can be used in the desired location. In addition,

energy consumption is currently a hot topic that needs to be taken into account.

1.5 Lab-on-a-Chip devices

The concept of lab-on-a-chip LOC was introduced for the first time in the early 80’s. LOC
devices, which are also known as micro total analysis systems (WT'AS), are envisaged to perform
regular laboratory functions such as filtering, heating, mixing and detecting the target analytes using
a very small device. In the same way that the size of computers has evolved from big rooms with
enormous mechanisms to current high-performance handheld devices such as smartphones, it is
expected to deliver within the next few years very small and portable LOC devices with comparable

or even better performances to those for currently used in lab-based procedures.

Fig. 1.16 schematically depicts a generic LOC device (with photonic-based detection)
where several potential processing steps are implemented in different areas of the chip. The two
main pillars of LOC devices are microfluidic systems and integrated micro/nano-sensors.
Microfluidic systems enable the implementation of revolutionary elements for the manipulation and
processing of small volumes of fluids by employing channels, mixers, valves, filters, lids, pumps or
heaters. This field is under an exhaustive research and provides new functionalities every yeat.
Integrated micro/nano-sensors (e.g., photonic biosensors) allow the detection of much reduced
concentrations of the target analytes present in the sample coming out from the microfluidic
sample preparation stage. The combination of these two main technologies (microfluidic systems
for sample preparation and integrated micro/nano-sensors) allows performing analyses that, in

normal conditions, may not be performed using standard laboratory procedures.
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Fig. 1.16: Schematic illustration of a generic LOC device with photonic-
based detection. Any function required for the preparation of the target
sample before carrying the detection out is performed in the same chip.

Pure sensing devices must be differentiated from LOC devices. While sensing devices
mainly consider the detection process itself, LOC devices also consider the implementation of any
other additional treatment/processing step over the input sample to perform a higher performance
analysis in a direct and simpler way. For example, some current sensors such as glucose or
pregnancy tests simply consist on a membrane or paper strip with proper immobilized receptors, so
that the target sample only needs to be embedded into the strip and the presence of the target
markers is indicated by the reaction with the receptors (usually, electrochemical or colorimetric
changes are produced). Despite the usefulness of this kind of sensing devices, which can be even
used for point-of-care (POC) testing, they cannot be considered as LOC devices due to the lack of
other processing steps of the sample apart from the detection itself. In addition, these sensing
devices usually provide a very limited number of output parameters (usually, a single parameter is
analysed) whereas LOC devices are expected to deliver a wide range of output parameters (i.e., high
throughput), which allow to provide a more complex, complete and reliable result from the

analysis.

Besides the size reduction itself, the miniaturization of LOC devices provides many
advantages compared to current analysis technologies. For example, the volumes of sample and
reagents required to carry the analysis out are extremely reduced, just requiring volumes even below
the order of ul instead of several ml as for laboratory procedures; this fact will be translated into a
significant reduction in the cost per analysis as well as a reduction in the generated waste. Other
advantage of LOC devices is the significant reduction in the time required to perform the analysis
since the reduced size of the processing structures and the reduced sample/reagents volumes allow
that the processing steps required can be implemented in a fast and efficient manner. Finally, since
novel high sensitivity micro/nano-sensors are integrated within these LOC devices, they will allow

the detection of extremely low concentrations of the target analytes. However, miniaturization may
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also give rise some problematic issues. For instance, miniaturization of microfluidic elements is not
trivial since this size reduction causes a different and more complex fluid behavior (e.g., mass
transport limitation, capillarity effects, etc.) as well as a higher influence of other issues such as the
presence of microbubbles within the system. A complete list of advantages and drawbacks of LOC

technology is provided at the end of this section.

The growth of LOC technology has been closely related to the development of the micro-
fabrication technologies required for the development integrated circuits (IC), which have been
successfully applied to the manufacturing of many LOC devices. The use of the same technology
for the fabrication of both the microfluidic sample preparation elements and the micro/nano-
sensors allows their perfect integration in a direct manner, thus providing a final complete

functionality.

In conclusion, LOC devices are envisaged to become the next generation of “analysis
laboratories” in a relatively short future. Their unique properties provided from merging different
technologies with a multidisciplinary approach open the route to novel high performance
equipment which would attract the attention from the most relevant companies. However, these
devices are relatively recent and although many achievements have been accomplished during
recent years, further developments are still required in all the related fields in order to increase their
practical and commercial potential. To summarize the performance of the current LOC devices

hereafter we list their main benefits and weaknesses detected throughout the last years.

1.5.1 Advantages of LOC devices:

e Compactness: miniaturization of LOC has allowed to include all the steps required to
carry out an analysis into a single chip. In addition, the use of some materials and processes
such as silicon and CMOS fabrication technology respectively allows benefiting from all
the advantages of those technologies.

e Throughput: another benefit derived from the reduction of the device size is the
possibility of performing multiple simultaneous analyses in a single assay. Furthermore, the
integration of multiplexed sensors also allows using reference sensing structures to
compensate non desire effects in the signal such as noise or unspecific binding.

e Faster measurements and lower sample consumption: microfluidic architecture
reduces delivering distances and dead volumes thus improving the performance of the
functionalities of the device (e.g., filtering, heating, mixing or sensing). Moreover, the ratio
between the sample volume and the sensing surface increases thus leading to a significant
reduction of the consumption of sample and reagents.

e Robustness: fabrication procedures, especially those from standard and mature CMOS

technology, provide high quality and reliable devices. Chips fabricated in commercial
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foundries guarantee obtaining minimum physical variations and maximum performances to
carry the analyses out.

Simpler and automated measurements: in LOC devices, the process is designed to be
performed automatically without the need of any human interaction once the sample has
been introduced into the device, thus reducing errors and problems.

User friendly: one of the objectives of LOC devices is to allow that any person is able to
carry out tests that currently can only be done by a specialist. LOC devices will provide
simple output information that can be comprehensible by a non-expert.

Portability: due to the size reduction of LOC devices, all the complex functions required
for the analysis are carried out using a chip-sized system. This size reduction allows
carrying out the measurements in-situ for those applications where it is necessary.

New opportunities for the IC industry: LOC devices open the possibility for the
micro/nano-technology industry to access to a new market with a high potential of success
for the next decades. The mature CMOS industry has the possibility to manufacture new
LOC devices using its currently available facilities, thus allowing a direct entrance into this

market with a relatively reduced investment.

1.5.2 Drawbacks of LOC devices:

Novel technology: due to technological limitations and lack of maturity, LOC devices
developed up to now are relatively simple. Currently, this technology is at its initial stage
and, despite several commercial products already exist, it is necessary to enhance the
performance in order to obtain more competitive devices with more complex and better
functionalities.

New physical and chemical effects: miniaturization of the structures leads to the
appearance a new nanoscale effects. These issues involve capillarity forces, surface
roughness, diffusion or mass transport limitations. Therefore, it requires studying
thoroughly these effects in order to minimize their limitations.

Accuracy and precision: miniaturization of the structures requires smaller features, less
roughness and higher accuracies in the micro/nano-fabrication to obtain the required
performances. Therefore, new fabrication techniques should be studied and developed in

order to allow the implementation of more complex functionalities.
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1.6 Application areas of biosensors and LOC devices

One of the main properties of biosensors and LOC devices is their high versatility to be
employed in many application areas, including medical diagnosis, environmental monitoring or
food control. Herein, we present some of the most common end user applications of biosensors
and LOC devices, especially considering the use of optical/photonic technology, which can provide

several advantages compared to other existing detection technologies.

1.6.1 Medical diagnosis

Probably, the main area in which biosensors and LOC devices are expected considerably to
change the current modus operandi for carrying analyses out is medical diagnostics. The main target
within this field is the development of the so-called POC devices to be used to provide in-situ,
rapid, reliable, minimally-invasive and eatly information about the patient’s health status in order to
determine the most appropriate treatment for him/her. Therefore, these novel devices have the
potential to change the perspective of the healthcare from curative treatments to preventive
diagnostics. Within this context, optical/photonic biosensors have demonstrated to be a suitable
platform for developing POC devices due to their high integration level, high sensitivity and
reliability.

The use of this type of POC devices has been greatly benefited from current advances
achieved in the field of the discovery of novel disease biomarkers. These biomarkers, which can be
found in human samples (i.e. blood, serum, plasma, urine, etc.), permit an early and minimally
invasive diagnostic of an ever-widening range of diseases. For example, currently there is an
enormous concern about cancer-related diseases, for which their diagnosis usually rely on invasive
techniques (e.g., biopsy, colonoscopy), which need to be carried out by qualified personnel, require
hospitalization of the patient, and most of the times only allow to diagnose the cancer when it is at
an advanced stage. Fortunately, several biomarkers related with cancer diseases have been identified
(e.g., PSA, HER-2, CEA, miRNA), which allow or will allow an early and minimally-invasive
diagnosis of the disease [DNI91, EBE02, ROS98]. The possibility of the detection of such
biomarkers using highly-sensitive optical/photonic biosensors for the detection of these disease-

related biomarkers will open the door to a more efficient and reliable medical diagnosis.

Another important application of POC devices is their use in developing countries, where
population has not an easy access to medical facilities. In these countries, infectious diseases are one
of the major causes of death among the population. The use of simple and low-cost POC devices
would allow to diagnose these diseases and to immediately provide the proper treatment (which
most of the times is very simple and accessible), thus preventing most of these cases and reducing

the rate of death. Low-cost and rapid optical sensing devices would allow providing affordable
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assays to screen the majority of the population of a region improving the effectiveness of the
treatment. In addition, with the multiplex capability of optical biosensors it would be possible to
perform multiple detection in a single assay, leading to the detection of several diseases

simultaneously and reducing the cost of the analysis.

As a consequence, of these promising advantages of biosensors and LOC devices in the
field of advanced medical systems, many tesearch institutions and healthcare companies are
focusing their efforts towards the development of novel systems for fast analysis. Some commercial
examples of this type of devices are those developed by companies such as Centice which is based
on Raman spectroscopy [CEN13] (see Fig. 1.17). This system allows the detection of more than

3600 substances without the necessity of skilled personnel.

Fig. 1.17: Mobile field lab 3000 from Centice for drug detection in blood.

1.6.2 Environmental control

The Earth provides the required ecosystem to allow the life for human population, animal
and vegetal species. Over the past decades scientist have remarked the importance of protecting our
environment; as a result, the environmental monitoring has become one of the prior issues for
many governments and organizations. Despite all the efforts spent, the environment is constantly
under a great variety of threats mainly caused by human action. Household, industrial and human
activity may jeopardize the status of the environment and consequently the life of all the species
within the ecosystem including plants, animals and even human population. For instance, the
extensive use of herbicides and pesticides in agriculture fields, golf courses and green areas in city
parks in order to prevent from plagues has provoked an increasing level of pollutants in the

environment that can expose to risk the basic resources (including water resources).
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Fig. 1.18: Environmental pollution caused by factories.

Within this context, biosensing devices based on optical transduction offer the possibility
of performing an on-site analysis of the environment. Their extremely high sensitivity would permit
to perform an efficient monitoring of the presence of a wide variety of pollutants and compounds
in the water, air or soil in order to control the fulfilment of standard requirements set by

governments and environmental regulatory agencies [BARO2].

Besides their use for the environmental monitoring of the ecosystem, optical sensors can
also be employed in other situations related with the environmental quality inside buildings
[MAUOS8]. For instance, artworks in museums, galleries or churches can be affected by
environmental conditions and chemical factors that can endanger their conservation and
substantially reduce their lifespan. In case we want to act in advance to avoid their deterioration, it
is necessary to control the parameters inside the rooms where they are exposed. Optical sensors
would be capable of taking into account the overall parameters that can affect the artworks and
thus anticipate preventive actions to conserve them. Distributed sensors such as optical fibers as
well as integrated sensors have demonstrated to be suitable to collect this type of environmental

information.

1.6.3 Drug discovery

In pharmaceutical industry is indispensable to perform many assays in order to develop and
examine the reliability of new drugs before being released into the market. Therefore, it is
fundamental to understand and study molecular interactions that are under research in the
development process of new products. For that reason, huge amounts of Euros are invested to
obtain platforms that are capable to deliver the information related with the binding kinetics and
the affinity between the different studied compounds. The ability to identify, characterize and
optimize the molecule recognition processes in assays is crucial in early stages for the research in

new products to obtain a high therapeutic efficiency.
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Fig. 1.19: The efficiency of the future drugs is related to the novel
methods that currently are applied. Optical sensors permit to study the
reactions of new formulas.

Some of the currently available commercial equipment for drug discovery employs dyes or
fluorescence labels to perform assays. However, as previously indicated, these eclements can
interfere in the assay (e.g., occluding the binding site for another molecule) and prevent from a real-
time observation of the molecular interactions. The use of optical label-free biosensors avoids these
problems and enables the development of reliable and highly sensitive platforms suitable for its
application in this field [COOO02]. In addition, their multiplexing capability permits to extract a high
throughput of information related to the molecular association among different substances,
significantly reducing the number of assays required for the analysis as well as the time required to

obtain the results.

1.6.4 CBRN detection

Chemical, biological, radiological and nuclear (CBRN) threats are one of the main concerns
in several countries around the world for homeland and security protection. Hostile attacks have
been evolving towards much more complex operations using substances that can be highly lethal
and have impact over large regions. Preventing these situations, including bioterrorism attacks, and
being able to warn the population before they can be exposed to the risk can save numerous lives.
Optical sensing technology allows the development of systems for the real-time and highly-sensitive

recognition of this type of threatening substances.

The use of optical biosensors is of special interest for the detection of substances that are
potentially ignitable. Whereas the use of electronic devices may produce sparks, this danger is
completely prevented by using optical sensors, thus minimizing the risk of explosion. Another
interest application for photonic sensors is their use for explosives detection, where very small

traces of the explosives need to be detected for their identification [ORG10]. Furthermore, LOC
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devices based on integrated photonic circuits can perform automated and remote measurement of

such substances without the necessity of endangering the life of the specialists [WIL09].

Fig. 1.20: In the event of a CBRN attack, a fast response is desired in order
to maintain the hazard under control.

1.6.5 Food testing

Food quality and safety control are essential issues in order to obtain healthy products. For
that reason, there are strict regulations to control the food industry. On one hand, the need of the
food manufacturers to guarantee the safety, quality and traceability of their products until their
purchase by the consumers has been growing remarkably during the last years. Consequently, they
have been employing several additives to maintain the product in perfect conditions until its
consumption. On the other hand, consumers also expect to acquire better products from the
market without any substance that can harm their health and without paying an extra price.
Nevertheless, some of the elements that are added by the food producers to their products in order
to enhance their aspect or taste may cause health problems at high concentrations; hence these
concentrations must be under constant supervision. To control the appropriate condition of the
food, several parameters can be monitored, including pressure, temperature, water or microbial
concentration among others [KREO1]. In this field, optical sensors offer a suitable platform for the
implementation of more complete and rigorous analyses that cover a wider range of bio-chemical

parameters

For instance, the quality of food and beverages is highly dependent on the oxygen levels
during the packaging process. The presence of this element in the package may provide the viability
in the growth of many types of pathogenic bacteria that can be harmful for the human health
causing multiple diseases. Thereby a real-time monitoring of the oxygen concentration during the

packaging process will allow determining the quality level of the final product with remarkable
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accuracy. Optical sensing technology has already demonstrated the ability of measuring in-situ the

oxygen concentration in the environment while packaging the products [GRS10].

1.7 Silicon photonics

The increasing interest in moving from bulky components to integrated devices has
boosted nanophotonic technology, which is the optical alternative to current microelectronic
devices. Whereas conductor stripes are used to guide the electrons in electronic devices,
semiconductor materials are mainly used to create optical structures comprising photonic circuits.
Silicon (and its derivatives) is the most widely employed material for the fabrication of integrated
photonic structures due to its compatibility with CMOS (Complementary Metal Oxide
Semiconductor) fabrication processes from the microelectronics industry. This fact has led to the
creation of the so-called silicon photonics technology platform. Since the emerging of the
semiconductor technology in the 50’s, silicon has been employed as main material in order to
develop small microelectronic functional structures. All the extensively progress in manufacturing
tools in the realm of the semiconductor technology during these years has enabled the possibility to
fabricate structures with feature sizes in the nanometer scale by using lithographic equipment that

are perfectly suitable for photonic structures.

Although most of the work done using the silicon photonics technology has been mainly
focused on the development of devices with application in the fields where the electronic
bottleneck is a problem (e.g., communications, interconnects or signal processing), this technology
is demonstrating to be very convenient for biosensing purposes as well. Photonic biosensing
devices have demonstrated to provide many advantages compared to other sensing technologies
such as high sensitivity, low detection limit, label-free operation or high integration level. Therefore,
after having introduced in this chapter several concepts related with the field of biosensing devices
(.e., elements and requirements of a biosensing device, transduction methods, LOC technology,
and application fields), now we will briefly introduce the material and fabrication platform that we

have employed in the course of this PhD work.

The most common implementation of silicon photonics is SOI (silicon-on-insulator)
technology, which has been used for the development of the sensing structures used in this PhD
work. As depicted in the Fig. 1.21, a SOI wafer mainly consists of a thin layer of silicon (of few
hundreds of nm) which is on top of a layer of silicon oxide (of several microns); these two layers
are created over a thick silicon substrate (around 700 um) that provides mechanical stability. Due to
the high refractive index difference between the top silicon layer, the silicon oxide lower-cladding
and the air upper-cladding (~ 3.45 vs. 1.45 vs. 1), light is highly confined in the vertical direction

within the top silicon layer, which will be used to create the photonic structures. Lateral
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confinement is then achieved by etching two air trenches in the silicon, as shown in the inset of Fig.
1.21, thus defining an optical waveguide where light will be fully confined (i.e., vertically and
laterally). Depending on the dimensions of the core of the waveguide, one or several modes will be
excited within it; generally, it is sought after the proper dimensions to obtain a single mode
waveguide in order to avoid interferences between propagated modes (usually widths in the range
of 500 nm are used). Moreover, a larger evanescent field appears for single mode waveguides due to
their smaller dimensions, what is suitable for the development of integrated photonic biosensors.
On the other hand, a core size reduction has the counter back of an increase in the propagation and
radiation losses. This is the reason why multimode and single mode sections are usually combined
for the development of integrated photonic circuits (multimode sections for signal distribution and

single mode sections for the implementation of optical processing ot sensing functions).

Structures

Silicon
Si0,

Silicon

Si waveguide

SOI wafer

Substrate

Fig. 1.21: Layers distribution of a SOI wafer. The inset schematically
depicts a SOl waveguide.

Another consequence of the size reduction of SOI photonic structures is the possibility to
integrate many structures and components in a single chip. Therefore, nanophotonic-based devices
not only can perform a single functionality, but it exists the possibility of embedding multiple
passive and active structures in a chip, thus opening the route to carry out a complete signal
processing being able to substitute in the future bulky electrical equipment by optical integrated
devices. For the case of photonic sensing devices, this size reduction would allow the integration of
a large number of sensing structures in a single chip, thus permitting the possibility to provide
multiplex detection for the simultaneous screening of several target analytes in a single analysis. For
example, assuming a sensing structure size of the order of 100 pm?2, we might be able to ideally
integrate up to 1000 sensors on a chip of just 1 mm? size, demonstrating the high integration level
due to the high refractive index contrast of the SOI platform. Furthermore, these small dimensions
will also be translated into an enhancement of the sensitivity of the sensing structures, since the

smaller its footprint is, the less amount of molecules will be required to carry the detection out.
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Finally, the integration of a huge amount of sensors in a single chip, combined with the
relatively reduced cost and fabrication easiness of mass-manufacturing CMOS technology, also
would allow a significant reduction of the cost per chip and per assay. The fabrication of
inexpensive sensing chips is highly required in several applications such as in healthcare, where the
use of disposable chips is practically mandatory to avoid problems like cross-contamination. In
addition, other fields like environmental control will also benefit from the use of disposable chips,
such as for example for the realization of massive monitoring campaigns to control the

environmental quality of water or air resources.

1.8 Obijectives of the thesis

The overall objective of this PhD Thesis was the development of a novel sensing technique
based on the use of PBG structures where their interrogation is done without the need of tunable
elements, thus reducing drastically the cost, the size and the complexity of the final sensing system.
However, until accomplishing this objective, we have also had to work in other tasks such as the
development of different types of photonic sensing structures (PhC- and RR-based sensors), their
experimental interrogation using typical spectral-based techniques, the implementation and
optimization of proper experimental set-ups for the interrogation, or the development of fluidic
sample delivery systems. The main specific objectives that have been accomplished in this work can

be listed as follows:
1. - Development of the highly sensitive photonic transducers

We have designed and fabricated high-sensitivity photonic structures that are able to
measure extremely small refractive index changes on their surface. In this work, we have studied the
fundamentals of the photonic structures that we have employed such as PhCs, RRs and corrugated
waveguides. These structures exhibit several benefits such as slow-light phenomena in case of PhCs
and corrugated waveguides, or the circulating nature of resonant modes in RRs. In both cases, these
phenomena provide an increment in the interaction between the light and matter, giving rise an
enhancement of the sensitivity. The work that was carried out was focused on the modelling of the
structures employing several simulation tools. The analysis of each structure is addressed in a
different chapter: PhCs in chapter 3, RRs in chapter 4 and corrugated waveguides in chapter 5.

2. - Establishment of a proper route for surface chemistry modification

The second objective is related to the development and testing of different
functionalization routes in order to provide the required specificity to the photonic structures. Such
specificity is achieved by attaching proper biological receptors to the surface of the structures by
means of a chemical modification protocol. This selectivity is crucial in order to determine the

presence of the desired target analytes. Therefore, a trustworthy protocol for the attachment of the
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probes is essential and must meet several constrains, such as the compatibility with the surface and
being stable along the time. For the purpose of this work, two different approaches have been
developed: one based on the use of an isocyanate-ended organosilane and the direct incubation of
the receptors, whereas in the second approach, an epoxy-ended organosilane was used and the
attachment was boosted with UV light. The work related with the development of the

functionalization protocol is addressed in chapter 2.
3. - Implementation of a miniaturised fluidic delivery system

Optimizing the flow of the target sample over the sensing structures is an efficient manner
to improve the limit of detection of the device. The flowed particles that are not interacting with
the sensing structures are not contributing to the detection, and therefore, are wasted. For that
reason, the study of different fluidic delivery systems has been other of the aims proposed for this
PhD work. In addition, we have tackled the problem of the appearance of microbubbles by closing
hermetically the circuit. We have developed a customized solution for each kind of structure and
analysed different materials and shapes, starting with a micromechanically perforated metallic cavity
and then employing more advanced microchannels based on a soft polymer package. Finally, we
tested a SU8-based microfluidic channel fabricated on top of the structures that, besides delivering

the flow to the sensing area, it allows protecting the structures from dust and damages.
4. - Development of an automated read-out platform

One of the main issues related with the use of photonic structures for sensing is the
coupling of light to/from them. Therefore, we have implemented proper characterization set-ups
for the interrogation of the photonic sensing structures, either using horizontal coupling or vertical
coupling based on grating couplers. In addition, we have also worked on increasing the automation
of the experimental protocol (e.g., by using an automatic fluidic switch) in order to be able to

perform unattended measurements and avoiding the human interaction.
5. - Development of a novel power-based measurement technique

As previously indicated, the main objective of this PhD Thesis is the development of a
novel highly sensitive photonic sensing interrogation method based on the use of photonic
bandgap structures in which the read-out is carried out without using tunable elements. The
principle of the technique is based on the continuous monitoring of the output power of the
overlap between the broadband source and the edge of the sensot’s response obtaining a real-time
measurement. The work related with this objective is explained in chapter 5, both theoretically and
experimentally. This technique gives rise a significant reduction of the cost and the size of the
photonic equipment required for the interrogation, as well as the possibility to perform a real-time

sensing.
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6. - Validation of the complete sensing platforms

After the development of all the elements separately in the previous points (photonic
transducer, chemical modification, fluidic delivery and read-out), the final objective of this PhD
Thesis is the combination of all these parts in order to perform the validation of the whole system.
The demonstration of the use of the photonic structures for sensing purposes was proved through
several experiments from bulk measurements to monitorization of the hybridization of single-

stranded DNA (ssDNA) and antibody detection as well.

1.9 Framework of the thesis

The work carried out along this PhD Thesis has been developed mainly in the
Nanophotonics Technology Center (NTC) of the Universitat Politecnica de Valencia, within the
frame of the Biophotonics research line. The NTC has state-of-the-art facilities and highly skilled
personnel for the development of photonic integrated circuits, what makes the NTC one of the top
research centres in its field. In addition, the NTC has also state-of-the-art laboratories for the

experimental demonstration of the photonic devices proposed in this PhD Thesis.

The author is currently a junior researcher in the NTC, with more than four years of
experience in the field of photonics. This experience is mainly related with the development of
photonic biosensors, what also includes other fields such as microfluidics, chemical surface
modification and signal processing. During the course of this thesis, the author was granted with a
Prometeo grant from the Generalitat de Valencia and a “Beca de especializacién” from the
Universitat Politecnica de Valencia. In addition, the author had the possibility to join during three
months the Photonics Research Group in the University of Gent, thanks to an Erasmus Mundus
grant. The detailed work carried out by the author along this thesis is described in the annex A at

the end of the document.

In the course of this PhD Thesis, the author has had the opportunity to work in several
European projects related to the development of photonic biosensors, what has also allowed him to
work together with several top-level European research institutions in a multi-cultural and

multidisciplinary environment. Among these projects, we list the most important hereafter:

e FP6-SABIO (Ultrahigh sensitivity slot-waveguide biosensor on a highly integrated chip for
simultaneous diagnosis of multiple diseases): This project was granted in the 6™ European
Framework Programme and had a total duration of 39 months. Its objective was to
contribute to the development of intelligent diagnostic equipment for healthcare employing
compact polymer and silicon-based CMOS compatible optical slot-waveguide structures.

By immobilizing the receptors on the surface, the device offered the interaction
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information between biomolecular complexes (antibody-antigen), reaching a surface

concentration detection limit of 1 pg/mm2.

e FP7-INTOPSENS (A highly integrated optical sensor for point of care label free
identification of pathogenic bacteria strains and their antibiotic resistance): This project was
funded by the 7% European Framework Programme under the ICT call. It had a total
duration of 42 months, starting on September of 2009. INTOPSENS was a highly
multidisciplinary project that involved several emerging fields including photonics,
electronics, fluidics and biochemistry in order to contribute to the development of a high
sensitivity biosensor. The main aim of this project was to demonstrate the feasibility of a
rapid diagnostic test for sepsis disease at a POC by means of a label-free platform based on
SOI photonic sensors with the ability to detect concentrations as low as 0.1 ng/ml. Our
role in this project was related to the design, fabrication and characterization of the
photonic sensing structures, including PhCs and RRs, and contributing in the integration

between photonics, microfluidics and surface modification to develop a valuable sensor.

e FP7-BELERA (Reinforcing carbon nanotubes and photonics research cooperation
between the Belarusian State University of Informatics and Radioelectronics and the
European Research Area): This project was funded by the 7% European Framework
Programme and it aims at increasing the cooperation between European research
institutions and Belarus in the fields of carbon nanotubes and photonics. Among the main
objectives related with this PhD Thesis, tasks targeting the integration of light sources and
detectors with the photonic sensing structures are being carried out. Furthermore, we
performed several visits between research centres in order to exchange knowledge and

carry out joint experiments in the selected research fields.

1.10 Conclusions

In this chapter, we have introduced the concept of biosensor, which consists of different
parts responsible of different tasks related with the detection. Mainly, a biochemical sensing device
is divided in the transducer, the recognition layer, the sample delivery system and the read-out
equipment. We have reviewed different technologies for the transduction method, from the
maturity of the electrochemical sensors invented in the 50’s to the new alternatives such as
photonic integrated biosensors based on plasmonics or evanescent wave. It is noteworthy to
indicate that the majority of the presented technologies have reached the market what clearly

confirms the high possibilities to give rise a commercial product in this field. Regarding the

46



Chapter 1

specificity of the sensing devices, it is provided by the recognition layer, which comprises the

receptors that are attached to the transducer by proper chemical functionalization processes.

Among the different demands of a biosensing device, probably the two main requirements
are the sensitivity and the limit of detection. The importance of other parameters will depend on
the final application of the sensor. In addition, some of these requirements are subjective (e.g.

compactness, portability) whereas others can be defined numerically (e.g. dynamic range, noise...).

In this chapter, we also presented LOC devices, which are devices capable to perform the
analysis processes that are currently carried out in regular laboratories, but simply using a single
integrated chip instead. These platforms are envisaged to be the next generation of sample analysis
devices. Due to their benefits, LOC devices can be applied to a wide range of applications such as
medical diagnosis, environmental control, drug discovery CBRN detection or food testing among

othets.

Finally, we have also introduced and commented the advantages of the technology
platform that we employed in the course of this PhD Thesis, silicon photonics. Silicon is
transparent to IR wavelengths, exhibits low losses, and provides a high index contrast with typical
cladding materials (e.g., silicon oxide or air) that permits an incredible reduction in the size of the
integrated photonic structures. Furthermore, its compatibility with typical CMOS equipment and
processes allows adopting those from the standard microelectronics industry, thus enabling a mass
fabrication of the devices and subsequently a remarkable reduction in the cost of each unity.
Therefore, silicon photonics is possibly one of the best technology platforms to develop novel

integrated photonic sensors.
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Biochemical surface

modification

2.1 Introduction

As we introduced in the previous chapter, sensors based on evanescent wave have the ability
to measure the variations of the refractive index in the surroundings of the structure and convert it
into a measurable signal. Optical sensors employ this kind of mechanism in order to detect the
presence of particles or molecules on the structure’s surface. However, these devices do not own
the attribute to specifically recognize the presence of certain biological molecules and differentiate
them from the background molecules, which should not be detected. To provide such characteristic
to the photonic sensor, the sensing area needs generally to be coated with an additional functional
layer that permits the attachment to the surface of proper receptors specific to the target molecules
to be detected as well as to simultaneously repel the binding of the non-desirable particles of the
analysed sample [ROGO0]. Fig. 2.1 shows the main parts involved in the detection process: sample,

receptors, functional layer and transducer. The role of the functional layer in an affinity biosensor is
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to promote the binding of an organic molecule (i.e., the receptor) to an inorganic substrate or

surface.

Target A Other
Analota molecules
’ ‘ | Sample
IS Ve \b
i)

- | Funcionallayer

Q
v @ U U g V :-Receptors

Transducer

Fig. 2.1: Schematic representation of the parts involved in the detection
process for an affinity-based biosensor.

Due to the intrinsic physical and biological properties of the target analyte, its direct
detection can be very challenging. In those cases, biological research has relied upon attachment of
a sort of label to the target analyte what makes easier its indirect detection by measuring the
presence of this attached element instead. Labels are designed to be easily recognized, for instance,
by their fluorescence, radioactivity or metallic nature; therefore, we can indirectly determine the
presence of the target analyte by measuring those parameters. However, the use of labels imply
several disadvantages. Labelled assays require a sample pre-treatment for attaching the label to the
molecules, thus making more difficult and requiring longer times to obtain the results. Furthermore,
these labels can interfere with the original sample masking the real signal from the target analyte.
Moreover, in many cases it is not possible to extract the kinetic information of the reaction between
the receptor and the target analyte since we only look at the “end point” of the assay. The
appearance of quenching effects when using fluorescent labels is another obstacle related with the

detection of the labelled molecules (e.g. silicon quenches the fluorescence of Cy5 label).

Due to the arguments above, there has been a general trend in trying to avoid the use of
labels for the analyte detection, thus reducing the time, the complexity and the cost of the
biosensing assays. In a direct affinity assay between two molecules, for instance, an antigen-
antibody binding detection, the output signal directly provides the fundamental information of the
kinetics of the interaction between both molecules. Moreover, it allows a rapid quantification of the
concentration of the target analyte without the necessity to perform any additional complex sample

preparation for labelling the analytes, what may also alter the results.

In a direct sensing procedure, one partner of the couple, the receptor, is attached on the
surface and then the detection is carried out by flowing the complementary analyte diluted in a

buffer. Target molecules will bind to the immobilized probes via affinity interaction, thus varying
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the refractive index on the surface. This refractive index change can be modelled as a thin layer of

thickness 4/ as follows:

@.1)

whete (dn/de) is the variation of refractive index due to the concentration of the analyte and AI is

the surface concentration of the bound molecules [FEI78].

In this kind of affinity reaction between two compounds, the most widely model used to
describe the binding between the receptor and the target analyte can be expressed as a simple
bimolecular formation:

kq

A+ B=AB 2.2)
kq

where £, and £, are respectively the association and dissociation rate constants of the couple. From
the output signal of the biosensor we can extract three characteristics of the interaction: the
concentration of the target analyte, the affinity between molecules and the kinetics of the

interaction.

The ideal behavior of a biorecognition assay is shown in the sensorgram of Fig. 2.2. First, the
buffer shows a stable signal known as baseline. When the target analyte is injected the response of
the sensor rises due to the recognition between the receptor and the analyte; this step is called
association or binding. Assuming a first order interaction between molecules determined by the Eq.
2.2, the differential rate equations could be derived from the binding model in order to analyse how

the experimental data agree with the model. The complex formation is given by:

dR(¢)

i kqCRpax — (ko€ + kg)R(L) (2.3)

where the R is the response of the sensor as a function of time, C is the concentration of the
target analyte, and R, is the maximum variation of the sensor’s response when the surface is
completely saturated at a certain surface density. Once the flow of the target analyte finishes and
the buffer starts to flow again over the sensor, we will observe the dissociation phase of the
attached analytes from the surface. In this phase the sensot’s response is only affected by the factor

k4 showing a response given by

dR ()

— = ~kaR(®. 24

Finally, in some cases we can also perform a regeneration step in order to remove all the
analytes bound to the receptors. This procedure will allow recovering the initial baseline and reuse

the sensor for further experiments.
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Fig. 2.2: Schematic representation of a sensorgram for an affinity-based
biosensor. The interaction between the receptors and the target analytes is
also schematically shown below. The functional layer provides the proper
attachment of the receptors for the recognition of the target analyte.

When the functional layer with the ability to immobilize the receptor agents is combined
with the nanostructured material, the intrinsic properties of the sensor should be invariable. In
other words, the immobilized layer must provide the specificity required to the detection without
influencing the operation of the transduction element or interfere in the mass transport of the
molecules in the target sample. In addition, other important issue to take into account when
designing the functional layer is its thickness. Since planar photonic structure sensors are based on
the use of the evanescent field, which has an exponential decay from the surface, the sensitivity will
strongly depend on the distance of the analyte to the surface. Therefore, thin biological layers are

highly desired in order to enhance the interaction between the wave and the target molecules.

To obtain a proper functional layer in order to attach the receptors for the sensor structure,
the sensot’s surface (in our case, of silicon) needs to be chemically modified. This layer provides
active groups that react with the specific moieties of the receptors to be immobilized on top of the
surface. To manage a proper functionalization, there are several parameters related to the
immobilization process of the receptors to the surface of the sensor that may influence in the final

performance as listed hereafter:
e The chemical and physical properties of the surface, what may affect both specific and
non-specific binding of the molecules.
e The orientation of the receptor molecules attached on the surface, which can be
optimized for a specific position.

e The distance between the bound target analyte and the surface of the transducer.
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The surface coverage with the receptors, which will influence the sensitivity and

detection limit.

For these reasons, it is crucial to determine the optimal surface modification steps for the

development of affinity sensors. There is a wide range of materials that may be employed to

develop high sensitivity biochemical sensors as well as many strategies to coat the surfaces with a

receptor layer in order to provide biological functionalities [JONOS8]. However, since each surface

has its own properties, it is impossible to define a universal method to anchor the probes. For that

reason, the surface treatment and the chemical compounds to be employed need to be thoroughly

studied before releasing a final functionalization protocol. A suitable strategy should provide a

proper linkage of the probes to the surface with a high affinity to the target analytes for a specific

substrate.

Several immobilization techniques have been developed in the past years following mainly

three mechanisms: physical, covalent and bioaffinity attachment [RUSO7].

Physical immobilization: is a straightforward method to adhere ligands to the surface of
the transducer [ABO11]. Several molecules can be adsorbed on the surfaces via
intermolecular forces such as ionic bonds or polar interactions as shown in Fig. 2.3a. The
result of this process is a heterogeneous layer randomly oriented due to the fact that each
molecule may form many contacts with different orientations trying to minimize the
repulsive forces produced by previous molecules attached on the surface. Cleatly, the
adsorption mechanism is not optimal due to the random orientation of the receptor.
Moreovert, the layer may be easily removed using buffers or detergents due to the weak
attachment of the molecules. This fact has led to use this procedure only to perform some
assays as proof of principle due to its simplicity but not for a robust selective detection
method.

Covalent immobilization: some molecules can be covalently attached to a modified
substrate through accessible functional groups as depicted in Fig. 2.3b. This process
produces an irreversible strong bond, allowing a homogeneous coating of the surface and
providing well-defined oriented sites. Furthermore, when this approach is optimally
implemented, the molecules are attached to the surfaces in a well-ordered manner leading
to a high reproducibility and stability. There are several chemistry procedures for the
covalent immobilization according to the functional group that are used, being those based
on amine, thiol, carboxyl and epoxy groups the most popular. Additionally, we would like
to mention the use of novel immobilization techniques that employs UV light in order to
foster the covalent bound reaction. These types of techniques are known as photoactivated
or light assisted chemistry, and have several benefits such as spatial selectivity using
photomasks and reduced incubation times in relation to current methods. We have

employed one of these photoactivated immobilization techniques to perform the
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functionalization of some of the structures used in this PhD wotk, as it will be described in
section 2.2.2.

e Bioaffinity immobilization: sometimes there is no possibility to couple the receptor
molecules on the surface neither using physical immobilization nor covalent attachment. In
those situations, a couple of molecules with a remarkable affinity will be used to promote
the binding of the receptor. One molecule from the affinity couple will be immobilized on
the surface via adsorption or covalent linkage and then the specific capture probe, which is
marked with the couple of the molecule attached on the surface, will be immobilized using
that intermediate layer as shown in Fig. 2.3c. Due to their high affinity constant,
streptavidin-biotin system is one of the most used couples for this purpose; e.g.,
streptavidin is attached on the surface while the biotin is used to mark the capture probe
molecule. Besides the advantage of having an optimal orientation of the binding sites, this

strategy also allows to detach the molecules and reuse the system several times.

Probe a)

Fig. 2.3: Receptor immobilization techniques, a) physical adsorption, b)
covalent binding and c) bioaffinity with a couple of molecules.

Despite the use of these types of immobilization procedures, a perfect coverage of the
surface with the probe molecules is difficult to be achieved. This fact leads to one of the main non-
desirable effects in biosensors that reduce their performance: the non-specific absorption.
Generally, the analysed sample does not only contain the target analyte that we want to detect, but
also many other molecular components. The non-specific absorption is produced when these other
particles, which are not the target analyte of the ligand, bind to the surface and subsequently

interfere in the signal of the transducer leading to false positives and deteriorating the reliability of
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the system. In order to prevent from non-specific absorption, the biological layer must be blocked

with other molecules in order to avoid the interaction of such particles with the sensor’s surface.

All the chemical functionalization procedures within the frame of this PhD work were
carried out in close collaboration with researchers from the “Centro de Reconocimiento Molecular
y Desarrollo Tecnolégico” in Universitat Politécnica de Valéncia, namely Dr. Marfa José Bafiuls,
Dr. Jorge Escorihuela, Dr. Sergio Peransi and Prof. Angel Maquieira. Their expertise in the field of
bioconjugation chemistry is widely recognized through valuable publications throughout the last

years.

2.2 Receptor immobilization using silanes

Once we generally presented in the previous section the different methods available for
attaching the probes to sensing surfaces, in this part, we will explain the specific methods used in

this PhD work for the bio-functionalization of the photonic sensors.

The generation of an amorphous thin layer of silicon oxide due to natural oxidation will
determine the functionalization protocol. Silicon structures are characterized by the presence of
hydroxyl (—-OH) groups on its surface due to the formation of that silicon oxide layer. This
chemical group can react with silane groups to create hydrogen bonds and anchor the organosilanes

molecules to the surface.

We have used a covalent attachment strategy based on silane compounds due to their
excellent properties and robustness. Silane coupling strategies are reliable and well-known processes
that are relatively easy to apply on surfaces [LUC12, GREOS|. As a result, the surface obtains
biological functionalities to promote the attachment of the ligand by covalent bonding. Therefore,
we needed to establish an optimal strategy to immobilize the probes to our silicon-based photonic

sensing structures in order to form a homogeneous layer for the detection of the target analytes.

A silane compound, which is shown in Fig. 2.4, is a monomeric silicon-based molecule that
is able to form stable covalent bond with the groups of the sensor’s surface and at the same time to
promote a particular functional group for immobilizing the probes. Those silanes that contain at
least one bonded carbon are called organosilanes and some of its derivatives are highly reactive
towards inorganic compounds. Silanes are used to create a new functional group on the surface of
the sensor in order to immobilize other molecules. The most useful organosilanes are those that
contain a functional organic component in addition to one or more silane reactive groups, which
can conjugate with other organic compounds. The organosilanes presented here include those with
amino, thiol, carboxyl, isocyanate and epoxy termination functional groups for subsequent

modification steps.
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Silicon atom

Functional \
group X
\ . / Hvdrolyzable
R—(CHy)=SI— X"~

/ \x groups

Alkyl chain

Fig. 2.4: General structure of a functional silane coupling agent. The
hydrolysable groups covalently attach to the inorganic substrate whereas
the functional group permits the conjugation with organic compounds.

Different strategies of silane deposition have been studied in order to provide an optimal
coverage, including those based on aqueous dilution, on organic solvents or in vapour phase
deposition [HUN10]. The thickness of such layer is highly dependent on the concentration of silane
and the amount of water present during the deposition. Those depositions that imply the use of
water to facilitate the hydrolysis of the akoxyl groups for coupling should be avoided due to the
formation of aggregates. However, by using organic solvents such as toluene or ethanol or even
vapour phase organosilanes we can form a homogeneous thin monolayer directly coupled to the
substrate via siloxane bonds. In any case, it is recommended to perform an optimization of all these
immobilization chemical procedures using other well-established technologies (e.g., microarray

technology) prior to using it for the surface modification of the integrated photonics biosensors.

Summarizing, organosilanes are bi-functional compounds that create a covalent bonding
with inorganic surfaces and promote the selective immobilization of an organic layer of molecules
such as proteins, DNA or antibodies among others. Among the different organosilanes
commercially available [HAE10], there are a few that are preferred for the functionalization of
integrated biosensors based on silicon surfaces. The main reasons are related with the proximity of
the ligand to the surface, the steps required to attach the probe, or the stability of the reaction

having into account the pH or the solvent.

Generally, silane compounds can be classified according to their functional termination. In a
first group, we can find amine-ended organosilanes that reacts with aldehyde, carboxylic acid and
epoxy groups. 3-aminopropyl-triethoxysilane (APTES) and 3-aminopropyl-trimethoxysilane
(APTMS) are the most widely used silanes during the last years [WAS10, GUO10, GODO09, 1QB10,
SCU11, CHA13]. Albeit their termination group is identical, the deposition conditions vary.
Whereas the coating using APTMS is carried out with a pure organic solvent, in the case of the
APTES water must be present in the dilution in order to create the organic layer. In addition, due
to the reactivity between the amine and the silicon oxide layer, there is the possibility of not being
well oriented towards the surface in both compounds. However, the major drawback of these kind

of organosilanes roots in the necessity of employing crosslinkers to attach the capture probes
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leading to additional functionalization steps and a higher distance to the surface of the sensing
structure. Crosslinkers such as N-Hydroxysuccinimide ester-ended biotin (NHS-bt), 1 ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC-NHS) [HUN10], gluteraldehyde [CHA12] or
Succinimidyl 6-hydrazinonicotinamide acetone hydrazone (S-HyNiC) [WAS10] have been

developed with successful results for the linkage of the amine-ended analyte with the bioreceptor.

(3-mercaptopropyl)trimethoxysilane (MPTS) is other kind of organosilane that is also
employed for the functionalization of silicon surfaces. Its thiol termination permits the linkage of
ligands through amine groups using a similar crosslinker to APTES forming disulfide bonds. This
bond offers the benefit of reusability due to its reversibility and thus the surface can be regenerated
leading to multiple reutilizations [SEP06]. Another benefit of MPTS is the possibility to implement
“click” chemistry reactions between thiol and alkene groups, what has been recently demonstrated

exhibiting good performance to reproduce affinity assays [ESC12a).

Other group of silanes is that with carboxylic ((COOH) termination, which is reactive
towards molecules such as ester groups, amides or nitriles. In a recent publication,
carboxyethylsilanettiol sodium salt silane (CTES) and a complementaty crosslinker (EDC/NHS)
were employed to selectively attach proteins on a SisNy surface [DUV12]. After the silanization of
the chip, the following steps were performed simultaneously whilst monitoring the optical signal of
the biosensor in order to control the deposition of the receptor on the structure. However, these
organosilanes must also employ crosslinkers and, albeit they may be attached in one-step
modification, they are very dependent on the experimental conditions. In addition, the reaction
must be precisely controlled in order to prevent the ester from hydrolysis or protein aggregates on

the surface.

Throughout the course of this PhD Thesis we used two different organosilanes for the
development of the chemical surface modification methods for our photonic biosensors. The first
one was based on Isocyanatopropyltriethoxysilane (ICPTS), whose major advantage is the ability to
anchor directly to amino groups, thus avoiding the use of crosslinkers. This fact permits to attach
the capture probes closer to the surface and therefore obtaining higher sensitivities due to the
higher interaction between the evanescent wave and the target analytes. However, we observed
several instability issues for ICPTS-based functionalization during the implementation of the
affinity assays. Therefore, we also worked in a second functionalization approach based on 3-
(glycidyloxypropyl)trimethoxysilane (GOPTS), which provides similar features to ICPTS regarding
the surface linkage but with a best stability during the receptor immobilization step. This GOPTS-
based immobilization technique was UV-light assisted what provides several benefits such as a

reduction of the incubation times and a spatial selective attachment by using photomasking

[ESC12b].

In the next sections, we will introduce the processes followed to optimize the

functionalization protocols for each approach (i.e., ICTPS- and GOPTS-based chemistries) using
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microarray format in planar structures. After this optimization process, these chemical protocols
were transferred and adapted to the photonic sensing structures in order to carry out the assays in

our custom optical set-up, as it will be described in chapters 3, 4 and 5.

2.2.1 ICPTS-based functionalization

As it was described in section 1.9, one of the projects in the frame of which part of this PhD
work was developed, was the FP7-INTOPSENS project. In this project, the main objective was the
detection of pathogenic bacteria causing sepsis by means of their specific DNA identification. For
that reason, most the work related with the development of the functionalization process was
focused on the implementation of DNA detection experiments. However, other couples of
molecules such as bovine serum albumin (BSA)/antiBSA have also been used for the optimization

of the functionalization procedure.

ICPTS silanization was the first chemical procedure that we employed in order to complete
the functionalization of the photonic structures. ICPTS, whose structure is shown in Fig. 2.5, is a
silane that contains an isocyanate group at one extreme of a short propyl spacer. The fact that the
end of the ICPTS reacts with many nucleophiles, including amines and thiols, is attracting a great
interest from bioconjugate researchers, especially from those who want to attach molecules that
contain amino groups, N-terminal groups or other aminated compounds such as oligonucleotides.
As previously indicated, the foremost advantage of ICPTS compared to other techniques is that it
does not require the use of crosslinkers or spacers, thus leading to two great benefits: 1) the
possibility to carry out the functionalization process in only one-step, thus reducing the preparation
time, and 2) the reduction in the distance between the sensing structure and the bound target
analytes, thus enhancing the sensitivity of the assay. Although in microarray technology this
distance is not so relevant, it is crucial for the case of planar photonic biosensing structures. For
these reasons, the employment of ICPTS-based chemistry is foreseen as a very promising approach

for the development integrated photonic sensing devices.
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Fig. 2.5: ICPTS molecule which can be used to couple hydroxyl molecules
The isocyanate-ended group promote the binding of aminated molecules.
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The triethoxysilane groups from the ICPTS will react with —OH groups from the native
oxide layer on the surface of the inorganic substrate. This effect permits to use similar procedures
both for chips based on silicon and on silicon oxide since the interface will be identical. The
isocyanate group, which will be propetly oriented upwards, will conjugate with amine molecules
creating isourea linkages. However, one drawback of this chemistry approach is that the isocyanate
group hydrolyzes rapidly in the presence of a moist environment losing its functionality. Hence, the
experimental conditions have to be under a strict control to obtain the desired reproducibility,
preventing from humidity once the chip has been functionalized. A schematic representation of the

overall immobilization process is depicted in Fig. 2.6.
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Fig. 2.6: Sketch of the one-step modification of the silicon-based surface by
using ICPTS-based chemistry to attach the receptors. 1) The silane agent is
coupled to the -OH terminations of the substrate surface. 2) After
incubation, the aminated molecules are attached to the isocyanate
moieties forming isourea bonds.

The procedure to be described in the following paragraphs was determined to work propetly
in microarray format. We began studying the attachment of BSA molecules to the surface in order
to optimize the procedure and afterwards, the attachment of aminated DNA probes to the surface
was studied. However, when this protocol was transferred to photonic structures, some parameters
needed to be changed according to the results obtained during the optical assays. For the
development of the functionalization process in microarray, Cy5 fluorescent dyes were used to label
the molecules. By measuring the fluorescence intensity in the substrates, we can know the degree of
attachment of the labelled molecule, thus determining the efficiency of the developed procedures.
However, silicon material has the problem of quenching the intensity of the fluorescent label for
the range of distances used in the experiments (of a few nanometers) thus not permitting to
optimize the process directly into silicon surfaces. For this reason, we also used planar silicon oxide

substrates for the optimization in microarray format, what is not really an issue since, as previously
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indicated, the native silicon oxide layer is the one used for the functionalization of the photonic

sensing structures.

2.2.1.1 ICPTS deposition

To optimize the bio-functionalization process using ICPTS, we used silicon-based material
substrates (silicon and silicon oxide) that were diced from a wafer. Then the samples were cleaned
in piranha solution (H2SO4/H20,, 3:1, v/v) during 1 hour at 50°C. Afterwatds, the chips wete
rinsed with copious amounts of deionized water (DIW) and air-dried. Besides removing the organic
residues from the surface, the reaction with the piranha solution generates reactive -OH groups on
the silicon’s native oxide surface, what is decisive to propetly anchor the silane to the inorganic
substrate. Once the chip was completely cleaned, we proceed with the silanization. The chips were
immersed in a solution of 2% of ICPTS in pure toluene as organic solvent under argon atmosphere
during 2 hours in order to coat the chips with a silane monolayer. The surfaces were then washed
with 2-propanol to remove the excess of matter from the surface. Organic solvents were employed
due to the previously commented problem with the deactivation of the isocyanate groups in the
presence of a water environment. Finally, the chips were baked in the oven at 150°C during 10
minutes to remove the humidity from the surface. In order to keep the chips activated, they were
stored under an inert atmosphere in a dry chamber to maintain the isocyanate moieties active. In
the event of losing its biological functionality to attach the receptors due to the reaction of the
isocyanate group with the humidity, the chip must be baked again to remove the humidity. At this
point, the chips are coated with the functional layer that will enable to immobilize the receptors to

the isocyanate moieties of the organosilane attached on the surface.

2.2.1.2 Surface characterization of the ICPTS deposition

In order to be sure that the ICPTS deposition was performed successfully, the sample was
characterized by water contact angle (WCA) technique and with X-ray Photoelectron Spectroscopy
(XPS). The use of these characterization techniques allows us to determine how the efficient the

attachment is.

WCA is a straightforward method that provides the degree of surface hydrophobicity. This
technique consists in spotting one small drop of water (~ 10 ul) on top of the coated material and
measuring the angle formed between the drop and the surface. Fig. 2.7a shows an image of the
WCA measurement for a substrate right after its treatment with piranha solution, where we can see
that the surface is very hydrophilic with an angle close to 0. Fig. 2.7b shows the WCA measurement
for the same substrate after silane deposition, clearly seeing the increase in the hydrophobicity of
the substrate because of the silane deposition. WCA measurements were taken five times in both

substrates, Si and SiO», obtaining the main results shown in Table 2.1.
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Fig. 2.7: Images of WCA measurements for a) a substrate treated with
piranha exhibiting a contact angle close to 02, and b) the same substrate
after the silanization process.

Layer Si Si02
Bare substrate 2742 36+2
Substrate + ICPTS 7143 7213

Table 2.1: WCA measurements for a bare substrate of silicon and silicon
oxide without any treatment, and after the silanization process. The
homogeneous deposition of the ICPTS produces an increment in the

hydrophobicity of the surface reaching the same value.

In bare substrates of silicon and silicon oxide the measured contact angle was 27° and 36°
respectively. This difference of contact angle between bare substrates of both materials is due to the
intrinsic physical properties of each of them. After the piranha treatment, —OH groups are
generated on the surface, what provokes a complete hydrophilization of the surface and the
measurement of a contact angle of nearly 0° as it was shown Fig. 2.7a. After the silanization step
with 2% ICPTS in toluene, the surface is homogeneously modified thus increasing the
hydrophobicity resulting in WCA values of 71° for the silicon substrate and 72° for the SiO»
substrate. These similar values confirm that the silane was successfully anchored to the surface of

both materials providing a monolayer of ICPTS on both substrates.

In order to obtain the chemical composition of the surfaces, we employed XPS
characterization. The basic operation of this technique is based on the registered energy of the
emitted electrons from the material when an X-ray impacts on the surface. The chemical
composition of a bare silicon surface is shown in Table 2.2 and it was determined to be 54.6% of
silicon, 35.8% of oxygen, 10.2% of carbon and no nitrogen. Once the ICPTS deposition was
finished resulting a layer of organosilane on the surface, we observed a variation in the composition
values. An increment in the carbon compound from 10.2% to 20.6% and the appearance of
nitrogen (6.7%) evidence the formation of the layer of ICPTS. In addition, a reduction of the

composition of silicon and oxygen was also observed. Therefore, the results obtained by WCA
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measurements and by XPS analysis demonstrated that the planar silicon substrates were

successfully coated with ICPTS organosilane.

Layer %Si %0 %C %N
Si1Bare substrate 54.6 358 10.2 —
S10, + ICPTS 40.6 31.0 20.6 6.7

Table 2.2: Chemical composition of the silicon substrate before and after
the silanization. The composition of the substrates varies due to the ICPTS
deposition. The values were obtained using XPS measurements.

2.2.1.3 BSA attachment

ICPTS-based surface modification allows creating a covalent linkage of aminated receptors
without the necessity of introducing a crosslinker. Furthermore, after the silanization step the
isocyanate moieties are oriented propetly to attach the ligands. In order to demonstrate the
feasibility of this approach for the development of integrated photonic biosensors, we employed

the BSA/antiBSA couple as a biological model in order to validate the protocol.

A simple experiment spotting several concentrations of BSA labelled with Cy5 in a silicon-
based substrate functionalized with ICPTS was carried out in order to obtain the BSA
concentration required for a good surface coverage. As a result, an array of BSA spots in the planar
substrate was obtained. Note that in this step, we are using only silicon oxide substrates because of
the commented problem with the fluorescence quenching that occurs in silicon substrates.
However, since tresults obtained with WCA and XPS indicated that the silicon surface was also
propetly coated with ICPTS, we can assume a similar coating in both materials and thus the validity

of the developed protocol for both materials.

To promote the binding between the isocyanate groups and the BSA, the slides were
incubated in a dark and humidified chamber during 18 hours. After the incubation, the chip was
rinsed and dried under a stream of air. Then, the fluorescence was measured in order to
characterize the attachment of the proteins to the surface, as shown in Fig. 2.8a. From Fig. 2.8b we
can determine the optimal concentration of BSA to functionalize the surface, which corresponds to

4 pg/ml.
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Fig. 2.8: a) Fluorescence spots for different concentrations of Cy5-labelled
BSA immobilized on an ICPTS-modified silicon oxide substrate. b)
Immobilization density curve of BSA.

The deposition of BSA protein on the surface will not be completely homogeneous, so it will
not occupy all the binding sites provided by the ICPTS. Therefore, the remaining isocyanate
moieties might be able to react with any other molecule that is not the specific target analyte that
we want to detect, thus leading to non-specific sensing. For that reason, an additional blocking step
must be used to prevent this issue. To this aim, we used two blocking agents during the tests, OVA
at 1% in PBS and ethanolamine 0.1 M, in order to block the remaining active sites of the ICPTS. By
spotting a drop of the blocking agent and incubating it during 30 minutes, the isocyanate moieties
were deactivated, thus preventing from other molecules to non-specifically bind on the surface and

leaving available the active sites of the probes for the ligand-analyte interaction.

2.2.1.4 Immunoassay

The final objective of the assay is to detect an analyte through the recognition with the
receptor attached on the surface, for instance, by means of an immunoassay. An immunoassay is a
biochemical procedure that determines the presence or the concentration of a specific molecule in a
sample by means of recognition. Since the antibodies are generated to the three-dimensional
structure of an antigen, they are remarkably specific to bind only on a certain structure. In the case
of employing a labelled format, as we are doing here to test the feasibility of each step in planar
substrate, the concentration of the target analyte will be directly related with the amount of signal

measured due to the fluorescent label.

Now, in order to carry out the immunoassay using microarray technology, BSA without the
Cy5 fluorescent label was immobilized on the chip’s surface using the optimal conditions
determined in the previous step. Then, the remaining active sites of the silane were blocked as

previously described. Subsequently, Cy5-labelled antiBSA was dispensed over the bio-
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functionalized surface and incubated during 15 minutes. The chip was rinsed with PBS-T and water
to remove the non-bound antibodies. Finally, the sample was dried and the fluorescence of the Cy5
spots was measured in order to characterize the binding efficiency of the antiBSA with the BSA

probes previously attached to the surface obtaining successful results.

2.2.1.5 DNA immobilization

Besides the immobilization of the BSA receptors, we also evaluated the immobilization of
ssDNA probes to be used for the specific detection of DNA, what was the final aim of the FP7-
INTOPSENS project. Probes with the sequence ((T)15-GATTACAGCCGGTGTACGACCCT)
modified with an amino group at the 5 end and labelled with Cy5 at the 3’ end were linked to the
surface of the ICPTS modified planar substrates. Starting with a silicon-based substrate, we
functionalized the surface with ICPTS as previously demonstrated. Then, we immobilized the
oligonucleotide using different incubation times at room temperature in a humid chamber. In order
to avoid the evaporation of the drop on the surface during the incubation procedure, a 5% of
glycerol was added to the PBS 1x buffer where the ssDNA probes were contained. In this study, we
determined that a maximum fluorescence intensity of the Cy5 label, and thus an optimal
immobilization of the ssDNA probes on the surface, was measured after an incubation time of 8

hours.

2.2.1.6 Conclusions for the ICPTS-based functionalization

According to the obtained results, we confirmed the suitability of the developed protocol for
the attachment of capture probes (both based on proteins and on DNA strands) on silicon-based
planar substrates using ICPTS-based chemistry. Therefore, the surface modification of the
photonic structures was carried out according to previously described steps. However, we had to
introduce several slight variations in the functionalization process for the photonic structures after
observing a variation on the performance. These modifications will be commented in the sections

related to the chemical modification in each chapter.

2.2.2 GOPTS-based functionalization

The second approach that we employed for the covalent immobilization of the probes on
the sensor surface was based on GOPTS organosilane, whose structure is shown in Fig. 2.9,
combined with a novel approach where the probe attachment is assisted using incident UV light
[ESC12b]. As previously commented, ICPTS is a silane characterized by its high reactivity toward
nucleophiles, so it easily loses its activity in aqueous media. This fact makes that the optimization of

the functionalization protocol becomes difficult and all the steps must carefully controlled. During
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the development of this PhD work we observed several stability issues when ICPTS was used to
functionalize the sensing structures; therefore, we searched for an alternative organosilane-based
immobilization approach with a more stable behaviour. The choice of GOPTS silane to
functionalize the silicon surface was determined by two main reasons. First, GOPTS is a solid
alternative because its reactive group, to be used for the immobilization of the receptors, consists
on an epoxy group. The versatility of this group permits its conjugation with a wide variety of
biomolecules with different terminations including thiol-, amine- or hydroxyl- ligands. Considering
this issue, we decided to use thiol-ended DNA strands as probes to be attached to the epoxy
termination of the GOPTS. The second advantage of this chemical approach is that the efficiency
of the binding reaction is significantly enhanced by UV light exposure. Therefore, by exposing
certain areas of the chip with UV light (e.g., by using a photomask) we will be able to selectively
boost the binding of the receptors only in the desired regions of the chip, whereas the linkage will
be practically negligible in the non-exposed regions. In addition, epoxy groups at the end of the
GOPTS are compatible with aqueous media, what is very important to keep their bioactivity.
Similarly described in the previous functionalization procedure, before applying the chemical
modification to the integrated optical structures, it was firstly optimized in planar substrates using

microarray format to obtain a proper bioconjugation between the molecules and the surface.
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Fig. 2.9: GOPTS with an epoxy termination, which can be used to couple
amine-,thiol-, or hydroxyl-containing ligands.

2.2.2.1 GOPTS deposition

As previously confirmed for the ICPTS-based chemistry by measuring the WCA, the results
of the silanization procedure using silicon and silicon oxide substrates were similar. For that reason,
in this second approach we only employed silicon oxide wafers in order to develop the
functionalization procedures and avoiding the fluorescence quenching problems occurring for
silicon substrates. We started from bare silicon oxide chips that were cleaned with piranha
treatment to remove any organic contamination that may be pernicious in the following steps. The
chips were then rinsed under water stream and dried. Immediately, they were immersed in a

solution of 2% GOPTS in toluene to achieve the surface activation. After 2 hours of incubation at
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room temperature under argon atmosphere, the chips were cleaned using dichloromethane
(CH:Cly) or 2-propanol to remove the unbound material and obtain a monolayer of GOPTS. The
rinsing step of the GOPTS layer is key to obtain a uniform homogeneous layer. A deficient wash
may cause the formation of agglomerates, which would be ruinous for the sensitivity of the
biosensor, especially in photonic structures where a homogeneous layer is fundamental to obtain a
successful detection. Finally, to get rid of moisture, the silicon oxide slides were baked at 150°

during 1 hout.
2.2.2.2 Surface characterization of GOPTS deposition

The physical and chemical properties were measured after the coating the surface with the
layer of GOPTS. WCA was employed to confirm the deposition of the organosilane on the surface
of the slides. The contact angle between the recently cleaned chip using piranha solution and the
silanized chip was 63.7°, as it is shown in Fig. 2.10, what indicates the adhesion of the functional

layer to the surface.

Fig. 2.10: Measurement of the WCA of the silanized surface by means of
GOPTS immersion.

In addition, a XPS study was performed in order to characterize the change in the
composition of the surface after the silanization step. XPS results exhibited a composition of the
bare silicon oxide surfaces of 28.9% silicon, 54.6% oxygen and 16.5% carbon; as expected, no
nitrogen molecules were detected. Note that previous XPS results shown for the ICTPS-based
functionalization (Table 2.2) were obtained for bare silicon chips while here we are using silicon
oxide chips, thus leading to a different composition of the initial substrate (e.g., the percentage of
oxygen is significantly higher for the silicon oxide substrate). However, as we also commented
previously, obtained results using silicon oxide samples can be translated to silicon chips, since in
the latter case what we are using to perform the functionalization is the native oxide layer formed
on top of the silicon. According to data of Table 2.3, the reduction of the percentage of silicon and
oxygen from 28.9% and 54.6% to 23.8% and 45.5% respectively, and the increment of the carbon

concentration to 31.1% confirm the deposition of the GOPTS layer on the surface of the chip.
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Layer %Si %0 %C %N
S10, Bare substrate 289 54.6 16.5 —
$i0, + GOPTS 238 455 311 -—-

Table 2.3: Chemical composition of the silicon oxide substrate before and
after the silanization. The composition of the substrates varies due to the
GOPTS deposition. The values were obtained using XPS measurements.

2.2.2.3 DNA immobilization

In this case, we are going to attach oligonucleotide probes on the surface by means of a
thioeter linkage in order to carry out hybridization experiments. GOPTS has already been employed
in microarrays to covalently immobilize oligonucleotides to different types of substrates [MAHO09].
However, incubation times required anchoring them to the substrate are very long since the
efficiency of the reaction between thiol and epoxy groups is very low. Several groups have been
pursuing new methods to accelerate this reaction. Within this context, we proposed the use of UV
light to accelerate the covalent attachment reaction between the thiol-modified probes and the
GOPTS-modified silicon-based surfaces. The major advantage of this method is the requirement of
short incubation times as well as the need of neither a coupling reagent nor chemical manipulations
for the immobilization of the DNA strands. In comparison with other non-assisted approaches
such as ICPTS, whose preparation time of a single chip is more than 20 hours, the light induced
modification only takes about 4 hours (or even less according to the power of the illumination).
The procedure to obtain an effective immobilization of the thiol-modified DNA probes listed in
Table 2.4 in microarray format is similar as that presented in the previous section for the ICPTS-

based chemistry.

Name Oligonucleotide Sequence 5’ end 3’end
Probe A (T)15-CCCGATTGACCAGCTAGCATT SH Cy5

Probe B (T)15-CCCGATTGACCAGCTAGCATT SH  none
Target AATGCTAGCTGGTCAATCGGG Cy5 none

Table 2.4: List of probes and targets oligonucleotide sequences employed
for the development of the GOPTS-based immobilization of DNA probes
and hybridization detection.

Starting from the silanization of the substrates with GOPTS, the surface was terminated with
an epoxy group with the proper orientation of the active sites. Then, an array of thiolated DNA
probes marked with Cy5 (Probe A) were spotted on the silanized slides and subsequently
lluminated during 10 minutes using a 365 nm UV light from a photolithography equipment to
induce the immobilization between the thiolated DNA and the epoxy group on the surface. Due to

the high power of the UV equipment illumination, the drops were evaporated over the optical

73



2.2 Receptor immobilization using silanes

structured materials, thus leading to a non-homogeneous coating. Therefore, we had to use a
smaller UV lamp with a lower power than the photolithography equipment, leading to longer
incubation times of around 2 h. Despite the increase in the required incubation/exposure time, this
lapse is even shorter than other regular protocols to attach DNA probes on sensing structures.
Finally, the chip was rinsed with PBS-T and dried under air stream. The schematic representation
of the attachment of the oligonucleotides probes to the surface using GOPTS chemistry is shown
in Fig. 2.11.
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Fig. 2.11: Sketch of the one-step modification of the silicon-based surface
by using GOPTS-based chemistry to attach the receptors (in this case, the
attachment of thiolated DNA probes is depicted). 1) The silane agent is
coupled to the -OH terminations of the substrate surface. 2) Incubation at
room temperature of the probes under UV light exposure.

The fluorescence measurements confirmed the proper attachment between the epoxy-ended
GOPTS silane and the thiolated DNA probes by using the light assisted functionalization
approach. Fig. 2.12 shows the registered fluorescence of the spots for different concentrations of
the DNA probe. From these results, we observed that it reaches the maximum intensity for DNA
probes concentrations larger than 2 uM; therefore, this is the DNA probes concentration that will

be used for the functionalization of the sensing devices from this moment on.
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Fig. 2.12: Fluorescence spots for different concentrations of thiolated
DNA probes labelled with Cy5 immobilized on a GOPTS-modified silicon
oxide surface. The fluorescence intensity increases for higher
concentrations of the immobilized oligonucleotides.

2.2.2.4 Hybridization

With the aim of determining the suitability of this protocol, we carried out hybridization
experiments employing the ssDNA strands complementary to those probes immobilized in the
planar chip surface. To this aim, the samples were silanized as mentioned above, but then the
thiolated DNA probe without the Cy5 label (Probe B in Table 2.4) was incubated under UV light
exposure at a concentration of 2.5 uM. Subsequently, several washing steps using PBS and water
were done in order to remove the excess of oligonucleotides. In order to prevent from non-specific
detection, a 2-mercaptoethanol solution at 0.1 M in carbonate buffer (CB) 1x was employed as
blocking agent. This blocking step also requires of UV light exposure in order to enhance the
reaction between the thiol groups of the mercaptoethanol with the remaining epoxy active sites of
the GOPTS. This reaction allows modifying these remaining active sites into a hydroxyl group, thus
preventing from the reactivity of the sites to other molecules different to the target molecule. Next,
the sample was rinsed with water, dried and the complementary Cy5-labelled oligonucleotide
sequence (Target in Table 2.4) dissolved in saline-sodium citrate (SSC) 1x buffer was incubated
during 1 hour at 37°. Finally, the chip was rinsed with water and the fluorescence of the spots was
visualized, confirming the hybridization of the complementary strand with the capture probes
previously immobilized on the chip using the proposed UV light assisted GOPTS-based

functionalization process.

2.3 Conclusions

In this chapter, we have discussed several concepts related to the chemical surface

modification of a biosensor. In order to provide the selectivity towards certain target of molecules,
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the sensor needs to be coated with a proper layer known as recognition layer. This layer permits a
selective attachment of the bioreceptors on the sensing area. One of the major challenges in the
field of biosensors development is the lack of a unique optimal protocol to immobilize the
receptors to the surfaces; for that reason, many efforts have been carried out to develop
immobilization strategies suitable to obtain an optimal coverage of the sensor surface with the
desired receptors. For a high performance functionalization, we have determined that it is necessary
to take into account the chemical and physical properties of the surface, the orientation of the
receptor, the distance between the surface and the analyte, and the surface coverage with the

receptors.

We classified the linkage of the receptors to the surface in three methods: adsorption-based
immobilization, covalent attachment and bioaffinity-based immobilization where a molecule system
with a high affinity constant is used. Although adsorption is a straightforward method for
anchoring the receptors to the surface, the orientation is generally random and the coverage is non-
homogeneus. The covalent link permits to anchor the receptor through functional groups resulting
in an irreversible binding producing a high surface coverage. The last method offers a gentle
oriented immobilization of the receptors. The suitability of each method will depend on the final
application.

We studied that silanes are suitable compounds that permit the attachment of the probes to
the silicon-based materials. A silane molecule is able to form a stable covalent bond with the sensor
surface and provides a particular functional group for immobilizing the receptors. Therefore, silane-
based chemical methods provide attractive opportunities for the functionalization of silicon-based
surfaces for biological modification. In this work, we developed two complete functionalization
strategies to immobilize the receptors on silicon-based surfaces. Chemical immobilization methods
for silicon material were firstly optimized in planar substrates to allow the immobilization of the
molecules in highly controlled conditions, previously to being applied to the structured photonic
sensors. Ideally, the selected functionalization approaches allows to perform the in one-step thus
leading to a simpler process, shorter times and leaving the receptor as close to the sensing surface

as possible.

The first route to immobilize the molecules to the surface was based on ICPTS, an
organosilane ended with an isocyanate group that is reactive towards amine-based molecules. This
method was verified to be efficient, simple and rapid. The functionalization was corroborated by
means of WCA measurements observing the increment of the hydrophobicity, and XPS
measurements resulting in a change in the chemical composition proving that this strategy was
appropriate for receptor attachment. This functionalization has demonstrated the capability of the
attachment of BSA proteins and the subsequently detection of antiBSA. However, the modification
conditions must be controlled thoroughly because the isocyanate groups hydrolyze in presence of

humidity losing its functionality.
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The second strategy was based in a novel method employing GOPTS and enhancing the
reaction between the epoxy-ended surface with the thiolated receptors by means of UV light,
reducing significantly the preparation time. Similarly to the ICPTS-based method, the GOPTS
functionalization was also verified with WCA and XPS measurements. Besides being a one-step
modification method, the main advantage of this new protocol was the reduction of the incubation
time due to the light-boosted reaction. This strategy was also employed for DNA detection in
microarray platform. The GOPTS silane exhibited to be a more robust functionalization strategy

because its epoxy termination is not hydrolyzed by the presence of moisture.

Therefore, the developed methodologies allowed the chemical anchoring of biomolecules
onto the sensor surface. In addition, they exhibit the requirements of compatibility with biological
functionalities, specificity, simplicity and versatility that are crucial to provide a competitive

functionalization process.
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Biosensing using photonic

crystals

3.1 Introduction

Since first articles published by Yablonovich and John in 1987 [YAB87, JOH87] showing
the potential of the so-called photonic crystals PhC, such structures have attracted a great interest
due to their ability to tailor the material for electromagnetic interactions. The work done since then
has led to the development of many photonic devices based on PhCs that can confine, control and
route the light in a photonic chip. Besides these applications, PhCs are also recognized as a good
solution for the development of chemical and biological sensing structures. Such structures owe the
capability of extraordinarily enhancing the light-matter interaction by means of the slow-light effect,
which implies an enhancement in the interaction in terms of time and intensity. This fact, combined
with the high dependence on their spectral response with the surrounding medium, makes PhCs

very sensitive devices for the detection of molecular interactions.
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3.1 Introduction

In section 3.2, we will introduce the fundamentals of 1D and 2D PhC structures, since they
have been the main configurations used in this PhD work for the development of photonic
biosensing structures. 1D periodic structures will be used in chapter 5 for the development of low-
cost and real-time biosensors whereas 2D PhC will be used in this chapter. We will also describe
the slow-light effect generated in PhC waveguides (PhC-WG). In section 3.3, we will overview the
current state-of-the-art of PhC technology in the field of biosensing applications. Section 3.4 will be
focused on the design of the PhC-WG to be used in our sensing experiments and in a theoretical
propagation study showing the possibility of using Fabry-Perot fringes at the edge of the guided
band (i.e., slow-light region) for sensing purposes. The fabrication of the PhC sensing structures
will also be described in this section. The experimental set-up employed for the sensing
measurements is described in section 3.5, including the optical interrogation system as well as the
fluidic delivery system. Finally, section 3.6 will show the experimental results obtained using PhC-
WG sensing structures within the frame of this PhD Thesis, which are focused on refractive index,

antibody and DNA sensing.

3.2 Fundamentals of photonic crystals

We define PhCs as structures in which the dielectric constant has a periodic variation in
one, two or in all three orthogonal dimensions [BOGO5]. They are named after their periodicity;
therefore, we can find one-dimensional (1D), two dimensional (2D), and three dimensional (3D)
PhCs. Depending on the configuration of the structure (i.e., dielectric constant, distribution), that
periodicity can give rise the formation of a range of frequencies in which optical modes cannot
propagate through the device. This portion of the spectrum is called stop-band or more usually,
PBG. This phenomenon is present in the nature, for instance in the butterflies wings as shown in
Fig. 3.1, making that the colours perceived are not due to the presence of pigments but to the

reflection of determined wavelengths in the visible spectral range.

Fig. 3.1: The periodic structure forming the butterfly wing reflects a
certain range of wavelengths in the visible range, which do not coincide
with its pigment.
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1D PhCs are those structures that present a periodicity in only one dimension. The
simplest 1D PhCs are based on multilayer structures, as schematically depicted in Fig. 3.2a. This
type of structures, where the refractive index is periodic in one direction and homogeneous in the
other two, are well known and widely reported in literature [CAL11, ZHA10, YAN13, BARO9]. It is
also possible to obtain these 1D PhC structures, for instance, by periodically modulating the
refractive index of a planar waveguide by inserting transversal elements along the direction of the
propagation [GNAO6, NUN10, JUG12]. This type of 1D PhC will be presented in chapter 5 and it
will be used for the experimental demonstration of a novel power-based read-out technique for the

development of low-cost and real-time photonic biosensors.

On the other hand, 2D PhCs are those structures in which the periodicity varies in two
directions while there is no periodic variation in the third direction, as shown in Fig. 3.2b. These
structures can be obtained, for instance, by means of drilling holes with a determined periodicity in
a high refractive indexmaterial [SKI07, BUS08, GOP12, LEE(07, SCU11] or by placing cylinders of
high index material in a low index core material (e.g.: pillars of silicon in air) [XU10, HUA12]. Since
this type of structure is the objective of the work to be described in this chapter, it will be

thoroughly analysed in following sections.

Finally, 3-D PhCs are structures in which the refractive indexvaries in all three dimensions
of the space [LIA12] as shown in Fig. 3.2c. These periodical structures can be obtained by different
methods such as self-assembled colloidal crystals of high refractive indexspheres in air [MIY12],
woodpile structures [VAS12] or by nanosphere lithography [VLA12]. Although 3D structures are

potentially applicable to biosensiong purposes they are not objective of these PhD thesis.

b)

Fig. 3.2: Schematic representation of different configurations of PhCs
with different periodicities: a) 1D, b) 2D and c) 3D.

83



3.2 Fundamentals of photonic crystals

3.2.1 Propagation in homogeneous media

Before analysing the propagation of light inside PhCs, first we will study how light
propagates in a homogeneous medium. Let us assume monochromatic electromagnetic waves of
frequency f propagating in a linear, isotropic and homogeneous (LIH) dielectric medium. As well
known, light propagation in such material can be explained using Maxwell’s equations in differential

notation for electric and magnetic fields':

0B

E=—— 3.1

Vx T 3.1)

aD

H=— 3.2
Vx 3 +] 32
V-D=p (3.3)
V.B=0 (3.4)

where E and H are the electrical and magnetic fields, D, and B are the displacement and magnetic
induction fields and g and J are the free charge and current densities respectively. Then, by
considering a relative magnetic permeability . and a relative dielectric constant € for the medium,

the constitutive relations for the electrical and the magnetic fields are given by:

D = €.¢gE = €E (3.5)

B = hrioH = pH 3.6
In free space, or in a LIH medium, the permeability and the permittivity are scalar
functions of the frequency. However, we can assume that there is no dispersion for these terms
within the spectral range that we are considering, leading to ¢-and u,to be constant. If we introduce
the constitutive relations into the Maxwell’s equations and we set the currents to zero (we consider

that there are no sources), we obtain the equations as follows:

92E(r, ©)
2 ey ——~ 3.7
VZE(r,t) — ep TS 3.7
9°B(r,1)
2B(r 1) — ey oY) _ 3.8
VZB(r,t) — ep T 0 3.8)

The solution of these equations are known as plane waves, which travel at the speed »

determined by the dielectric constant ¢ and the magnetic permittivity u of each material:

! Vectorial magnitudes are designated in bold, those magnitudes without bold indicates the module of
the magnitude.
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Cc

1
Vei ey n (3.9)

where ¢ is the speed of light in vacuum and 7’ is the refractive index of the medium. Consider Eq.

3.9, we can rewrite Eqs. 3.7 and 3.8 as:

c\2 0’E(r,t) 210
(O e 800 oo
o Bt »
(E) VB(I’,t)—T—O 3.11)

The solution for the previous Maxwell’s equations for the electric field as a function of
time # and position ris a superposition of different waves given by the general equation of a plane

wave according to:

E(r,t) = Re[E e *Te ] (3.12)

where the amplitude and the phase of the plane wave is given by Ej, which is a complex magnitude,
w is the angular frequency (given by w=27/) and k is the wave vector which indicates the
propagation direction of the electromagnetic wave. The relation between the angular frequency and

the wave vector for a homogeneous material is linearly dependent:

w —
= (3.13)

This relation between £ and w is called dispersion relation and it is dependent on the
medium through which the plane wave is travelling and, therefore, of its refractive index. For a LIH
medium, the dispersion relation is lineal, as it is shown in Fig. 3.3 for three different media (air,
silicon oxide and silicon). The slope of the dispersion curve becomes lower as the refractive index

of the material increases, thus decreasing the wave velocity in the medium.

Dispersion relation

Air
n=1 ]
S|O2
b n=1.45
N
I
Q
=
—
Si
n=3.45
k (1/m)

Fig. 3.3: Dispersion relation for a LIH medium with different refractive
indices. The slope is lower as the refractive index increases.
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3.2 Fundamentals of photonic crystals

If we assume a modulated wave with a certain bandwidth, the modulation and the phase
fronts of the carrier wave do not necessary travel at the same speed. In this case, the phase velocity
will be determined by #=w/4 whereas the group velocity z, of the information transmitted along
the wave is given by the derivative of the relation given in Eq. 3.13. A singular case is obtained in a
LIH material, in which an electromagnetic wave composed of a single wavelength (ie., a
monochromatic plane wave) propagates through the material at a speed ¢/# or w/k, which

corresponds to the slope of the dispersion relation:

dw d
Vg = oo = 27T—f (3.14)
ok ok

Clearly, in LIH media where the dispersion relation is linear, the group and the phase
velocities are equal. However, this effect will change when the material is no longer homogeneous

as occurs in PhC structures.

3.2.2 1D periodic structure

When the medium where the wave propagates is periodic instead of homogeneous, the
situation changes completely. In this section, we tackle the study of the propagation of a wave in
the simplest configuration of PhC: the 1D PhC. As previously mentioned, a 1D PhC is periodic
along one direction, which coincides with the direction of the electromagnetic propagation, whilst it
is homogeneous in the other two directions. This configuration is schematically represented in Fig.
3.4, where the structure is comprised of alternated layers of materials with different dielectric

constants.

1D PhCs consist of a basic cell (depicted with a box in Fig. 3.4) that is periodically
replicated in the space each certain distance #, known as lattice constant or period. Therefore, the
refractive index distribution will also be periodic according to #(r) = (r + aR), where R represents
any integral multiple of the lattice vector and a the primitive lattice vector along the propagation of
the light. In the case of Fig. 3.4, where the medium is periodic along the z axis and homogeneous in

x and y, the refractive index will only vary in the z direction and it will be given by #(3).
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Fig. 3.4: 1D PhC formed by alternate layers of materials with different
refractive indices (n; and nz) and with a constant lattice of a. The structure
extends infinitely along the three axis.

Such periodicity of the medium also leads to a periodic dependence on the electromagnetic
field in the structure. According to the Floquet-Bloch theorem, the solution of the wave equation in
this periodic medium will be given by a plane wave that is modulated by the periodic function of

the refractive index. This solution is commonly known as Bloch’s mode and is given by:

E(zt) = Re[uy(z) - Ege/*#(@)Zeiet] (3.15)

where u(2) is a periodic function with the same period as the dielectric distribution. Therefore, its
optical modes are waves that maintain their form in the periodicity direction and that are only

modified by a phase factor given by:

w,(2) = pr(z)e /"= (3.16)

where £, is the propagation constant and pi(z) is a periodic function of period a. In an ideal

medium the function that modulates the plane wave only alters the plane wave by a phase factor.

As a result, due to the periodicity of the structure, £; is no longer lineatly dependent on w
and an infinite number of solutions with different frequencies will exist for each wave vector, since
the modes are coupled between them by the periodic lattice. These solutions, known as dispersion
relation or band diagram, will be sorted in modes and the frequency of each of them will vary

continuously as a function of 4.

Another consequence of the periodicity of the structure is that two modes with Bloch
wavenumbers £, = &.'= k.t 2z/a are equivalent since they correspond to the same phase factor.
Therefore, for a complete solution of all modes, we only need to consider values of £ in a wave
vector interval of £=27z/a in the direction of the primitive lattice vector. These solutions can be
plotted in the range of -z/a<k,< 7/a. This region of non-redundant values of £; is called the

Brillouin zone. Fig. 3.5 shows several examples of band diagram w(k;), for different configurations
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3.2 Fundamentals of photonic crystals

of multilayer 1D PhCs where we can see that only solutions within the Brillouin zone need to be

obtained.

Several conclusions can be extracted from band diagrams of Fig. 3.5:

e The diagram on the left is obtained for a bulk material, which has been defined considering
alternate layers of the same material (i.e., with the same refractive index). Therefore, this
case corresponds to the case of a homogenous material that was introduced in section 3.2.1
and the band diagram shows a normalized frequency that depends linearly on the wave

vector.

e The diagram on the center represents the case when the refractive indices of the alternating
layers are very similar (n1=3.6 and n,=3.46). In this situation, a small PBG where no guided
modes are allowed appears.

e In the diagram of the right, the difference between the refractive indices of the alternate
materials increases (n1=3.6 and n,=1), leading to the appearance of a wider PBG. For that
reason, it is desirable to use a high refractive index contrast between materials in case we
want to achieve large PBG. In our case, we will work with SOI technology, which provides
a very high index contrast (ns;=3.45 and nsio2= 1.45), making the technology suitable for

the fabrication of PhC structures with large PBGs.

GaAs Bulk GaAs/GaAlAs Multilayer GaAs/Air Multilayer
1 0.30 cr T 1

n=2
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Fig. 3.5: Normalized band diagrams for different configurations of 1D PhC.
(Left) Homogeneous material with n=3.6. (Center) Multilayer of n;=3.6 and
nz=3.46. (Right) Multilayer of n1=3.6 and n;=1. Figure adapted from
[JOA08].

Finally, another intriguing issue that is observed in Fig. 3.5 is that the structure behaves
similarly to a homogeneous medium for lower frequencies independently on the configuration of

materials. This is because the period of the structure is much smaller than the wavelength of the
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propagating light, so that the wave perceives it as a homogeneous-like medium. However, as
frequency increases, the dispersion relation does not behave linearly and tends to flatten, mainly at
the edges of the Brillouin zone. Here we can note one of the main properties of the PhCs. As
above mentioned, the group velocity is determined by the slope of the w(k); therefore, when the
wave vector £ is close to the edge of the Brillouin zone (4; = 7/2), a reduction of the slope will
also mean a reduction of the group velocity, which may reach a value equal to O yielding to the
creation of a guasi-stopped wave in the PhC at a certain wavelength. This effect is known as slow-
light effect and it is a key phenomenon for the development of PhC-based biosensors, since group
velocity reduction is translated into an enhanced interaction between the optical mode and the

target matter, as it will be described in more detail in section 3.2.6.

3.2.3 2D periodic structure

The concepts introduced in the previous section for the case of optical wave propagation
in a 1D PhC can be generalized for periodicity in multiple dimensions. In 1D structures, the
periodic lattice can be expressed just using a single vector of the length of the period of the
structure and oriented towards the periodicity. However, in case the structure is periodic in more
dimensions, we can add additional base vectors to represent those periodicities in the structure
employing a lineal combination. These vectors will be the unity vectors of the lattice of the periodic
structure. Therefore, in 2D and 3D PhC structures, n(z) is a periodic function given by the lattice
vectors aj, azand as Likewise, the function wux(z) that represents the Bloch modes within the

structure, will also be periodic with the same periodicity of the structure itself.

In a 2D PhC we will have dielectric elements with a periodic distribution in two
dimensions (we will consider a periodicity in the x and g axis) and uniform and infinite in the third
dimension (in this case, in the y axis) embedded in a homogeneous host medium. Since the
periodicity is given in a plane, the light will be controlled in those two dimensions, whereas in the

third dimension the electromagnetic wave will not be confined.

An example of a 2D PhC consisting on a periodic distribution of low index columns in a
high index material is schematically depicted in Fig. 3.6. Analogously to the case of 1D periodicity,
Bloch’s theorem states that modes with wave vector 4 and wave vector k+G are identical if Gis a
linear combination of the unity vectors a; and az. This means that we can constrain the analysed
modes to a certain domain known as first Brillouin zone. Fig. 3.6 represents the first Brillouin zone
for a hexagonal periodic distribution, which will also be hexagonal. When the band diagram of a 2D
PhC is obtained, modes along the edges of the so-called reduced Brillouin zone (yellow shaded
triangle in the figure for the case of a hexagonal periodic distribution) are only calculated. Modes
distribution within this path allows to determine the frequency ranges where the modes exist, and

thus to determine the presence of PBG.
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Fig. 3.6: 2D periodic structure with a hexagonal distribution given by the
lattice vectors aj and az. The structure consists of low index columns of
radius r in a high index material.

This structure is invariant along the third axis, so we can consider that the wave only travels
in the plane in order to simplify the analysis. This feature enables to split the problem into two

different polarizations, thus simplifying the problem:

e TE modes (Transversal electric field): The electric field is in the plane of the periodicity
whereas the magnetic field only has a component in the vertical dimension.

e TM modes (Transversal magnetic field): Unlike TE modes, the magnetic field is included
in the plane of the periodicity and the component of the electric field is in the vertical
dimension.

The fact that the problem can be solved by dividing it into two polarizations makes that the
behaviour of the PhC is different for each of them. Fig. 3.7 shows the band diagram for wave
vectors along the edges of the reduced Brillouin zone for the periodic structure shown in Fig. 3.6
when the columns are made of air (# = 1), their radius is #=0.3-a, and the core material is silicon
(#=3.45), and considering the polarization splitting. In the plots, we can observe that the band
diagrams are completely different for each polarization, leading also to the creation of different
PBGs for TE and TM. We can also observe that an ovetlap between both PBG exists; this
frequency region where light is not permitted to travel along the plane of the structure in any

polarization is called complete PBG.
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Fig. 3.7: lllustration of the band diagram for the periodic distribution

shown in Fig. 3.6 when the columns are made of air (n = 1), their radius is

r = 0.3-a, and the core material is silicon (n = 3.45). The band distribution
is different for each polarization. A periodic distribution of low index
elements into a high index background favours the appearance of PBGs
for the polarization.

Obviously, the band diagram will also depend on the dielectric distribution of the PhC. Fig.

3.8 shows the band diagram for two opposite configurations of 2D PhC: 1) a periodic distribution

of low index columns (e.g., air holes) in a high index medium, and 2) a periodic distribution of high

index columns in a low index medium (e.g., air). From the band diagrams depicted in Fig. 3.8, we

can see that a periodic distribution of isolated elements of low index in a high index medium (e.g.,

air holes in dielectric) favours the appearance of PBGs for TE modes. On the other hand, isolated

elements of high index in a low index medium (e.g., pillars in air) favours the appearance of TM

PBGs.

z/a M

n/a

04+

— 039 -..\\\ “-»\w_“ - el < ) Sl

©
ke

02 i ' “"~~~m~~..._:,\\

H '
4 H ; P
01 H : 01 /
i :
H H

Fig. 3.8: Band diagram for two different configurations of 2D PhC
structure. In both graphs, TE modes are represented with solid line and
TM modes with dotted line. The structure of the left, made of low index
elements in a high index medium, exhibits a bandgap for TE polarization,
whereas the structure of the right, made of high index columns in a low
index medium, exhibits a bandgap for TM polarization.
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Therefore, if we want to have a complete PBG covering both polarizations, we will need to
carefully design the structure in order to overlap both PBGs (for TE and TM). This fact may be a
strong limitation in the design of a PhC due to the complexity to obtain such overlap between
PBGs. However, in practice it is not necessary to obtain PhC structures exhibiting a complete PBG
for both polarizations, since it is possible to employ single polarized light and to work only for that
polarization that exhibits a strong PBG. For example, in our work we will use a holes-on-dielectric
periodic distribution for the development of the PhC-based biosensing structures, where a PBG for
the TE polarization will be exhibited; therefore, we will only couple TE-polarized light for the

interrogation of the sensing structure.

3.2.4 Vertical confinement

In the previous section, we have presented how the electromagnetic modes are distributed
within the periodic structure when we assume that they only propagate along the plane of the
periodicity (x-gin our case) while being infinitely invariant in the vertical direction (j). Nevertheless,
in real case, there is not a perfect propagation in the x-g plane and the light may be diffracted and
radiated in the vertical direction. For that reason, as well as because of the impossibility to achieve a
structure that is infinite in one of its dimensions, it is necessary to provide light confinement in the

vertical direction of the PhC.

In order to confine the light in the plane of the PhC, the height of the periodic structure
will be limited to a certain thickness 4, and it will be surrounded by layers of materials with lower
refractive indices. In this manner, if the refractive index contrast between the cladding materials and
the PhC structures is adequate, the mechanism of total internal reflection (TIR) will provide the
necessary confinement in the vertical direction. By combining the PBG mechanism to confine the
light in the plane of periodicity, and the index guiding mechanism to confine the light in the vertical
direction, we can obtain planar photonic structures that will be feasible to fabricate using current

planar fabrication processes.

However, not all the previously calculated modes for an ideal infinite 2D PhC will be
confined inside the planar photonic structure with the same in-plane periodic distribution. The new
upper and lower cladding layers support radiative modes, which may travel along the cladding
instead of being confined in the PhC. The range of modes that will be confined inside the structure
is determined by the light cone of the cladding material, which is given by the band diagram of the

homogeneous medium:
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where ¢ is the speed of light in vacuum, |£| is the modulus of the wave vector in the plane of the
periodicity and 7 is the refractive index of the material comprising the substrate. When the planar
PhC is surrounded by two different dielectric materials, i.e., the lower cladding material is different
to the upper cladding, we will have to consider the light cone for both materials, being the material
of higher refractive index the one that will limit the total confinement in the vertical direction. This
will be our case for sensing application, where we will have a dielectric lower cladding (usually made
of §i0») and a liquid or gas upper cladding corresponding to the target substance. Fig. 3.9 shows
the band structure of a 2D PhC overlapped with the light cone of the two claddings surrounding it
(i.e., air and SiO»). As previously indicated, the cladding of the material with higher refractive index
(8103 in this case) will determine the modes of the PhC structure that will be confined on the plane
and guided without losses. On the other hand, those modes above the light cone will not be

perfectly confined within the planar PhC, thus leading to a radiative propagation with higher losses.
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Fig. 3.9: Band diagram of a planar 2D PhC with claddings of air and SiO:.
The shaded area represents the light cones of the claddings. The material
with the higher index will limit the confinement of the modes.

3.2.5 Photonic crystal waveguide

Modifying locally the PhC structure it is possible to break its periodicity and therefore
localize the light in such region forming waveguides or cavities. While in 1D PhCs the insertion of
defects is reduced only to the creation of cavities by breaking the periodicity on a single point, in
2D PhCs we also have the possibility to create PhC waveguides (PhC-WGs) by introducing a linear
defect on the original periodic configuration. In that case, the structure is no longer translational
symmetric in two dimensions. Since no modes are allowed within the PBG region of the bulk PhC
surrounding these defects, light will be perfectly confined on them: in the plane by the PBG and
vertically by means of TIR.
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3.2 Fundamentals of photonic crystals

The manner to define a waveguide in a 2D PhC is by either by changing the dimensions or
the refractive inex of the constitutive elements of the PhC [JOHOO]. For our sensing objectives, we
will considered a PhC-waveguide consisting on a slab of high refractive index with periodic holes in
which a complete row of holes is removed. Such waveguide is also called W1 PhC-WG. The
appearance of one or more optical modes within the PBG can be designed with a very flat
dispersion curve that leads to a slow propagation velocity. Besides the pure guiding function, the
phenomenon of slow-light can be used for other purposes such sensing, signal modulation or data

storage.

Fig. 3.10 shows the TE-like band diagram for a W1 PhC-WG, which consists of a PhC
formed by a hexagonal periodic distribution of holes in a high index medium where an entire row
of low index columns is removed from the lattice. The shaded grey area represents the light cone,
where the modes will radiate to the substrate, while the brown shaded area represents the
supported modes in the PhC region, where light is not confined in the petiodicity plane because
modes may propagate through the raw PhC structure surrounding the linear defect. We can see that
this W1 PhC-WG exhibits two guided modes that are under the light cone and within the PBG of
the PhC. The lower band represents the fundamental mode within the bandgap. Besides these
PBG-guided modes, those under the PhC modes region are index-guided modes. These low
frequency modes (i.e., long wavelength) do not see the periodic dielectric distribution of the PhC
structure but simply an effective refractive index for it, thus leading to a pure index-guided
confinement on the structure. Since these modes are not confined due to the PBG effect, they will
suffer from higher radiation losses when any variation in the shape of the waveguide is produced
(e.g., when a sharp bend is created). Therefore, we will not consider these type of modes for

sensing applications.
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Fig. 3.10: Band diagram of a W1 PhC-WG corresponding to a hexagonal
PhC slab structure of air holes. The lower cladding is made of SiO; and the
upper cladding is made of air. The structure exhibits two PBG-guided
modes within the bandgap of the structure.
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However, as previously indicated, the W1 waveguide is not the only manner to obtain
waveguides in PhCs. For example, it is possible to tune the separation between holes or even
removing more than one row of holes in order to attract or repel more modes to the PBG. For
instance, in a W3 waveguide, three rows of holes are removed. This variation will attract more
guided modes to the PBG becoming multimodal with a large number of modes. The drawback of
this waveguide is the interaction of the fundamental mode with other high order modes that will
produce distortion and thus deteriorating the sensing signal. There are more complex PhC-WGs

structures that will be reviewed in the state-of-the-art.

3.2.6 Slow-light effect

During the past years, many groups have been working in developing new methods to
significantly reduce the propagation velocity of light. Structures featuring low propagation velocity
can be used for the implementation of many new practical applications including, among others,
the enhancement of nonlinear effects, the creation of ultra-compact delay lines, data storage for
signal processing, or the development of highly sensitive sensing devices [KRA08, POV05, LI12].
Namely, in sensing applications, PhCs that exhibit slow-light phenomenon can provide higher
sensitivities and lower detection limits due to the enhancement of the interaction between the
electromagnetic field and the target analytes/substances. In this section, we will introduce the

mechanism of the slow-light effect and how the light-matter interaction is enhanced.

There are several ways to slow down the propagation velocity of the light, which is given
by its group velocity »,. As previously described, the wave velocity is directly related to the refractive
index of the medium where the light is travelling for the case of a homogeneous medium.
Therefore, by using high refractive index materials, it is possible to reduce the group velocity by a
factor given by the optical properties of the material. However, the refractive index of the materials
available for optical guiding is not very large at optical frequencies, thus significantly limiting the
group velocity reduction that can be obtained in this way. For this reason, it is desirable to obtain
new approaches where light can propagate at much lower speeds. One technique for the reduction
of the propagation velocity of light is the electromagnetically induced transparency (EIT) [TUCO5,
KHUO5]. This technique consists on changing the absorption coefficient of the material leading to
a change of the refractive index. A rapid change in the refractive index causes an extremely low
velocity of the light. However, the main drawback of this method is the requirement of very low
temperatures for its operation. Another option to achieve a reduction in the propagation velocity of
light is the use of structured materials, as it is the case for structures like Bragg waveguides, RRs or

PhCs. These structures have the property of exhibiting an extreme reduction of the group velocity
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for those frequencies located near the edges of the confined/guided bands, without the need of

harsh conditions.

Fig. 3.11a shows an example of band diagram and a schematic illustration of the mode
propagation for a generic W1 PhC-WG, which is the type of photonic structure that will be used in
our case for biosensing purposes. As it is observed in the band diagram of Fig. 3.11a, the symmetry
occurring at the edge of the Brillouin zone provokes a bending of the guided mode. This reduction
in the slope of the dispersion relation of the mode is translated into a reduction in the group
velocity, which reaches a limit value of zero exactly at the edge of the Brillouin zone. As it can be
seen in the schematic illustration in Fig. 3.11b, propagated light is scattered backward and forward
due to the periodicity of the PhC. For a wave vector exactly in the edge of the Brillouin zone (£ =
0.5), the wave reflections match in phase and amplitude and create a standing-like wave with
theoretically zero velocity. As we move away from the edge of the Brillouin zone, the interference
waves become out of phase and the group velocity of the resulting mode will gradually increase
until it reaches a regular propagation velocity. Therefore, the slow-light effect will only occur for a
certain frequency range, what will limit the effective bandwidth for our applications. Furthermore,
it will usually be highly dispersive, since group velocity will vary as a function of frequency.
However, the generation of slow-light is not limited to the Brillouin edge region, but a proper

design of the PhC-WG can exhibit the slow-light effect at a different wave vector.
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Fig. 3.11: (Top) Band diagram of a W1 PhC-WG. Black dashed line
represents the band-guide mode of the waveguide. The shaded orange area
indicated the region where the slow-light appears, which is located around
the edge of the Brillouin zone. Brown solid line represents an index-guided
mode. (Bottom) Schematic depiction of the mode propagation in a PhC-WG

in the slow-light regime. The interference between the different scattered
waves provokes the reduction in the group velocity of the mode. Adapted
from [KRA08].
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The appearance of the slow-light phenomenon has two main direct consequences that are
potentially interesting for biosensing purposes: the increment of the propagation time along the
waveguide and the compression of the optical wave. These two effects are conceptually represented
in Fig. 3.12. According to the first consequence, a reduction in the propagation velocity of the
mode is translated into an increase in the time that light interacts with the target substance/analyte
located near the surface of the sensing structure. The second consequence refers to the increment
of the optical field that occurs due to the compression of the propagating waves when the mode is
slowed down. By combining both effects, the longer interaction time and the increment of the
wave intensity, we can expect a significant increase of the sensor sensitivity because of the

enhanced interaction of the optical field with the target substances/analytes.

g-slow

Fig. 3.12: Conceptual illustration of the slow-light effect in a PhC-WG. The
velocity of the wave is reduced and the amplitude is increased when the
light is coupled in the structure so the light-matter interaction is
enhanced on the PhC area.

3.3 State-of-the-art of PhC-based biosensotrs

In the recent years, the application of PhC structures for optical sensing purposes is a
research field that attracts a significant interest from the scientific community. PhC-based sensors
allows performing a label-free detection based on the interaction of the evanescent field in the
structure to detect changes in the refractive index induced by the target analytes. As described in
the previous section, the high sensitivity of PhC-based sensing structures arises from the high
confinement of the optical field in the defect regions designed for sensing purposes, as well as from

the enhancement in the light-matter interaction provoked by the slow-light effect. In this section,
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we will review some of the most interesting state-of-the-art results in the field of photonic
biosensors based on 2D PhC, with application in several fields such as protein and antibodies

sensing, or gas detection among others.

PhC structures for sensing can be fabricated using diverse configurations of materials,
which might also depend on the aim of the target application. Besides the periodic structure
distribution, the spectral response of the PhC will strongly depend on the refractive index contrast
between its materials. Among the configurations of materials currently employed for the
development of PhC structures showing PBGs wide enough for sensing applications, we can find
aluminium gallium arsenide (AlGaAs, 74ic.1,=3.37) on gallium arsenide (GaAs, 74c.=2.89), indium
gallium arsenide phosphate (InGaAsP, #nyc.ap =3.4) on gallium arsenide, silicon nitride ($7:Ny,
nssng=1.98) on silicon oxide (SiOa, #50=1.45) and silicon (Si, #5s=3.45) on silicon oxide.
Undoubtedly, the last materials combination (silicon on silicon oxide, i.c., silicon-on-insulator) is
the one most widely employed by researchers and developers, and more frequently reported in the
literature. The fabrication of PhC structures based on all these materials combination is carried out
by means of lithographic techniques (e.g., electron beam lithography, UV lithographyn
nanoimprinting lithography) in combination with the etching of the material. The use of polymers
for the development of PhC structures has also attracted some interest during the past years;
however, their low refractive index values difficult obtaining good quality PBGs and optical

performances of the sensing structure.

Looking at specific results reported in the literature based in the use of PhC structures for
the implementation of biosensing applications, one of the firsts was reported by Skivesen et al. In
[SKIO7] they use a W1 PhC-WG of air holes in SOI for the detection of adsorbed BSA with
concentrations down to values around 10 pg/ml. Using a similar PhC-WG, Buswell et al. carried
out a proper chemical functionalization to covalently attach biotin as a probe in order to specifically
detect a thin streptavidin layer of thickness 2.5 nm (see Fig. 3.13a) [BUSO08]. Although these works
did not show extremely low detection limits or an outstanding performance, they showed the

potential of the development of PhC-based biosensing devices.

A different approach to the development PhC-WG-based sensing structures is the use of
slotted PhC-WGs, which were firstly proposed by the group of T. F. Krauss. This type of structure,
where a narrow trench is created in the middle of a PhC-WG as shown in Fig. 3.13b and Fig. 3.13c,
tries to combine the previously commented benefits of PhC-based sensing structures with the
extremely high confinement and intensity of the optical field in slot waveguides [ALMO04]. This
structure exhibited a sensitivity of 800 nm/RIU for bulk refractive index sensing [FAL09] and
concentrations of avidin as low as 15 nM were detected by using a PDMS-based microfluidic
delivery system [SCU11]. Moreover, the small size of this structure (~2.2 um?) allowed to achieve a

minimum detectable mass of 100 ag. Also using PhC-based slotted structures (although different to
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the structures used in the previous works), [WAN10] reports the creation of a slot waveguide
between only two rows of holes created in InGaAsP and with embedded InAs quantum dots, as
shown in Fig. 3.13d. This structure exhibited a resonance around 1550 nm by exciting the quantum
dots using a CW laser at 633 nm. An experimental sensitivity of ~700 nm/RIU was obtained using
sugar dilutions for the experiments. By simply increasing the radius of the central holes of the
structure (see Fig. 3.13d), the slot waveguide becomes narrower and a cavity is created, what allows

an enhancement of the sensitivity up to 900 nm/RIU.

]
s soscoceomemmaeccmong o &
4 \ |

d = 1
H zx’xnxn%fﬁi‘ﬁ% :EH

T RN W g S

Fig. 3.13: Scanning electron microscope (SEM) images from different
PhC configurations. a) PhC-WG from [BUS08], b) and c) slotted PhC-
WG from [FALO9] and [SCU11]. d) Two similar PhC nanobeam from

[WAN10].

Stinner et al. proposed the creation of a cavity by varying the radii of the holes delimiting a
W1 PhC-WG type [SUNOS]. This variation creates two mirrors that will confine the light inside the
cavity. According to the measurements, the structure exhibited a remarkable quality factor (Q) of
40000. Experimental results proved the use of this sensing structure for the detection of different

gases with different refractive indices.

Despite in the previous work a PhC cavity based on modifying a W1 PhC-WG, the most
typical configuration of a 2D PhC cavity sensor is based on the introduction of a punctual defect
into the periodic structure. This defect can be simply designed by either increasing, decreasing or
removing one element of the raw periodic structure. Due to the strong light confinement in the
cavity, a sharp peak or dip will appear in the transmitted spectrum, whose position will be extremely

sensitive to changes of the refractive index within the cavity region.
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Two similar works, [LEEO7a] and [ZLA09], presented a SOI PhC cavity created by
reducing the size of the central hole in the periodic structure, as shown in Fig. 3.14a and Fig. 3.14b,
respectively. In the former work, TE light was coupled to the cavity using a single mode waveguide
in order to detect deposited BSA protein with an estimation of the minimal detectable mass of 2.5
fg (assuming a perfect monolayer in the sensing area of 50 pm?). The latter work employed a similar
cavity, but in this case, the assay is carried out by flowing the target analytes using a PDMS-based
microfluidic delivery system that allows a dynamic observation of the association kinetics of the
molecules. Reported results shown a sensitivity of 170 nm/RIU, and by functionalizing the sensor
with biotinylated-BSA molecules, it was possible to extract the association and dissociation rates of

the antigen-antibody system by employing biotin-antibiotin complex.

In another work by the same authors [LEE07b], they demonstrated a further improvement
of the sensitivity reaching a mass detection limit as low as 1 fg. In this case, the structure was
designed by widening a hole in the center of the PhC as it is illustrated in Fig. 3.14c, reaching a Q
factor of 2000. In order to validate the extremely high sensitivity of the sensing cavity, they carried
out the detection of a single latex sphere of 50 nm of diameter, as shown in Fig. 3.14c. By precisely
placing the sphere inside the cavity, they obtained a resonance shift of 4.2 nm. Despite this result,
the main challenge of this type of sensors is how to precisely deliver the target molecules into the

defect in order to carry out a proper detection.
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Fig. 3.14: SEM images of four PhC cavities. The cavity in a) is
created by varying the the radii of the holes delimiting the
waveguide. In b) and c) the cavity is designed by reducing the
radius of a single hole[LEEO7a, ZLAO9]. c) The cavity is created by
increasing the radius of a hole where a latex microsphere is
placed inside the cavity [LEEO7D].
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A different research was presented by Dorfner et al., who performed a complete study
employing two different cavities [DOROS]: a H1 cavity, where a single hole was removed from the
lattice, and a L3 cavity, where three consecutively holes were removed. Reported results showed
that, although the L3 cavity presented a higher Q factor than the H1 (~2700 vs. <1000), the best
sensitivity for bulk refractive index sensing was obtained for the smaller cavity. This effect can be
attributed to the larger area of the L3 cavity, what leads to a lower confinement than for the H1
cavity. In a later publication, the same group compared the performance of several cavities in order
to perform biosensing measurements with proteins [DOR09]: the above presented H1 and L3
cavities, see Fig. 3.15a, and an additional width modulated cavity (WMC) that was created by
shifting several holes perpendicularly to the waveguide orientation. The best results were achieved
using the WMC with a Q factor of 6000, obtaining a total mass detection limit of 4 fg assuming a

sensitive area of 8.2 pm?.

So far, surface modification procedures and biosensing experiments reported in most
works are fairly simple. However, a big leap regarding the experimental procedures was recently
headed by Chakravarty et al., where they reported a more complex biomolecular detection using cell
lysates [CHA13]. In that work, an array of 4 multiplexed cavities of type L13 (see Fig. 3.152) with a
high Q (~26000) was employed to detect a protein associated with lung cancer, showing a
sensitivity as low as 2 cells/ul for a sensing surface area of 11 um2. The specifity of the sensing
device was also demonstrated by showing no non-specific binding with control antibodies, thus

showing its potential as biosensing platform.

Fig. 3.15: SEM images of a) PhC structure with a L3 coupled caviy in

the middle of two PhC-WGs, and b) a L13 cavity coupled to a W1 PhC-

WG used for the detection of biomarkers associated with lung cancer
[CHA13].

Other recent work presented a micromanipulation technique to release an InGaAsP HO
PhC cavity from a wafer and transfer it to the facet of a single mode fiber for direct measurement
[WAN12]. The PhC-based sensing structure is directly attached to the optical fiber used for the

interrogation, and a strong resonance can be measured in reflection mode. The performance of this
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photonic sensing configuration was demonstrated by carrying out several refractive index detection
experiments by inserting the fiber in different liquids. The robustness and the portability of this
configuration make it very promising for its use in a wide range of applications fields. However, it

has not been tested for biosensing yet.

Bulk PhCs without any defect can also be used for sensing purposes. In [HUA09], the
authors introduced a novel sensing approach where nano-photonics and nano-fluidics were
combined on a single platform. The working principle is depicted in Fig. 3.16. In this approach, the
sensing structure consisted on a PhC membrane of air holes in silicon nitride, across of which the
target liquid sample was directly flowed through the PhC thus increasing the sensitivity. Both
simulated and experimental measurements showed a sensitivity of 510 nm/RIU when the stream
delivery is performed through the nanohole openings of the PhC sensing structure instead of using

the laminar flows.

Fig. 3.16: Illustration of the actively controlled flow scheme presented by
[HUA09]. a) The solution flows through the hole array b) conventional
flowing scheme.

Another less usual approach for the development of PhC structures whose feasibility has
been demonstrated at different publications are those made using ring-shaped elements, as that
shown in Fig. 3.17a. This structure basically consists on a holes-based PhC where each hole is filled
with a pillar made of the same material as that where the holes are made. The insertion of the
columns within the holes permits a higher flexibility for tailoring the modes of the structure in
order to obtain larger bandgaps and small dispersion. Sdyndtjoki et al. presented a theoretical and
experimental study of these structures and demonstrated a proper tunability of the PBG by
engineering the rings [SAY08]. In addition, they compated by simulation the performance of the
ring-shaped photonic structures against normal holes-based PhCs, obtaining an enhancement factor
of 2x. In the same context, a ring-shaped PhC-WG in SOI was used by Pu et al. to experimentally
demonstrate the potential of this type of structure for biosensing purposes, obtaining a refractive
index sensitivity of 110 nm/RIU [PU10] by measuring the transmission spectrtum of the device

using different refractive index solutions.
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Finally, it is worth noting that not all the configurations of PhCs used for biosensing
purposes are based on a holes-on-dielectric configuration (as for all the results previously
described). Xu et al. proposed and experimentally demonstrated a PhC sensor based on nanopillars
of silicon surrounded by air in a silicon oxide substrate [XU10], which is shown in Fig. 3.17c. The
major benefit of this configuration, which exhibits a PBG for TM polarization, is the high overlap
between the PhC modes and the target sample, which can be directly flowed between the pillars,
thus leading to a significant enhancement of the sensitivity. The authors created a cavity within the
PhC by changing the lattice constant in the central region, obtaining a Q factor of 27000. Using this
cavity for refractive index sensing, they obtained a sensitivity of 350 nm/RIU. The main drawbacks
of this approach are the higher propagation losses, the difficulty to effectively couple the light to
the pillars-based structure, and the fragility of the pillars, which makes challenging the integration of

a microfluidic system to deliver the samples.
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Fig. 3.17: SEM images of a) a ring-shaped PhC-WG [PU10], and b)a
cavity created within PhC structure made of silicon pillars in air over
a silicon oxide substrate [XU10].

Summarizing, in this section we have reviewed the state-of-the-art and the current trends in

the field of PhC structures for label-free biochemical sensing.

Some of the advantages shown for the presented PhC-based sensing structure are related
to the high confinement of the optical field within the defects included in the PhC structures (either

linear or punctual), what is translated into high sensitivities and much reduced dimensions. We have
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seen how this combination of an extremely small footprint with a high light-matter interaction
provides incredibly low total mass detection limit values. Furthermore, the reduced dimensions of
these PhC-based sensing structures makes them suitable for the development of multiplexed
sensing chips, providing a high throughput of information with the possibility of carrying several
assays simultaneously. Table 3.1 shows a summary of the works presented. Despite several works
presented should be considered just as proof-of-concept results due to the simplicity of the
experimental measurements or simply because they only report simulation results, the majority of
the proposals that have been discussed have demonstrated the extraordinary potential of PhC-
based sensing structures for the future development of novel LOC devices. However, there is still
further considerable work to be done in order to deploy high-performance commercial devices

based on these structures.
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3.4 Development of PhC-based sensing structures

The work to be described in the following sections was mainly enclosed in the frame of the
European project FP7-ICT-INTOPSENS, which aimed at developing a silicon-based photonic
sensor system in order to be used as POC for the diagnosis of sepsis. Briefly, sepsis is a systemic
inflammatory response to infection, often associated with organ dysfunction that can lead to severe
consequences. In order to detect the presence and identify pathogenic bacteria, a complete analysis
platform was proposed. This multidisciplinary project was divided into several work packages
related to each part of the system including the bioassay development, the photonic sensing
structure, electronics, fluidic integration, biochemistry and packaging. We contributed mainly in the
work package related to the development of the photonic structures for biological sensing. In
summary, such task consisted on developing the photonic transducers for the sensing platform,
targeting a high sensitivity, stability and multiplexing capability. Two types of photonic structures
were proposed within the project: PhC-based sensors and sensors based on RRs. In this chapter,
we will present the work related with the PhC sensors, whereas the work related with RR-based
sensors will be described in chapter 4. The development of the PhC-based structures was carried
out in collaboration with the department of engineering and photonics from Aahrus University. Dr.
Martin Kristensen and Dr. Asger C. Kriiger provided a good guidance and recommendations for

the modelling of such structures during the course of this PhD work.

3.4.1 Photonic crystal configurationand design

Designing a PhC-based biosensor is not a straightforward task. In principle, we will need to
look for a configuration with a maximum interaction between the light and the target molecules,
leading to a maximum spectral sensitivity. According to this, several parameters have to be selected
in order to obtain the desired response. For that purpose, computer simulations must be carried out
to obtain such dimensions. However, prior the modelization of the structure, some configuration
issues need to be taken into account such as materials, structure type, or thicknesses. In overall, the

main factors that need to be considered to design a PhC-based sensing structure ate:

e Materials: as previously commented, a wide range of materials can be employed for the
fabrication of PhCs, such as GaAs, AlGaAs, SOI, SisN4 or polymers. The higher the index
contrast between materials is, the larger the PBG region for controlling the light will be.
Therefore, there are several reasons to argue that SOI platform is probably the most
convenient material platform for sensor fabrication such as its high refractive index contrast,
the existence of many approaches to chemically modify the surface to attach the receptors
(as introduced in chapter 2), and the possibility to use CMOS-compatible processes for the

fabrication.
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Structure: as it has been described throughout the previous sections, 2D PhCs ate basically
based on two approaches: an array of holes created in a high index medium, or an array of
isolated high index pillars in a low index medium (usually air). This is an important
consideration after choosing the material, since it will determine the working polarization
and the properties of the PBG. Whereas using an approach of high index pillars provides a
higher interaction between the field and the target analytes due to the lower confinement of
the wave, this will also be translated into a weaker guiding with higher losses what will
penalize the performance of the sensor. Furthermore, the fabrication process of a pillar-
based configuration can be more complex due to the reduced size and the high aspect ratio
of the features. On the other hand, a holes-on-dielectric configuration permits a much easier
guiding of the light and a more reliable, faster and convenient fabrication of the structures.
Thickness: the thickness of the core layer where the PhC structure is going to be created
must also be taken into account. The thinner the core layer is, the higher amount of
evanescent field will interact with the target molecules, thus leading to a higher sensitivity.
However, this higher amount of evanescent field will also provoke a significant increase of
radiation losses and will difficult the guiding of the wave. Additionally, it is desirable to use
slab thicknesses such that only the fundamental mode is allowed in the vertical direction.
Normally, for the case of silicon-based PhC structures, the thickness of the silicon layer in
commercial SOI wafers ranges from 200 nm to 300 nm.

Wavelength range: usually, the working wavelength range of available equipment (e.g., laser
source) will mainly determine the range of operation. For the case of near infrared
biosensors, this decision is usually limited to either 1310 nm or 1550 nm because of the
extensive use of telecommunication equipment for the characterization of the biosensing
structures. Although water absorption is lower at the second window (i.e., around 1310 nm),
this effect is not a critical issue for biosensors that are working in the third window (i.e.,
around 1550 nm).

Defects: as described in section 3.3 in the review of the state-of-the-art in the field of PhC-
based biosensors, there exists different kind of defects that we can introduce in order to
localize the light to perform the sensing (e.g.: cavities, PhC-WG, slotted-PhC). In our case,
we have decided to develop W1 PhC-WG by removing only one row of elements in a holes-
on-silicon PhC.

Interface: the impedance mismatching between the PhC structure and the access optical
waveguides can produce multiple reflections at the interfaces that deteriorate the signal.
Therefore, the coupling between the access waveguides and the PhC structure must be
designed in a precise manner in order to have an efficient signal coupling and to reduce these
non-desirable reflections. For an efficient mode excitation at the slow-light regime, a

coupling taper can be introduced for enhancing the coupling and reduce the reflections.
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Considering these issues , we decided to use 2D W1 PhC-WG on SOI material technology
for the development of the PhC-based sensing structures to be used on this part of the PhD work.
We decided to work in SOI technology due to the high refractive index contrast that provides, as
previously commented. The thicknesses of the silicon core layer and the silicon oxide lower
cladding were 250 nm and 3 pm respectively?, which ensure a proper confinement of the light in
the vertical direction when a liquid upper cladding (#=1.33) is used for the sensing experiments.
Concerning the type of PhC structure, we decided to create a holes-on-dielectric structure with
hexagonal periodic distribution due to several factors which include the easiness of fabricating this
type of structures (compared to a pillars-on-air configuration), the easiness of coupling light from
access single mode waveguides, and the possibility to obtain wide PBGs for the TE polarization.
Then a W1 waveguide was defined within the PhC structure by removing an entire row of holes in
the I'-K direction, as schematically depicted in Fig. 3.18. Regarding the working wavelength, we
selected the range around 1550 nm due to the availability of proper equipment for the
characterization of the photonic structures (mainly used for the development of photonic devices
for communications applications), thus avoiding from buying new equipment. Regarding other
parameters such as the holes radius, the lattice constant, or the interface between the PhC-WG and

the access waveguides, they were determined by computer simulations.

Fig. 3.18: Schematic depiction of the selected PhC-WG configuration to be
used for the development of our biosensing structures.

In order to decide the dimensions to be used for the creation of the PhC structure, it is
necessary to use modelling software that can solve the propagation of the light across it. Nowadays,

there are some powerful commercial and freeware tools to solve that problem. Among the different

2 It is also noteworthy that these were the type of SOI wafers available at the moment of doing this
work.
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available alternatives, we can find several methods that allows us to solve the Maxwell’s equations
and to calculate the electromagnetic fields in these structures, such as the finite-difference time-
domain (FDTD), the plane wave expansion (PWE) or the eigenmode expansion (EME) methods.
In our case, we have extensively used these three methods (FDTD, PWE and EME) to simulate the
structure in the design phase in order to determine the optimal parameters of the PhC as well as to

characterize the behaviour of the structure during the sensing.

FDTD method employs a discretization of the Maxwell’s equations on a spatial user-
defined grid in order to obtain the solution of the electromagnetic field in the structure. The
schematic defining the dielectric structure is divided using a grid where the electromagnetic field is
iteratively calculated in a certain time step. The benefit of this method is that it is possible to solve
the electromagnetic field for structures with arbitrary shapes, making it suitable for novel structures
that includes any kind of defect. In addition, it is possible to obtain the value of the electromagnetic
field in each position of the structure. However, due to the elevated number of calculations and the
huge amount of required memory to carry them out, this method needs powerful equipment to run

the simulations.

On the other hand, the PWE method is used to determine the band diagram of a periodic
structure. Therefore, it is ideal for the study and the design of PhC structures. It uses an infinite
periodic arrangement of the user-defined unit cell in order to find the solutions of the Maxwell’s
equations as a sum of different monochromatic wavelengths by a Floquet-mode analysis.
Therefore, the PWE tool solves the Maxwell’s equations in the spectral domain obtaining the
solution of the eigenmode problem. The solutions will allow us to determine the band structure of
the PhC and to determine the presence of PBGs or of guided/confined modes for PhC structures
with defects. With this method, the number of calculations is significantly reduced producing an

accurate solution.

The combination of both methods will allow us to determine a proper solution for the
geometrical parameters of the PhC. With the PWE method, we can simply calculate the band
diagram of the PhC structure depending on its parameters in order to obtain a bandgap and guided
modes located in the desited wavelength position and with the properties required (e.g.,
bandwidth). On the other hand, the FDTD method will allow us to see the temporal behaviour of
the light when it propagates along the structure, thus allowing to determine minor changes to be
applied to the determined configuration. Moreover, we can compare the output spectrum obtained

using both calculation methods in order to confirm the expected behaviour of the structure.

We started the design process by carrying PWE simulations out in order to determine the
approximated dimensions of the PhC-WG. We used the unity cell shown in the Fig. 3.19 for the

simulation of an infinite PhC which exhibits a wide PBG for TE polarization and with a guided
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mode with its edge located around 1550 nm, which will be used for sensing. Specifically, we looked
for a TE-polarized guided mode with even in-plane symmetry in order to excite it more easily and
efficiently by means of the access single mode waveguides (which have these symmetries).
According to this conditions, we calculated a PhC-WG with a lattice constant of 390 nm and with a
hole radius of 110 nm, which showed the band diagram depicted in Fig. 3.19. The y-axis of the plot
is de-normalized and transformed into wavelength units for clarity reasons. The two thick black
lines represent the light cone of an air upper cladding (left line) and of the silicon oxide lower
cladding (right line). Modes located on the left side of the air light cone will radiate both to the
upper and the lower cladding, while modes located between both light cones will only radiate to the
silicon oxide lower cladding. Consequently, all these modes will have higher losses and will not be
confined within the structure after a certain travel distance; therefore, they will not be considered

guided modes valid for sensing purposes.
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Fig. 3.19: On top the cell unit for the band calculations of a infinite PhC.
Bottom, band diagram for the TE polarization for the W1 PhC-WG based
on holes in silicon with a hexagonal distribution. The radius of the holes is
110 nm, the lattice constant 390 nm and the thickness 250 nm. The guided
band edge is located around 1550 nm.
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Once the parameters of the PhC-WG were obtained, new simulations were carried out
using FDTD in order to confirm the results obtained with the PWE method. The simulations were
carried out using Rsoft’s FullWAVE software, a commercial modelling tool that includes a FDTD
solver for photonic structures. The simulations were carried out using a 3D modelling with the
initial parameters extracted from PWE simulations. As depicted in Fig. 3.20, a Gaussian pulse was
launched from an input waveguide of width 500 nm and a power monitor was placed at the end of
the output waveguide to collect the light from the structure. As it can be appreciated, the coupled
signal does not excite any mode in the PhC-WG when its wavelength is within the PBG region (see

Fig. 3.20a), but it does when the input wavelength matches a guided mode (see Fig. 3.20b).
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Fig. 3.20: FDTD simulation of the PhC-WG when it is excited with an input
wavelength a) within the PBG (A=1580 nm) and b) matching a guided
mode (A=1540 nm).

By Fast Fourier Transform analysis, the FDTD software can calculate the spectral response
of the structure. Fig. 3.21 shows the variation in the transmission spectrum of the PhC-WG when
some of its structural parameters are varied. For example, Fig. 3.21a shows how a reduction in the
thickness provokes a shift of the guided band and of the PBG towards lower wavelengths (i.e.,
shifted towards higher frequencies) due to the reduction in the effective refractive index of the
structure. Fig. 3.21b shows the influence of a variation of the hole radius for a fixed value of the
lattice constant. Following the same reasoning as for the case of the thickness, a decrement of the
hole radius is translated into a shift of the spectral response towards higher wavelengths (i.e., to
lower frequencies) due to the increment in the effective refractive index of the structure At this
point, it is noteworthy to point out the appearance of several ripple peaks located at the edge of the
guided mode. The origin of these peaks as well as our proposal of using them for sensing purposes

will be described in the next section.
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Fig. 3.21: Transmission spectra obtained by means of FDTD
simulations for the PhC-WG when varying a) the height of the
silicon slab and b) the holes radius.

3.4.2 Fabry-Perot fringes for sensing applications

As previously observed in Fig. 3.21, the transmitted spectrum of the PhC-WG exhibits
several fringes in the edge of the guided band. This effect is due to the mismatch produced in the
interface of the waveguide accesses and the PhC structure, what causes infinite optical reflection
pulses travelling along the PhC backward and forward making that the finite structure has the same
behavior as a Fabry-Perot (FP) cavity [GAROG]. As we get closer to the edge of the guided band, we
can observe two consequences. The first one is the increment of the ripple amplitude due to the
wortst coupling efficiency between the structures, and the second one is the variation of the
frequency of the Fabry-Perot ripple. Since the group velocity is lower as we get close to the band
edge, the effective optical length of the cavity will increase, leading to a proportional increase in the

ripple frequency.

Fig. 3.22 schematically depicts a W1 PhC-WG of length L with the corresponding access
waveguides. In an ideal behaviour, both access waveguides are semi-infinite in the direction out of
the PhC structure; hence, we are not going to consider reflections towards the PhC-WG. As
previously indicated, the coupling between the access and the PhC-WG will not be perfect due to
the mismatching between modes. Therefore, a transmitted and a reflected signal will be generated at

each interface. These contributions can be modelled using transmission and reflection coefficients

in each interface.
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Fig. 3.22: Schematic representation of the transmission and
reflection coefficients in a W1 PhC-WG based on holes in silicon
with two access waveguides.

Fig. 3.23 schematically depicts the different contributions generated at the output of the
PhC-WG due to the reflections generated at the interfaces. Each output contribution will be given
by the equation:

En = Eotiptys(rasryy) e/ 1R (3.18)

where Eo is the amplitude of the input signal, #, and 7., are the transmission and reflection
coefficients of the interface between the medium » and #, § is the propagation constant of the
guided mode in the PhC and L is the length of the PhC-WG. Taking into account all the
contributions generated at the output of the cavity, the total response of the finite-length PhC-WG

will be given by:

_ S _ tatp3e VP
E, = Z Bn= o1 (3.19)
n=1
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Fig. 3.23: Schematic representation of the analytic model employed to
obtain the response of a finite-length PhC-WG. Medium 1 represents the
input access waveguide, medium 2 represents the PhC structure, and
medium 3 represents the output access waveguide.

In order to determine the signal at the output of our finite-length PhC-WG, we calculated
the propagation constant and the transmission and reflection coefficients (the three parameters are
dependent on the frequency of the signal). These parameters were calculated using the freely
available CAMFR (Cavity Modelling FRamework) software [CAM13], which has been developed by
researchers of the Gent University. This software is based on the eigenmode expansion (EME)
method to solve the bands of the PhC. Then, using the semi-analytical method proposed in
[SANO5], we obtained the transmission and reflection coefficients at the interfaces as well as the
propagation constant of the PhC-guided mode from the band diagram. Note that only the
reflection coefficient for the incidence from the PhC-WG to the access waveguide (72,725) is needed
for the calculations and that the transmission coefficient is the same for the incidence from the

PhC-WG to the access waveguide and vice versa due to reciprocity propetties (4 = Zuw).

In Fig. 3.24, the three parameters calculated using CAMFR as a function of the wavelength
are plotted. These parameters correspond to the hexagonal distribution of air holes in silicon with a
radius of 110 nm and a period of 390 nm. It is worth noting that, since the CAMFR software does
not allow 3D calculations, we have made a generic 2D modelling (i.e., infinite height of the
structure) using an effective refractive index of 2.8 for the silicon slab and 1.33 for the cladding
surrounding the structure; these are not the exact refractive index values for our real 3D structure
but they are close enough to allow us to realistically predict the appearance of FP fringes in the
transmission spectrum As expected, the transmission coefficient tends to 0 as we get closer to the

edge of the guided band, while the behaviour of the reflection coefficient is the opposite, increasing
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as we get closer to the band edge. This will be translated into a decrease of the power coupled to
the PhC-WG and an increase in the amplitude of the Fabry-Perot fringes of the cavity. Regarding
the propagation constant of the guided mode of the PhC-WG, it is observed that thevalue is rising
in relation to the wavelength as we approach to 1550 nm, what indicates that the group velocity is
decreasing. The wavelength region around 1550 nm is where the slow-light effect takes place,

resulting the compression of the optical field.
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Fig. 3.24: Theoretical coefficients for transmission (dashed blue
line), reflection (blue solid line) and propagation constant (green
solid line) of the PhC-WG calculated using CAMFR.

By combining the calculated parameters with the expression from Eq. (3.19) that described
the total response of the finite-length PhC-WG, we have obtain the output spectrum depicted with
solid blue line in Fig. 3.25 for a 20 um-long PhC-WG, where the FP fringes can be cleatly seen. We
can also see how FP resonances fringes become stronger and narrower as we approach the edge of
the guided band because of the increase of the reflection coefficient and the decrease of the group

velocity.
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Fig. 3.25: Transmission spectrum of a 20 um-long PhC-WG when the
created FP cavity is considered (blue solid line) and when no cavity is
considered (red solid line). In the inset, a close up view of the FP fringes is
depicted, showing how they become stronger and narrower near the band
edge.
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For the case of sensing purposes, the optical wave propagated through the PhC-WG will
interact with the target molecules localized on the surface of the structure through the evanescent
wave. Due to the high dispersion of this propagated mode, the slow-light regime becomes stronger
as we get closer to the band edge. Therefore, the use of the Fabry-Perot resonances for sensing will
ensure that we are working in the slow-light spectral region, as well as allowing a more accurate

determination of the spectral features to be tracked during the sensing process.

The structure was then simulated using 3D FDTD calculations in order to corroborate the
appearance of the FP fringes in the edge of the guided mode of the PhC-WG and to analyse their
potential use for biosensing purposes. The performance of the planar PhC-WG as a biosensor was
evaluated using two different upper claddings (n1=1.3173 and n>=1.32; as it will be described in
section 3.0.1, these are the refractive indices for DIW and an ethanol-DIW dilution at 4%) in order
to obtain the variation of the spectrum of the structure. Fig. 3.26 shows the simulation results for
each of these two upper claddings. It is worth noting that, during the 3D FDTD simulations, it was
necessary to make a compromise between the spatial and spectral resolution, and the duration of
the simulation. This limitation in the total time used for the simulations provoked a smoothing of

Fabry-Perot resonances, as observed in Fig. 3.26.
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Fig. 3.26: 3D FDTD simulations of the transmission spectrum for a 20um-
long PhC-WG using two different upper claddings (n1=1.3173 (red line)
and nz=1.32 (blue line)). The Fabry-Perot fringes are labelled from 1 to 6.

By measuring the shift of each Fabry-Perot fringe, we obtained the sensitivity for each of
them. Calculated values are shown in Table 3.2. As predicted, the progressive reduction of the
group velocity as we get closer to the band edge provoke an enhancement of the light-matter
interaction, leading to an increase in the sensitivity. We can observe a sensitivity increment of 40%

between the resonance closest to the band edge (#6, 78.70 nm/RIU) compared to the first one
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(#1, 57.15 nm/RIU), thus demonstrating how the sensitivity can be improved by tracking those

fringes closer to the band edge.

Wavelength shift (nm) 0.1543 0.1865 0.192  0.2002 0.2039 0.2125
Sensitivity (nm/RIU) 57.15  69.07 71.11 7415 7552  78.70

Table 3.2: Wavelength shift and sensitivity for each FP fringe near the
guided band edge calculated by means of 3D FDTD simulations.

3.4.3 Fabrication of the photonic crystals

In the previous section, we obtained the parameters of the PhC-WG structure to be used
for sensing purposes. We also theoretically studied its operation and performance by means of
simulation. The next step is the fabrication of the structures in SOI platform. All the processes
required for the fabrication of the PhC structures were entirely carried out in-house in the facilities
of the Nanophotonics Technology Center of the Universitat Politecnica de Valencia, which has
state-of-the-art fabrication facilities for the production integrated photonic devices. The fabrication
procedure of the PhC structures, which is schematically depicted in Fig. 3.27, is summarized as

follows:

1. Starting from a SOI wafer with the layer thicknesses required, the first step consists on the
deposition of a thin resist layer on top of it. There are two types of resist: positive and
negative. When the areas of a positive resist are exposed, these regions will be removed in
the developing process. However, by using a negative resist, the areas to be removed must
not be exposed. For the fabrication of holes-based PhC structures, positive resists are
preferred due to the higher accuracy in the definition of the holes and the shorter times
required to carry out the exposure (in the case of e-beam lithography). In our case, a layer
of 100 nm of PMMA (positive resist) was deposited on top of the SOI wafer using a spin
coater (EGV 101). The resits layer was baked after the deposition process.

2. 'The layout of the photonic structures was written in the positive resist using the e-beam
lithography (EBL) toll Raith 150. EBL uses high-energy electrons to define the structure,
allowing very high resolutions of up to 2 nm. This fabrication technique is very flexible,
since it does not need to use lithographic masks. Therefore, it is very useful for research
and for prototyping purposes, where novel designs need to be processed for rapid testing.
The main drawback of this method is that the structures need to be written serially, what

makes it a slow process. Therefore, depending on the area covered by the layout, the time
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required will significantly vary (it may last even more than 1 day depending on the size of

the structure).

3. After the resist exposure using EBL, the chip was developed in order to remove the resist

from the exposed regions to create the mask on top of the silicon layer of the wafer.

4. 'The structures created on the PMMA resist are subsequently transferred to the silicon layer
using a dry etching technique with a STS AOE-multiplex equipment. Reactive-Ion Etching
Inductive Coupled Plasma (RIE-ICP) is employed to transfer the pattern from the mask to
the silicon layer. This is a decisive step where it is necessary to obtain a high selectivity of
the material in order to reduce the roughness of the structures, what may produce

undesirable losses and a bad performance of the structure.

5. Finally, the resist layer used to transfer the design to the silicon material is removed by
chemical treatment or plasma. Then the samples are rinsed using different solvents to

remove any residue from the surface and the fabrication process is finished.

SOI1
Wafer

Fig. 3.27: Fabrication process of the photonic structures on a SOI
wafer using electron beam process. 1) Resist deposition, 2) e-beam
lithography, 3) resist development, 4) pattern transfer by dry
etching, and 5) resist removal.
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Several fabrication runs were carried out to determine the optimal procedures for the
different fabrication steps, analysing some parameters such as the thickness of the resist, the
exposure dose, the etching time, or the appearance of proximity effects between the holes. Fig. 3.28
shows two SEM images of PhC-WG fabricated at different runs at the beginning of the
optimization stage. There we can see the imperfections of the holes (e.g., non-perfect circular
shape, different shape between the holes comprising the PhC), which were mainly due to proximity
effects. Fig. 3.29 shows a study of the relation between the fabricated holes radii compared to the
theoretical dimension, where we can see a slight deviation between the real and the theoretical

values.

Fig. 3.28: SEM images of different PhC structures obtained at some of the
firsts fabrication runs. The theoretical period and diameter were 390 nm
and 220 nm respectively.

fabricated hole radius (nm)

100 150 200 250

theoretical hole radius (nm)

Fig. 3.29: Study of the relation between the theoretical holes radii and the
real values. Blue solid line represents the measured radius of the hole,
while the ideal relation is depicted with red dotted line.

All these defects and deviations of the fabrication process were gradually corrected during

the optimization process. As a result, we were able to obtain a perfectly defined PhC-WG structure,
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as shown in Fig. 3.30, where light is coupled in/out by 450 nm-wide single mode access

waveguides.
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Fig. 3.30: SEM image of a PhC-WG fabricated at the NTC facilities. The
structure has a period of 390 nm and a hole diameter of 221 nm.

3.5 Experimental set-up

In chapter 1, we introduced the principal parts of a generic affinity biosensor, which
consisted on the transducer, the recognition layer, the fluidic delivery system and the optical read-
out. At the beginning of this chapter, we explained the working principle of the PhC-based
transducer and, in chapter 2, the recognition layer was described. In this section, we will describe
the parts comprising the experimental set-up, which consist on the optical read-out and the fluidic
delivery systems. First, we will introduce how we performed the optical interrogation of the chips
and then we will show the metallic fluidic system employed to deliver the samples on the sensing

area.

3.5.1 Optical interrogation

To optically characterise the PhC sensing devices, we used the characterization laboratories
at NTC, where all the required equipment was available. Briefly, the photonic structures were
optically interrogated by acquiring their spectrum using a tunable laser source and a power meter,

while the target liquids were flowed over the chip by means of an in-house fabricated flowcell.

For their interrogation, the photonic chips were mounted on a 2-axis holder and fixed by
using vacuum. In order to obtain the spectral response of the photonic structure, a tunable laser

source was used. Depending on the availability in our laboratories, we used both a Santec TSL 210F
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(with a resolution of 10 pm and a range from 1260 nm to 1630 nm) and a Photonetics 3642CR-00
(with a resolution of 1 pm and a wavelength range from 1500 nm to 1600 nm) as light source. A
polarization controller was then used to set the desired polarization of the light before coupling it
to the photonic integrated device. Note that our PhC structures were designed to work in TE

polarization, so this will be the polarization to be set by means of the controller.

Coupling the light from the external fiber to the optical structures is a crucial step. Due to
the mismatching between the sizes of the standard single mode optical fiber (9 um) and the
photonic access waveguide (450 nm x 220 nm), extremely high losses are produced when trying to
perform a direct coupling between them [ALMO3]. Therefore, it will be practically impossible to
couple light between the fiber and the photonic structures in a direct manner. To solve this issue, a
lensed fiber was employed to focus the optical field at the edge of 3um-wide photonic waveguide,
as schematically represented in Fig. 3.31. This wider multimode photonic waveguide was then
lineatly tapered until achieving the 450nm-wide single mode waveguide used for accessing the PhC-

WG.

Tapers Collimator

Lensed fiber

\

Sensing structure

Fig. 3.31: Schematic illustration of the horizontal coupling measurement.
Light from the lensed fiber is focused on the facet of the photonic
waveguide to address the light to the sensing structure. The light is
collected at the output by an optical collimator.

Although the alignment tolerance of the horizontal coupling scheme is very low, it is very
suitable for measuring prototypes in the laboratory because of the possibility to couple both TE
and TM polarization and to the fact that there is no bandwidth limitation. To align the lensed fiber
with the edge of the photonic waveguide on the chip, a 3-axis translation stage from Thorlabs
(Nanomax TS Max 312/M) was used. The translation stage was connected to a piezoelectric
controller, which allowed obtaining an accuracy of 20 nm that results acceptable for the

characterization of photonic structures using a horizontal coupling scheme. A picture of the
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experimental set-up based on horizontal coupling is shown in Fig. 3.32a. Additionally, an optical

microscope was employed to observe the chip from the top during the alignhment process.

Infrared

camera

Lensed Collimator

fiber

Holder

Fig. 3.32: a) Close up view of the set-up based on horizontal coupling used
for the interrogation of the photonic sensing structures. b) Output section
of the characterization set-up, where the light is passes through a
polarizer, it is divided by a splitter and then sent to an infrared camera
and to a power meter.

The output light from the chip was then collected by using a 20x Olympus collimator
(numerical aperture of 0.4), and filtered using a free-space polarizer configured for TE polarization.
As it is shown in Fig. 3.32b, after passing through the free-space polarizer, the optical beam was
splitted in two paths: one path was sent to an IR camera (Indigo Alpha with an InGaAs sensor) in
order to observe the output signal of the chip during the alighment process, and the other path was

sent to a power meter (Ando AQ2140) in order to measure the output optical intensity.

A LabVIEW-based program was developed for the synchronization of the wavelength
sweep catried out using the input tunable laser source and the measurements done by the output
power meter, in order to obtain the transmission spectrum of the photonic sensing structure. The
program also allowed a continuous spectral acquisition in order to study the evolution during the
sensing process. Additionally, the program was adapted in order to adjust the sweep resolution
depending on the presence of a spectral feature of interest. Spectral scans are very time consuming,
requiring longer times when higher spectral resolutions are used (as required obtaining good
sensitivities). Therefore, a compromise between scan velocity and resolution will exist. Therefore, in
order to reduce the scan time, our program performed a fine sweep only for those regions of
interest (e.g.: the band edge in a PhC, resonances in RRs), whereas a coarse sweep was performed
in the regions where there was no presence of useful information. With this variation, we were able
to reduce the scan time by a factor of ~2x (e.g., a scan of a 30 nm wavelength range with a
resolution of 1 pm decreased from 3 minutes to less than 1:30 minutes); however, despite this
enhancement, scan times still being quite long. Finally, the measured spectra were saved to a file
and subsequently analysed using a Matlab-based program that allows to determine and track

position of one or several spectral features along the time.
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3.5.2 Fluidic delivery system based on a metallic cavity

On the other hand, for carrying out the biosensing measurements it is necessary to deliver
the liquid samples to the sensor surface. The basic requirements for a fluidic delivery architecture
are to be able to deliver the sample to a small area without any leakage or bubbles, preventing
possible contamination and with a continuous constant flow. Taking into account these issues, we
designed a customized flowcell to be placed on top of the photonic chip to deliver the target
sample without interfering with the optical interrogation of the chip. The developed flowcell, which
is shown in Fig. 3.33a, consisted on a drilled aluminium cavity of dimensions 5.5 mm x 2 mm x 3
mm with two access ports on the top part of it. We selected a metallic flowcell due to its durability
and robustness. In order to achieve a good sealing of the flowcell with the photonic chip, a rubber
o-ring was employed (see Fig. 3.33a). Once the metallic flowcell is placed on top of the photonic
chip, it will be fixed to the chip holder employing two screws in order to seal perfectly the
microfluidic circuit, as shown in Fig. 3.33b. Finally, two metallic needles were used to connect the

fluidic cavity with silicone tubes in order to pump the target liquids.

Fig. 3.33: a) Bottom view of the metallic flowcell used to carry out the
experiments. Input and output accesses are located on the top of the cavity.
A rubber o-ring is placed along the elliptic contour of the cavity in order to
achieve a good sealing with the photonic chip. b) Image of the chip holder,

where the metallic flowcell is properly placed on top of the photonic chip.

The liquids used in the experiments were inserted into the cavity and flowed over the chip
employing a syringe pump (TSE 540060) working in withdraw mode. Initially, we began working
with the pump in injection mode; however, we observed a slight leakage of the flowcell that was
due to the increment of the pressure inside the cavity. In addition, working in injection mode
difficults the change of the liquid to be flowed, since it is needed to halt the flow and change the
syringe, thus increasing the possibility of the appearance of bubbles. On the other hand, working
with the pump in withdraw mode improves the sealing of the cavity of the flowcell, thus preventing
from leakage, and significantly eases the change of the liquid to be flowed, what can be simply done
by manually changing the source vial without stopping the flow. Finally, the flow rate used to
deliver the samples was not fixed, and it ranged from 10 pl/min to 50 ul/min depending on the

experiment to be carried out (e.g, bulk RI, protein, or DNA sensing).
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3.6 Experimental sensing results using PhC-WG

In previous sections, we described the design of the PhC-WGs, their fabrication employing
e-beam and the measurement set-up including the optical and the fluidic parts. Herein, we will
present the successful experimental results obtained using the PhC-WG as sensing structure.
Several samples with the same nominal parameters were employed in order to extract the

characteristics of the sensing structures.

In sensing measurements, a refractive index variation on the surface of the PhC due to the
binding of the target analytes leads to a change in the PBG position. Therefore, by tracking the
position of the PBG or the guided band edge we can determine the presence of the target analyte.
Nevertheless, measuring the exact position of this edge is quite challenging. In order to overtake
this drawback, we employed a novel sensing approach in order to measure the shift of the guided
band due to refractive index change by using the Fabry-Perot fringes described in section 3.4.2.
This technique permits to enhance the sensitivity of the photonic device, since it ensures us that we
are working in the slow-light regime and their sharper peaks allows us to determine their position

with higher accuracy (compared to directly using the position of the band or the PBG edge).

During the course of this work, we have continuously been optimizing the set-up and the
chemical attachment with the consequent improvement of the characteristics of the platform, thus
being able to propetly observe the interactions between molecules. In order to achieve that
purpose, we used the following approach. First, we extracted the intrinsic sensing parameters of the
photonic structure such as sensitivity and detection limit by carrying bulk refractive index
measurements. Next step was to perform antibody detection experiments by applying a proper
chemical functionalization. Finally, the detection of the DNA hybridization was performed with
this platform obtaining a good reproducibility and values in the state-of-the-art of PhC sensing

structures.

3.6.1 Bulk refractive index sensing

Bulk refractive index sensing is a simple method to evaluate the sensing performance of the
PhC-WG sensor in order to compare it with other photonic-based sensing devices. As previously
described in section 3.4.2, we used the FP fringes appearing at the edge of the guided band in order
perform the sensing. Fig. 3.34 shows the transmission spectrum of the PhC-WG sensing structure

surrounded by DIW, where FP fringes at the edge of the guided band can be clearly seen.
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Fig. 3.34: Transmission spectrum of the PhC-WG around the guided band
edge region with deionized water as upper cladding. In the inset figure, a
close up view of the fringes in the band edge is shown.

For these refractive index sensing experiments, several concentrations of a dilution of
ethanol in DIW (in mass %) were flowed at a rate of 15 pl/min over the PhC-WG sensing
structure. The refractive indices of the dilutions used were as follows: pure DIW (ng,=1.3173),
ethanol 2% in DIW (n24,=1.3186), and ethanol 4% in DIW (n4,=1.32); these refractive index
values were calculated for a A = 1550 nm and T = 25°C [LIDOS]. During the sensing experiment,
the transmission spectrum of the PhC-WG was continuously recorded while the source vial (with

the target dilution) was changed.

Fig. 3.35 shows the time evolution of the spectral position of the band edge as the target
liquid were changed. When DIW was flowing over the sensor, the resonance position was located
around 1563.27 nm. When a 2% dilution of ethanol in DIW was introduced, the resonance moved
to 1563.45, a net shift around 0.18 nm. Finally, with the highest concentration of ethanol in DIW
(4%), we observed a position of the peak corresponding to 1563.7 nm. These shifts reached a
sensitivity of the PhC structure of 118 pm/% as a function of the ethanol concentration. For low
concentrations of ethanol in DIW, the refractive index variation is practically linear and it is given
by An = 6.75x104 RIU/%. Therefore, the sensitivity of the sensor defined by S = AL/An was
calculated to be 174.8 nm/RIU. By comparing this result with the result obtained in the 3D FDTD
simulations shown in section 3.4.1, we can observe a difference in a factor 2.2x. The reason of this
variation may be attributed to the discretization of the simulation, which may lead to a non-accurate
modelling of the optical field that senses the variation of the refractive index of the upper cladding.
Finally, in order to calculate the detection limit of the structure we obtained the noise of the

experiment, which is calculated from the standard deviation of the signal baseline and was as low as
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0=0.6 pm. Considering this noise value and the sensitivity of the structure, the estimation of the

limit of detection is calculated as DL= o /S achieving finally a value as low as 3.5x10-¢RIU.
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Fig. 3.35: Temporal evolution of the Fabry-Perot position when different
concentrations of ethanol in DIW were flowed over the PhC.

Therefore, we have seen that our PhC-WG sensing structure based on holes in silicon
exhibits a high sensitivity and a low detection limit, what make it suitable for biosensing
applications. Furthermore, we have experimentally demonstrated the possibility of using FP fringes
appearing on the edge of the guided band for sensing purposes, thus guaranteeing that the structure

is working in the slow-light regime, thus providing an enhancement of the light-matter interaction.

3.6.2 Antibody sensing

In this section, we will provide results of antibody detection employing PhC-WG
structures. Now, by a proper chemical treatment of the surface, we can provide the specificity
required to the sensing structure in order to make it sensitive only to certain target molecules. For
the antibody sensing experiments to be described within this section, a new PhC-WG structure
with the same nominal parameters as that used in the refractive index sensing experiments has been
used. The surface of this PhC-WG sensing structure was functionalized with BSA antigen probes as
receptors for the target antiBSA antibodies to be flowed over it. The BSA-antiBSA system was
chosen due to its high affinity, what eases the implementation of the biosensing experiments on the
photonic platform. By continuously tracking the peaks of the FP fringes at the edge of the
transmitted band, we will be able to study the binding of the antiBSA molecules to the BSA

receptors attached to the surface.
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Briefly, the functionalization steps, which were defined from the optimization process in
planar surfaces described in chapter 2, are listed hereafter. Firstly, the chip was cleaned with piranha
solution. To achieve the surface functionalization we employed ICPTS, which was deposited on the
structure by chemical vapour deposition (CVD) during 2 hours in a controlled atmosphere. Then a
drop of BSA 10 pg/ml in PBS 0.1x was incubated for 2 hours. In order to avoid unspecific
adsorption during the experiment, the remaining active sites of the ICPTS were blocked using
ovalbumin protein (OVA) 1% in PBS 0.1x. In addition, to avoid molecule absorption in the
microfluidic system, silicon tubes and the metal flowcell were also blocked with OVA before

carrying the measurements out.

Fig. 3.36 shows the transmitted spectrum at the output of the PhC-WG when PBS 0.1x
was continuously flowed over the sensor. In the close up view, one can see the Fabry-Perot fringes
appearing at the edge of the guided band of the PhC-WG. In this experiment, 4 of these FP fringes
(those initially located at 1542.1 nm, 1543.5 nm, 1544.2 nm, 1544.7 nm) were tracked during the
biosensing experiment in order to compare the sensing performance between the different spectral

features located in the slow-light region.
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Fig. 3.36: a) Initial spectrum of the PhC-WG in the region of the PBG
when PBS 0.1x is flowed over the chip. b) Close up view of the Fabry-Perot
fringes in the band edge region.
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Fig. 3.37 represents the time evolution of the relative shift of the four FP peaks previously
indicated during the antibody sensing experiments. Initially, PBS 0.1x was flowed during sufficient
time in order to stabilize the signal and obtain a proper baseline. The flow rate used during the
expetiments was set to 15 pl/min in order to ensure that the molecules had time enough to interact
with the receptors attached to the surface. Then, the flow was switched to an antiBSA
concentration of 10 pg/ml in PBS 0.1x. We can see that a rapid shift of the position of the peaks is
obsetrved as soon as the antiBSA molecules reach the photonic sensing structure. This shift is due
to the variation of the refractive index produced when the antiBSA molecules bind to the BSA
probes attached to the surface of the sensing structure. The antiBSA concentration was flowed
sufficient time to provide a monolayer on the surface as we can see in the figure, where the signal
reaches a plateau around minute 50. Once the signal was saturated because all the BSA binding sites
were occupied by the target antiBSA antibodies, PBS 0.1x was flowed again in order to remove all
the molecules that were not specifically bound to the BSA receptors. At this point, the shift

corresponds to the net shift of the antiBSA molecules bounded to the surface.
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Fig. 3.37: Wavelength shift vs. time for the different solutions flowed in
the experiment. Each line correspond to the relative shift of each tracked
peak respect its initial wavelength position. The time instants when the
flowed solution is switched are depicted in the figure.

Besides the detection of the antiBSA molecules in the surface, we studied the selectivity of
the chemical modification. A high selectivity is provided by the low interaction between the sensor
surface and interfering molecules. To verify that selectivity, a test by flowing a concentration of 15
ng/ml antiDIG antibody was catried out. No significant change in the position of the band edge
was observed during the introduction of the antiDIG. These results indicate that the surface
functionalized with BSA owed specificity and was able to discriminate between antiBSA and

antiDIG molecules.
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Concerning the behaviour of the different FP peaks used for the detection, we can clearly
obsetrve in Fig. 3.37 that all of them have the same trend and that only slight differences occur
during the binding process until the signal reaches the plateau position. Table 3.3 summarizes the
performance of each analysed peak. In the table, we can see that the total shift of the peak for the
BSA monolayer slightly increases as it is closer to the band edge, as previously calculated using the
3D FDTD simulations. Again, this effect is explained by the reduction of the group velocity of the
guided mode, which leads to a higher sensitivity because of the increment of the optical intensity
(due to the compression of the wave) and the velocity reduction that increases the interaction
between the light and the molecules on the surface. The increment in the total shift is around 10%
from peak #1 to peak #4 (with a slight difference in the peak #3). This result coincide with that
from the 3D FDTD simulations, whetre an enhancement around the same amount was obtained
when the four peaks closer to the band edge were considered. Note that, as shown in the
simulations, a higher separation between peaks will provide a higher improvement of the

performance of the sensor.

Peak Mnidal  AlandBsa SaniBsa opBs  DLugisa  DLandssa  Ahananic
(nm) (am)  (nm/ng/mm?) (pm) (pg/mm?)  (fg) (nm)

#1 1542.128  1.123 0.661 0.5 2.3 0.23 0.114

#H2 1543471 117 0.688 1.5 2.2 0.22 0.108

#3 1544235  1.142 0.672 3.1 4.6 0.46 0.128
H4 1544.7 12 11.706 1.5 2.1 0.21 0.1

Table 3.3: Parameters characterizing the performance of the FP peaks
used for the sensing experiments.

When the signal of the sensor reached the saturation, all the BSA binding sites were totally
occupied and a close-packed antiBSA monolayer was formed on top of the sensor. The surface
density of a close-packed antiBSA monolayer considering a 100% binding efficiency is Qanizsa=1.7
ng/mm? [BAROS]. From this value, we calculated the sensitivity for the antiBSA detection, which is
given by Sunisa= Ahandsa/Qandssa and it is shown in the 4% column of Table 3.3. From this
sensitivity value and the noise of the system opps, we can estimate the upper limit for the surface
mass detection limit of the device when a binding efficiency of 100% is considered (in a real
situation, we will not have a close-pack monolayer and binding efficiency of 100%), which is shown
in the 6% column of Table 3.3. We can see that a value as low as 2.1 pg/ mm? has been obtained for
the surface mass detection limit. Additionally, the total mass detection limit can also be calculated
from the surface mass detection limit and considering the total surface of the PhC sensing
structure. For this calculation, we have not considered the whole area of the PhC structure, but

only the active region of the PhC-WG, which mainly extends up to the third row of holes from the

129



3.6 Experimental sensing results using PhC-WG

linear defect as we observed in the simulations. Considering this fact, we assume a surface around

100 pm? that leads to a mass detection limit of ~0.2 fg for the peak #4.

3.6.3 DNA sensing

The importance of the DNA detection is remarkable and can be used in many fields
including genetic screening, disease diagnosis or food identification. Label-free sensing technologies
enable to monitor the hybridization between complementary DNA strands, providing real-time
kinetic information with quantitative results. In our case, we have also employed our PhC-WG
biosensor for the detection of DNA hybridization by propetly biofunctionalizing it and adapting

the expetimental procedure.

The strategy to anchor the ssDNA capture probes to the surface of the photonic sensing
structure for these specific experiments was based on a bioaffinity immobilization (see chapter 2),
where the couple biotin-streptavidin was used for the chemical attachment. Since biotin has a high
affinity towards the streptavidin (and vice versa), we can chemically conjugate biotin molecules with
the ssDNA probes and bind them to the streptavidin that is immobilized to the surface using a

covalent attachment.

The protocol to attach the ssSDNA probes to the surface of the sensing structure started
with a cleaning step of the chip by immersing it in piranha solution during 1 hour to remove any
organic particle. After washing it, the chip was activated with pure ICPTS organosilane, which was
deposited by CVD in a closed jar during 30 minutes. Then a concentration of 100 ng/ml of
streptavidin in PBS 0.1x was spotted on the sensor and incubated overnight at room temperature in
otder to obtain a uniform layer. Next, the chip was rinsed with DIW. One of the advantages of this
functionalization process is that it permits to chemically modify with streptavidin several chips
simultaneously and store them in the fridge at 4°C for several days until their utilization. In order to
continue the protocol, a drop of 10 uM of biotinylated ssDNA probe was spotted on top of the
streptavidin-functionalized surface and was incubated during 30 minutes to allow the binding
between the molecules. Subsequently, the surface was rinsed with DIW to remove the non-attached
strands and dried under air stream. Finally, to prevent from other molecules to bind in the surface,
a solution of OVA at 1% in PBS was spotted to block the remaining moieties of the streptavidin.

Subsequently the chip was rinsed and air-dried, becoming ready for its use.
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Fig. 3.38: Schematic representation of the protocol used during the
hybridization experiments. a) Surface of the chip after the
functionalization with the ssDNA capture probes. b) Hybridization of the
complementary ssDNA marked with DIG. c) Control step where antiDIG
molecules bind to the labelled ssDNA confirming the hybridization.

Fig. 3.38 and Fig. 3.39 show the experimental protocol used for the specific detection of
ssDNA and the temporal evolution of the position of the PhC-WG sensor response during the
experiment (a FP fringe was tracked during the experiment), respectively. The experiment began
with a continuous flow of PBS 0.1x buffer solution at a flow rate of 20 pl/min in order to obtain a
stable baseline. Then, to evaluate the hybridization process, a 500 nM concentration of ssDNA
complementary to the probe attached on the surface was flowed. This complementary ssDNA was
marked at one end with a DIG molecule in order to perform a control assay at the end of the
experiment, as it is shown in Fig. 3.39. After the introduction of the complementary ssDNA, we
observed an initial transient petriod, (probably, some air microbubbles appeared or slight
turbulences were produced in the sensing region) before the band edge position exhibits a
permanent wavelength shift of AA=47.1 pm due to the hybridization with the capture probe, as
shown in Fig. 3.39a. The sensitivity of the sensor was calculated as S = AL/AC, where AC
represented the variation of the DNA concentration, obtaining a value of S = 94.2 pm/uM. Using
the standard deviation of the signal after the hybridization event, we obtain a noise level of the
sensing platform of 6=1.865 pm. Defining the detection limit as DL = ¢/, we estimated a value of
19.8 nM as the lowest concentration that the sensor platform can measure in a hybridization

experiment.
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Fig. 3.39: Wavelength shift vs. time for (a) ssDNA 0.5 uM sensing and for
(b) antiDIG 10 ppm sensing. Relative wavelength shift from the initial
baseline (mean position) is represented.

Since the molecular weight of the complementary ssDNA is very low, the hybridization
with the capture probes provoked a relatively small shift of the band edge (less than 50 pm). In
order to confirm the hybridization, the complementary ssDNA flowed in the experiment was
labelled with digoxigenin (DIG), which has a strong affinity with antiDIG antibody. This couple
was used as a control after the DNA hybridization because antiDIG will produce a larger refractive
index change due to its higher molecular weight. After the hybridization experiment, a
concentration of antiDIG 10 ppm was flowed. As expected, the molecules bound to the DIG labels
of the complementary ssDNA causing a larger shift of the peak position as shown in Fig. 3.39b
(~250 pm), what confirmed the hybridization of the DNA strands to the biotinylated probes of
ssDNA.

Finally, we can note several issues related to this experiment. The first one is the
confirmation that FP fringes can also be used to perform the hybridization detection of the
complementary strand of DNA; as shown in previous experiments, these fringes have
demonstrated an enhancement of the sensitivity due to the use of the slow-light effect. An

extremely low detection limit below 20 nM has been obtained for the label-free detection of
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ssDNA, a value that is in the range of current state-of-the-art results using other planar photonic
sensing structures. Finally, we would like to point out the remarkable stability of the sensing
platform; despite performing this experiment at room temperature and without the use of any
thermal control, a quite high stability of the signal is achieved. Therefore, we certainly expect to
enhance even more the performance of the sensing platform by using temperature control

mechanisms and enhancing the sensitivity of the structure.

3.7 Conclusions

The work described in this chapter has been focused on the development of a sensing
structure based on PhCs, from its design to its fabrication and experimental characterization. One
of the main benefits of this type of sensing structures is the appearance of the slow-light effect,
which provides an enhancement of the light-mater interaction, and thus an improvement of the
performance of the sensing structures. This enhancement is determined by two reasons: on one
hand, the reduction of the propagation velocity through the structure that implies longer interaction
times, and on the other hand, the optical field compression that provokes an increment of the

optical intensity inside the PhC.

The slow-light effect takes place close in the region near to the PBG where is not
straightforward to determine the position of the edge of the guided mode. However, we modelled
the appearance of FP fringes close to the edge for a finite PhC that allow determining more
accurately and easier the position of the spectrum, thus reducing the detection limit. In addition, FP
fringes provide the optimal wavelength range to obtain the highest interaction of the light with the

matter increasing the sensitivity of the structure.

In our experiments, we used a tunable laser based interrogation setup and a metallic flow
cavity in order to deliver the fluids on top of the sensing structures. Initially, simple refractive index
sensing experiments were carried out using dilutions of EtOH in DIW in order to obtain the
intrinsic parameters of the sensor, such as the sensitivity and the detection limit, which were
determined to be 174.8 nm/RIU and 3:10¢ RIU respectively. Then, we applied the
functionalization protocols described in chapter 2 in order to observe the interaction between BSA-
antiBSA, achieving a detection limit as low as 0.2 fg. Finally, we also successfully demonstrated the
detection of the DNA hybridization on the surface of the structure. Employing bioaffinity
immobilization by means of streptavidin and biotinylated DNA probes, we attached the ssDNA
probes to the surface and then flowed the complementary DNA strand to observe a shift of the

edge of the guided mode due to the hybridization. The smallest concentration of DNA that is
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possible to be detected was estimated below 20 nM, which shows the outstanding potential of the

PhC-WG for its use in sensing applications.
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Biosensing using ring
resonators

4.1 Introduction

The second structure used in this PhD thesis for the development of photonic biosensing
structures is the RR. An optical RR, as illustrated in Fig. 4.1, can be regarded as a ring shaped
structure that is close-coupled to a straight waveguide. The RR will thus behave as a cavity that
supports WGM and that present different resonances in the spectrum. The position of such
resonances depends directly on the refractive index of the surroundings; therefore, the detection
employing RRs will be based on tracking the change in the position of the resonances induced by

the local refractive index variations in the structure due to the analyte binding.
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Fig. 4.1: Schematic illustration of the working principle of an optical RR-
based biosensor. When the target analytes reach the RR surface, the
resonances will shift to higher wavelengths.

In this chapter, we will firstly present in section 4.2 the working principle of the RR as well
as its main parameters and how the transduction is carried out for the biosensing assays.
Afterwards, in section 4.3 we will give an overview of some of the more relevant works published
during the last years related to biosensing experiments using planar photonic RR; especially, we will
point at the capability of these structures to provide multiplexed detection of several analytes in a
single assay. Section 4.4 will deal with the design and the fabrication of the RR-based sensing
structures used in this PhD work. In section 4.5, we will describe the experimental set-up employed
for measuring the RR-based sensing structures. This experimental set-up was slightly different to
that employed for the interrogation of PhC-based sensors (described in section 3.5) and several
improvements were added such as the possibility of carry out fully-automated measurement or a
new microfluidic delivery system based on elastomer material. In the last section of this chapter, the
4.6, we will present the experimental sensing results obtained making use of these RR-based
photonic sensors. In these experiments, we have demonstrated the capability of these sensing
structures to detect refractive index variations, DNA hybridization and proteins recognition. Two
biofunctionalization approaches, which were introduced in chapter 2, were optimized for these
sensing experiments: a first one based on ICPTS modification of the surface and a second one
based on GOPTS modification and light assisted immobilization of DNA probes. We obtained
very remarkable results in the experiments performed, mainly for the GOPTS-based approach,
where a limit of detection below 5 nM was experimentally demonstrated for DNA hybridization
experiments. In that section, we will also discuss about several problematic aspects that we faced
during the implementation of the sensing experiments as well as the strategies we followed in order

to solve or minimize these problems.
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Chapter 3

4.2 Fundamentals of ring resonators

The generic configuration of a RR, which is depicted in Fig. 4.2, consists on a closed-loop
waveguide that is coupled to one or two access waveguides (coupling to two waveguides is depicted
in this case). Light from the input waveguide is coupled to the ring through the coupling region (see
Fig. 4.2) and it will excite the supported modes inside it. Such modes are generated in the cavity due
to constructive and destructive interferences in the structure leading to resonant modes [RABO7].
When the phase of the round-trip signal along the loop is equal to a multiple of 2z, the wave
interference is constructive and thus the resonant mode is excited. The wavelength position of the

resonant modes inside the cavity can be obtained by using the following equation:

_Loneyy @)

res
m

where L is the length of the RR (L=27R for a perfectly circular RR), 7, is the effective refractive
index of the structure and  is an integer. Once the basic equation of a RR has been presented, we

will focus on the description of the theory describing the operation of a RR.

Input port
\

Coupling

region
R;pg

Ey t Lk }?‘tl

Fig. 4.2: Schematic view of a RR closely coupled to two access waveguides.
A close-up view of the coupling region is also depicted, where the main
parameters employed to model the coupling are indicated.

For the case of a RR with only one coupling waveguide (all-pass RR resonator), we can
relate the incoming electrical field coupled to the ring through the input port and the transmitted

electrical field employing the following matrix:
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(gg) - (—fc f) (Eﬁ;) 4.2)

where the electrical field amplitude is normalized corresponding with the power of a single mode of

the wave, the parameters « and 7 are related to the intrinsic properties of the RR coupling region,
and * implies the conjugate of the values. Due to the reciprocity of the structure, the matrix in Eq.

4.2 is symmetric, leading to a relationship between the coupling coefficients:
lK?| +|t?] =1 4.3)

For these calculations, we assume that Eij is equal to 1 for simplification. Therefore, the

roundtrip of the wave along the ring is defined as follows:
Eyp =a-elft . E, (4.4)

where o are the intrinsic waveguide losses (which can be divided in propagation losses and bend
losses and zero loss corresponds to o = 1), L is the physical length of the ring, and § is the

propagation constant in the waveguide comprising the RR that corresponds to:

2m-n
ﬂ =k -neff = chf (45)

The phase velocity of the wave in the ring cotrresponds to ¢ (¢=cw/ny) and the angular
frequency is @w=+¢y. The wavenumber in the vacuum is related to A according £=27z/A. Therefore,

these equations lead to the phase variation in the circular-shape ring structure given by:
6=p-L=——7—"2nr (4.6)

In order to calculate the transmitted electric field as well as the input and the output fields

in the RR, we combine Eqs. 4.2-4.6 resulting in:

—a+t-e 0
E=— 4.7

T _atr +eI0

—ak”*

= 4.8
2T _att +eJ0 8
E,=—— 4.9
271 — at*el® )
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4.2 Fundamentals of ring resonators

Finally, we can calculate the transmitted power at the output waveguide as the square of the
electrical field amplitude from Eq. 4.7 and plotted in Fig. 4.3, which corresponds to output at the

through port:

Z 4+ |t]? - 2alt 0+
Pry = |Epl? = — el — 2ajtlcos(@+.) (4.10)
1+ a?|t|? — 2a|t|cos(0+¢;)

where #is a complex value symbolizing the coupling losses and ¢, the phase of the coupler. The
response for the through port given by Eq. 4.10 is depicted in Fig. 4.3. When the phase variation is
an integer times of 2z, we obtain a minimum in the spectral response. This condition is known as a
resonance and it is accomplished for wavelengths given by Eq. 4.1 (A« = n°L/ 7). Therefore, when
the condition of resonance (0+@,) = 2z is accomplished, we can obtain the particular solution of

the transmitted power at the output waveguide as follows:

(a —[t)h?
Py = |Eq |2 = ——— (4.11)
t1 = |Eal (1 — alt])?
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Fig. 4.3: Typical output spectra for the through port of a RR in all-pass
configuration for different loss values.

A special case occurs when the losses o are equal to the coupling parameter 7 what leads to
a complete cancellation of the transmitted power due to the destructive interference. This condition
is known as critical coupling and exhibits sharper resonances, as it is shown with blue line in Fig.
4.3, where the dips reach the minimum signal. However, sometimes it is very difficult to exactly

predict the propagation losses of the RR waveguide (which can be due to several factors such as
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roughness, bending, non-linearities, etc.), and therefore, accomplishing this critical coupling

condition.

In the case of assuming two access waveguides coupled to the ring (an add-drop RR
configuration) instead of only one, as it was shown in the schematic of Fig. 4.2, the transmitted

electric field in the through port will be given by:

—klk{tﬁaf/zefe(“l' +[k|%) t, — tyael?
Etl = tl +

. = - 4.12
1-tit;af ,el? 1—tityael® *12

It is noteworthy to mention that, in this case, a1/2 and 01,2 are modelled for being the half
roundtrip loss and phase of the RR length. In order to calculate the electrical field in the output

drop port, it is necessary to consider that the light passes through the second coupler in order to be

dropped in the second bus waveguide, leading to the expression:

1—tityael?

Epp = (4.13)

Fig. 4.4 shows a common spectra at the output of the through and the drop ports for a RR

coupled to two access waveguides.
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Fig. 4.4: Typical output spectra of a RR in add-drop configuration. It is
characterized for exhibiting periodic dips in the through port (blue line)
and peaks in the drop port (green line) resulting from the RR resonances.

From Eq. 4.12 we can extract that now, for the configuration with two access waveguides,

the critical coupling condition will be accomplished when # = #™a. For a typical case where
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4.2 Fundamentals of ring resonators

propagation losses are low, this condition will be reduced to having two coupling regions (for each
access waveguide) which are almost equal, thus simplifying the achievement of the critical coupling

condition compared to the case of a single access waveguide.

Regarding the spectral response of the RRs, it will be characterized by several parameters
such as periodicity, quality or finesse. One of the most important RR parameters is the distance
between two consecutive resonances, what is called free spectral range (FSR). We may obtain an
approximation of the FSR by using the propagation constant of the mode and ignoring the

wavelength dependence due to the dispersion of the material, thus obtaining:

p B Ongsr B
Pp__F ~ b 4.14
ax- 1k 7 19
2m (0B 22
FSR = A =__(_) ~ 4.15

However, in the cases where the wavelength dependence on the transmitted signal cannot

aneff

be neglected, we need to use the group index defined as ng = nepp — AT, which includes the
waveguide dispersion. For that, we calculate:
d
—ﬂ =— En (4.106)
daA A9
2
FSR= Al= 417
= (417)

Another parameter related to the spectral response of the RR deals with the resonance
peak width. The full width at half maximum (FWHM) is the width of the resonance dip when the

power decreases 3 dB, which is obtained theoretically as follows from Eq. 4.10:

K2 2?

FWHM = (4.18)

nLneff

Consequently, the finesse of the resonance can be defined directly from the previous
parameters as the ratio between the FSR and the width of the resonance (assuming x<<7):
FSR s

~— (4.19)
FWHM ~ k2
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Finally, an important parameter to compare the performance between RRs is the quality
factor (QQ). Q factor can be seen as the stored energy divided by the losses in each cycle. It is also
considered as the number of roundtrips that the light travel until it leaves the cavity through the

drop waveguide or dissipated by the internal losses of the ring. The Q factor is defined as:

NerrlL
Q= % F (4.20)
It is straightforward to think that in order to maximize the QQ factor, the intrinsic losses and
the bending losses should be reduced as well as the coupling factors between the bus waveguides
and the cavity. Generally, the all-pass configuration shows higher Q-factors than add-drop

configurations when they are operating close to the critical coupling regime.

For the case of using a RR for biosensing purposes, Q-factor will determine the level of
interaction of the field with the target analytes, since it will determine the number of times that the
light "sees” the analytes. This effect leads to a larger effective light-analyte interaction length, which

can be calculated by:

QA
2nneff

Legp=1T (4.21)

where I'is the factor related to the amount of interaction between the light and matter in the cavity
and the other parameters were defined previously. A good RR usually exhibits high Q-factors (e.g.,
from 10*to 108); therefore, a RR with a physical length of tens of microns might exhibit an effective
interaction length of tens of centimetres. Additionally, a high Q-factor also means having very
sharp resonances, whose position can be more accurately determined when carrying a sensing
experiment out.. Therefore, for biosensing purposes it will be highly desirable to obtain a response
with an elevated Q-factor in order to provide a high resolution and larger interactions between the

molecules and the light.

4.3 State-of-the-art of RR-based biosensors

The versatility of RR-based biosensors has been extensively reported in numerous works
and reviews in which such structures have been employed for sensing in gas or liquid environment
[FANOS8, PAS13, LUC12|. These structures are characterized by their high Q factor and the
possibility of using different cavity geometries. In this section, we will review some of the most

interesting state-of-the-art results in the field of photonic biosensors based on optical RRs, mainly

145



4.3 State-of-the-art of RR-based biosensors

focusing on biological detection experiments. We have structured this section by classifying the RR-

based biosensors according to their geometries, materials and multiplexing approach.

4.3.1 Waveguide cross section

Photonic sensors based on RRs must be designed to obtain the highest sensitivity. As
previously described within this PhD work, one of the possibilities to increase the sensitivity is by
maximizing the overlap between the light and matter. For such purpose, several waveguide cross
sections have been employed by different research groups. The three most employed approaches in

order to design RRs devices are wire, rib and slot waveguides, which are schematically shown in

Fig. 4.5, together with their field distribution.

Npiw

Y (nm)
Y (nm)
Y (nm)
.%

1000 “1000 500 0 5 1000 00

Normalized E
=
Normalized E
=)
Normalized E
)
=

. -1 0.5 0 0.5 1
X {nm) X (nm)

Fig. 4.5: Electric field distribution of the cross section of the different
waveguide architectures and relative magnitude of the electric field along
the x direction across the center of the waveguide. These calculations have
been carried out using silicon as core material, SiO; as lower cladding and

DIW as upper cladding.

Currently, photonic wire waveguides are mostly employed to implement photonic RRs
because of their simplicity and good performance in most materials. Its cross section is
characterized by a rectangular shape and it is created in a high refractive index material (at least,
with a higher refractive index that the cladding in order to confine the optical field). For the case
when a high contrast configuration is used (as for the case of SOI technology), light will be highly
confined inside the waveguide core, what permits to tailor structures with small bending radius and

fabricate ultra-compact designs with reduced small footprints (usually in the order of 100 um?).

Rib waveguides are the second type of cross section considered. This structure is similar to

the wire waveguide, but instead of having the guiding structure directly located on top of a low
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index lower cladding, it is placed over a layer of high index pedestal. This structure is achieved by
partially etching the waveguide. This waveguide configuration makes that the electromagnetic field
is mainly located within the high index material, thus yielding low losses. However, that allocation
of the field in the high index material is not beneficial for biological detection purposes, since it

leads to a lower light-matter interaction for the rib waveguide compared with wire waveguides.

The last type of cross section architecture considered is the slot waveguide proposed by
Cornell University [ALMO4]. This structure is completely different from the other two previous
approaches. Whereas the common wire and rib waveguides confine the light in a high refractive
index region by means of TIR, the slot waveguide confines exceptionally the electromagnetic field
in a very narrow low index region located within two high index regions. A great advantage of this
structure is that the slot section of the waveguide can be filled up with the sample containing the
target analytes, what leads to a remarkable high interaction between the light and the molecules.
However, due to the small size of the slot region (usually below 100 nm), it requires a high accuracy
in the fabrication process. In addition, the high field intensity within the slot region will also make
the structure very sensitive to surface roughness, what is translated into higher propagation losses

that may limit the performance of the device.

As a conclusion for the three types of waveguides considered, and according to the

numerous works published focused on the development of RR-based sensors, we can state that:

e Hven though structures based on rib waveguides present lower propagation losses than
wire and slot configurations, their sensitivity may significantly be overtaken by these two
configurations.

e Despite slot-based configurations exhibit an incredible performance due to the high
interaction of the light with the target sample located within the slot region, its propagation
losses are higher than for wire and rib configurations, and its fabrication might be
challenging.

e The fabrication simplicity and the good performance in terms of sensitivity and
propagation losses of common wire-based RRs, make them the preferred option for the

development of photonic RR-based sensing structures for biochemical detection.

One of the first demonstrations of biosensing using SOI wire-based RRs was presented by
De Vos et al. from Gent University [VOSO07]. Fig. 4.6a shows a SEM picture of this structure. They
obtained an acceptable sensitivity of 70 nm/RIU with a detection limit of 10-> RIU by performing
salt concentrations experiments. Besides the bulk sensitivity of the structure, they also perform
biosensing experiments, being able to detect a concentration as low as 10 ng/ml of avidin using
biotin receptors. This sensitivity is comparable with that obtained for other structures such as PhC

or MZI, but the extremely small footprint of the RR (~100 pm?) allowed them to calculate an
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outstanding theoretical mass detection limit of 1 fg, thus confirming the huge potential of RRs for

the development of high sensitivity sensing structures.

Concerning the use of rib-based RRs for sensing, less works can be found in the literature.
One example of this type of sensing device was presented by Passaro et al., which reported an
exhaustive theoretical study of an ultracompact rib-based RR sensor [PAS07]. Once again, SOI
technology was proposed for the development of the structure, leading to a significant reduction of
the footprint of the structure (~40 um?). By simulating a coating of the sensing structure using
PMMA doped with bromocresol purple, the studied RR was able to detect ammonia with an

approximated detection limit of 8-10->RIU.
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Fig. 4.6: a) SEM picture of a wire-based RR on SOI [VOS07]. b) Microscope
image of a slot-based RR in SizN4 [BARO7]. c) SEM picture of a slotted SIO
RR [CLAO9]

On the other hand, several works have shown the extraordinary benefits of slot waveguides
for chemical and biochemical sensing. Barrios et al. demonstrated the sensing potential of a SisNy4
asymmetrical slot waveguide, displayed in Fig. 4.6b, obtaining a sensitivity of 212 nm/RIU
[BARO7]. However, the detection limit for those experiments was a bit high (2:10-# RIU) due to the
limitations of their optical characterization set-up. Additionally, Claes et al. presented experimental

results of slot-based RRs on SOI technology [CLA09]. This structure was based in the previous
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RR-based sensor presented by De Vos et al., but where a central air slot was created by FIB
(Focused Ion Beam) etching as observed in Fig. 4.6c. By means of this change in the waveguide
structure, they were able to increase the sensitivity of the SOI RR-based sensor (from 70 nm/RIU
to 298 nm/RIU), but the detection limit got wotse (from 10> RIU to 4.2:10- RIU) due to the
increase in the losses of the structure. Finally, an example of biosensing experiments employing slot
waveguides was presented also by Barrios et Al. [BAROS]. There, they showed a sensitivity of 1.8
nm/(ng/mm?) and a detection limit as low as 28 pg for antiBSA detection, whereas for BSA the

sensitivity was 3.2 nm/(ng/mm?) and the mass detection limit 16 pg.

4.3.2 Materials

As we have been indicating throughout this document, the most employed material for the
development of integrated photonic biosensing structures is silicon (more concretely, SOI
technology). This is not only due to the good performances that it exhibit, but also because of its
CMOS compatibility (see section 1.7, where the benefits of silicon photonics were explained). This
is also true for the development of RR-based photonic biosensors. But, besides silicon, we can also
find other material platforms such as silicon nitride or polymers on top of low index material, that

are also usually used for the development of RR-based biosensors.

Despite polymer-based platform does not owe all the benefits of other high-contrast
platforms (as SOI technology), in the last years this material has been the center of attention of an
intensive investigation obtaining relevant results. Among the wide variety of polymers that we can
tind, PMMA, SUS, polystyrene, or polycarbonate are probably those more commonly used for the
fabrication of photonic structures. Probably the main advantage of polymer-based platform is
easiness of fabrication. For example, nanoimprinting lithography (NIL) can be used for the
fabrication, where structures are directly created by stamping using a mold with the reverse pattern.
Another advantage of polymer materials for the creation of photonic structures is their
biocompatibility, what is an extra for the development of sensing structures to be used with
biological samples. However, the low refractive index contrast between the polymer waveguide core
and the cladding lead to several drawbacks such as higher losses, larger sizes of the structures and

larger bending radii.

Looking at specific results where polymer-based structures are developed, Halldorson et al.
employed Cytop material, a novel fluorinated polymer with a refractive index close to that of the
water (n = 1.34), in order to be used as lower cladding for the fabrication of PMMA-based RRs, as
depicted in Fig. 4.7a [HAL10]. In that work, a detailed theoretical and experimental study of the
properties of optical waveguides, rings and directional couplers was presented. The structures were

fabricated by means of e-beam lithography and wet etching, reporting integrated optical RRs based
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on PMMA over Cytop with small diameters ranging from 20 pm to 60 um with satisfactory Q-

factors in the order of ~104, which are suitable for biosensing applications.

9087 18KV X508 18¢m WD16

Fig. 4.7: a) SEM picture of the coupling region of a PMMA-based RR on top
of a Cytop lower cladding [HAL10]. b) SEM picture of a polystyrene-based
RR fabricated by NIL [CHA06].

Another example of polymer-based development was reported by Chao et al. [CHAOG].
They employed NIL technology to fabricate polystyrene-based RRs for sensing purposes, as shown
in Fig. 4.7b. In order to confine the fundamental mode in the polymer structure, the photonic wire
dimensions were 1.8 pm in height and 2.3 um in width. Fabricated RRs with a radius of 30 um
exhibited a Q-factor of 2-10* in air and of 5-103 when a liquid solution was flowed over them for
sensing applications. They estimated a detection limit of the polymer structure as low as 107 RIU
by means of refractive index sensing experiments using different concentrations of glucose in DIW.
Furthermore, they also tested the operation of the sensor for the specific detection of biomolecules
using biotin-streptavidin with a surface mass detection limit of 250 pg/mm?2. Although these
sensors exhibited a competitive performance, the dimensions of the structures are substantially
higher than for other high index contrast technologies such as SOI, thus significantly limiting the

integration density.

Another interesting approach, where the authors merged a polymer platform with slot
waveguides reported in [SUNOQ9]. In this work, Sun et al. presented a new integrated optical sensor
based on multislot waveguides fabricated in SU8 polymer, as shown in Fig. 4.8. The structure
mainly consists on replicating a slot structure that is created by means of several SU8 waveguides of
2 pm in height and 500 nm in width, and separated 200 nm. The structure sensitivity is increased
according to the number of slots comprising the structure, due to the higher amount of light

travelling along the low index region and thus increasing the interaction with the target sample.
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Nevertheless, due to the scattering losses and the fabrication limitations, the final fabricated
structure was designed with only three slots. The sensing experiments were carried out using a RR
of radius 200 pm created using this multislot waveguide, and exposing it to different salt

concentrations. The optical sensor exhibited a bulk sensitivity of 244 nm/RIU.
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Fig. 4.8: a) Cross section of the SU8-based multislot structure. b)
Excitation of the multislot-based RR with a 636-nm laser through fiber
coupling [SUNO9].

Finally, the last material approach considered here for the development of RRs for
biosensing purposes is based in the use of porous materials for the creation of the structures.
Contrary to the rest of sensing configurations that we have presented, where biosensing is based on
the detection of molecular interactions taking place in the outer surface of the structure, the use of
porous materials allows that the target molecules can enter into the structure itself. This will
increase the interaction of the analytes with the optical field, and so the sensitivity of the device. By
using nanoporous polymer material, Mancuso et al. proposed and measured a photonic integrated
RR-based biosensor, which is shown in Fig. 4.9 [MAN12]. The structure was fabricated in porous
PMMA using NIL technology. They fabricated a set of RRs with a minimum radius of 35 pm. An
experimental comparison between porous and non-porous RRs was performed, obtaining a
sensitivity enhancement of 40% for porous structures due to higher interaction of the mode with

the analytes when the latter can penetrate inside the structure.
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Fig. 4.9: a) Schematic illustration of the RR fabricated in porous material.
b) Close up view of the coupling region of the RR, where the porosity of the
waveguide can be clearly seen.

4.3.3 Multiplexing approaches

In the previous sections, we discussed two aspects related with the configuration of RRs:
the waveguide cross section and the materials employed for their fabrication. In this section, we will
focus our review on an extremely important issue for the development of biosensing devices with
practical application: the multiplexing approach used for the simultaneous interrogation of several
RR-based sensing structures. Multiplexing of sensing structures opens the route towards
performing multiparametric analyses simultaneously, thus significantly increasing the throughput of
information [BAR12]. Several considerations need to be addressed in order to develop a
multiplexed RR-based platform, including a spatially specific chemical modification, the optical
coupling mechanism from the source and to the detector, and a proper sample delivery to each

sensing structure.

Regarding the individual or group coating with different biological receptors of the RRs,
several techniques based on either flowing the receptors or spotting directly on the surfaces exist.
The former method has the advantage of being possible to monitor the functionalization in real-
time, thus having a higher control of the process. However, this procedure provides a lower
throughput (i.e., we only do the functionalization of a chip each time) and requires flowing the
reagent during a certain time, thus leading to a higher reagent consumption. On the other hand,
automated spotting tools are suitable for the functionalization of a large number of different
sensors with a high throughput and allow a reduction of the reagent consumption since only the

required volume of reagent needs to be spotted on the sensing areas.

A second consideration when a multiplexed photonic sensing system needs to be
implemented is related to the coupling of light to the structures. In order to carry the interrogation

of the sensing structure out, light needs to be coupled to all the structures in order to analyse each
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target sample. It is required to couple light to the chip with enough efficiency, since the higher the
power inside the rings is, the more evanescent field will interact with the target molecules and the
sensing performance of the device will be enhanced. To tackle this issue, two main coupling
approaches are found in the literature: vertical and horizontal methods. Grating couplers for
vertical coupling permit a higher tolerance in the alighment process and they provide sufficient
bandwidth for sensing application, whereas horizontal coupling is polarization independent and
there is no necessity to design couplers in order to excite the light within the waveguide. Some
considerations such as cost, complexity, coupling efficiency or optical bandwidth must be evaluated

in order to select between them.

One example of multiplexed RR-based sensing device where vertical coupling is used was
reported by Ramachandran et al. [RAMOS]. They developed an array of 5 RRs using a glass-based
material called Hydex™, with a diameter of each ring of 100 um, as shown in Fig. 4.10a. Light was
horizontally coupled to the access waveguide of each RR by means of a fiber array, which was glued
to the optical chip. In order to perform the experiments, the chip was directly immersed in the
liquid sample to be analysed. This platform was successfully characterized for the label-free, specific
and rapid (in 10 minutes) detection of bacteria (E. Coli detected with a concentration of 105

CFU/ml), proteins and DNA.

Other approach of multiplexed structure, where in this case a vertical light coupling by
means of grating couplers was used, was reported by De Vos et al. [VOS09]. In that work, a
collimator was used to expand the light beam in order to be able to excite several access structures
at the same time (in this case, three grating couplers were excited). Each bus waveguide coupled the
light to four RRs with slightly different dimensions, obtaining an array of 12 RRs with a maximum
coupling efficiency of 31%. The output signal from every output coupling structure was collected
simultaneously with an infrared camera tilted 10° from the vertical, as schematically shown in Fig.
4.10b. Target sample was delivered by means of a PDMS microfluidic structure. The resonant
wavelength of each RR was mathematically tracked, obtaining a limit of detection of 3 ng/ml for
antiHSA. A total mass detection limit of 74 ag was calculated employing this platform. The main
advantage of this set-up is that it permits a relatively high alighment tolerance, what eases the
realization of the experimental measurements. Another example of multiplexed interrogation,
where several RR structures are excited using a single access waveguide was presented by Xu et al.
and it is shown in Fig. 4.10c [XU10]. They called this strategy “WIDM approach”. In that work, they
addressed the input light to five RRs through a single bus waveguide. These RRs were optimized
for TM polarization and they demonstrated the simultaneous monitoring of molecular bindings
with a resolution as low as 0.3 pg/mm?2. Furthermore, several concentrations of protein were

detected over a dynamic range of 4 orders of magnitude.
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Fig. 4.10: a) Picture of the sensing device consisting on five RRs in silicon
and Hydex materials that are horizontally coupled using a fiber array
[RAMO8]. b) Concept of a multiplexed RR platform where the different
outputs are simultaneously measured using an IR camera [VOS09]. c)

Microscope image of multiplexed RR sensors in a WDM scheme [XU10]. d)
Packaged sensing device consisting on six RR-based sensors integrated

with a microfluidic sample delivery system [CAR10]. e) Optical scanning
platform in which the RRs are sequentially interrogated by focusing the
light on the access grating couplers [IQB10].

A higher degree of integration was demonstrated in the work by Carlborg et al., which is
shown in Fig. 4.10d [CAR10]. In that work, they fabricated an array of silicon nitride slotted RR-
based sensors with a PDMS-based microfluidic sample delivery system, and they finally packaged
them into a compact cartridge to be inserted in a read-out equipment. Light is coupled to the SizsN;
structures by means of fully etched vertical grating couplers and the output of the RR sensors was
detected using a 1D array of photo-detectors. This packaged multiplexed sensing device showed a
high sensitivity due to the use of slot waveguide and reference rings, reaching a detection limit of
5-10-¢ RIU. Regarding biosensing experiments, they estimated a minimum surface mass detection

limit of 0.9 pg/mm? using antibody detection experiments.

However, the most rematrkable results in the field of RR-based biosensors are those
reported by the group headed by Dr. Bailey in the University of Illinois. In [IQB10], they presented
a sensor array of 32 rings that were vertically coupled using a free-space optical scanner depicted in
Fig. 4.10e. During the measurement, the spot of the source dwells on each input grating for the

time required to carry out a spectral sweep; then the signal is filtered, detected and a lorentzian
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fitting is automatically applied in order to obtain the position of the resonances and their spectral
shift. The fact of using a sequential scan for each sensor avoids splitting the signal to multiple RRs,
thus obtaining more power at the output. However, for a full spectral characterization of all the
multiplexed sensing elements will require longer times. With this platform and using 24 RRs of the
32 RRs as sensing structures, the detection limit of the system was determined to be 7.6-107 RIU.

In addition, they performed bioassays with streptavidin obtaining a detection limit of 60 fM.

This sensing platform has been extensively used for multiple detection experiments for a
wide range of molecules. For instance, Luchansky and Bailey performed an assay where a human
cytokine interleukin (IL-2) was detected for concentrations smaller than 100 pg/ml, what
corresponds to 6.5 pM [LUC11]. In addition, they demonstrated the versatility of the sandwich
assay methodology using antibodies for the detection of another cytokine interleukin (IL-8). In
other work, a protein detection was carried out in three different steps. First the rings were
modified with the antibodies in order to determine the binding of the cardiac marker C-reactive
protein (CRP), then a biotinilated antibody was recognized due to the binding to the attached CRP
on the surface, and finally streptavidin-functionalized beads were bound to the surface and

detected.

Washburn et al. employed the same ring-based platform in order to quantify different
protein biomarkers clinically related to cancer diseases [WAS09]. In that work, they determined the
protein concentration by measuring the initial slope of the resonance’s shift, thus significantly
reducing the time required to carry the detection out. These label-free detection assays were
petformed in complex buffer, providing a detection limit of 2 ng/ml. In addition, in another work,
the functionalization procedure was validated for five different proteins using the same platform,

what indicates the versatility of the RRs for biosensing applications [WAS10].

The detection of the hybridization of miccoRNA and tmRNA using the RR array was also
studied in several works [QAV10, SCH12|. The complementary capture probes were covalently
attached to the surface of the sensing structures. Obtained results of specific hybridization
detection showed a detection limit of 1.95 nM for simple mictcoRNA, whereas a detection limit as

low as 53 fmol was obtained for the specific detection of a streptococcus pneumonia tmRNA.

All these last works (those from Bailey’s group) have been performed using a novel
prototype of sensing equipment based on integrated photonic RRs that is commercialized by
Genalyte Inc.. This device, called Maverick Detection System, is shown in Fig. 4.11. The
commercial equipment is based on photonic RRs where each ring is individually functionalized with
isotype specific capture antibodies. One of the main advantages of this system is that the assays are

fully compatible with current sample preparation techniques. In only one year, they have been able
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to release 4 different measurement platforms, exhibiting the great potential of the RR photonic

technology for biological detection.

Fig. 4.11: Maverick Detection System based on RR technology from
Genalyte Inc. Schematic depiction of an antibody attachment on top of the
RRs provided by the company.

To finalize this section, we have included the next table where the main parameters of the
different state-of-the-art results in the field of optical RR-based biosensors are listed. In some cases,

certain parameters were not indicated in the reference, so a blank space was left intentionally in the

table.
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Chapter 3

4.4 Development of the RR-based sensing structures

As explained in section 3.4 for the case of PhC-based sensors, part of this PhD work was
enclosed in the frame of the European project FP7-ICT-INTOPSENS. The work package related
to the development of the photonic structures for biological sensing, in which we participated, also
dealt with RR-based photonic sensors. This work was carried out in collaboration with the
Photonics Research Group of Gent University, led by Dr. Peter Bienstman, which contributed with
the design and fabrication of the structures. Then, the experimental development of the biosensing
experiments was mainly carried out by the Universitat Politecnica de Valencia. Therefore, despite
we did not have prominent role in the design process, we closely collaborated with the other

partners in order to provide proper feedback to enhance the designs.

In this section, we will mainly discuss about the design of the structural parameters of the

RRs, the chip layout, and the fabrication process.

4.4.1 Ring resonator configuration and layout

One of the main aspects for a proper operation of a RR is a good design of the coupling
section between the RR and the access waveguides. For example, parameters such as the critical
coupling condition or the Q-factor of the resonances are highly dependent on the coupling. Fig.
4.12 schematically illustrates the two main configurations of RR depending on its coupling region: a
circular ring and a racetrack ring. In a circular shape RR, the parameters for coupling design are
limited to the gap between the RR and the waveguide, and the radius of the RR. However, for an
efficient coupling between the access waveguide and the RR we will usually need to have narrow
gaps, thus making more precisely and difficult the fabrication process. On the other hand, a better
control over the coupling region can be obtained by using racetrack-shaped RRs, where a straight
coupling section is introduced, as shown in Fig. 4.12b. For this configuration, the coupling
efficiency is not only determined by the gap distance but also by the coupling length. Furthermore,
the gap condition is more relaxed enabling to design wider gaps in racetrack RRs compared to
circular RRs, thus easing the fabrication. As a drawback, there are some additional losses due to the
mode mismatch produced in the interface between the radial waveguide and the straight waveguide,
where the mode changes adiabatically from one section to the other. Furthermore, the fact of
adding a straight waveguide to the RR increases the total length of the RR, thus leading to a

reduction of the FSR (note that FSR is inversely proportional to the ring length).
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Racetrack
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Fig. 4.12: lllustration of a) a circular-shaped RR and b) a racetrack-
shaped RR. In both cases, add-drop configuration with the main design
parameters are depicted.

The coupling region also need to be designed in order to maximize the power exchange
between the waveguide to the RR at the resonant wavelength to enhance the light-matter
interaction. To this aim, a FDTD software can be employed to simulate the propagation of the light
through the structure. In order to obtain the proper coupling length, several simulations with
different length values were performed obtaining the optimal value for the gap of 160 nm and for
the coupling length of 2 um. In Fig. 4.13, we can observe the simulations of a RR with a gap of 160
nm in which different wavelengths were excited (resonant and non-resonant mode). At the

resonant mode, the coupled light is practically fully transmitted to the drop port.

Non resonant mode 0 Resonant mode
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Fig. 4.13: Simulation of the optical RR for different wavelengths where we
can appreciate the excitation of the WGM in the RR at the resonant
wavelength.

Once we have obtained the physical parameters of the RRs for the implementation of the
photonic sensing structures, we have to organize spatially the sensors on the chip. The layout of the

chip must meet several requitements and, therefore, some constrains have to be taken into account
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when defining it. The first condition was being able to measure simultaneously several sensing
structures in order to carry out multi-analyte detection; hence, a proper signal distribution scheme
must be used in order to route the light to the structures with low losses. In addition, the
distribution of the photonic sensing structures must be compatible with the integration of the
microfluidic delivery system, which will be explained in section 4.5.2. Finally, it was also considered
to place the structures with sufficient separation between them in order to ease their spotting with

the required reagents during the chemical functionalization process.

According to these constraints, the layout of the photonic sensing chip consisted of 20 RRs
distributed as schematically shown in Fig. 4.14. The structure consisted of five independent input
waveguides, which address the light to four RRs simultaneously, thus using a “WDM approach”.
The idea of using more than one input waveguide to address the light to the RRs, instead of for
example using a single input waveguide and splitting into five waveguides using a MMI or splitter,
was carried out for two main reasons. The first one was to add redundancy in the input stage, in
such manner of any of the waveguide or rings are not working we still have four more input
structures working. The second argument because the final objective of the work within the FP7-
INTOPSENS project was to do the read-out of the chip by exciting the five access grating couplers
simultaneously using an optical collimator to measure the output signal from all the sensing

structures by means of an IR camera, thus being able to interrogate the 20 RRs in parallel.

Regarding the FSR between the resonances of the RR, we need to design a FSR wide
enough to avoid the overlap between the resonances of the different RRs coupled to the same
waveguide. For that purpose, the dimension of the radius must be as small as possible. The high
index contrast that SOI platform exhibits provides a high confinement of the mode in the
structures, thus allowing small bend radius. Although, it is possible to fabricate RRs with radius
even smaller than 3 pm, the losses increase significantly for these sizes. For that reason, the radius
of the bend section of the RRs was selected to be 5 pm, since this is the smaller radius with

acceptable bending losses at 1550 nm.

Finally, the parameters of the designed SOI RRs, considering the constrains mentioned

above, are listed in Table 4.2.

Height 220 nm
Width 500 nm
Radius 5 um
Racetrack 2 um
GAP 160 nm

Table 4.2: Final fabrication parameters of the RRs.
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Concerning the sensing structures, each RR coupled to the same waveguide was fabricated
with a slightly different total length in order to provide a different position of the resonances, thus
avoiding the overlap among the responses of different sensors. This difference in the total length
between RRs was achieved by slightly increasing the radius of the circular section of the racetrack
RR (radii of 5 um, 5.01 um, 5.02 pm, 5.03 um were used for each RR). According to expressions
given in section 4.2, a theoretical FSR of ~15.7 nm and a separation between the resonances of the
RRs of ~2.75 nm was calculated (considering a 7, = 4.3 [DULOG]). These values of FSR and
separation between resonances are sufficient to obtain a clear spectrum, differentiate the response
of each RR in the through port, and avoid the overlap between them when sensing shifts are

produced (initially, we do not expect to observe shifts higher than 2.5 nm).

Fig. 4.14: Schematic illustration of the layout of the photonic chip
comprising the RR sensing structures with the access waveguides.

4.4.2 Fabrication of the ring resonators

The designed photonic sensing chips were fabricated by IMEC (Interuniversity
Microelectronic Center) in the frame of the FP7-INTOPSENS project. IMEC possesses a state-of-
the-art CMOS compatible production line with the capacity to fabricate nanophotonic structures in
SOI technology [IME13]. It is worth noting at this stage that IMEC services can also be accessed
through the EC-funded shared-costs nanophotonic fabrication platform ePIXfab [EPI13].

The main difference between the fabrication process described in chapter 3 for the creation
of the PhC-based sensing devices using UPV’s facilities and the fabrication process used by IMEC
is the lithographic technique used for the exposure of the designs. While we used e-beam
lithography for the exposure, which is suitable for fast prototyping and offers very high resolutions,
IMEC uses UV lithography to transfer the designs to the photoresist [BOGO5]. The working
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4.4 Development of the RR-based sensing structures

principle for both techniques is schematically depicted in Fig. 4.15. In UV lithography, a predefined
mask with the designed structures is placed on top of chip (which is coated with a photoresist) and
an illumination system is used to project with UV light the designs of the mask on top of the
photoresist, as illustrated in Fig. 4.15b. The main advantage of this method relies on the capacity
for exposing the whole design at once, thus obtaining a numerous amount of structures
simultaneously. Therefore, a considerable reduction of the cost and the time per fabrication run is
achieved, thus being suitable for mass production. As a drawback, UV lithography cannot reach the

resolution obtained using e-beam exposure.
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Fig. 4.15: Schematic explanation of a) the e-beam lithography exposure
process and b) the UV lithography exposure system, which allows directly
transferring the whole design to the resist at once.

Several UV light wavelengths can be used in UV lithography in order to transfer the
pattern to the photoresist. A standard wavelength employed during many years was 365 nm.
However, the minimum feature size that can be obtained using this wavelength is around 600 nm,
being optimal for some microelectronic or microphotonic devices, but not for our purposes where
minimum features in the range of 100 nm are demanded. Deep UV lithography employs UV light
with wavelengths of 248 nm and 193 nm for the exposure, what allows obtaining resolutions below
100 nm and thus smaller structures. Deep UV lithography process is extremely complex and

requires the most advance photolithography equipment. However, this method is interesting due to
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its compatibility with CMOS processes, what allows the possibility of reusing the standard
equipment of the regular processes from microelectronics manufacturing. Fabrication process used

by IMEC is based on 193 nm Deep UV lithography.

Briefly, IMEC’s fabrication process of our chips begin with a commercial 8’ SOI wafer
that is coated with a 200 nm layer of photoresist using a spin coater. Then, an antireflective coating
is spread on the surface to prevent from undesirable reflections at the interface between the air and
the photoresist in order to avoid illumination defects. Afterwards, a completely automated machine
flluminates the photoresist with the pattern previously designed with the structures and it is
replicated across the wafer by varying the exposure conditions. After the lithographic process, the
wafer is introduced to a post-exposure bake, where the photoresist is also developed. In order to
transfer the structures to the silicon material, a dry etching process is carried out using the resist as a
mask. This step is optimized in order to reduce the roughness of the structures, thus minimizing
the losses. The fabrication process is then finished with the resist removal and cleaning the surface

using DIW and nitrogen drying.

4.5 Experimental set-up

A different set-up to that previously used for the characterization of the PhC-based sensors
was used to measure RR-based sensors. While both have an identical objective, i.e., measuring
continuously the spectrum of the photonic structures during the sensing process, there are three
main differences between them. First, the light coupling to the chip was carried out vertically by
means of grating couplers. Second, instead of sweeping the spectrum using a tunable source at the
input and a power meter at the output, now we employed a broadband light source at the input and
an optical Spectrum Analyser (OSA) at the output. And third, we employed a custom
polydimethylsiloxane (PDMS) microfluidic flowcell to deliver the liquids to all the sensors within

the chip instead of the metallic flowcell.

In this section, we will first describe the new optical interrogation set-up, including the
vertical coupling using grating structures and the new custom software for the automation of the
experimental assays. Then, we will describe in more detail the new microfluidic sample delivery

system, including the channel fabrication using PDMS.

4.5.1 Optical interrogation

As previously introduced, in this new experimental set-up we have used a vertical coupling

scheme for the interrogation of the photonic sensing structures. Fig. 4.16 schematically illustrates
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the light coupling to/from a photonic waveguide by means of grating couplers. Grating coupling
methods are extensively used for coupling light to integrated photonic devices [TAIO4, LAEO7].
The structure consists of a periodic modulation of the refractive index along the waveguide
direction and they are typically fabricated by creating several trenches perpendicularly to the
direction of propagation. The Bragg condition of the grating is accomplished when the light beam
lluminates it with a certain angle of incidence and thus an intensity transference occurs from the

fiber mode to the guided mode of the optical waveguide (or vice versa).

Among the advantages of vertical coupling compared to horizontal coupling, the main
ones are at that it offers a higher alignment tolerance (making it suitable for fast and stable
measurements), the coupling efficiency is relatively higher (usually above 30%), and it does not
require employing lensed fibers (which are significantly more expensive than standard fibers). On
the other hand, grating couplers exhibit a limited bandwidth (tens of nm), whereas horizontal
coupling permits to couple a larger bandwidth (hundreds of nm). However, this limitation does not
really affect to our experiments since we usually use a typical scanning span smaller than 30 nm.
Other issue of grating couplers is their high polarization selectivity; due to the elevated
birefringence of high index contrast 1D grating structures, the effective index of the periodic
modulation is significantly different for each polarization, leading to a different Bragg condition for
TE and TM. In our designs, we considered TE polarization for the RR and therefore the gratings
were optimized for it. The gratings we employed in the input/output waveguides were designed to
exhibit a maximum coupling efficiency around 1550 nm when the incident angle is 10° respect to
the vertical axis of the chip. Physically, the gratings had a depth of 70 nm, a period of 630 nm, a

duty cycle of 50 %, and they were created onto 10 um-wide access waveguides.
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Fig. 4.16: Schematic illustration of the coupling to the photonic chip using
grating couplers.
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For the characterization, the chip was placed on a holder positioned in a 2-axis translation
stage from Newport, and the access fibers were aligned with the access grating couplers of the chip
using a 3-axis translation stage from Thorlabs. The high tolerance of grating couplers permits to
align the fibers in an easy manner (only 1 dB loss increase for £2 um alighment variation) and to
maintain a good alignment for hours. In order to visualize the position of the fibers during the
alignment process, we employed a 3 megapixel camera (Moticam) connected to a microscope. All
these elements were placed in an isolated optical bench in order to reduce the vibrations that can

interfere in the measurement, as shown in Fig. 4.17.
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Fig. 4.17: Picture of the optical experimental set-up with the light coupling
through grating couplers.

Once the chip is placed on the optical setup and fibers have been aligned with it, light from
a superluminescent diode (SLD, Covega SLD1005S) is coupled to the chip. A SLD is a broadband
source with an optical bandwidth of 50 nm centered in 1550 nm. Since grating couplers used for
coupling were designed for TE polarization, input light was TE-polatized using a polatization
controller in order to assure the maximum power coupling. Light coming out from the photonic
chip is divided using a fiber 10-90 directional coupler. The 10% arm was connected to a power

meter (Newport 1931-C with 918D-IR-OD1 detector) in order to monitor the output power during
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the alignment process, and the 90% arm was connected to an OSA to acquire the spectrum of the

photonic sensing structures.

The measured spectra from the OSA were collected by means of a GPIB acquisition data
instrumentation and a LabVIEW customized program was developed in order to continuously scan
the spectrum of the biosensing structures. The screenshot of Fig. 4.18 correspond to the user
interface of the dedicated LabVIEW program employed to measure the RRs spectrum, in which we
can set the wavelength range and the resolution of the OSA in order to perform the continuous
measurements. In fact, the LabVIEW program simply receives the sweeping information from the
OSA and saves it to a file in the computer, which will be analysed in Matlab in order to make a

Lorentzian fitting of the resonances and to determine the evolution of the sensot’s response.
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Fig. 4.18: Screenshot of the user interface of the LabVIEW program used
to characterize the integrated photonic sensors. Several measurement
parameters can be modified from the computer.

4.5.2 Microfluidic delivery system based on PDMS

In the PhC-based sensors approach, we employed a relatively large metallic flowcell that
flooded a huge area over the chip. However, this large cavity size implies higher sample
consumption and the appearance of several non-desired effects such as curls, non-homogeneous
flow or mixing, which need to be avoided in order to obtain a cleaner measure. Therefore, it is

desirable to reduce the size of the fluid delivery system.
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The alternative to the metallic cavity was to implement the fluidic architecture using a
common material employed for the fabrication of microfluidic systems, the polydimethylsiloxane
(PDMS) [ANDO00, CHEO09]. PDMS is an elastomer that has the ability to adopt the shape of the
container after curing, what allows to easily fabricate the microfluidic structures by soft lithography
with excellent result and obtaining small features. Additionally, this material exhibits other
interesting properties such as its biocompatibility, low cost and production easiness. In addition, it
is transparent at visible wavelengths, what makes possible to observe the evolution of the flow

along the microchannel and detect any defect such as leakage or obstructions.

The fabrication of the PDMS microchannels consists of two parts: the development of the
master mould and the transference of the designs to PDMS. The master mould is fabricated in a
silicon wafer by patterning the microchannels in SU8 polymer by standard UV lithography process.
In our case, we used a 50 um-thick layer of SUS8, what will lead to 50 um-height microfluidic
structures in the PDMS. For the transference of the designs to PDMS, first a mixture combining
PDMS elastomer and curing agent in a ratio of 10:1 in weight is blended. This mixture, which is
highly viscous, is degassed using a vacuum chamber in order to remove the bubbles within the
PDMS, since they may produce leakage or the entrance of air into the final microfluidic channel.
Then, the master mould is covered with the PDMS mixture, degassed again in a vacuum chamber,
and cured in an oven at 100° C during 1 hour. One of the advantages of this soft lithography
process is its simplicity and the possibility to fabricate many microfluidic elements at the same time
as it is shown in Fig. 4.19, besides the possibility to reuse the master mould several times for
fabricating more microchannels. Once the elastomer is solid, it is diced using a scalper and the port
accesses are made using a hole punch in order to insert the Teflon tubing used to pump the liquids

into the microfluidic channel.

Fig. 4.19: Fabrication of the microchannels in PDMS material using the
soft lithography technique. Many structures can be created in a single
process.
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Since our objective was simply to the deliver the liquid samples to the photonic sensing
structures in a proper way without developing any complex fluidic preparation, the microfluidic
architecture was designed to be as simple as possible. According to this, two flowcell approaches
were finally developed and tested: a cavity with two access ports and a zigzag channel, which are
shown in Fig. 4.20. The mould of the cavity flowcell was designed and fabricated by KTH, while
the mould for the zigzag flowcell was carried out by Gent University, in both cases in the frame of

the FP7-INTOPSENS project.

Fig. 4.20: (Top) Layouts of the microfluidic structures used in the
experiments and (bottom) real implementation of these designs in PDMS
with a channels height of 50 um. (Left) Microfluidic cavity developed in
collaboration with KTH and (right) zigzag microchannel developed in
collaboration with Gent University.

In order to place the flowcell on top of the chip to deliver the fluids to the sensing
structures, we employed two strategies according to the microfluidic design. For the case of the
microfluidic cavity, since it provides a high placement tolerance because of the extensive area that it
covers, we placed the PDMS piece manually on top of the chip. On the other hand, for the case of
the zigzag design, since the channel is 400 um-wide, we required of a proper equipment to align the
channel with the sensing structures. In this case, a flip chip machine (Finetech) with an alignment
tolerance of few microns was employed to accurately place the PDMS piece on top of the chip with
the microchannels aligned with the array of sensors. The combination of the chip with the
microfluidics was then placed on the holder of the optical set-up as illustrated in Fig. 4.21, where it
will be interrogated. The assembled chip was clamped using a PMMA piece with two screws in
order to obtain a perfect sealing of the channel. Finally, the tubes were inserted in the input and
output ports of the PDMS microfluidic system and connected to the syringe pump and to the fluids

to be dispensed.
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Fig. 4.21: Photography of the holder with the microfluidic channels. a)
Lateral view. b) Top view.

A study comparing the operation of both microfluidic designs was carried out in order to
select the one with the better performance. By using a camera, we monitored the distribution and
the behaviour of the liquid flow inside the microfluidic structures. Two examples are shown in Fig.
4.22. We can observe that the cavity-based architecture exhibited a non-homogeneous delivery,
what led to the creation of bubbles and empty areas, as shown in Fig. 4.22a, thus making that some
of the sensing structures were not in contact with the aqueous sample. This behaviour was
observed for different flow rates and different types of fluid. This non-uniform volume distribution
may be caused due to the deformation of the PDMS due to the pressure variation inside the cavity.
On the other hand, the zigzag-based architecture exhibited a constant flow with no leakage and
homogeneous delivery. Therefore, we finally decided to continue the experiments with microfluidic

devices based on the zigzag channel.

T

Bubble

Fig. 4.22: Flow tests using both microfluidic layouts. a) The cavity
structure exhibited a non-uniform liquid flow, while b) the zigzag
microchannel offered a stable and uniform liquid flow covering all the
sensing structures.
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For the biosensing experiments, the syringe pump was set to a constant flow rate during
the whole experiment. As previously indicated in chapter 3, for the experimental set-up used for the
PhC-based sensing structures, we worked with the syringe pump in withdraw mode in order to ease
the change of the liquid to be flowed and to have a higher stability in the flow. But, now, instead of
manually changing the liquids to be flowed over the sensing structures, we employed a
multiposition automated switch with an electrical actuator that permits to change from 10 vessels to
a common port as shown in Fig. 4.23. The automated switch was controlled via our LabVIEW
program by means of a serial communication port connected to the computer. Therefore, our
experiments are fully automatized, thus avoiding any human interference in the experimental
procedure: once the protocol indicating the order and the time lapse for the flow of each reagent is
programmed in the software, the main program synchronizes the automatic valve, the data
acquisition from the OSA and the visualization of the spectral response. Fig. 4.24 schematically

depicts the whole set-up (optical and fluidic) with the elements comprising it.

Fig. 4.23: Automatic switch port employed for change among different
liquids during the measurement.
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Fig. 4.24: Schematic representation of the experimental set-up, including
the optical and fluidic sections. Blue color represents the microfluidic
system, orange the optical path, and dashed grey line the control of the
computer.
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4.6 Experimental sensing results using RR

The development of a complete sensing platform requires of numerous experiments and
examinations in order to obtain acceptable and reliable results. This has been the case of this PhD
work, where a large amount of experiments were carried out in order to optimize the experimental
methods and protocols to be applied for the proper performance of our RR-based biosensors. In
this section, we will present a compendium of the most relevant experiments and results that

became decisive for the final development of the photonic biosensing structures.

Although the sensors based on photonic structures can be applied to a wide range of
different applications, as we did for the case of PhC-based sensing structures, we have focused our
work on the adaptation of the sensing platform for its use towards antibody sensing (using the
BSA-antiBSA pair) and ssDNA sensing. However, since this work was carried out mainly in the
frame of the FP7-INTOPSENS project where bacteria identification through the identification of
their gene expression was targeted, most of the experiments and efforts were focused on achieving

ssDNA hybridization detection using our RR-based sensing structures.

Before experimenting with biological samples, the bulk refractive index sensitivity and
detection limit of the photonic sensing platform was measured. Once the ability of the platform to
detect refractive index changes was characterized, we used the well-known high affinity molecular
couple BSA-antiBSA to study the functionalization procedure for photonic structures using ICPTS,
which was optimized in planar structures as described in chapter 2. After the optimization of the
molecular attachment using the isocyanate termination of ICPTS, DNA probes were immobilized

on the surface to monitor the DNA hybridization using the RR-based sensing platform.

Then, the second selected functionalization strategy based on the use of GOPTS was
applied to anchor the receptors to the surface. The versatility of this strategy allowed us to spot the
receptors with spatial selectivity determined by its exposure with UV light. In this case, we have

only worked in the development of ssDNA sensing experiments using GOPTS-based chemistry.

However, as said at the beginning of this section, in an exhaustive experimental research
work not all the results are good neither promising, and many problems arise. For this reason, here
we will also show several results from some non-successful experiments in order to explain the
main issues observed during the work, and how we proceeded in order to avoid or reduce their

influence in the result.
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4.6.1 Bulk refractive index sensing

Basic refractive index measurements were carried out in order to obtain the intrinsic
sensitivity of the RRs to bulk refractive index variations. Although refractive index sensitivity is not
a direct measurement of the biomolecular interaction sensitivity, it allows us to compare with other
sensors independently of the technology. Furthermore, during biosensing experiments it is usual to
flow different substances, buffers, etc., which may exhibit different refractive indices; by
characterizing the bulk refractive index sensitivity, it is possible to compensate the response and

remove the bulk effect.

A bare chip without any biomolecular layer was employed for these refractive index sensing
experiments. The liquid target was flowed directly in contact with the sensing structures to perform
a homogeneous sensing. In order to characterize the RR sensing structures, we flowed over them
several dilutions of DIW and sodium chloride (NaCl) with concentrations ranging from 2.5% to
10%. The refractive index of the salt concentration in DIW at 1550 nm follows this equation:

n=1.3173 + 0.17157-C, where C represents the salt concentration in % in mass [SU07].

The experiment was carried out at room temperature with a constant flow rate of 20
ul/min. In order to deliver the aqueous solutions to the sensing structures we employed the PDMS
structure with the zigzag microchannels. The PDMS-based microfluidic flowcell was previously
cleaned with IPA in order to remove any organic residue, then rinsed with copious amounts of

DIW and thoroughly air dried.

Fig. 4.25 shows the simultaneous time evolution of two RRs (coupled to the same access
waveguide) during the injection of the different DIW-NaCl solutions with different refractive
index. Since the position of the resonance depends on the refractive index of the environment, the
higher the refractive index of the upper cladding is, the larger the spectral resonance shifts of the
RR. Each concentration was flowed over the sensing structures during 10 minutes and DIW was
flowed between two different concentrations of salt in order to recover the baseline and to prevent
from mixing between concentrations. Since RRs are not identical, they exhibit slightly different

responses.
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Fig. 4.25: Successive injections of different DIW-NaCl dilutions with
different refractive indices. The shift of the resonances is practically
instantaneous.

By extracting the resonance shift when the concentration was detected and plotting it as

function of the refractive index of the medium, we obtain the sensitivity curve shown in Fig. 4.26.

The result is a linear dependence on the resonance shift with the refractive index of the solution.

The slope value of the regression line represents the bulk sensitivity being 82.78 nm/RIU. The

measurement of each concentration is represented with the error bar. Such variations are small

enough to point out the remarkable stability of the sensing platform for bulk sensing.
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Fig. 4.26: Sensitivity curve of the RR for refractive index values from 1.31

to 1.33. The slope of the fitting line (dashed line) represents the RR
intrinsic sensitivity.
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The detection limit of the structure was also studied. In order to obtain such parameter, it
was necessary to calculate the signal noise. The system noise was extracted by obtaining the
standard variation of the signal for a continuous and stable flow of DIW. The minimum detectable
wavelength shift was estimated to be as low as 1.2 pm, therefore the estimated detection limit of the
sensor was 1.44-10-> RIU which is in the order of reported results for other RR-based sensing

structures.

4.6.2 ICPTS-based functionalization experiments

In this section, we will present the results of the experiments performed employing the
ICPTS functionalization of the surface. These experiments consisted on antibody sensing
experiments and DNA hybridization detection. In addition, we will describe several problems faced

during the experiments with this type of functionalization.

4.6.2.1 Antibody sensing

In order to verify the suitability of the platform to perform biosensing experiments we
firstly employed the ICPTS-based chemistry, which was previously developed in planar substrates
obtaining favourable results as presented in chapters 2 and 3, prior its adaptation to the RR-based
photonic sensing structures. BSA molecules were attached to the chip by means of an ICPTS layer
and then we flowed its high affinity couple antiBSA in order to monitor the recognition between

these two molecules and to verify the appropriateness of this platform for biosensing purposes.

The functionalization procedure started immersing the chip in piranha solution during 30
minutes in order to clean the chip and to remove any organic residue on the surface. Then the chip
with the integrated silicon RRs was activated by depositing an ICPTS layer on the surface using
CVD technique during 2 hours. Afterwards, RR sensors were spotted with BSA protein at 25
ug/ml and incubated during 70 minutes. Finally the surface was blocked with ethanolamine 0.1 M

during 30 minutes.

Then, antiBSA sensing experiments were carried out by consecutively flowing several
dilutions of antiBSA, ranging from 10 to 1000 ng/ml in PBS 1x. The position of the resonances of
the RRs was recorded during 10 minutes and the temporal evolution of their relative shift plotted,
as shown in Fig. 4.27. As we can see in the graph, the slope and the shift of the signal vary
depending of the concentration of antiBSA flowed over the chip. However, we can observe that
the sensor does not respond in this experiment to an antiBSA concentration of 10 ng/ml (a
negative drift is even observed), what indicates that the detection limit of this device is above 10
ng/ml. Additionally, it is noteworthy to mention the fast response of the sensing structure, which is

able to differentiate diverse antiBSA concentrations in less than 10 minutes.

174



Chapter 4

80[—a— antiBSA - 10 ng/ml
=+ antiBSA - 100 ng/ml

—~ ==©-- antiBSA - 1000 ng/ml

g 60-

E

&

@ 40

<

ED A

4

8 A

0) L 4

> 20 P
e _—

time (min)

Fig. 4.27: Time evolution of the RRs response for BSA-antiBSA interaction
by varying the concentration of the antiBSA flowed.

To study the specificity of the recognition layer, we functionalized another chip following

the same protocol described previously, but in this case, we flowed several concentrations of

antiBSA and antiDIG. The affinity of antiDIG molecules towards BSA receptors attached to the

surface is practically negligible, thus no shift should be observed when the antiDIG is flowed over

the chip. Fig. 4.28 shows the response of the chip for two concentrations of antiBSA and one

concentration of antiDIG. We can observe that the two concentrations of antiBSA produce a

significant shift due to the binding to the BSA-coated surface of the chip (net shifts of 60 pm and

120 pm ate observed for concentrations of antiBSA of 1 ng/ml and 10 ng/ml, respectively). While,

an almost negligible shift is obsetved for a concentration of 10 ng/ml of antiDIG (a shift of only

~4 pm is observed, what is more than 25 times lower than for the same concentration of antiBSA).

The noise level was calculated to be as low as ~1.2 pm during the signal stabilization.
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Fig. 4.28: Time evolution of the RRs response for BSA-antiBSA and BSA-
antiDIG interaction. The point A represents the instant when the target
analyte reaches the sensor surface.

It is important to note the difference of sensitivity between the first reported experiment
with BSA and the second one. This is explained by the continuous enhancement that we were
achieving during the course of our work (i.e., the second experiment was carried out when the

optimization process of the experimental procedures was at a more advanced stage).

4.6.2.2 DNA sensing

The use of DNA as selective recognition element in a biosensor is an intriguing and
exciting area in analytical chemistry due to the large number of potential applications, in which can
be implemented. As it has been previously mentioned, the main goal of the FP7-INTOPSENS
project, in which part of the work carried out in this PhD thesis was framed, is bacteria
identification by detecting several specific DNA strains. Therefore, we have worked in adapting the
RR-based sensing platform for the specific label-free detection of DNA strands. To this aim, we
firstly employed ICPTS-based functionalization, which allows directly attaching aminated ssDNA
probes to its isocyanate groups. However, instead of directly attaching these aminated ssDNA
probes to the ICPTS in the chip, in these experiments we anchored the DNA probes on its
hybridized form (i.e., dsSDNA), and then they were dehybridized leaving only the ssDNA probe
with better conditions for the hybridization. Unlike the functionalization of the surface that we
employed for PhC in which the surface was covered with streptavidin, in this approach we anchor
directly the aminated probes to the recognition layer by using the isocyanate moieties of the surface.
In this way, we obtained two advantages: the DNA strands were closer to the surface due to the
direct attachment, thus enhancing the sensitivity of the sensing device and the functionalization

process was carried out only in one step, thus reducing the preparation time.
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The anchoring of the DNA strands was carried out using a similar protocol to that
described in chapter 2. Concisely, the chip was cleaned with piranha solution during 30 minutes at
50°C and immediately the structures were silanized by means of chemical vapour deposition (CVD)
during 2 hours to ensure a homogeneous coverage with the ICPTS. Then, a rinse was performed to
remove the unbound material using 2-propanol. After that, the chip was cured inside the oven at
150°C during 10 minutes in order to remove the humidity. Then, the chip was kept in a dry
environment before attaching the probes to the RRs. The probes were firstly hybridized “off-line”
with the complementary strands and afterwards, these dilutions were used to functionalize the RRs.
In these experiments, the four RR sensors were functionalized with 1 pM dsDNA. Afterwards, the
chips were incubated during 70 minutes at room temperature in a humid chamber to prevent the
drop from evaporation. Later, the chip was cleaned with PBS-T' (PBS Tween) and air dried. In
order to block the residual active ICPTS moieties to avoid the non-specific sensing, a drop of 0.1 M
of ecthanolamine was drop on the rings and incubated. Finally, the dsDNA strands were
dehybridized rinsing with ethanol and drying. From that moment on, the chip was ready to be

measured.

Before assembling the chip with the microfluidic system, the tubes and the PDMS
microchannels were blocked in order to prevent from adsorption of the DNA in the fluidic system,
what would reduce significantly the performance of the sensing device. To this aim, a concentration
of 25 pg/ml of BSA was flowed during 1 hour along the tubes and the PDMS microchannels to
assure a proper blockage of the microfluidic elements. Then, the system was rinsed with DIW in
order to remove the molecules that were not bounded to the surface of the microfluidic elements,

leaving them ready to be used.

The experiment started flowing SSC (saline sodium citrate) over the chip until a stable
baseline was obtained. Then, the first concentration of complementary ssDNA injected in the
system was 100 nM in SSC. Fig. 4.29 shows how the RRs resonances shift to higher wavelengths
when the complementary DNA reaches the sensors and hybridizes with the capture probes,. The
fact that each ring response undergoes a slightly different shift is mainly due to the different surface
coverage of the DNA probes. However, it is remarkable that this difference was very slight and the
initial slope for all the RRs was rather similar, what indicates that the rate of hybridization was
comparable in all the RRs. The complementary ssDNA was flowed over the RRs during 30
minutes, and then SSC was flowed again. A permanent shift of the response from 110 pm to 130
pm was observed, what confirmed the hybridization of the complementary strand to the sensor

surface.
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Fig. 4.29: Response of the four RR sensors to the complementary ssDNA
with a concentration of 100 nM.

After the hybridization of the first concentration, the sensors were regenerated by
dehybridizing the DNA probes with an injection of 80% ethanol in DIW during 5 minutes. The
covalent attachment between the aminated probe and the ICPTS was strong enough to keep the
probes attached to the surface. This dehybridization strategy allowed us to perform several DNA
detections using the same chip. SSC was flowed again to obtain a baseline signal, and subsequently
a complementary ssDNA concentration of 200 nM was pumped in the system. Fig. 4.30 shows the
response of the sensors to this second concentration of ssDNA. Since the concentration of DNA is
higher, the hybridization rate is faster and as a result, the slope of the response is also higher.
Moreover, we can observe the saturation of the sensors response after ~10 minutes of
complementary ssDNA flow, indicating that all the probes on the surface were hybridized and the
rate of dehybridization was too low. After 20 minutes of the injection, SSC was flowed again and a
backshift in the response was observed which might be caused by ssDNA strands that were not
propetly hybridized with the probes but were trapped among them. In addition, remark again the

high similarity between the responses of the four RR sensors in this experiment.
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Fig. 4.30: Response of the four RR sensors to the complementary ssDNA
with a concentration of 200 nM

Finally, in order to validate the sensor specificity we flowed one concentration of non-
complementary ssDNA over the functionalized rings. As shown in Fig. 4.31, no significant shift
due to the non-complementary strand was observed. In addition, Fig. 4.32 compares the initial
slope of the three samples. The bars represent the average of the value of the initial slope of the RR
with the variation between rings. We observe that the initial slope depends on the concentration of
the complementary DNA and moreover, the non-complementary DNA did not cause any shift to

the RR resonances confirming the high specificity of the sensor for the label-free detection of

DNA hybridization.
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Fig. 4.31: Time evolution of the response of the RR while flowing non-
complementary DNA strands.
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We repeated this DNA sensing experiment with a new sensing chip, but instead of
immobilizing the aminated dsDNA probes by spotting and incubated them, this time they were
anchored to the isocyanate terminations on the surface by flowing them over the sensor. For this
purpose, the surface of the chip was activated with ICPTS identically as performed previously.
Afterwards the chip was assembled and mounted on the experimental set-up with the PDMS
microchannels, and aminated dsDNA was subsequently flowed during 30 minutes. Finally, ethanol

at 80 % in DIW was flowed in order to dehybridized the dsDNA strands and left only the ssDNA
probes.
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Fig. 4.32: Comparative study of the initial slope of the hybridization
sensing for different DNA concentration after 25 minutes of flow.

The hybridization experiment consisted on flowing one concentration of complementary
ssDNA (200 nM). Fig. 4.33 shows the response of the RR sensors to ssDNA hybridization. Note
that in this experiment, the complementary ssDNA was diluted in SSC while the baseline was
obtained using PBS, what provokes a bulk refractive index shift when the changes are produced
(e.g., at minute 40). This effect may be easily removed by using reference rings. We can observe in
the sensors response that the initial slope when the ssDNA reaches the sensors is very high and
that all the RRs almost immediately reach a quasi-saturation point indicating that almost all the
ssDNA probes are occupied. The higher sensitivity compared with the previous experiment can be
attributed to a better surface coverage, which is achieved by flowing on-line the dsDNA probes

instead of incubating them off-line.

180



Chapter 4

350
300
250
200

Wavelength shift (nm)

Complementary

0 <" DNAO02uM

0 10 20 30 40 50

Time (min)

Fig. 4.33: Response of the four RR sensors to the complementary ssDNA
with a concentration of 200 nM. In this case, the dsDNA probes were
immobilized by flowing them over the chip. Note that the complementary
ssDNA was diluted in SSC, while the baseline was obtained using PBS.

4.6.2.3 Other experimental issues

As previously mentioned, during the implementation of an experimental protocol,
numerous situations where the experiments do not provide the expected results or several
unexpected problems that ruin the investigation can appear. In this section, we will discuss some of
the most common issues that we have observed during the realization of the experiments and how
they influenced in the result. Some of them have an easier explanation than others, which need to

be further studied.

Stabilization time

One of the first situations that need to be faced is to determine when the experimental
protocol can be started. Clearly, one advantage of photonic sensors against other technologies is
their ability to perform a fast detection due to their high sensitivity and the possibility to perform a
label-free detection. However, when we start an experiment with functionalized chips that are not
completely hydrophilic, the first thing that we needed to do is to start flowing the liquid over the
sensing structures. The change in the medium surrounding the sensing structures from air to liquid
take some time until the liquid completely fills all the corners and nooks and completely follows the
shape of the structures due to the superficial tension between the liquid and the structure.
Therefore, the signal will not reach a stable position immediately, but it will take a certain time
depending on how the liquid fills the channel and covers the surface of the chip. Fig. 4.34 shows

the wavelength shift response of several RRs for two different chips immediately after the initial
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pump of the buffer in the channels, where a significant initial drift is observed even after 150

minutes of experiment due to the progtessive coverage of the surface.
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Fig. 4.34: Time evolution of the resonance shift of RR sensing structures
immediately after starting the pump of the SSC over them. The shift
evolution for two RRs from two different chips is depicted.

As previously commented, this effect is probably induced by the kinetic coverage of the
liquid over the sensing surfaces and how it fills the channels. By water contact angle analysis, we
determined that the surfaces exhibited a certain level of hydrophobicity after the functionalization
process, what difficult to fill up with the liquid all the small bends and corners of the photonic
structure. To tackle this issue we worked in two alternatives. The first solution was to begin the
experiment flowing a solvent that does not cause the biolayer denaturalization during a brief lapse
of time. In such way, it is possible to reduce the superficial tension provoked by the cohesive
forces, thus favouring the spread of the aqueous sample over the structures. However, in cases
where no solvents can be employed in order to keep the biological functionality, the solution was to
flow the initial buffer with an increased flow rate until a stable signal was observed. Although any
of these alternatives is feasible, the resonances position must be monitored in order to know when

the signal is stable in order to start with the experimental protocol.

Signal drift

Other issue that we have usually observed during the experiments was a drift of the
resonances even when a homogeneous solution was continuously flowing. Among all the
experiments that have been carried out during these years, we have both observed positive and
negative drifts. Several causes may provoke these drifts in the response of the photonic sensing

structures; among them, the most usual are mass coverage variations and temperature fluctuations.
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One of the main reasons of the drift in the sensors response is probably the deposition of
matter over the structures. Generally, the buffers that are used to carry out sensing experiments
contain a significant amount salts (e.g., PBS 1x contains among other ingredients 8 g of salt per
litre), therefore sedimentation of salts can easily occur. Fig. 4.35 shows a SEM picture of a RR in
which numerous particles with regular sizes that may be salt crystals can be observed. Therefore, an
increment of the matter being deposited over the photonic structures will lead to a positive drift of
the sensors response. On the other hand, a negative drift will correspond to the removal of this

previously deposited matter from the structure of the RR.

''s.8@BMm

Fig. 4.35: SEM picture of a RR after an assay where PBS and SSC buffers
were employed. The deposition of salt particles on the chip surface
provokes a variation of the position of the resonances.

In order to reduce the drift caused by matter deposition, we determined that higher flow
rates might be used and that the liquid flow should not be stopped at any time of the experiment in
order to prevent the “landing” of the particles over the photonic sensors. Moreover, it is also
desirable to employ buffers with lower salt concentration, such as PBS 0.1x instead PBS 1x, to

reduce the salt deposition on the sensing structures.

Concerning temperature influence, a temperature increment will induce a positive drift
whereas a decrement will cause a negative drift. A thorough study about the influence of

temperature on the sensors response will be introduced in the next section.

Temperature variation

Several properties of the materials may change with the temperature, and refractive index is
one of them. For instance the silicon thermo-optic coefficient is 1.8x104/K at 1550 nm, and that
for the silicon oxide is 1.2:105/K [KOM12]. On the other hand, the temperature of the aqueous
solution also influences the RR response. However, the thermo-optic coefficient for water has the
opposite sign, being -0.8:104/K ; therefore, it will partly compensate the silicon and the silicon
oxide variations [KIM12].
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In order to study how temperature variations affect to the signal, we placed a Peltier
element in contact with the metallic holder of the chip, what allowed us to modify the temperature
of the sensor while monitoring the position of the resonances simultaneously. Fig. 4.36a shows the
time evolution of the spectral shift of the resonance versus the Peltier temperature, while DIW at
room temperature was continuously flowed over the sensors. The temperature sensitivity curve of
the sensors is represented in Fig. 4.36b. We calculated the sensor temperature sensitivity obtaining
69.8 pm/C°. Taking into account the noise level that we obtained for the refractive index
experiments (1.2 pm), can estimate that temperature variations simply above 0.017°C will have an

influence over the experiment.

Therefore, temperature vatriations may influence the response of the sensing structures.
However, it is worth to note that significant temperature-related variations were not observed in
our sensing system despite not using any temperature compensation mechanism. However, the
performance of the sensing system could be improved by implementing mainly two temperature
compensation strategies. The first one is based on the use of a Peltier-based temperature control
system in the holder of the chip in order to maintain the temperature constant along the whole
experiment. The second strategy is based on including reference structures in the photonic chips so
that they are isolated from the target sample and allow to compensate the non-sensing related
spectral shifts provoked by temperature variations. Therefore, future improvements of our

photonic sensing systems will consider the implementation of these two temperature compensation

strategies.
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Fig. 4.36: a) Time evolution of the spectral shift of the RRs resonances
when different temperatures are applied to the chip holder. b)
Temperature sensitivity curve of the chip, where the slope of the line is 69.8

pm/C%
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Appearance of microbubbles in the channels

Probably, one of the main enemies during the development of any type of sensor for the
analysis of liquid samples is the appearance of bubbles during the experiment realization. Unlike the
signal drift or temperature issues, this problem has a higher degree of randomness, so it is not

straightforward to compensate its effects.

As previously described, the evanescent field of the optical RRs is highly sensitive to local
refractive index variations. Therefore, any tiny air bubble that passes nearby the structures or that is
adhered to them will produce a strong perturbation of the optical wave that may significantly alter
the sensor response. Unfortunately, the formation and accumulation of microbubbles in PDMS-
based microfluidic devices is a frequent phenomenon, which is usually related to the connections
between the tubes and the PDMS flowcell. A non-completely perfect sealing of the PDMS flowcell
and the photonic chip, or any slight entrance of air during the change between the liquid samples

may cause the entrance of bubbles.

Fig. 4.37 shows the evolution of the resonance position of four RRs in an experiment
where issues related with the appearance of bubbles in the microfluidic system were significant.
Despite the signal trend of the RRs is quite stable (with a slight drift that may be easily removed), a
sudden change in the resonances position was measured at certain instants of the measurement.
These sudden jumps are provoked by the attachment or the release of air microbubbles from the
RR surface. Note that these jumps have random magnitudes. However, they use to be significantly
larger than the shifts induced by molecular binding interactions, what makes them easy to identify
and remove if they are punctual and isolated. In the case when many sudden jumps produced by air
microbubbles are observed, real sensing information might be very difficult to be extracted, thus

preventing from a successful development of the experiment.
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Fig. 4.37: Example of sensing experiment where several air microbubbles
interfered in the measurement. It is observed how the bubbles produce
several sudden jumps and variations, significantly difficulting the analysis
of the response of the RRs.

In order to prevent from bubbles formation and reduce their non-desirable effects during
the assays, several strategies can be adopted. First, it is important to have a completely hermetic
fluidic system in order to avoid the bubble entrance from the interfaces. This can be achieved either
by tightly clamping the PDMS flowcell to the chip, as we have done in our experiments, or by using
oxygen plasma to stick the PDMS flowcell to the silicon surface of the chip, what has the drawback
of the preventing from a further reuse of the sensing chip or for its physical characterization.
Another important aspect to be taken into account is the need to degas the liquids before using
them in the sensing system. Using this method, bubbles were drastically removed and smoother
signals were obtained (although bubbles were not 100% completely removed). To our knowledge,
there are other more complex solutions based on elements such as PDMS-based bubbling traps;
however, since our work was focused on the development of the photonic sensors themselves as
well as the experimental protocols, we did not work in the implementation of this kind of solutions

due to their high complexity [LOC12].

4.6.3 GOPTS-based functionalization experiments

Although we have validated the feasibility of the ICPTS chemistry for the development of
photonic biosensors that are able to detect antibodies or DNA, many problems arisen for that
approach. As described in chapter 2, the isocyanate end of the ICPTS is highly reactive toward
nucleophiles and loses its activity in aqueous media, what in many cases has prevented from

achieving a successful functionalization of the sensing structures. For this reason, we have studied
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other functionalization approach based on GOPTS organosilane, where its terminal epoxy groups
are more resistant to the water than the isocyanate groups from ICPTS, thus obtaining a
functionalization procedure that is more robust even in humid environments. Furthermore, the
covalent coupling between the organosilane and the chip surface for this functionalization strategy
can be assisted by UV light exposure, what allows a high spatial selectivity and faster times than
traditional immobilization methods based on incubation procedures. In addition, the use of this UV
light assisted method to attach the receptors to the sensing structures is charactetized for being

clean and it exhibited remarkable results, as we will present in this section.

Hereafter, we will introduce the most remarkable results that we have obtained using this
UV light assisted GOPTS-based functionalization approach. These experiments have been only
focused on the development of a sensing platform for specific detection of ssDNA since it was the
objective of the project where the work was framed. Firstly, we will briefly describe the chip

functionalization process, which was adapted from chapter 2.

4.6.3.1 Functionalization process

Although the generic GOPTS-based functionalization procedure was already described in
chapter 2, herein we will comment the variations that were introduced for the functionalization of
the integrated RR-based photonic sensing structures. These variations are mainly related to the

incubation times or the reagents concentration.

Firstly, the silicon photonic chips were cleaned in piranha solution during 30 minutes at 50
°C in order to remove any biological substance from the surface. After that, they were rinsed with
DIW and dried under air stream. Subsequently, the chips were completely immersed in a GOPTS
solution in toluene at a concentration of 2% in volume during 2 hours to attach the silane
molecules to the hydroxyl groups on the surface. The GOPTS molecules that were not attached to
the surface were removed by cleaning the chip with 2-propanol and then air-dried. The probes
attachment to the RRs was then carried out by spotting a drop of the thiolated ssSDNA probe on
the silanized surface and then illuminating directly with UV light. Due to the high power of the UV
lamp of the lithography equipment that was employed in the optimization for planar structures, the
drop with the DNA probes was dried and a non-homogenous coating was obtained, what is not
valid for the development of an integrated photonic sensor. For that reason, we carried out the UV
light exposure by placing the chips in a humid chamber (created with plastic Petri dishes) and then
lluminating with a UV portable lamp at 371 nm that was placed ~ 2 cm above the chip, as shown
in Fig. 4.38. The fact of providing less UV light power makes the exposition time longer, being of
around 2 hours instead of 10 minutes when using the photolithography equipment. For the
development of a multiplexed sensing device, we have the possibility to spot different DNA probes

in each of the four RR sensing structures that we can measure in parallel. After the immobilization
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of the DNA probes to the GOPTS layer, the chip was rinsed again with PBS-T. In order to block
the remaining active epoxy moieties on the surface, 2-mercaptoethanol 0.1 M in PBS was spotted
on the chip and illuminated again during 1 hour. Finally, the chip was rinsed to remove the

molecules that were not bound to the surface.

Fig. 4.38: Picture of the UV light exposure during the functionalization of

the chip with GOPTS organosilane. Four chips were incubated at the same

time to avoid variations in the conditions. The chips were kept in a box to
maintain the humidity and the temperature.

Once the chips were functionalized, they were assembled with the PDMS microchannels
following the same procedure that was previously described for the ICPTS-based experiments.
Assembled chips were placed on the holder of the experimental set-up in order to carry out the

measurements.

4.6.3.2 DNA sensing

Our first objective was to demonstrate the proof-of-principle to perform DNA sensing
experiments using the RR photonic sensors with GOPTS-based functionalization. In this first
experiment, the chip was functionalized with the procedure mentioned above, where all the RRs

were spotted with the same DNA probe.

For this experiment, SSC 1x was used as a buffer and an ethanol solution at 80% was
flowed during 5 minutes at the beginning of the experiment in order to increase the surface
wettability and reduce the signal stabilization time, as we suggested in the previous section. Then, a
stable baseline was obtained for each RR sensor during the flow of SSC 1x buffer, complementary
ssDNA with a concentration of 100 nM in SSC 1x was streamed in the system, provoking a shift in
the RR response due to the DNA hybridization as shown in Fig. 4.39. However, the variation of

the resonances of each RR was remarkably different. This difference in the sensitivity, which was
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also observed in previous antibody or DNA sensing experiments, indicates that there is a non-
homogeneous coating of the surface with the capture probes after the functionalization process.
This effect is probably due to the spotting step, where a single drop is placed on top of the chip
coating all the sensors. The use of a single larger drop probably makes that the probes
concentration is not well controlled and becomes different depending on the sensor position inside

the drop, thus leading to different density coverage.
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Fig. 4.39: Hybridization detection of the complementary ssDNA with the
probes attached to the surface of the RRs, leading to a permanent shift.

In order to regenerate the chip, we carried out a dehybridization step by flowing ethanol at
80% during 5 minutes to remove the complementary DNA strands that were previously hybridized.
After waiting again for a stable baseline during the SSC 1x flow, non-complementary ssDNA was
pumped in the fluidic system. Fig. 4.40 shows the time evolution of the RR resonances during the
flow of the non-complementary ssDNA. A sharp peak is observed when the non-complementary
ssDNA reaches the sensors, which rapidly returns to the prior position. This sharp peak might be
caused by pressure changes in the flowcell during the automatic switch between the liquids to be
flowed. Then, during the non-complementary ssDNA stream, no significant shift was observed,
thus confirming the specificity of the sensor since no hybridization between the DNA strands was
produced. Finally, SSC was pumped again to obtain the net variation which was negligible, only a
slight sharp backshift was observed due to the change in the refractive index after changing the
flow to the SSC 1x buffer.
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Fig. 4.40: Response of the RR sensors to non-complementary ssDNA.

Once the proof-of-principle of DNA sensing using GOPTS functionalized RR sensors was
demonstrated in this experiment, we developed a new experimental procedure where a photonic
chip with two sensing RRs and one reference RRs was used. In order to achieve this, after the
GOPTS activation of the chip surface, only two RRs were spotted with the DNA probes (i.c., a
smaller drop was used this time) while the other RR was left uncoated in order to be subsequently
blocked with 2-mercaptoethanol. Then, the chip was exposed to UV light for 2 hours and finally all

the surface was blocked with 2-mercaptoethanol during 60 minutes.

Fig. 4.41 shows the response of the RRs for different concentrations of complementary
ssDNA. After obtaining a stable baseline with SSC, we injected a concentration of 100 nM of the
complementary ssSDNA. The hybridization with the DNA capture probes caused a change in the
refractive index of the surface of the sensors and thus induced a resonance shift of the sensing RRs.
It is worth noting that the sensitivity of both sensing RRs was rather similar this time. This was
mainly determined by the use of smaller drops for the functionalization of the RRs, what allowed a
better control the probes density over the sensors, thus leading to a more homogenous surface
coverage of the structures. In addition, when the SSC 1x buffer is flowed again after minute ~63,
we observe that the resonances shift is permanent, what means that the hybridization was propetly
done and unspecific binding or adsorption were practically negligible. On the other hand, the
reference ring that was blocked with 2-mercaptoethanol did not exhibit any shift (simply a slight
shift due to the refractive index change between the SSC buffer and the ssDNA dilution), thus

demonstrating the suitability of the blocking with 2-mercaptoethanol.
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Fig. 4.41: Specific detection of two ssDNA concentrations. The
dehybridization step was carried out employing ethanol 80% in DIW. Each
reference ring curve corresponds to a different concentration.

After the verification of the DNA hybridization using complementary ssDNA 100 nM, the
chip was regenerated by dehybridizing with ethanol 80% in DIW, and a second concentration of
complementary DNA (10 nM) was flowed over the chip in order to determine the response
variation of the sensor for different concentrations of complementary ssDNA. Fig. 4.41 cleatly
shows this variation in the sensor response when the concentration of complementary ssDNA was
changed, exhibiting a lower initial slope and a smaller total shift than for the concentration of 100
nM. Regarding the reference sensor, we can observe that again it did not show any shift (except for

a slight refractive index induced shift).

The next and final step was focused on demonstrating again the specificity of the DNA
sensors by flowing a non-complementary ssDNA sequence (the chip was first regenerated using
ethanol 80%). Fig. 4.42 shows the evolution of the resonances of the three RRs (two sensing RRs +
one reference RR). As expected, the position of the resonances remained stable as there was no
hybridization of the flowed ssDNA with the capture probes on the surface of the chip. This fact
corroborates the specificity of the hybridization detected in the previous experiments. We also note
the remarkable stability of the sensing system despite of the lack of a temperature control system in

our set-up.
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Fig. 4.42: Response of the sensing and the reference RRs during the flow
of non-complementary ssDNA.

Therefore, with these experiments we were able to demonstrate the feasibility of ssDNA
sensing using our photonic sensors functionalized them using GOPTS-based chemistry. We have
also demonstrated that this platform provides a specific detection (no response was observed for
non-complementary ssDNA), with different response to different complementary ssDNA
concentration, and where reference RRs are available to compensate possible temperature or bulk

refractive variations.

4.6.3.3 Chip blocking

Despite the good results shown in the previous experiments, we decided to investigate
further the blocking procedure used to prevent non-specific adsorption. To this aim, we prepared a
set of experiments where the sensing structures were not functionalized with the DNA probes, only
silanized with GOPTS and just blocked following different strategies, and then we flowed different

concentrations of complementary ssDNA.

The first chip was blocked following the procedure described in the previous section,
where after the silanization of the chip by immersion in 2% GOPTS in toluene, the rings were
covered with 2-mercaptoethanol 0.1 M in order to block the epoxy moieties of the GOPTS. Then,
we irradiated the chip with UV light for 120 minutes in order to promote the blocking of the

moieties. Finally, the chip was rinsed, dried and ready to be assembled and measured.
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After obtaining the baseline for the flow of SSC buffer, several concentrations of the target
ssDNA ranging from 1 nM to 100 nM were flowed over the sensors to observe their response. Fig.
4.42 depicts the shift of the ring resonances for this experiment. We did not appreciate a significant
shift of the sensor response for any of the ssDNA concentrations flowed, and thus no non-specific
binding was observed. We only observed a slight change in the slope while flowing the DNA, what
might be probably due to changes in the composition of the flowed substance and thus of the
refractive index. Several spikes were also observed in the sensors response, which might be
produced by microbubbles interfering with the sensing structures, as we exposed previously in

section 4.6.2.3. Finally, we observed a drift that might be due to a slight temperature variation.
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Fig. 4.42: Sensors response for different ssDNA concentrations when the
chip is functionalized with a layer of GOPTS and blocked with 2 -
mercaptoethanol.

For the second chip, we simply silanized it by immersion in 2% of GOPTS in toluene, but
neither DNA probes nor 2-mercaptoethanol were then spotted on the chip. With this experiment,
we wanted to confirm that the epoxy groups from the GOPTS layer already act as a blocking layer

for the ssDNA to be flowed in the experiments.

Fig. 443 shows the response of the RR sensing structures for all the flowed DNA
concentrations. As it happened for the case of blocking with 2-mercaptoethanol, we did not note
any non-specific binding of the DNA and all the rings had the same trend (also with a slight drift,
some peaks due probably due to microbubbles, etc.). Therefore, this experiment indicated that the
GOPTS layer can directly act as blocking layer for reference sensors, since it prevents from the

specific adsorption of ssDNA.
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Fig. 4.43: Sensors response for different ssDNA concentrations when the
chip is only functionalized with a layer of GOPTS.

As conclusion, we investigated the sensor response to non-specific adsorption when the
GOPTS layer is blocked with 2-mercaptoethanol and when no other layer is created over the epoxy
termination of the organosilane. These tests have shown that no significant binding was detected
when the DNA was flowed over the sensors for the two approaches, which did not show a
remarkable difference between them. Therefore, for the next experiments, we decided to avoid the
blocking step with 2-mercaptoethanol, thus reducing the time required for the chip

functionalization.

4.6.3.4 Automated spotting

The intrinsic sensitivity of the RR sensing structures in the same chip is, in principle,
identical. However, when the sensors are functionalized and we carry sensing experiments out, we
observe that the sensitivity towards a certain target analyte is usually different for the each sensing
structure within the chip. These variations are mainly caused by the lack of homogeneity of the

biological coating deposited over the sensors.

One of the factors that affect to this lack of homogeneity is the size of the drops that are
used in the spotting step. For example, we can see a significant difference in the variation between
sensors response for the ssSDNA sensing experiments presented in section 4.6.3.2: the first ssDNA
sensing experiment exhibited a variation between sensors of ~50 pm (see Fig. 4.39), while the
second ssDNA sensing experiment showed a variation between sensors below 10 pm (see Fig.

4.41). The main difference in the functionalization step that was carried out in each case was the
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amount of liquid spotted over the sensing structures: while in the first case a large drop was used to
cover the four RR sensing structures, in the second case we used a smaller drop in order to only

cover two of the four RRs.

In this experiment, we used an automated spotting equipment (BioDot) to deposit the
reagents used in the functionalization. Biodot is a microarray-spotting machine that is able to spot
drops as small as of 20 nl with a spatial accuracy of 20 um. The fact of employing such small
amount of liquid leads to three advantages related to the functionalization of the RR-based sensor.
The first one is the higher spatial resolution in the spotting process, which allows us to spot
independently each sensor with a different probe. The second advantage is that by using smaller
drops we are reducing the contact area of this drop with the chip, what allows obtaining an
increment in the density and the homogeneity of the coating, thus leading to higher sensitivity. And
finally, the third benefit is the reduction of the amount of reagent required for the functionalization,
what leads to a significant cost saving for the development of the final device. Fig. 4.45 shows two

pictures of spotted drops during the functionalization process when manual and automated

spotting is used, where the different in sizes can be clearly seen.

Fig. 4.45: Comparison of drops deposited in the functionalization process
when the spotting is carried out manually and with the automated BioDot
equipment. The amount of reactive is ~10 times lower using the latter
method.

In order to corroborate the influence of the drop size in the RR sensitivity, we planned an
experiment to measure a significantly low concentration of complementary ssDNA. The
functionalization procedure followed the same steps as previously described, but now the spotting
of the aminated DNA probes was done using the BioDot equipment; a 40 nl drop of aminated
DNA probe was spotted in three of the four RRs of the sensing structure, leaving the fourth RR as
a reference structure. Then the chip was irradiated with UV light, cleaned and assembled with the

PDMS flowcell.

As done in previous experiments, a short cycle of ethanol was initially flowed over the chip

in order to increase the structure wettability. After that, we obtained the sensors baseline by flowing
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SSC at a rate of 15 ul/min. Then, we injected the complementary ssDNA with a concentration of
only 5 nM. Fig. 4.46 shows the time evolution of the resonances position when the complementary
DNA is flowed over the sensors. We can see that the 3 DNA-functionalized sensors cleatly
respond to the very low concentration of complementary ssDNA that was flowed over the chip,
showing a permanent shift of 10 pm for the RRs with lower sensitivity and 16 pm for the RR that
exhibits the higher sensitivity. This good response to such low concentration indicated the proper
coverage of the surface with the DNA probes when the automated spotting equipment is used. The
step signal showed by the reference RR indicates the difference in the refractive index of the SSC
buffer and the dilution of the buffer with the complementary ssDNA. This signal can be used to
subtract the bulk refractive index effect from the response of the sensing structures, thus obtaining
only the sensors response due to the hybridization of the complementary ssDNA on the surface of

the chip.
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Fig. 4.46: Specific detection of the DNA hybridization for a concentration
of 5 nM. A bulk refractive index variation of the medium is observed for
the reference RR and also at the end of the flow of the DNA for the sensing
RRs.

To sum up, after using the BioDot to automatically spot low volumes of the DNA probes
on the surface of the chip, we were able to detect a very small ssDNA concentration (only 5 nM)
using the RR-based sensors. In addition, the small intrachip variation of the response of the sensors
(only ~6 pm) demonstrates the higher homogeneity of the reagents coating that is obtained by
spotting tiny drops (only 40 nl) in each sensing structure. Finally, remark also the higher stability of

the signal that is obtained during the experiments.
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4.6.3.5 Study of different DNA concentrations

Once the functionalization procedure was optimized and proper times, concentrations and
volumes were selected, we carried out an assay aimed at obtaining the sensitivity curve of the
sensor, where several DNA concentrations ranging from 10 nM to 100 nM were flowed. Fig. 4.47
shows the evolution of the resonances for each concentration, where we can see that the sensors
responded with different trend depending on the DNA concentration. Note that the response of
RR1 is not depicted for the concentrations of 50 nM and 25 nM, due to multiple jumps that made
the signal unusable. For the concentrations of 50 nM, 25 nM and 10 nM, we can observe a small
spike when the DNA reaches the sensors, which is due to the change of the automatic valve and it
was also observed in other experiments (e.g., see Fig. 4.40). We are further investigating on how to

reduce the effect of this problem.
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Fig. 4.47: Time evolution ring resonance’s position for different DNA
concentrations.

As we can observe in the graphs, except for the signal of 100 nM, the response of all the
sensors is shifted around 30 pm after 20 minutes of flowing the complementary DNA at different
concentrations. Therefore, it is extremely difficult to obtain a correlation between the concentration
and the final shift of the sensors response. However, we can try to correlate the initial slope of the

response with the analyte concentration Fig. 4.48 represents the initial slope of each RR for each
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DNA concentration, where the initial slope is obtained by fitting the signal to an exponential
function. In this graph, we can observe a clear correlation between concentration and initial slope
provided by the sensor, where the higher the concentration, the larger the initial slope. The use of
the sensor initial slope to determine the concentration of the target analyte has another significant
advantage: the reduction of the time analysis. Since we do not need to flow the analyte over the
sensors until the response reaches the saturation point, but only a shorter time until we are able to

determine the initial slope of the response.
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Fig. 4.48: Sensitivity curve for DNA detection for the four RR sensors on
the chip. The curve depicts the initial slope of the response of each RR for
different concentrations of complementary DNA.

4.6.3.6 Study of multiple regenerations

Finally, since we have been reusing the sensing structures by regenerating them with an
ethanol flow, in this last assay we studied the sensitivity variation of the sensor after several
dehybridization steps. To this aim, the chip was identically functionalized as previously described
(i.e., deposition of GOPTS layer, spotting of DNA probes over the four RRs with the BioDot, and
without GOPTS blocking), and then several cycles where complementary DNA with a
concentration of 50 nM were flowed and then dehybridized were carried out. Fig. 4.49 shows the
response of each sensor for each of the DNA sensing cycle, where we can clearly observe a
degradation of the sensor response after each regeneration. This degradation may be due for two
reasons. The first reason is that the dehybridization step was not removing all the hybridized DNA
strands from the surface of the chip, and therefore there were less probes available to be hybridized
when the DNA was flowed again. The second reason is related with the probe removal or

deactivation; despite the probes are attached to the surface by a covalent bonding, it is possible that
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some DNA probes are removed or that their biological activity is lost, thus leading to a lower

sensitivity.
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Fig. 4.49: Evolution of the hybridization curves after each regeneration
cycle for each RR sensor. After each regeneration step, the sensitivity
decreases.

Fig. 4.50 represents the variation of initial slope of each ring after each
regeneration/sensing cycle. We can see that, after 5 regeneration/sensing cycles, the initial slope is
reduced around 30% in average. However, this slight variation between two regeneration/sensing
cycles is not a major drawback, but it would necessary to perform a proper calibration of the
sensing device and relate it to the regeneration cycle prior to perform any assay in order to obtain a
proper correlation between the concentration and the resonance shift for a determined number of
regenerations. Finally, note the difference of the sensitivity among sensors in the same chip (e.g., in

the first cycle, RR3 exhibits an initial slope ~1.5 times a higher than RR1).
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Fig. 4.50: Evolution of the initial slope of the RRs after five hybridization
assays. The trend of the initial slope of the sensor response is constantly
decreasing.

4.7 Conclusions

This chapter was focused on the use of RR structures for their use as sensing elements. We
began describing the fundamentals of the RR and its main parameters. There, we determined that it
will be desirable to work in an add-drop configuration, since it eases obtaining the critical coupling
condition in order to have sharper resonances with higher Q values. Then, we also reviewed the
state-of-the-art in the field of RR-based sensors. We observed that a wire cross-section is probably
the most appropriate for sensing purposes due to its balance between fabrication simplicity and
optical losses (despite configurations like the slot waveguide can provide higher sensitivities), that
SOI technology is the most used platform because its CMOS compatibility (although other
platforms based in polymer materials might also be interesting), and that several different
multiplexing approaches are currently being used. According to all these factors, the RR structures
to be used as sensing structures within this PhD work were designed and fabricated (in

collaboration with Gent University in the frame of the FP7-INTOPSENS project).

Then, we presented the automated measurement set-up that was used for the experimental
characterization of the RR-based sensing structures. Several enhancements were included respect to
that previously described in chapter 3 for the characterization of PhC-based sensors, such as the
use of an OSA to obtain the spectra instead of a tunable laser, the use of a switching valve to
automatically change between the target samples to be flowed, or a PDMS-based microfluidic

flowcell that permitted a more homogeneous and controlled sample delivery.
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Regarding the experimental characterization of the sensing structures, we began performing
refractive index sensing experiments in order to determine the bulk sensitivity of the structure. In
these experiments, we obtained a sensitivity value of 82.78 nm/RIU and a detection limit of
1.44-10° RIU, what is a common value for this type of sensing technology. Then, we worked in the
development of the biosensor for protein and DNA sensing by functionalizing the structures using
the ICTPS-based chemistry initially considered. Using this functionalization approach, we were able
to successfully demonstrate the detection of low concentrations of antiBSA molecules and ssDNA
hybridization. In the case of the DNA sensing, we note that an efficient increment in the
hybridization was achieved by functionalizing the chip with dsDNA (and then, dehybridize it),
instead of directly attaching the ssDNA probes.

However, several non-desirable effects were observed during the course of these
experiments, such as the lack of stability of the response at the beginning of the experiments, signal
drift, bubbles into the fluidic system, or temperature variations. Moreover, we also observed many
issues related with the use of ICPTS organosilane for the functionalization of the sensors, mainly
related with the high reactivity of its isocyanate termination. For these reasons, we decided to work

on a second functionalization approach in order to obtain better results (among other reasons).

The second functionalization approach was based in the use of GOPTS organosilane,
which has an epoxy termination that reacts towards thiol groups. This reaction between epoxy and
thiol groups can be assisted by exposing with UV light, what provides several advantages such as a
reduction of the incubation time and a spatial selectivity in the functionalization process that allows
to only attach the receptors on those areas that are exposed. Therefore, we used this GOPTS-based
functionalization to attach thiolated DNA probes to the sensing RRs. By working in the
optimization of this approach for ssDNA sensing we have been able to detect concentrations as
low as 5 nM. An interesting fact observed during these experiments was the strong dependence
between the drop size during the functionalization process and the sutface coverage/efficiency of
the sensor, observing that smaller drops provides higher sensitivities and less variation among the
sensors. In addition, we carried out a study of the sensitivity evolution after several dehybridization
cycles, in order to confirm the possibility of reusing the sensing structures. We obtained that a
decrement around 30% of the efficiency was observed after 5 regeneration cycles (i.e., ~5% of loss
per regeneration cycle), what confirms that the chips can be reused several times. Therefore, from
all the experiments that have been carried out, we can affirm that the RR platform is potentially a

good option to develop the next generation of label-free sensors.
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Low-cost biosensing using 1D

photonic bandgap structures

5.1 Introduction

One of the trends in the field of the development of the new sensing devices is focused on
the reduction of the cost and the complexity while keeping a high multiplexing level and
performance of the photonic sensing structures. Currently, we can find in the market several basic
analysis devices such as pregnancy or glucose tests that are commercialized at a very low cost and,
moreover, are portable. Therefore, as already introduced in the previous chapters, the aim of the
development of high performance photonic biosensors is to develop LOC devices which such level
of cost and practicality, but where a more complex analysis is carried out. However, a significant
limitation of current sensing approaches based on integrated photonic structures is the high cost of

their read-out platform, what really constrain its practical deployment into the market.
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As it has been shown in chapters 3 and 4, most photonic sensing techniques are based on
continuously acquiring the spectral response of the sensing structures and then monitor the shift of
any spectral feature (e.g., PBG or guided band position for PhCs and resonances for RRs), which is
dependent on the medium surrounding the sensing structure. Therefore, in order to carry out this
type of spectral-based interrogation, it requires performing a spectral sweep of the sensor response
by using tunable elements such as a tunable laser or an OSA. This equipment is frequently
expensive, heavy and bulky, thus making difficult the development of compact and low-cost
analysis devices that might be used for in-situ measurements or POC solutions. For that reason,
several research groups have been working since some years ago towards the development of
innovative photonic sensing solutions able to provide reliable and high performance results at a
reasonable cost. In this PhD work, we propose a novel low-cost interrogation method based on a
combination of PBG sensing structures and a limited bandwidth source, where the use of expensive
tunable elements (i.c., tunable laser or OSA) is avoided, thus significantly simplifying and reducing
the cost of the final sensing platform for biochemical detection. Additionally, this sensing technique
also allows us to obtain real-time information of the sensing structure, since the output signal can

be continuously monitored.

Before describing the details of our novel sensing technique, we will first present in section
5.2 other currently developed photonic sensing techniques that also look for to reduce the cost of
the read-out system. In addition, we will also review in section 5.3 several research works focused
on the development of sensing structures based on 1D PhCs, since we have used this type of
periodic structures for the experimental demonstration of our sensing technique. In section 5.4 we
will provide the operation details of our sensing method, while in sections 5.5 and 5.7 we will
provide details related to the design, fabrication and experimental development of the sensing
structures and the read-out platform. Finally, in section 5.7 we will show the experimental results
obtained using this sensing technique, where we have demonstrated the detection of small amounts
of antibodies in real-time confirming that our sensing technique is a completely suitable platform to

carry out biological assays for different domain purposes.

5.2 State-of-the-art of non-spectral-based sensing

techniques

As previously indicated, a major part of photonic sensors based on planar integrated
structures relies on the measurement of the shift of their spectral response, such as in PhCs or RRs.
These interrogation techniques require the employment of optical tunable devices that are generally

expensive. This drawback encouraged several research groups to work on the development of
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different techniques to carry out the detection without using tunable elements. In this section, we

present several methods that perform the sensing measurement without sweeping the spectrum.

One of the main examples of this type of development has been reported by researchers
from Gent University. They presented a sensing device based in the combination of two cascaded
RRs in Vernier configuration and an integrated arrayed waveguide grating (AWG) filter, as it is
shown in Fig. 5.1a [CLA11]. Vernier configuration consists on connecting consecutively two RRs
with slightly different roundtrips, where the drop port of the first RR is coupled to the input of the
second RR. These RRs are designed in such a way that only one resonance out from » matches
between both RRs obtaining a perfect overlap as depicted in Fig. 5.1b. One of the RRs is
completely isolated from the environment (e.g., by depositing a silicon oxide or SU8 upper
cladding), whereas the second one is in contact with the sample to be measured. When a change of
the refractive index on the surface of the sensing ring is produced, a small shift is induced in its
response. However, this shift will be amplified due to the Vernier effect, thus observing a larger
shift in the envelope of the combined response of both RRs. This amplification of the shift will be
given by the factor F = AA,./|Adg — AA,|, where the r denotes the reference RR and s the sensing
RR.

The shift of the output signal may be measured using a typical spectral-based interrogation
method however, they take profit of this shift amplification to place an AWG filter at the output,
which spatially separates the output spectrum acting as a discrete spectrometer but with a lower
resolution. The envelope of the signal of the Vernier sensor is thus obtained by exciting the
structure with a broadband source and measuring simultaneously the output ports of the AWG.
Then the output signals are fitted by using a square Lorentzian function similatly than in the regular

RR, as shown in Fig. 5.1b.

1
a)  Vernier-cascade AWG b) § oo
broadband E - :
light g ‘
______ to camera Bioa !\‘ ’l
i i g0.2 I‘l" | H N ,h i il
' 1 Ao | | o, N
O LV f'L"'.lyl,"'m:Jv‘,,&fUl. AN
sensing window E 9 5

wavelength detuning (nm)

Fig. 5.1: a) Schematic illustration of the sensing structure proposed in
[CLA11] employing two RRs in a Vernier configuration with an AWG filter
at the output. b) Transmission spectrum of the structure measured using
the output channels of the AWG. c) SEM picture of the fabricated device.
The size of the AWG limits the integration level of the structure.
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Employing such configuration, a significant increase of the sensitivity is obtained, reporting
a value over 1.000 nm/RIU, what is more than one order of magnitude of typical silicon RR-based
sensors. However, although this configuration seems very promising, several issues need to be
overcome. The first one is that the “amplification” of the shift of the sensor response does not only
provokes an increase of the sensitivity, but also a significant increase of the noise of the system.
This fact influences the detection limit of the system, what was reported to be 1.6-10-> RIU. In
order to reduce such noise, a one-minute averaging was applied, leading to a slower measurement
and hence preventing from having a real-time measurement. The second drawback of this
configuration is the significant increase of the footprint of the sensing device. The area required for
the integration of an AWG for each sensor is approximately of 0.25 mm?, as it can be appreciated
in Fig. 5.1c what reduces the integration density in 4 orders of magnitude, thus finishing with the
one of the main advantage of planar photonic sensors: their high integration level. Other problem
that may be related with the use of an AWG is the significant increase of data that is necessary to
acquire and process for the readout of the sensing structure. Since the spectral resolution of the
measurement is given by the number of output ports of the AWG, a quite large number of output
ports may be required to have a good performance. For instance, in the case of using 16 Vernier-
based sensors, each of them with a 16-ports AWG, it would be necessary to analyse simultaneously
256 outputs instead of only 16 for a typical sensor configuration, which would significantly increase

the complexity of the system.

A similar configuration was used by a group from Zhejiang University, but in this case,
they only measured the intensity of the output of the cascaded RRs by using a simple power meter
after exciting the structure with a broadband source [JIN11]. A theoretical sensitivity of 2-104
dB/RIU was calculated for this technique; however, that value dropped down to 450 dB/RIU in
the reported experiments. This decrement of performance is due to several issues such as variations
in the coupling coefficient between the RR and the access waveguide or the intrinsic losses of the
structure. Therefore, the performance of the sensing device is quite dependent on fabrication

variations, so the robustness of the device is extremely compromised.

A complete new concept of non-spectral-based planar sensing devices is the bimodal
waveguide that has been proposed by the group of CSIC CIN2 leaded by Dr. Lechuga. The
bimodal waveguide relies on the creation of a 2-level waveguide where two different modes travel
simultaneously along it, acting as an interferometer [ZIN11]. The propagating modes have different
intensity distribution at the core-cladding interface, what produces a different interaction with the
matter on the surface, as depicted in Fig. 5.2. The variation in the output interference pattern is
measured by exciting the sensing structure with a monochromatic light and employing a
photodiode with two sections placed directly at the output of the waveguide. Since there is no need

to implement Y junctions, as it requires other interferometric configurations such as MZI-based
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sensors, losses are lower for this device. In addition, since the detection is based on the phase
variation of the interferometric signal, the performance of the device is independent of the input

light intensity.
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Fig. 5.2: Principle of operation of the bimodal waveguide sensor. The
distribution of the electromagnetic field is different for both propagating
modes. Their interaction produces a certain pattern at the output of the
structure determined by the interaction of the evanescence wave with the
molecules on the surface.

Using a bimodal waveguide based on a SisN, ridge waveguide, Dr. Lechuga’s group has
reported an extremely low detection limit of only 2.5:10-7RIU for bulk refractive index sensing with
a sensitivity as high as 2300-2n rad/RIU. They have also demonstrated its application for label-free
biosensing by monitoring the interaction of the couple BSA-antiBSA and the immuno-detection of
the human hormone hTSH with a detection limit of 17 ng/ml [DUV12]. However, the main
drawback of this configuration is the total length of the bimodal waveguide required to achieve an
acceptable sensitivity (e.g., the total length of the bimodal waveguide in the previous work is 25
mm), what significantly reduces the integration level of this photonic sensing approach. In addition,
due to the interferometric principle of this sensing structure, the phase of the output signal will be
periodic, what can give rise to wrong or ambiguous interpretations. This problem may be solved by
implementing a modulation scheme of the laser [DAN12], however, this approach would need to
analyse the output signal by using a Fourier transformation, thus increasing the complexity of the

interrogation system.

5.3 State-of-the-art of 1D photonic structures for

biosensing purposes

As previously mentioned in chapter 3, 1D PhCs atre structures consisting in a periodic

variation of the refractive index in only one dimension in the direction of the propagation of the
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light. In our case, we will focus this section on planar 1D periodic structures since they will be the
core of our novel power-based sensing technique. Among these structures, the most popular 1D
structures are probably those based on transversal elements (corrugated waveguides), holes in a
waveguide and transversal trenches on the structure, all these structures are shown in Fig. 5.3a. This
type of structures represent an efficient and intriguing solution for sensing purposes, due to their
simpler fabrication and reduced footprint, compared with 2D PhC structures. As it was explained
in chapter 3 for 2D PhCs, the periodicity in the propagation direction provokes the opening of a
PBG between the guided modes of the structure, as it is shown in Fig. 5.3b. As it was also
explained in in chapter 3, the group velocity of the guided modes is reduced at the edge of the
Brillouin zone, leading to the slow-light effect. Since the position of the PBG, and therefore the
position of the guided modes, depends on the refractive index of the cladding, any refractive index
change induced by a molecular recognition event will cause a shift in the spectral response of the

structure.

Fig. 5.3: a) Illustration of different types of planar 1D periodic structures
consisting in (from top to bottom) a corrugated waveguide created by
inserting transversal elements in a waveguide, a other by inserting
transversal trenches in a waveguide, and alD PhC created by introducing
air holes in a single mode waveguide. b) Simplified band structure of a 1D
periodic waveguide.

One of the first theoretical studies of the application of 1D periodic structures for sensing
purposes was presented by the Photonics Research Group in Politecnico di Bari by Passaro et al.
[PASO8]. In such work, they introduced a mixed numerical approach based on the finite element
method and coupled mode theory in order to design a submicrometer integrated optical sensor
based on Bragg gratings in SOI technology. The proposed structure consisted of a single mode rib
waveguide fabricated in SOI where periodic trenches were etched on the surface. The structure was
characterized by its reduced size, which was less than 100 um?, thus allowing a high integration
density. According to their calculations and assuming a minimum detectable shift of 5 pm, the
reported detection limit for bulk refractive index sensing was around 10+ RIU. This value is

significantly higher than those achieved for current sensing devices, mainly due to the high
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confinement of the electromagnetic field in the lower cladding for the rib architecture waveguide,
what reduces the interaction with the target analytes. In addition, one limitation of this structure
design is that a second fabrication step is required to create the periodic grooves on the waveguide,

since they have a different depth than the regular rib waveguide.

Concerning the experimental demonstration of sensing using 1D periodic structures,
Jugessur et al. presented a Nano-Bragg grating sensor fabricated on SOI through e-beam
lithography, which is shown in Fig. 5.4 [JUG09]. A PDMS microchannel was used to address the
liquid samples to the sensing structures. This PDMS microchannel was sealed on the substrate by
instant vacuum. Therefore, it might be peeled off from the chip and, after a proper cleaning
procedure, it is possible to reuse both (i.e., the chip and the PDMS microchannel) to carry out more
detection experiments. A typical spectral-based interrogation method was employed for the read-
out of the sensing structure, obtaining a sensitivity of 180 nm/RIU for bulk refractive index

variations.

nano- Bragg grating sensor
Fluid flow in microchannel

TE W.WN WS W W WWW

Optical input

To fluid reservoirs

Fig. 5.4: SEM pictures of the 1D PhC sensing structure with a integrated
PDMS microchannel. Close-up view of the nano-Bragg grating sensor.
[JUGO9].

In the same context, researchers from the University of Twente also presented a similar 1D
periodic sensing structure designed to obtain the bandgap around 1550 nm [KAUOQ9]. The
experimental measurements were carried out by spotting a drop of the target sample on top of the
chip. By measuring the shift of the bandgap when changing from air to water, they obtained a
sensitivity value around 160 nm/RIU. In order to avoid the need of acquiring the spectrum for the
interrogation of the sensing structure, what was highly time consuming, they proposed to simply
excite the structure at a single wavelength located within the edge of the band edge while
continuously measuring the output power. They validated this technique by measuring the power
change when a drop of 9% of isopropyl in DIW (v/v) was deposited and while the isopropyl was

evaporating. Despite of obtaining good results, one of the main drawbacks of this power-based

212



Chapter 5

monitoring technique is that the band edge of the structure spectrum is not linear, and therefore
this non-linearity might affect the response. However, it is possible to perform a calibration of the
device in advance. Another limitation is due to the sharp edge of the band used for sensing that will
limit the dynamic range of the device (e.g., a maximum shift of 1 nm might be detected in the
previous work) and might constrain the applications where it can be used (i.e., those where a large
spectral shift is expected). Nevertheless, this is not a dramatic limitation since small spectral shifts
are expected for most of the applications targeted by photonic biosensors (e.g., low analyte

concentrations, low molecular weights, etc.).

Nevertheless, probably the most advanced sensing results using 1D PhC structures are
those reported by Mandal et al. [MANO09]. In this novel optofluidic sensor array (NOSA)
configuration, 1D PhC cavity sensors were placed next to a single bus waveguide for their
excitation, as shown in Fig. 5.5. The resonant structures consist of a several 1D periodic holes
created in a waveguide with a limited length, where the periodicity of the central holes is modified
in order to create the cavity. Using this architecture, several cavities with different resonance
frequencies can be coupled from a single bus waveguide, thus enabling the possibility to measure
several sensing structures simultaneously, as it happened for the “WDM approach” for RRs
described in chapter 4. The target sample is delivered to the sensing structures by means of an
integrated PDMS-based microfluidic system. With this platform, a total mass detection limit of 63
ag was estimated. Using the couple streptavidin/anti-streptavidin, they characterized the system for
a concentration range from 0.01 ng/ml to 100 pug/ml, being able to obtain the kinetic information
of the recognition event between the molecules. Furthermore, using this multiplexed architecture,
its application for the label-free immunological detection of cancer biomarkers such as interleukins

was demonstrated.

ses e ven]

Fig. 5.5: NOSA architecture in which the central holes of the 1D PhC are
shifted to create a cavity [MANO9].
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5.4 Power-based sensing technique using PBG

structures

In chapters 3 and 4, we presented our work focused on the development of sensing devices
based on 2D PhC and RR structures. However, as previously introduced at the beginning of this
chapter, the detection of the presence of the target analyte when using those types of structures is
usually based on tracking the spectral position of one or several spectral features, for instance, a
PBG or a resonance. Therefore, continuous spectral sweeps are required, as well as the analysis of
the spectral response of the structure in order to determine the position of the tracked features.
These sensing techniques are well known and there are numerous published works and reviews
about them, as it was shown in the sections devoted to the description of the state-of-the-art in
chapters 3 and 4. However, although this technique is widely spread among the scientific
community, it presents several limitations due to need of either a tunable laser or an OSA to
acquire the spectrum. The first restriction is the cost of such equipment, which is expensive, usually
being in the range from 20 k€ to 60 k€ depending on the type of equipment (e.g., tunable lasers are
usually between 20 k€ and 40 k€, and OSAs use to be above 50 k€) and its performance (i.e.,
resolution, sweep velocity, possibility to perform continuous sweeps, etc.). Therefore, these costs
make difficult obtaining a final commercial system at a competitive price. In addition, such
equipment is also bulky and heavy, what makes difficult obtaining a compact and portable device.
Furthermore, the spectral sweep of the region of interest can take from seconds to even minutes,
thus leading to the impossibility of obtaining a true real-time monitoring of the molecular
interactions losing important information. Even though, these times may increase for higher

resolution sweeps, which are required to obtain lower detection limits.

In order to overcome all the limitations that we have described above, we have proposed a
novel measurement technique simply based on monitoring the output power of a PBG structure
that is excited using a filtered broadband source. The working principle of our sensing technique is
depicted in Fig. 5.6. Its main objective is to convert the spectral shift of the PBG into power
variations, thus being able to determine indirectly the spectral position of the PBG edge. To this
aim, a source with a certain bandwidth is used as excitation for the sensing structure, whose PBG
edge will be designed to be located within the source bandwidth. At the initial state, a certain
amount of power given by the overlap of the source spectrum and the transmission band of the
sensing structure is measured at the output of the system. Then, any change in the refractive index
produced in the sensing structure either by a molecular recognition event or by bulk refractive
index variation will lead to a shift of the PBG position that is translated into a variation of the
output power. Hence, by monitoring the output power we can perform an indirect measurement of

the PBG position and subsequently to obtain the sensing information.

214



Chapter 5

Source
AL BW,
1 1 1
o : 1 I
E = L -
é ncrease .n
EL_o_
PBG
Initial state: the PBG filters the Sensing state: the PBG shifts,
source and a given power level is thus varying the overlap and the
measured at the output power level at the output

Fig. 5.6: Schematic representation of the power-based sensing technique.
When the PBG edge of the structure is shifted, the amount of optical
output power of the device changes. In this manner, the PBG is indirectly
measured from the output power variation.

Therefore, the difference and the main advantage of our proposal compared to typical

spectra-based sensing techniques is that there is no necessity to employ any tunable element to

continuously acquire the sensor spectrum response and monitor the spectral shift of a feature. As a

result, the final sensing system will present the benefits described below:

Lower cost read-out system. Since there is no need to employ a tunable laser or an OSA,
the cost of the final system is dramatically reduced. The cost of the equipment required (i.e.,
broadband source and power meter) will be reduced from several tens of k€ to some k€,
which is more than one order of magnitude less.

More compact read-out system. A significant size and weight reduction is also achieved
when avoiding the use of a tunable laser or an OSA, what potentially allows the development
of portable and even handheld devices for in-situ measurements.

True real-time monitoring of the molecular recognition. As mentioned, spectral-based
techniques require obtaining the spectral response of the sensing structure, what can last
from some seconds to even few minutes according to the resolution and the velocity of the
equipment used (better sweep performances will increment significantly the cost of the
equipment and thus of the platform). With our power-based technique, there is no necessity
to perform a sweep of the wavelength range of interest, but simply continuously monitoring

the output power of the sensing structure. Therefore, we will be able to acquire hundreds or
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even thousands data values per second, what allows an instantaneous observation of any
binding event that occurs on the surface of the sensing structure.

e High sensitivity combined with a high information throughput. The sensitivity of any
sensing platform relies on several parameters, which include the intrinsic sensitivity of the
transducer, the performance of the functional layer, the noise of the whole system, but also
on the interrogation technique. Spectral-based methods require a very high spectral
resolution in order to determine the minimum shift detectable, what is translated into longer
times to perform each sweep. Therefore, the higher the sensitivity, the slower the measure is.
On the other hand, in our power-based read-out technique, wavelength shifts are translated
into power variations that are simply measured using a power meter with a short integration
time. Normally, the resolution of current photodetectors can easily be in the order of
hundredths of dB’s, what is sufficient to instantaneously measure very small variations in the
refractive index. In addition, a power meter is able to provide hundreds even thousands
power values per second, what would permit to perform a simple post processing of the
signal in order to reduce the noise and thus enhancing the detection limit even more.

e Simpler and straightforward system. Unlike spectral-based techniques, where after the
acquisition of the spectral response it is necessary to determine the position of a certain
feature, what might not be straightforward, our approach provides the sensing information
directly from the output power values without the need of any complex signal analysis or
modulations as occur in other techniques [DAN12].

e Possibility to integrate sources and detectors with the sensing structures. Since
simpler broadband sources and detectors are just needed for the read-out of the sensing
structures, they might be directly be integrated within the same chip, thus opening the door
of the development of fully-integrated photonic sensor [JAG09, SON13].

e Insensitive to system losses. Our method relies in the variation of the output power given
by the overlap between the filtered broadband source and the sensing structure. Therefore,
the performance of the whole sensing system will be independent of the optical power level
of the source and the losses of the system (provided that the output power is enough to be
detected by the power meter). However, the sensitivity of the system will be dependent on
the initial overlap between the source and the sensor, as it will be described in the next

section.

5.4.1 Sensitivity

Unlike spectral techniques where the sensitivity is expressed in terms of nm/RIU, in our
powet-based measurements the sensitivity will be expressed in terms of dB/RIU, since we measure
power variations. Normally, power-based techniques may have the drawback of being dependent

on the input power level. However, here we will demonstrate that the performance of our sensing
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technique will not depend on the input power level and that the sensitivity will depend on the initial
alighment between the source and the sensor. The explanation is schematically depicted in Fig. 5.7.
Assuming Py as the power density of the optical source and BIV; the initial overlap bandwidth
between the source and the sensor, we can obtain the total output power for the initial state, which
is the initial overlap. Then, after a certain shift of the bandgap (A4) produced either by a bulk
refractive index change or by the binding of an analyte, a different output power value will be
obtained because of the change of the overlap. From the calculation shown in Fig. 5.7 we can see
that the relative output power variation for a given shift will depend only on the initial alignment
between the spectral responses of the source and the sensor, thus being independent of the input

power level.

- BW,
E Power density = Py (mW /nm)
I‘Ej Output power initial state = P, x BW; (mW)
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Fig. 5.7: Schematic explanation of the relative output power variation for
a certain initial alignment between the source and the sensor.

Fig. 5.8 shows the output power evolution of the system according to the expression
shown in Fig. 5.7 when wavelength shifts of the sensot’s PBG up to 0.2 nm and different initial
alighments between the source and the sensor. We can see that the power variation of the system is
lower for higher initial ovetlaps, thus providing a lower sensitivity of the sensing system. However,
a linear behavior is observed in this case. On the other hand, as the initial overlap is getting smaller,
the sensitivity of the system increases but a more nonlinear behavior is observed. However, this
nonlinear behavior might be compensated by performing a proper initial calibration of the sensor.
Therefore, a trade-off between sensitivity and linearity is observed for the sensing system, so that
we will have to determine the initial overlap depending on the final application of the sensor.
Regarding sensitivity values, Table 5.1 shows the simulated sensitivities of the sensing device

considering a quasi-linear regime at the initial shift section of the curves shown in Fig. 5.8.
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Fig. 5.8: Power variation vs. wavelength shift for different initial overlaps
between the source and the sensor.

1,5 nm -3dB/nm
1 nm -4.56dB/nm

0,5 nm -9,7dB/nm

0,3 nm -15,8dB/nm

Table 5.1: Sensitivity values for different initial overlaps between the
source and the sensor. The sensitivity value is obtained from the
calculations shown in Fig. 5.8 considering a quasi-linear regime at the
initial section of the curves.

5.5 Development of 1D periodic sensing structure

In this section, we will describe the steps followed to determine the 1D periodic structures
that were used for the sensing experiments. First, we will indicate the main aspects that need to be
taken into account when selecting a 1D periodic structure for sensing purposes. Then, once the
configuration of the structure is selected, we will determine its optimal parameters by carrying

several simulations out. And finally, the fabrication of the sensing structures will be described.
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5.5.1 Selection of the PBG sensing structure

Once we have presented the working principle of our power-based sensing technique, we
will focus on the selection of the core photonic sensing structure, which will present a PBG within
the bandwidth of the excitation source. As mentioned before, it is possible to employ any structure
that presents a sharp PBG within the bandwidth of the optical source; therefore, it would be
possible to use any configuration of PhC accomplishing this requirement. However, we initially
considered only two main alternatives for the PBG structure in which we have experience: a 1D
periodic corrugated waveguide (see Fig. 5.9a) and a holes-on-dielectric 2D PhC (see Fig. 5.9b).
Despite some of our previous work was focused on the use of holes-on-silicon PhC waveguides for
sensing purposes (as described in chapter 3), we decided to use now 1D corrugated waveguides

mainly because of the reasons described below:

Fig. 5.9: PhC configurations initially considered for the development of
the PBG sensing structures to be employed in our novel power-based
sensing technique. a) 1D periodic corrugated waveguide and b) holes-on-
dielectric of a 2D PhC structure.

e Fabrication complexity: For the fabrication of photonic structures using e-beam
lithography, negative resist and direct writing is preferred for the definition of straight
elements, while positive resist and inverse writing is preferred for the definition of networks
of holes. For the case of holes-on-dielectric 2D PhCs, which are accessed by means of
straight single mode waveguides, positive resist and inverse writing, is used, what is not
optimal for the creation of the access structures. Therefore, the fabrication of 1D corrugated
waveguides will be simpler, since negative resist and direct writing can be used to create
easily the waveguide and the transversal elements on it.

e DPropagation and coupling losses: Although guided modes of PBG structures are ideally
lossless when working below the light line of the substrate, the real implementation of this
kind of structures will exhibit propagation losses determined by several mechanisms.
Undoubtedly, the most important loss mechanism is related to fabrication imperfections.
The non-ideal position of the periodic elements, the variation in their dimensions and

sidewall roughness are the main causes of back reflection and scattering of the light, what
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will cause the main propagation losses. The higher simplicity of the 1D corrugated
waveguide, where simply straight elements are periodically placed in the single mode
waveguide, will reduce these effects (as explained in the previous point, the fabrication is
simpler). In addition, the transition from guided modes in the access structure to the PBG
structure will cause a mode mismatching that will be higher as we get closer to the slow-light
regime of the PBG structure. In order to reduce the influence of this non-desirable effect, a
tapered transition is introduced between the access waveguide and the PBG structure. For
the case of the corrugated waveguide, the taper can be created simply by gradually reducing
the width of the periodic transversal elements.

e Sensor footprint: SOI platform permits to design structures with a reduced size. In the
design of 2D PhC structures it is required to fabricate several periods of holes in the
transversal direction in order to obtain the desired PBG effect in that direction, usually
leading to transversal sizes above 10 pm. Contrary, 1D periodic structures does not require
these long widths in the transversal direction, but simply widths in the order of 1-2 um, thus
providing a footprint reduction of almost one order of magnitude compared to 2D PhC
sensing structures.

e Simulation cost: From the designer point of view, besides the physical implementation of
the sensing structure, it is also necessary to take into account the computational cost required
to simulate the structures during the design phase. As we introduced in chapter 3, several
simulation tools can be used to design PhC structures; however, in this case we have only
used FDTD since we were interested on obtaining the spectral response of the photonic
structure and not only the spectral position of the bands and the PBGs. The computational
cost of this method is highly dependent on the simulation region, and therefore the use of

1D periodic structures with smaller footprint significantly reduces the calculation time.

To summarize, the selection of the PBG sensing structure is not as straightforward as
choosing between a holes-on-dielectric 2D PhC structure or a 1D corrugated waveguide, as we
have done in our case. In fact, a variety of PBG periodic structures can be considered to look for an
optical configuration. However, we have decided to limit our selection to these two alternatives
considering our previous experience in the use of both of them. Regarding the final decision, we
have selected the 1D corrugated waveguide because it exhibits a simpler geometry, what is
translated into a simpler fabrication process and to lower losses than 2D PhCs, and because its
smaller footprint, what leads to a higher integration level and to a lower simulation cost in the
design phase. For these reasons, we consider that 1D corrugated waveguides are the most suitable

option to demonstrate our power-based sensing technique.
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5.5.2 1D periodic structure configuration

Once we decided to use a 1D corrugated waveguide as sensing structure, we continue with
the design of its physical parameters. This design process mainly looked at four main requirements:
having the edge of the PBG located around 1550 nm, exhibiting a sharp PBG edge, obtaining a
high interaction of the optical field with the matter and having a good coupling between the access
waveguide and the 1D corrugated waveguide. The 1D corrugated waveguide is defined by a set of
physical parameters that are depicted in Fig. 5.10. Namely, the structure consists of a waveguide of
a height 4 and width », in which several transversal elements of length », and width »; are inserted
along the waveguide with a periodicity . In order to reduce the complexity of the design process,
some of these parameters were initially fixed according to different constrains as it will be indicated

along the next paragraphs, where the design process is described.

Fig. 5.10: Schematic illustration of the proposed corrugated waveguide
with its main parameters.

The first aspect to take into account for the design of the corrugated waveguide is to define
the refractive index of the materials comprising the structure. In our case, we continued using the
SOI platform for the creation of the corrugated sensing structures therefore, we used a refractive
index of 3.45 for the silicon, 1.45 for the silicon oxide lower cladding, and of 1.33 for the liquid
upper cladding (we considered that the target analytes will be diluted in aqueous solutions with

refractive indices in this range).

Regarding the dimensions of the single mode waveguide where the transversal elements
will be introduced, we employed a standard waveguide of 220 nm of height (determined by the

thickness of the silicon layer of the SOI wafers to be used for the fabrication) and 450 nm of width.
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Prior to start with the FDTD simulations of the structure, we theoretically modeled the
corrugated waveguide in order to obtain a first approximation for the dimensions of the structure.
In this way, we will avoid excessive trial and error simulations that may increase significantly the
time employed to design the structure. These calculations have been extracted from A. Brimont’s
PhD thesis, which was focus on the application of corrugated waveguides for the modulation of

optical signals [BRI12].

A 1D periodic structure accomplishes the Bragg condition, where the back and forth

reflections provoke the appearance of a PBG, which accomplish the following equation:

ABragg
A Mefp =—H M (5.1)
where a is the Bragg period of the structure, 7, is the effective index of the optical mode, 7 is the
order of the mode (in our case it will be 1) and Ay, is the wavelength of the PBG. Due to the 1D
periodicity of the structure and the changes in the transversal width of the structure, where the

effective index of the optical mode will be different, the equation is changed to:

ABragg
dinespr + daneppr = > m (5.2)

where 4y is the width of the narrow section and 4 is the width of the wide section (i.e., where the
transversal elements are placed, »;). It is noteworthy that Eq. 5.3 is simply an approximation that
will provide us a starting point for the subsequent FDTD simulations. From previous experience,
we expect that the optimal duty cycle of the structure is in the order of 33% (i.e., the narrow part of

the corrugated waveguide is about 2 times longer than the transversal element). Hence, the equation

will be:

Apr
a
99 m

da- (066 . neffl +0.33 - neffz) = 2 (53>
And finally, by solving the equation for the Bragg period we obtain:

_ ABragg m

a

In this point, we only need to calculate the effective indices of the propagating wave for
both transversal sections of the corrugated waveguide. This calculation has been made using the
RSoft’s BeamPROP vectorial mode solver. A height of 220 nm has been considered for both
sections of the waveguide. A width of 450 nm has been used for the narrow section of the
corrugated waveguide. However, we still need to define the width #, of the transversal elements of

the corrugated waveguide. In order to avoid the influence of slight variations in the width of the
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transversal elements due to the fabrication, a value significantly larger than that of the width of the
single mode waveguide was selected; we chose 2 um for ., which is 4 times larger than the width »
of the narrow section, and won’t influence in the result. Fig. 5.11 depicts the fundamental mode for
each waveguide section. The grid resolution of the simulation was set to 10 nm, what was sufficient
to obtain the effective indices of both structures. The result of the calculation of the effective
indices are 2.3 and 2.79 for the narrow and the wide sections, respectively. By substituting this
values in Eq. 5.4, we estimate a Bragg period of 317.79 nm. This value is a starting point for the

design of the corrugated waveguide.

Y (umn)

X (wm) X (wm)

Fig. 5.11: Cross section of the mode profile propagating through the (a)
450 nm and (b) 2 um long sections of the corrugated waveguide at 1550
nm. The height of both waveguides is 220 nm. The calculated effective
indices for both cross sections are 2.3 and 2.79, respectively.

At this point, we have already fixed the value for several parameters of the structure,
including the height of the structure (b = 220 nm), the width of the waveguide (w = 450 nm) and
the width of the transversal elements (w, = 2 pm). An approximated value has been determined for
the period of the structure (# in the range of 320 nm) and a duty cycle of around 30 % has been
considered in order to have the PBG around 1550 nm. Now, several 3D FDTD simulations wete
carried out employing the commercial software RSoft’s FullWAVE in order to determine specific
values for the period of the structure (2) and the length of the transversal elements (). An initial
range for these two parameters was set considering fabrication constrains in order to avoid very
small features (w; > 90 nm was selected) and small separation between the transversal elements to
reduce proximity effects (z — »; > 150 nm). After an initial iteration of coarse simulations for these

two parameters, we finally decided to set the parameters range of @ = [320 nm — 400 nm] and »; =

[90 nm - 170 nm].

One last parameter of the structure that we need to set for the simulations is the number of
elements that conforms the periodic structure. Our idea is to fabricate the structure with 101
transversal elements in order to obtain a good PBG effect and with a sharp edge. However, the 3D

FDTD simulation of a structure with this size would lead to a high CPU consumption and require
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times of several days or even more. Therefore, in order to perform a reasonable modeling of the
corrugated waveguide using 3D FDTD simulations with a prudent complexity and time
requirement, we first studied the number of corrugations that are necessary to obtain an acceptable
response with a relatively short simulation. Fig. 5.12 shows two simulations of the same corrugated
waveguide with 10 and 20 transversal elements. We can see that different PBGs appear in the range
1400-1700 nm, being the first of them (i.e., that around 1500 nm) deeper and with sharper edges.
The position of both PBGs is the same for both simulations. However, as expected, the more
elements comprising the corrugated waveguide, the deeper the PBGs and the sharper their edges
are. The time employed for the 10 elements corrugated waveguide was around 20 hours, while the
elapsed time for the 20 elements corrugated waveguide was around 30 hours. Despite the periodic
structure with more elements employs significantly more time, the higher accuracy of the obtained
spectral response justifies our selection of using corrugated waveguides of 20 elements for the rest

of simulations.
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Fig. 5.12: Comparison of the output spectrum for a corrugated
waveguide with two different numbers of transversal elements. The
parameters of the simulation were: a = 350 nm, w = 450 nm, h = 220 nm,
We=2 um, w; = 150 nm.

The simulation parameters and conditions used for the calculations, which will also be used
for the rest of simulations, are:

e 3D calculations were carried out. Despite of 3D simulations have a significantly higher
computational cost, the accuracy of their results makes this approach totally worthy to

determine the dimensions of the corrugated structure.
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e The edges of the simulation window were configured as perfect matching layer (PML) with
a width of 500 nm in order to absorb any electromagnetic field and avoid non-desirable

reflections that may interfere in the spectral response.

e A non-uniform grid was used, with a different grid size depending on the structural
parameters of the structure. The size of the grid in each axis was: Ax = 25 nm, Ay = 30 nm
and Az = 20 nm.

e Since the FDTD software solves the Maxwell’s equations along time steps, we need to set
sufficient time steps in order to allow the propagation of the optical wave along the whole
photonic structure and to collect all the reflections produced during that time. The time
step of the simulation was set to 4-107 s, what is less than the minimum value
recommended by the software for the simulations. A total time of 1500 s in order to obtain
a spectral resolution between 0.5 nm and 1 nm in the wavelength region of interest.

e TE response of the structure was calculated.

e The excitation source was configured as a Gaussian pulse centered at 1550 nm.

e Finally, a time monitor was located at the end of the corrugated waveguide in order to
measure the output power and perform the Fast Fourier Transtorm (FFT) of the temporal

signal in order to obtain the response in the spectral domain.

In order to reduce the time required to carry out all the simulations initially proposed, we
employed a cluster formed by four computers, what allowed us to reduce the simulation time from
around 30 hours to less than 15 hours. Due to the great number of simulations carried out, a
customized script was developed in order to automatically run the simulations for the different
values of the # and w; parameters using a step of 20 nm. Fig. 5.13 shows an example of the
simulated spectral response for a set corrugated waveguides with a corrugation length »; of 130 nm
and different periods. As we can see, the position of the PBGs is shifted to higher wavelengths as
the period increases. As previously commented, the PBG appearing at lower wavelengths is deeper
and with sharper edges; therefore, we selected this PBG for being used with our power-based

sensing technique.
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Fig. 5.13: Simulated transmission spectra of the corrugated waveguide
for a length w; of 130 nm and periods from 320 nm to 400 nm.

From the two edges of the PBG, we selected to use the upper edge for our power-based
sensing technique. In order to determine the configurations of the corrugated waveguide showing
their upper PBG edge at 1550 nm we developed a Matlab-based program to analyse the 3D FDTD
simulations carried out. Fig. 5.14 represents the position of the upper PBG edge as a function of
the period and the »; parameters for two different upper claddings (n1 = 1.33 and n» = 1.40). The

configurations providing an upper PBG edge located around 1550 nm are depicted with a white

line.

thnmﬂlo

wi({nm)
wi{nm)

350 360 370 380 390 330 340 35 360 370 380 3%

Period (nm) Period (hm)

Fig. 5.14: Contour plot of the upper PBG edge of the corrugated
waveguide as a function of the period of the structure and the length of
the transversal elements for an uppercladding of a) n = 1.33 and b) n =

1.40.

The variation of the upper PBG edge when the refractive index of the upper cladding is

changed is used to determine the sensitivity of the structure according to the equation:
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AL

Anuppercladding (5-5)

Sensitivity =

where A2 is the shift of the upper PBG edge and Anypperciading 15 the refractive index variation of the
upper cladding. Fig. 5.15 shows the sensitivity of the corrugated waveguide as a function of the
period and the length of the transversal elements. As we can see, the sensitivity is highly dependent
of the combination of these parameters, since the specific configuration of the corrugated
waveguide will determine the distribution of the optical field that will interact with the upper
cladding. Hence, we need to choose wisely the design in order to obtain higher sensitivities. In
addition, we also need to take into account the constraint of the wavelength position of the PBG

edge in order to be placed around 1550 nm, what has been depicted with a green line.
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Fig. 5.15: Calculated sensitivity for the upper PBG edge of the corrugated
waveguide. The green line represents the configurations with the upper
PBG edge at 1550 nm for an upper cladding of n = 1.33.

From the previous calculations, we can conclude that the most sensitive configuration of
the corrugated waveguide with its upper PBG edge around 1550 is that with a period around @ =
340 nm and with an element length around »; = 110 nm. Although such configuration is potentially
the optimal waveguide to fabricate, we finally decided to also include a sweep of the period and the
element length in the fabricated corrugated waveguides. Table 5.2 summarizes the parameters

selected for the fabrication of the corrugated waveguides.
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w 450 nm

b 220 nm

w, 2 pm

w, 110 nm - 170 nm
a 300 nm - 420 nm

Table 5.2: Summary of the parameters selected for the fabrication of the
corrugated waveguides.

5.5.3 Fabrication of the corrugated waveguides

Once the theoretical response of the sensing structures was determined by means of 3D
FDTD simulations, we proceeded with their fabrication. In this case, we decided to use the services
of an external CMOS fabrication service that allows the simultaneous fabrication of many
repetitions of the design on the same wafer. This factor is important for sensing applications, where
the chips are subject of an intensive experimentation, since it allows using a new chip for each
experiment. More concretely, we made use of the ePIXfab cost-shared fabrication platform
[EPI13], which is co-funded by the EC by means of the FP7 framework. The ePIXfab fabrication
platform is participated by IMEC, whose fabrication services were used for the fabrication of the
RR sensors used in chapter 4, and by CEA-LETI, whose fabrication services were used in this case
for the fabrication of the 1D corrugated waveguides. More information about CEA-LETT can be

found in its website [CEA13].

The fabrication process used by CEA-LETI for the fabrication of the photonic structures
is schematically illustrated in Fig. 5.16, and it is basically the same procedure that was described for
the fabrication by IMEC in chapter 4, therefore here it will be simply summarized. First, a SOI
wafer with a silicon thickness of 220 nm on a 2 um-thick layer of buried silicon oxide is coated
using a positive photoresist that will be used to transfer the design of the photonic structures. The
resist is baked to obtain the suitable properties for the exposure step. Then, the photomask with
the designs to be transferred is placed over the wafer and the area corresponding to the chip is
illuminated by UV-light through the mask3. The illumination process is repeated over the whole
wafer to create the repetitions of the chip. As previously commented in chapter 4, the main benefit
of the UV lithographic procedure is the ability to fabricate multiple structures at the same time with

a single exposure. However, the minimum resolution of the fabrication process will be limited to ~

3 The designed mask did not only contain the designs of the 1D corrugated sensing structure, but the
area of the chip was shared with other researchers from the NTC in order to include more photonic
structures for different purposes.
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100 nm due to the optical diffraction during the UV exposure step. After the illumination of the
designs over the whole wafer, the development of the resist provides a hardmask on top of the
silicon. Then, an etching step is used to transfer the designs to the silicon layer. Finally, the resist
mask is removed and the wafer is rinsed to remove any material residue. A second lithography +
etching cycle was carried out to fabricate the grating couplers in the waveguides. In this case, a
partial etch of the silicon layer was carried out (etch depth of 70 nm). Once the fabrication has
finished, a protective layer is deposited over the wafer; this layer can be removed easily employing

acetone, isopropyl and DIW.

Resist Photomask
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Fig. 5.16: Schematic representation of the fabrication process used in
CEA-LETI to create the photonic structures.

Two wafers were fabricated using different exposure conditions (mainly changes in the
dose were considered) in order to study the effects in the shape of the structures. Fig. 5.17 shows
SEM pictures of different corrugated waveguides with the same period and different length »; of
the transversal elements, where different exposure doses were used. We can see that smaller
features (e.g., transversal elements) are obtained for higher exposure doses. This is because, since
the trenches surrounding the photonic structure are the areas exposed when using a positive
photoresist, the size of these areas will increase when increasing the exposure dose, thus leading to
smaller features in the silicon. More concretely, we can see in this case that the transversal elements
of the corrugated waveguide are totally distorted for a dose of 25 m] (they have a higher roughness
and they even disappear when their theoretical width is 130 nm). On the other hand, the quality of
the features is optimal when using a dose of 16 mJ (simply the edges of the transversal elements are

slightly rounded due to intrinsic limitations of the fabrication process using UV lithography).
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Fig. 5.17: SEM pictures of corrugated waveguides with different
length of the elements and different exposure dose. The left column
was fabricated using an exposure dose of 16 m] whereas in the
right column the exposure dose was 25 m].

Regarding the coupling of light to the corrugated waveguides, we included two repetitions
of the designs in the chip: one where the corrugated waveguide with the desired dimensions is
directly created in the single mode waveguide, and another where a 5-clement linear taper was used
as a transition between both waveguides, as it is shown in Fig. 5.18 . As we described in chapter 3,
non-desired reflections will appear at the interfaces between access waveguide and PhC structures,
what will reduce the coupling efficiency between them and will affect to the spectral response of
the photonic structure through the appearance of FP ripple. Nevertheless, this effect can be
reduced by designing a proper taper at the interface between the access and the corrugated
waveguides. The taper that we have created to enhance the coupling between both waveguides
simply consists of a linear increment of the width of the transversal elements, as it is shown in Fig.
5.18. It is worth noting the influence of the UV fabrication resolution in those elements located at
the edge of the taper, which have a smaller feature size. Fig. 5.19 shows the transmission spectra for
two different repetitions of the same configuration of corrugated waveguide, one of them with

transition taper and the other without it. We can see that the quality of the spectrum is clearly
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improved when using the access taper, since we obtain a lower ripple in the transmission band and

a better PBG.

Fig. 5.18: SEM image of the taper used for enhancing the transition
between the single mode waveguide (access waveguide) and the

corrugated waveguide.
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Fig. 5.19: Transmission spectra of a corrugated waveguide of a = 300 nm
and w; = 150 nm without and with a linear taper of 5 elements.

Finally, we optically characterized the fabricated corrugated waveguides in order to obtain
their spectra. A similar optical set-up to that introduced in chapter 4 was used, where light from an
optical broadband source was vertically coupled in/out to the chip using single mode optical fibers,
and the spectrum was acquired using an OSA. Since the photonic corrugated waveguides were
designed to work in an aqueous environment, we spotted a drop of DIW on top of the structures
before acquiring their spectra. The responses of the corrugated waveguides were normalized respect
to a single mode reference waveguide in order to remove the spectral response of the grating
couplers and the source. Fig. 5.20 shows the transmission spectra for the corrugated waveguides on

a given chip for the different dimensions that were considered. The response of structures with the
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same period (and different length of the transversal element ) are plotted together. As we can see,
the position of the PBGs of the corrugated waveguide depends on the »; parameter as well as the
period a. For example, for a given period parameter, a shift around 30 nm in the spectral response
is observed when a variation of 20 nm in the parameter »; is produced. Therefore, we have the

possibility to select the wavelength range of the corrugated waveguide depending on the parameters

of the structure.
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Fig. 5.20: Transmission spectra for corrugated waveguides with a period
from 300 nm to 400 nm, and varying the w;parameter from 110 nm to
170 nm. All the responses are for tapered structures and with DIW as
upper cladding.
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5.6 Experimental set-up

5.6.1 Optical interrogation

The experimental set-up employed for the interrogation of the sensing structures using the
proposed power-based technique, which is schematically depicted in Fig. 5.21, was based on the
set-up previously introduced in chapter 4 for the interrogation of the RR-based sensors. However,
two major differences are introduced now: the use of a broadband source and a broadband detector
for the optical interrogation, and the use of a SU8-based microchannel for sample delivery. Since
the elements and the operation of the set-up were detailed in chapter 4, herein we will comment

only the modifications required to adapt it for the new interrogation technique.

The most relevant difference of this set-up compared to those previously introduced in this
PhD thesis is how the optical interrogation is carried out. While a tunable laser and a broadband
power meter were used for the interrogation of the PhC-based sensing structures in chapter 3, and
a broadband source and an OSA were used for the interrogation of the RR-based sensing
structures, here we will simply use a broadband source (the same SLD source used for the
interrogation of the RR-based sensors, with a bandwidth of ~60 nm and centered at ~1550 nm)
and a power meter (the same power meter used for the interrogation of the PhC-based sensors).
Therefore, the use of the tunable elements required for the spectral interrogation in the previous
experiments is avoided. Additionally, since for our sensing technique we need to employ a limited-
bandwidth optical source, a band-pass filter was used to reduce the bandwidth of the SLD source.
As it will be indicated in section 5.7, where the experiments carried out will be described, we have
used both a fixed FBG filter and a tunable interference filter from DiCon with a bandwidth of 3.2
nm and a tuning range from 1530 nm to 1560 nm approximately. Filtered input light will be TE-
polarized before coupling it into the photonic chip using grating couplers, and it will be collected at

the output with a second optical fiber in order to take it to the power meter.
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Fig. 5.21: Schematic representation of the whole experimental set-up
employed for the power-based measurements.

Before starting the experiments, it was necessary to align properly the PBG edge of the
sensing structure with the spectral range of the filtered source in order to obtain the overlap
required between both responses. For that purpose, we first measured the spectral response of both
the filter and the corrugated waveguide separately. For the case of using a fixed FBG filter, we
looked for a configuration of the corrugated waveguide that exhibited a PBG edge located within
the FBG filter bandwidth. For the case of using the tunable optical filter, we simply tuned it in
order to match the position of the PBG edge of the selected corrugated sensing structure, what

allowed an easier and more tolerant interrogation procedure.

Once the filtered optical source was aligned with the PBG edge of the sensing structure,
the output light received by the power meter was continuously monitored* using a custom-made
LabVIEW program where the output power was represented as a function of time. Besides the
simplification in the equipment required for the interrogation of the photonic sensing structures
(i.e., no tunable elements are required), another important advantage of the proposed scheme is that
the sensorgram is directly obtained by monitoring the output power without the need to process
any spectrum. Therefore, any refractive index change induced either by a bulk variation or by a

molecular recognition event will be directly observed without the need of any signal analysis.

5.6.2 Fluidic delivery system based on SU8 and PDMS

Regarding the fluidic sample delivery, the same system to that explained in chapter 4 for
the interrogation of the RR-based sensors was used (i.e., a combination of a syringe pump working

in withdraw mode and an automatic microfluidic switch to change between the samples to be

4Tens of power values per second were usually acquired in the experiments catried out.
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flowed). However, instead of using a metallic flowcell (as for the PhC-based sensors) or a PDMS-
based microchannel (as for the RR-based sensors), this time we directly created by UV lithography
a SU8-based microchannel on top of the photonic sensing structures, as it schematically
represented in Fig. 5.22a. Then, the SU8 microchannel was closed using a PDMS lid with two holes
in order to inject the fluids in and out. This type of microfluidic approach has several advantages
including the higher accuracy in the alignment between the sensing structures and the delivery
microchannel, and the fact that the SU8 layer provides a protective layer for the other photonic
structures (e.g., waveguides, couplers, junctions). However, it requires an additional fabrication step

for the fabrication of this type of microfluidic system.
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Fig. 5.22: a)Schematic illustration of the sensing structure with the
integrated SU8-based microchannel and a lid of PDMS with two access
holes. b) Picture of the photonic chip with the SU8-based microchannel of a
width of 400 um and a height of 50 um. The resist also offers a protective
layer for those structures that must be isolated from the sample.

A picture of a real SU8-based microchannel is shown in Fig. 5.22b In more detail, the
microchannels were fabricated on top of the photonic chip using a variety of SU8 photoresist with
a thickness of 50 um (SU8-2050). After cleaning the chip using acetone and isopropyl alcohol, a
layer of SU8 was created onto the chip by spin coating. Then, it was hard baked during 3 minutes at
95°C. In order to reduce the cost of the fabrication process for the creation of the microchannels, a
laser-printed plastic mask was employed for the UV exposure instead of a more expensive chrome
and quartz mask. The microfluidic structure was created in order to have the photonic sensors
exactly placed in the center of the channel, where the flow of the fluidic sample is completely
homogeneous. The channel was then etched vertically using SU8 developer. Two reservoirs were
also created in order to facilitate the transition of the stream between the access tubing and the
microchannel. The grating couplers were out of the SU8 layer in order to enhance the light
coupling between the fibers and the integrated waveguides (it is worth noting that the SUS is

transparent at 1550 nm, so the grating couplers will still work if being covered by the SUS layer).
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5.7 Experimental sensing results using the power-based

technique

5.7.1 Bulk refractive index sensing

For the experimental demonstration of our power-based sensing technique, firstly we
studied its application for the realization of bulk refractive index sensing experiments by flowing
different salt concentrations in DIW, as we previously did for the PhC-based and the RR-based
sensing structures described in the previous chapters. This type of experiment will allow us to
characterize the bulk performance of this sensing approach and compare it with those approaches

based on the spectral-based interrogation of PhC and RR sensing structures measured previously.

For this experiment, we employed a SOI corrugated waveguide as PBG sensing structure in
the set-up described in section 5.6, with its upper PBG edge around 1550 nm for a DIW upper
cladding. The dimensions of the 1D corrugated structure to achieve such response were » = 450
nm , 4 = 220 nm, », = 2 um, »; = 110 nm and # = 380 nm. SEM images of the structure are shown
in Fig. 5.23. The fluidic architecture used to deliver the sample to the sensing structures was
implemented by a SU8 microchannel closed with a lid of PDMS, as it was described in the previous

section.
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Fig. 5.23: SEM images of the SOI corrugated waveguide used for the
validation of the proposed power-based sensing technique. a)
Overview of the corrugated and b) close up view of the transversal
elements.

In order to obtain the limited-bandwidth optical excitation required for the proposed
interrogation technique, we filtered our SLD broadband source (with a bandwidth of ~60 nm)
using a Chirped Fiber Bragg Grating (CFBG) with a bandwidth of approximately 2 nm and
centered in ~1543 nm. The CFBG was developed and fabricated by researchers from the Dpto. de
Fisica Aplicada y Electromagnetismo from Universitat de Valencia. The CFBG was defined by UV
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exposure using a uniform phase mask and a proper combination of continuous fiber stretching and
UV scanning movements to induce the periodic variation in the refractive index of the fiber
[PEROS]. The length of the CFBG was 50 mm and it had a reflectance of 95% that makes it
suitable for its use as a band pass filter. The normalized responses of the CFBG filter and the
corrugated sensing structure with a DIW upper cladding are represented in Fig. 5.24. We can see
that the position of the PBG edge of the sensing structure is within the spectrum of the filtered
source. Finally, note that since the CFBG worked in reflection mode, we needed to use a circulator

to filter the signal from the SLD source with the CFBG.

Normalized power (dB)

-40 - ‘
1538 1540 1542 1544 1546 1548 1550
Wavelength (nm)

Fig. 5.24: Normalized transmission spectra of the corrugated
waveguide sensor with a DIW upper cladding (solid red line) and the
CFBG-filtered optical source (dashed blue line)

To carry out the refractive index sensing experiments we used several NaCl dilutions in
DIW with concentrations ranging from 0.25% to 1% in mass. As it was indicated in chapter 4, the
refractive index variation for NaCl-DIW dilutions at room temperature is Ann.ci = 0.001715
RIU/% for concentrations below 10% at 1550 nm. Fig. 5.25 shows the temporal evolution of the
output power of the sensing device when switching among different those dilutions. It can be seen
that for the configuration of the power-based read-out technique selected, an output power
reduction occurs as the NaCl concentration increases, due to the increase of the refractive index in
the upper cladding that leads to a redshift of the PBG edge position, and thus decreasing the
overlap. Fig. 526 shows the sensitivity curve of the sensing device, where the output power
variation is plotted as a function of the refractive index variation. We can see that an extremely high
sensitivity value has been obtained, 1786 dB/RIU. Furthermore, although a non-linear behavior
was expected from the modeling done in section 5.4.1, in this experiment we observed a good
linearity due to the small refractive index changes that we were measuring (in fact, small variations
is what we will be interested in measure since our main aim is to detect the presence of small

concentrations or analytes).
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Fig. 5.25: Time evolution of the output power during the flow of
different NaCl concentrations. The increase of the NaCl concentration
induce a redshift of the PBG edge that leads to a decrement of the
overlap between the source and the sensor responses.
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Fig. 5.26: Sensitivity curve of the sensing device.

The integration time of the power meter was set to 300 ms. This value is a compromise
between the noise and the number of samples per second (the lower the integration time is, the
higher the noise of the system is). We also measured the standard deviation of the output signal at
different stages of the experiment in order to determine the detection limit at each stage. The values
obtained are listed in Table 5.3. We can see that the standard deviation is different for each case,
but it is independently related with the output power (e.g., a reduction of the output power does
not produce an increment of the system noise). Therefore, the relationship observed between the

output power and the noise level is probably determined by the specific experimental conditions at
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each moment. For example, the lower noise level is achieved for the pure DIW flow, probably
because no particles are diluted on it. On the other hand, the increment on the system noise when
NaCl is diluted in DIW is attributed to the non-homogenous distribution of the salt and not to the
decrement of the output power. Considering these noise levels for the whole sensing platform (in
the range of o = 0.01 dBm), which include the noise of the source, that of the detector, temperature
variations and the power stability, a detection limit of 5.65-10-¢ RIU was obtained. However, this
value can be further reduced by simply performing an output signal averaging. In the case of
averaging 100 points of the raw power values recorded, we can reduce the noise and thus the

detection limit to values below 2-10-6¢ RIU.

DIW -49.85 dBm 6=0,0085 dBm
0,25 % NaCl -50,6 dBm 6=0,0144 dBm
0,5 % NaCl 51,4 dBm 6=0,0117 dBm

1% NaCl 53,1 dBm 6=0,0101 dBm

Table 5.3: Output power and noise values for different NaCI-DIW
dilutions flowed in the experiment.

Finally, we have also characterized the spectral sensitivity of the 1D corrugated waveguide
used for the previous experiments. As we have seen, it might be difficult to compare the sensitivity
results obtained with our power-based approach with those obtained using typical spectral-based
sensing methods, since different units are used (dB/RIU vs. nm/RIU). Fig. 527 shows the
spectrum of the corrugated sensing structure for different NaCl-DIW dilutions, where we can
cleatly see how the PBG shifts to larger wavelengths due to the increment of the salt concentration.
A maximum shift of ~263 pm is produced when the dilution of 1% of NaCl is flowed over the
sensor, what is translated into a spectral sensitivity of the corrugated sensing structure of 153.3
nm/RIU. This sensitivity is slightly lower than the one obtained for the 2D PhC sensors desctibed
in chapter 3 (174.8 nm/RIU) and almost twice that for RR sensors described in chapter 4 (82.78
nm/RIU). Therefore, we can see that the higher complexity of PhC-based sensors, together with
the slow-light effect occurring on them, allows achieving significantly higher sensitivities compared
to RR-based sensors. But, in addition, the use of a spectral-based approach for the interrogation of
PBG-based sensing structures significantly limits their performance due to the difficulty of
accurately determine the position of the PBG edge. For example, we estimated a detection limit of
the order of 10> RIU for the corrugated waveguide considering the spectra shown in Fig. 5.27,
what is one order of magnitude worse than the value obtained using the proposed power-based

sensing technique.
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Fig. 5.27: Shift of the transmission spectra of the corrugated waveguide
for different NaCIl-DIW concentrations.

5.7.2 Comparison between power-based and spectral-based
interrogation methods

In the previous section, we have demonstrated the ability to detect variations of the
refractive index by employing the proposed power-based measurement technique. However, as
previously commented, it is difficult to make a comparison between the performance of the power-
based and the spectral-based sensing techniques. Therefore, to demonstrate the potential of our
new system we studied the detection of several antibody concentrations by employing both

interrogation techniques simultaneously in order to directly compare their performances.

First, a slight variation of the configuration of the set-up was needed in order to measure
simultaneously the signal using both methods. In this case, the optical filter was not placed right
after the broadband source and before the input of the chip, but it was placed at the output of the
chip, before the power meter. This configuration is analogous to the one with the filter at the input,
but with this configuration, we can measure the transmitted spectra and the overlap at the same
time. In this case, we employed a Dicon band pass filter, which can be tuned over several nm,
instead of using the CFBG used in the previous experiment. Furthermore, the signal at the output
of the chip was divided in two arms using a splitter, so one arm (90%) was taken to an OSA in
order to make a spectral-based interrogation and the other signal (10%) was filtered and connected
to the power meter in order to make the power-based interrogation. The new configuration of the

set-up is depicted in Fig. 5.28.
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Fig. 5.28: New configuration of the set-up for carrying out the
comparison of the spectral-based and the power-based methods. The main
difference is the insertion of the filter at the input of the power meter
instead in the output of the source.

The experiments carried out to perform this comparison between both sensing techniques
consisted in the detection of antiBSA antibodies using BSA antigen receptors on the chip surface,
as it has been used repeatedly in chapters 3 and 4. For that purpose we employed a corrugated
waveguide whose parameters are a = 360 nm and w; = 120 nm, which exhibits a PBG around 1558
nm. The functionalization procedure was based in the ICPTS chemistry described extensively in
chapter 2. Basically, the chip was initially cleaned with piranha solution in order to remove any
organic residue and increase the concentration of OH groups in the silicon native oxide of the
structure. After the activation of the surface, we carried out the functionalization process in-line
(i.e., by flowing the reagents through the SU8 microchannel), which consisted in the silanization of
the surface by flowing 5% ICPTS in 2-propanol during 30 minutes, and the flow of a concentration
of 10 pg/ml of BSA antigen during 50 minutes. Finally, the chip was rinsed with PBS 1x in order to
remove non-bounded molecules and the isocyanate moieties were blocked by flowing a

concentration of 0.1 M of ethanolamine in PBS 1x.

Once the surface of the sensor was coated with the BSA probes, two concentrations of
antiBSA antibody were flowed in order to perform the detection and study the behavior between
both methods. First, PBS 1x was flowed until obtaining a stable baseline, and then we injected the
concentration of antiBSA (10 pg/ml first and after regenerating the sensor with NaOH, 100 pg/ml
was also injected). Fig. 5.29 shows the sensorgram of the PBG biosensor response for the binding

of the antiBSA antibodies to the attached BSA molecules using simultaneously both interrogation
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techniques. From the curves shown in Fig. 5.29, we can confirm that the sensor response is
equivalent for both read-out techniques. Therefore, it is demonstrated that the power-based
interrogation technique allows us to make truthfully an indirect track of the wavelength shift of the

sensor PBG edge.
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Fig. 5.29: Time evolution of the PBG biosensor response using (a) a direct
spectral-based read-out and (b) our indirect power-based read-out. For
both read-out methods, red and blue points depict the output signal for 10
ug/ml and 100 ug/ml of antiBSA, respectively. Arrows indicate the instant
of each injection.

Below, we list several of the main benefits of our power-based sensing technique that can

be deduced from the results shown in Fig. 5.29, and which confirms those predicted in section 5.4

e Lower cost read-out system: While the excitation source was the same for both
interrogation methods (i.e., a broadband SLD source), the main difference in the equipment
between both methods was the detector. The spectral-based interrogation used an OSA with
a cost around 50 k€ whereas our power-based interrogation simply used a power meter with
a cost below 3 k€ (although other power meters significantly cheaper can be found).
Therefore, the cost reduction is significant.

e More compact read-out system: The OSA used for the interrogation had a size of 425 (W)
x 222 (H) x 450 (D) mm and a weight of 30 kg, while the power meter had a size of 133 (W)
x 216 (H) x 308 (D) mm and a weight of 5 kg. Despite the size and weight reduction is not
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extremely significant in this case, more compact and lightweight power meters can be found,
being even possible to integrate the power detector within the photonic sensing chip.

True real-time monitoring of the molecular recognition: Using the power-based readout
technique we can obtain a significantly higher number of sensing data points compared to
the case of the spectral read-out. In this specific experiment, the spectral-based method
obtains one data point each 42 seconds (i.e., this is the time required to acquire each
spectrum with a resolution of 10 pm using the OSA). Whereas the power-based method
allows acquiring ~10 points per second, what means an increase of the temporal resolution
of more than 100 times when using this lower-cost and simpler approach. This higher
temporal resolution enables to perform real-time measurements with a practically
instantaneous detection of any event produced in the surroundings of the structure. This is
not only useful for the detection of any interaction event between molecules, but also to
remove more easily any artifact produced during the experiment without affecting
significantly to the sensor performance and perform more complex data analysis. For
example, this is the case for the results shown in Fig. 5.27, where several microbubbles have
flowed over the sensor and have distorted the measurement (see the response for the
antiBSA concentration of 100 ug/ml). For the spectral-based method, we can see abrupt
dips in the time positions 17, 20 and 22 minutes; due to the appearance of these “bad”
points we are not having sensing information during almost 2 minutes, what is not
acceptable. However, for the power-based method, we can observe that the significantly
higher temporal resolution allows us to instantaneously recover the position corresponding
to the binding curve immediately after the microbubbles have passed through the sensor;
therefore, it will be possible to track the signal perfectly without losing any relevant sensing
information.

High sensitivity combined with a high information throughput: As we have seen in the
previous point, using the power-based read-out technique we will have a higher data
throughput (i.e., we have higher temporal resolution) with an optimal performance of the
output signal detection (i.e., for the spectral-based readout, a higher spectral resolution
always implies longer times to obtain the spectrum). Furthermore, the fact that significantly
more data points are recorded at the output using our power-based technique permits to
reduce the system noise, and thus the detection limit, by simply temporal averaging.

Simpler and straightforward system: For the spectral-based technique, the position of the
PBG edge needs to be determined for each sweep. This determination might not be easy and
straightforward and some kind of fitting should be performed. This fact can be seen in Fig.
5.29, the not fully abrupt shape of the PBG edge makes difficult to determine its position

with accuracies in the pm range (as required to have low detection limits). On the other
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hand, the power-based technique provides directly the sensing signal, so there is no necessity
to perform any type analysis of the signal from the sensing structure.

Finally, note that the performance of the sensing structure used in this experiment was not
very good (e.g., a shift below 200 pm is obsetrved for an antiBSA concentration of 10 pg/ml, what
is relatively high concentration). However, the aim of this experiment was to demonstrate the
correlation between both interrogation techniques, compare their practical performance, and show
that our interrogation method is a potential competitor for the development of future photonic-
based sensing platforms. Nevertheless, better performance will be obtained by properly selecting

the photonic sensing structure and its functionalization procedure.

5.7.3 Antibody sensing

Once in the previous section we experimentally demonstrated all the benefits envisaged for
the proposed powet-based sensing technique, we used this method for the detection of lower
antiBSA antibody. As we observed in the previous experiment, the performance of the selected
sensing structure was not optimal. Therefore, here we have used another corrugated waveguide to
carry out the antibody sensing experiments with other functionalization protocol that provided

better results in terms of detection.

In this case, we decided to make the ICPTS-based chemical modification of the chip off-
line (i.e., the reagents were not flowed but incubated. Briefly, the SOI sensing structures were first
cleaned with piranha solution in order to activate the surface and then the samples were
functionalized with pure ICPTS deposited by CVD during two hours at room temperature. Then,
the samples were rinsed with 2-propanol, dried with air, and cured in oven during 10 minutes at
150°C in order to remove the moisture of the chip. A concentration of BSA solution of 25 pg/ml
in carbonate buffer (CB) was spotted on the sensing structures and incubated dutring 2 hours at
room temperature in a controlled environment to avoid the evaporation. After the incubation, the
chip was rinsed with PBS-T in order to remove all the non-attached BSA molecules and
subsequently blocked with ethanolamine. Additionally, the lid of PDMS and the tubes were blocked

with OVA before starting the experiments in order to prevent the adsorption of the analytes.

Fig. 5.30 shows the initial spectrum of the filtered source and, the PBG sensing structure,
which consisted of a period of 2 = 320 nm and a length of »; = 120 nm, whereas the other
parameters are identical to the previous experiments. The spectrum was recorded with PBS 1x as
upper cladding (it will be the buffer used in the experiments). The signal at the output of the
sensing structure, which is given by the overlap of both responses and will this output signal will

provide the sensing information, is also depicted.
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Fig. 5.30: Initial spectra of the filtered source (dashed green line), the
PBG sensing structure (solid blue line) and the overlap between them at
the output of the photonic sensor (shaded area).

The scope of this experiment was to demonstrate the feasibility of our proposed
interrogation method for the detection of several analyte concentrations and performing a
regeneration step between each of them. For that purpose, several concentrations ranging from 100
ng/ml to 1000 ng/ml of antiBSA diluted in PBS1x wete prepared. Fig. 5.31 shows the temporal
evolution of the output power for the antiBSA detection experiment carried out. An output power
value was acquired each 20 ms (i.e., 50 data points per second), what is a temporal resolution
significantly higher than that used in most sensing results reported in literature (e.g., one data point
almost every minute for [SCU11], or one data point every 3 seconds for [VOS10]), what allows a
better observation of the binding kinetics in the sub-second scale. The concentrations of antiBSA
in PBS 1x were flowed over the chip at a constant rate of 20 ul/min. We can note that a decrement
of the output power is produced at each detection cycle due to the binding of the antiBSA
molecules to the BSA receptors. This decrement is permanent as it can be seen when the PBS 1x
buffer is flowed again. We can also see that the amount and the rate of the output power variation
is different for each concentration of antiBSA, having larger changes and initial slopes for higher
concentrations of the antibody. After each sensing cycle, the photonic sensor was regenerated by
flowing a solution of NaOH at 20 mM during 5 minutes in order to remove the antiBSA bound to
the BSA receptors, due to the pH change. We can see that the regeneration step induces a sudden
blue-shift of the PBG edge due to release of the antiBSA and the different index, what is translated
into an increment of the output power. Then, the baseline is perfectly recovered when the PBS 1x

is flowed again over the sensing structure.
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Fig. 5.31: Temporal evolution of the output power when several
concentrations of antiBSA were flowed over the sensor. The
regeneration was performed by using NaOH.

In this experiment, we measured the concentration of the analytes by calculating the initial
slope at the moment of the recognition. Fig. 5.32a shows the initial slope of the sensor response for
each antiBSA concentration, which have been used to determine the sensitivity curve of the sensor
that is shown in Fig. 5.32b. The analysis of the sensor response was carried out using a custom-
made Matlab program where the data was fitted to an exponential equation given by the affinity
response introduced in chapter 2. The fact that several data points are acquired each second, allows
a more adequate fitting of the sensing curve. The initial slope is obtained from the derivative of the
fitting curve at the initial point of the detection. As we appreciate from the sensitivity curve in Fig.
5.32b, the sensor exhibits a clearly linear behavior of the initial slope for the range of antiBSA

concentrations considered.
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Fig. 5.32: a) Fitting analysis of the signal. b) Values of the initial slope
of the response of the sensor as a function of the antiBSA
concentration (in molar).

Despite the minimum antiBSA concentration experimentally measured was 100 ng/ml, we
have also estimated the detection limit from the system noise. A noise level of 6 = 0.02 dB was
measured during the flow of the buffer solution after the stabilization of the sensor. From this
value, we estimated a detection limit of 2 ng/ml. Table 5.4 lists several state-of-the-art values for
the detection limit of antigen/antibody/protein sensing experiments of the last years. Although our
result is not the best from all of them, it is less than one order of magnitude above that reported in
[XUO08] (0.4 ng/ml). Besides, we expect that this detection limit value can be further decreased by
continuing working on the sensing structures, the functionalization and the readout platform.
However, it is worth noting that this detection limit value has been achieved using a power-based
interrogation technique that provides many benefits compared to the spectral-based interrogation

techniques used to obtain the rest of the results (except for [ZIN11]).
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[XU08] Streptavidin-Biotin ~ FoldedRing Resonator 0,4 ng/ml
[ZLAO09] bBSA-antiBiotin PhC. Microcavity 3,2 ug/ml
[LI10] BSA-biotin Ring Resonator 2,4 ng/ml
[SCU11] Avidin-Biotin SlottedPhC. 3,6 ng/ml
[ZIN11] BSA-aBSA Bimodal Waveguide 0,42ng/mm?
Qur sensor BSA-antiBSA Corrugated waveguide 2 ng/ml

Table 5.4: Comparison of the detection limit reported for other
sensors based on planar photonic structures for the detection of
antigens/antibodies/proteins.

With this experiment, we demonstrated that the power-based method that we
proposed is suitable for biosensing measurements. Despite not being the most sensitive system
according to the state-of-art, we can state that our system provides other very relevant
advantages such as real-time measurements, simpler system or lower cost equipment, what
makes our system a good candidate for the development of new practical and affordable LOC

devices.

5.8 Conclusions

In this chapter, we presented our novel sensing interrogation technique that contributes
with several advantages respect to current sensing techniques. Our optical power-based
measurement technique exhibits several interesting advantages such as a lower cost of the read-out
system, a higher compactness of the system, or the possibility to monitor in real-time the molecular

interaction.

For the experimental demonstration of the technique, we decided to use 1D periodic
corrugated waveguides as PBG structures, mainly because of their higher simplicity, easier
fabrication and good sensitivity. Such characteristics make of that structure, together with the
proposed measurement technique, a good candidate for the development of new emerging
biosensing applications. We designed the optimal parameters for the sensing structures and
fabricated them through the cost-shared ePIXfab fabrication platform using CMOS technology,

what permits a large-scale fabrication of the chips and a substantial reduction of the cost per unit.

Then, our experiments began pursuing the demonstration of the ability to perform bulk RI

measurements by employing the power-based interrogation technique, for what we detected
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different salt concentrations. We obtained a sensitivity as high as 1786 dB/RIU and a detection
limit as low as 2-:10-¢ RIU, what verifies the potential of the proposed technique for sensing
purposes. Moreover, note that the larger number of data points that are reorder using this power-
based technique also permits to perform an averaging of the output signal to reduce the noise and

therefore the detection limit.

Our next experiments targeted to compare the performances of the typical spectral-based
readout techniques with our power-based method, by interrogating simultaneously the PBG sensing
structure where a detection of antibodies is being carried out. With these experiments, we
confirmed that the sensing information that is obtained with both approaches, but that our power-
based approach provides several relevant advantages such as the cost, size and weight reduction of
the readout system, the possibility to observe the molecular interactions in true real-time, the

possibility to have a high resolution with a fast response, etc.

And finally, we carried out several sensing experiments targeting the detection of low
concentrations of antibody. In this kind of experiment, we performed multiple regenerations of the
sensor surface between detections employing NaOH, thus making possible several assays in a single
chip. As a result, we were able to determine a detection limit of 2 ng/ml for the sensing system that

we employed.

Therefore, we have been able to experimentally demonstrate all the expected advantages
for our novel power-based interrogation technique, thus making it a very valuable approach for the

development of future cost-effective, portable, high performance and practical LOC devices.
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Conclusions and future trends

6.1 Conclusions of the work

From the 80’s, there has been an increasing interest in develop more efficient and powerful
sensing devices that play an important role in diverse fields such as medical diagnosis,
environmental control, drug discovery, CBRN detection or food testing. A biosensor is a device
that is used to determine the presence of a target analyte, which consists of a transducer, a
functional layer for receptors, a fluidic delivery system and the read-out. The main objective is to
integrate those biosensors into more complex LOC devices, in which is possible to implement
several functionalities in a single chip and carry out several analysis simultaneously. Integrated
optical structures are a very promising candidate for the development of this type of sensing
devices, especially when using silicon-based and CMOS compatible materials and process. This
technology will not only provide a very high sensitivity and low detection limits, but also a very high
integration level, low cost, and the possibility to directly integrate complex microfluidic sample

preparation and delivery systems.

In this PhD Thesis, we studied several sensing platforms where integrated SOI photonic

structures were employed, including PhC-WGs, RRs and corrugated waveguides. In addition, we
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proposed a novel power-based interrogation method in order to overcome many of the weaknesses
of current photonic sensing techniques based on tracking the spectral shift of the response of the
sensing structure. Our method is able to measure indirectly the shift of the PBG position without
the need of any tunable element for the interrogation, what is the key of all the advantages that it

presents.

One of the first problems that we addressed in this PhD work was determining the
procedures required to attach the receptors to the silicon surface of the photonic sensing structures;
this process is called bio-functionalization. We decided to work with a chemistry based in the use of
organosilanes, which allows creating covalent links with the structure surface. These compounds
anchor to inorganic substrates and promote the binding of the receptors through the functional
groups at their end. We investigated different kinds of organosilanes and finally we developed
successfully two functionalization routes. The first strategy was based on ICPTS organosilane,
which provides an isocyanate group at the end that allows the binding of amines. However, we
observed many problems during the development of this functionalization strategy because the
isocyanate group of the ICPTS hydrolyzes in presence of humidity and loses its functionality.
Therefore, we decided to propose a second functionalization approach based on GOPTS
organosilane, which has an epoxy termination. One of the particularities of this procedure is that
the attachment of thiolated receptors to the epoxy-ended organosilane can be assisted with UV
light, leading to a significant reduction of the time required for the immobilization and to a spatial
selectivity. As it has been shown throughout this document, in our experiments we confirmed that
successful sensing results can be obtained using both methods for planar silicon-based photonic

structures.

The first structures that we studied for their use as sensors were PhCs. These structures can
present a PBG, a range of wavelengths where the propagation of light through them is not allowed,
as well as the so-called slow-light phenomena, which provides a high enhancement of the light-
mater interaction in the sensing areas and thus an increase of the sensitivity. We studied different
configurations of PhCs and decided to use W1 PhC-WG created in a holes-on-silicon configuration
for our experiments. Once we began with the characterization of the PhC-WG sensing structures,
we observed the appearance of sharp fringes in the slow-light regime near the edge of the guided
band. We modeled the presence of these fringes, which were due to the creation of a Fabry-Perot
cavity between the PhC-WG and the access waveguides, and demonstrated the possibility of using
them for sensing purposes. The use of these FP fringes ensures us that we are working in the slow-
light regime of the structure, and eases the accurate determination of the spectral feature to be
tracked. Finally, we successfully carried out several measurements in order to experimentally
demonstrate our FP-based approach for refractive index sensing (with a sensitivity of 174,8

nm/RIU and a detection limit of 3106 RIU), antibody detection (with an estimated total mass
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detection limit of 0.2 fg), and ssDNA hybridization sensing (reaching an estimated detection limit
as low as 19,8 nM). Therefore, these results validate the potential of the PhC-WG for the

development of high performance sensing structures for biological purposes.

The second type of structures that we used in this PhD work were RRs. As it can be seen
in the literature, RRs ate probably the most commonly employed photonic structures for the
development of biosensing devices due to their simplicity, versatility and multiplexing potential.
RR-based sensing structures provide a high sensitivity determined by their large effective interaction
length caused by the circulation of the mode within the RR, making that the photons interact many
times with the target analytes. We worked in modify and improve our experimental measurement
platform in order to be able to measure the spectral response of the RRs using an OSA (instead a
tunable laser), use a PDMS-based microfluidic flowcell to deliver the target samples, change
automatically the different samples to be flowed, and monitoring continuously the resonance
position. Using this platform, we were able to demonstrate refractive index sensing using RRs,
determining an intrinsic sensitivity of the RR of 82,78 nm/RIU and a detection limit 1,44-10-> RIU.
Employing RR as a sensing platform, we also worked on biosensing of antibodies and ssDNA. We
optimized two functionalization methods, based on ICPTS and in GOPTS organosilanes. With
both methods, we were able to sense ssDNA with a high sensitivity and low detection limit (e.g., a
concentration as low as 5 nM was detected using the GOPTS-based chemistry). However, the
experimental procedures that we developed showed us that the GOPTS-based chemistry exhibits
several advantages compared to the ICPTS-based chemistry, such as higher stability, better

sensitivities, time reductions, and the possibility to do a spatially-specific functionalization.

Finally, we proposed and experimentally demonstrated a novel technique for the
development of PBG-based photonic biosensors. This technique contributes with several
advantages compared to current approaches, which are mainly determined by the lack of tunable
elements. In this way, the measurements can be performed using low-cost equipment at real-time as
well as allowing the possibility of a future direct integration of the sources and the detectors within
the photonic sensing device. With this new approach, where we only used a broadband source and
a power meter for the experiments, we achieved an outstanding sensitivity of 1786 dB/RIU and a
detection limit of only 2-10-¢ RIU. In addition, we have shown how the performance of a PBG
biosensor is significantly enhanced by simply using our power-based read-out method instead of a
typical spectral-based interrogation. We compared simultaneously the sensing response when using
both interrogation approaches (i.e., spectral-based method vs. our power-based method) for an
antigen-antibody (BSA-antiBSA) analysis experiment, and we observed that the shape of the
response is analogous in both cases. However, our power-based approach provides several
advantages that are not provided by typical spectral-based approaches, such as a lower detection

limit, a higher number of acquired points, an instantaneous observation of any interaction event, or
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a significant reduction of the cost, the size and the weight of the readout platform, among others.
Finally, we demonstrated a limit of detection of only 2 ng/ml for BSA-antiBSA detection using our
sensing approach. Therefore, the experimental results obtained using this novel sensing technique
confirms the great potential for sensing purposes predicted when it was theoretically proposed,
making it probably one of the most suitable options for the development high performance,

portable and low-cost LOC devices based in photonic technology.

In the table 6.1 we can compare the parameters of the different sensing techniques and

structuresthat were presented in this thesis.

Wavelenght-based  Photonic cristal Tunable laser Power-meter 174.8 nm/RIU 3-10° RIU
Wavelength based  Ring resonator B‘;’jjl’ct“d 0SA 8278 nm/RIU  144-10° RIU
Corrugated Broadband 150
Power-based e . Power-meter (1786 dB/RIU) 2-10¢ RIU
Waveguide source.

Table 6.1: Summary table of the different methods employed in the thesi
with the obtained results and schematic illustration of the structures:
photonic crystal, ring resonator and corrugated waveguide.

6.2 Future trends

In this PhD Thesis, we have worked in the development of sensing devices based on
different type of structures (i.e., 2D PhCs, 1D PhCs and RRs), using different approaches for their

functionalization (i.e., ICPTS- and GOPTS-based chemistry), and even of a new low-cost sensing
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approach based on PBG structures. However, there still a long path to follow and a lot of work
needs to be done before a practical sensing system with real commercial potential can be deployed
into the market. Herein, we propose several concepts and ideas that can be considered in the future
in order to further enhance the current sensing platform and orient it towards a final device with

practical application in the real world:

e Although the estimated detection limit is in the range of the state-of-the-art values,
lowering this parameter is always desired. By increasing the sensitivity of the photonic
integrated structures we can be able to reduce such parameter. To this aim, current
structures may be modified in order to confine the optical field in those areas where the
interaction with the matter is stronger. The combination of 1D structures with the slot
concept might provide promising results. On the other hand, it would be possible to
consider the use of other structures such as the 2D PhCs, as employed in chapter 3.

e Regarding the chemical modification procedure, a significant reduction of the
biofunctionalization time was obtained with the novel light assisted technique based on
GOPTS. However, that time stills being long. By employing a more powerful UV light or
by having a higher directivity, we could reduce the reaction time to few minutes; however,
we will need to control the evaporation of the liquid being incubated. It would be also
interesting to study the temperature and humidity conditions in order to obtain better
coverage efficiencies, thus lowering the detection limit as well.

e One of the issues that we observed during the course of this PhD work was the variability
of the surface coverage due to the size of the drops used to attach the receptors. Better
performances were observed by reducing the volume of the spot; therefore, a fully
automated functionalization procedure using adequate equipment (e.g., the nanodot
equipment used within this work) should be developed in order improve the
immobilization procedure. In addition, this type of equipment will also allow to attach
different probes to different sensing structures.

e Other problem that we observed during the experimental characterization of the photonic
sensing structures is that related with the signal drift and its initial stabilization, which
influences negatively to the system performance. In order to reduce this problem, we
propose diverse routes. First, the implementation of a temperature control system in the
optical set-up in order to compensate the temperature variations during the experiments.
Other approach is the use of reference structures within the sensing chip in order to
compensate any type of non-sensing signal variations. In order to do this, we will need to
have an experimental set-up where multiple photonic structures can be interrogated

simultaneously. To this aim, we propose the use of flood illumination of several access

256



Chapter 6

structures with a collimator at the input and an IR camera at the output, instead of using a
fiber-to-fiber set-up as we have done in this PhD work.

Regarding the fluidic delivery system, we employed different types of architectures (e.g.,
metallic flow cell, microfluidic PDMS-based flow cell, and integrated SUS8-based
microchannels). However, the development of future LOC devices requires of more
complex microfluidic systems able to implement sample preparation functions and not only
delivering the sample to the sensing structures. Therefore, a possible future work would be
the implementation of novel microfluidic architectures with the possibility of bubble
trapping, sample filtering, sample mixing, etc. in order to provide more complexity to our
final system. In addition, we will also need to look for new fabrication techniques that can
reduce the cost of the development of the master molds.

The fabrication process of the photonic structures should be optimized in order to obtain a
higher degree of repeatability of the chips. For that reason, we will need to constantly work
in the improvement of the fabrication procedures. Furthermore, we will need to look for
implementing in-house UV lithography systems like those used by IMEC and CEA-LETI
in the frame of the ePIXfab platform.

Design better coupling structures to improve the efficiency of the transmitted power
between the accesses waveguides and the sensing structures in order to improve the output
power in the characterization experiments.

Regarding the measurement set-up, several aspects can be enhanced. For instance, the data
acquisition must be optimized in order to increase the number of power values obtained
per second, what will allow a better temporal resolution of the measurement as well as a
reduction of the detection limit. Other improvement of the sensing platform might be the
implementation of an user-friendly software that allows to easily configure the experiment
by any type of non-technical user (e.g., indicating parameters of the assay such as the time
for each sample, samples to be analyzed, type of information to be provided, etc.).

One of the most interesting possibilities that our power-based sensing approach offers, is
the possibility to integrate the sources and the detectors directly with the photonic sensing
structures. This will allow having a final photonic sensor that is simply electrically accessed,
what will allow having an extremely simple, compact, and low-cost electronic platform for

the readout.
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ANNEX A

Author’s specific contribution to the
presented work

The development of a photonic biosensing platform generally covers different scientific
fields such as photonics, biochemistry, or microfluidics. Achieving a complete synergy among these
fields is an ambitious challenge. For that reason, this kind of projects are carried out by
multidisciplinary teams with highly qualified researchers who work together towards a successtul
result. Namely, the work described in this thesis has been framed within several research projects in
which the participation of the different partners has been fundamental to achieve the defined
objectives. For this reason, the author has attempted to explain not only the work mainly done by
himself, but also the work that has been done in direct collaboration with other partners and
researchers. Obviously, the author did not contribute equally in all the steps of the developments
presented in this thesis, but his involvement in all the stages has been significant in different levels.
In fact, it is difficult to isolate the work carried out by the author during the thesis. In this annex,

we specify the role of the author in the research work that has been included in this thesis.

Starting in chapter 2, where the chemical modification of the structure’s surfaces is studied,
this task was mainly carried out by the “Centro de Reconocimiento Molecular y Desarrollo
Tecnolégico” of the UPV led by Prof. Angel Maquieira, as already mentioned in the introduction of
the chapter, Prof. Maquieira’s group, which also participated as a partner in the FP7-INTOPSENS
project, has an enormous expertise in the field of biofunctionalization and molecular recognition.
Despite the background of the author was not related with the chemistry field, he actively

participated in the optimization of the modification process for the planar photonic structures,

275



where his contributions were substantial in order to obtain the final protocols. Furthermore, we
considered that it was necessary to include this chapter in order to give an overview of the chemical

modification protocols employed in the forthcoming chapters.

The work described in chapter 3, which deals with PhC-based sensing structures, was
developed at the initial stage of the author’s PhD studies. Therefore, the focus of the author’s work
within this period was to acquire the knowledge and skills related with the development of
photonic sensing structures, being the research work mainly led by Dr. Jaime Garcia-Rupérez and
Dra. Veronica Toccafondo. As mentioned in chapter 3, the initial PhC-WG structure was proposed
by Dr. Kristensen’s group from Aarhus University in the frame of the FP7-INTOPSENS project.
However, the author also worked in modelling and optimizing the structure by means of 2D and
3D FDTD simulations. These simulations were also used to confirm the possibility of employing
the Fabry-Perot fringes appearing at the edge of the transmission band for sensing purposes, what
was proposed by Dr. Jaime Garcfa-Rupérez. Regarding the experimental development of the PhC-
based sensors, the author collaborated in the assembly of the set-up, designed the metallic flow cell
used for delivering the liquids to the photonic sensing structure, and worked in the automatization
of the set-up by means of a LabVIEW application. Finally, the author also participated in the
experimental characterization of the PhC-based sensors; however, since he was in the initial stage
of his PhD studies, he worked together with other experienced researchers and had an “assistant-

like” role.

Regarding the work described in chapter 4, in which RR-based sensors were studied, three
stages can be considered. In the first stage, the author spent several months in the Photonics
Research Group of the Gent University working in Dr. Peter Biestman’s group. This research stay
was carried out in the frame of the FP7-INTOPSENS project. In this period, the author studied
the RR structure for sensing purposes as well as vertical coupling mechanisms based on surface
gratings. Despite the author did not directly contribute to the final design of the RRs employed in
this thesis work (it was carried out by the group of Gent University in the frame of the FP7-
INTOPSENS project), the author also learnt how to model and simulate the behaviour of these
structures, as described in the initial sections of chapter 4 for the sake of clarity and coherence. In
addition, during this research stay he also learnt how to fabricate and use PDMS-based microfluidic
delivery systems, which were later used in the NTC group. The second stage was developed in the
UPV, where the author started to deploy all the acquired knowledge. He contributed in the
adaptation of the new measurement set-up based on grating couplers and where PDMS-based
microfluidic sample delivery systems were used, taking profit of his recent experience in Gent
University. Regarding the experimental development of the RR-based sensors using ICPTS
chemistry, it was carried out in close collaboration with Dra. Veronica Toccatondo, having both the
same level of responsibility. Finally, the last period consisted in the development of the RR-based

sensors using GOPTS-based chemistry, where the author had a prominent and leading role. He did
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not only carry out the biosensing experiments and the analysis of the obtained results, but he also
participated actively in the development of the photofunctionalization procedures in an intense

collaboration with Prof. Maquiera’s group.

Finally, in chapter 5, the author was the main contributor to the experimental development
of the proposed novel power-based sensing technique. That sensing technique was previously
theoretically proposed by Dr. Jaime Garcia-Rupérez, but is has been the author who has
experimentally demonstrated its practical potential for the development of compact, low-cost and
real-time sensing systems. In summary, the author was in charge of carrying out the simulations to
determine the optimal patameters of the 1D periodic sensing structures to be used, the
implementation of the set-up for the interrogation of the sensing structures using the proposed
sensing technique, and the realization of all the experiments required to demonstrate the
performance of the proposed sensing technique. Furthermore, the author produced several

scientific articles for their submission to peer review journals and conferences.

Summarizing, the author has actively participated in all the steps required for the whole
development of the sensing platforms presented in this PhD work. Of course, the involvent has
been different depending of the research field and the stage of his PhD studies, but his implication
in the developed work has been absolute and he has contributed to the achievement of the

scientific objectives defined in the research project where the work has been enframed.
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