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Abstract

Health and well-being have always been the center of attention of many research
institutions and companies around the world. This led the technology to develop in the chemical,
biological, medical and clinical fields with the aim to provide a better protection to the human
being. As a consequence, a competition is born between the time necessary to the disease to
progress and the time necessary to man to treat such disease. In order to win this competition, it
is necessary to act with anticipation, when disease is not too developed yet. This is possible by
performing an early-detection. The achievement of this goal paves the way for the development
of optical biosensing devices able to detect the presence of certain molecules at extremely low
concentrations. Among them, photonic integrated structures are finding a great success due to
their considerably high sensitivity. However, the sensing mechanism of these structures is based
on the interaction between the evanescent wave, propagating along the structure surface, and the
target analyte to detect. In this way, not all the field propagating in the photonic structure is used
for sensing purposes, but rather only a small amount of it. This represents a crucial limitation of

the integrated photonics based sensors.

The aim of this PhD Thesis is to overcome this limitation and to develop more sensitive
photonic sensing structures able to detect the lowest concentration possible. To this aim, we
focused on the study of porous silicon as platform for the development of optical structures with
extremely high sensitivities thanks to the fact that the sensing interaction takes place directly

inside the structure itself, allowing to exploit all the field propagating in the structure.






Resumen

La salud y el bienestar siempre han sido el centro de atencion de muchas instituciones
de investigacion y empresas de todo el mundo. Esto llevé a la tecnologia a desarrollarse en los
campos quimico, biolégico, médico y clinico con el objetivo de proporcionar una mejor
proteccion al ser humano. Como consecuencia, ha surgido una competicion entre el tiempo
necesario para que la enfermedad progrese y el tiempo necesario para que el hombre trate dicha
enfermedad. Para ganar esta competicion, es necesario actuar con anticipacion, cuando la
enfermedad aln no esta demasiado desarrollada. Esto es posible realizando una deteccién precoz
de la enfermedad. El logro de este objetivo allana el camino para el desarrollo de dispositivos
Opticos de biosensado capaces de detectar la presencia de ciertas moléculas en concentraciones
extremadamente bajas. Entre ellos, las estructuras integradas fotdnicas estan teniendo un gran
éxito debido a su considerablemente alta sensibilidad. Sin embargo, el mecanismo de deteccion
de estas estructuras se basa en la interaccion entre la onda evanescente, que se propaga a lo largo
de la superficie de la estructura, y el analito a detectar. De esta forma, no todo el campo que se
propaga en la estructura fotonica se usa con fines de deteccion, sino solo una pequefia cantidad

de éste. Esto representa una limitacion crucial de los sensores basados en fotdnica integrada.

El objetivo de esta tesis doctoral es superar esta limitacién y desarrollar estructuras
fotdnicas de sensado mas sensibles que sean capaces de detectar las concentraciones mas bajas
posibles. Con este objetivo, nos centramos en el estudio del silicio poroso como plataforma para
el desarrollo de estructuras Opticas con sensibilidades extremadamente altas gracias a que la
interaccion de sensado se realiza directamente dentro de la propia estructura, lo que permite

explotar todo el campo que se propaga.






Resum

La salut i el benestar sempre han sigut el centre d'atencié de moltes institucions de
recerca i empreses de tot el mén. A¢o va portar a la tecnologia a desenvolupar-se en els camps
quimic, bioldgic, medic i clinic amb I'objectiu de proporcionar una millor protecci6 a I'ésser huma.
Com a consequéncia, ha sorgit una competicié entre el temps necessari per que la malaltia
progresse i el temps necessari per que I'nhome tracte aquesta malaltia. Per a guanyar aquesta
competicid, és necessari actuar amb anticipacio, quan la malaltia encara no esta massa
desenvolupada. Ag0 és possible realitzant una deteccié preco¢ de la malaltia. L'assoliment
d'aquest objectiu facilita el cami per al desenvolupament de dispositius optics de biosensat
capacos de detectar la preséncia de certes molécules en concentracions extremadament baixes.
Entre ells, les estructures fotdniques integrades estan tenint un gran éxit a causa de la seua
considerablement alta sensibilitat. No obstant a¢o, el mecanisme de deteccié d'aquestes
estructures es basa en la interacci6 entre I'ona evanescent, que es propaga al llarg de la superficie
de l'estructura, i I'analit a detectar. D'aquesta forma, no tot el camp que es propaga en l'estructura
fotonica s'usa amb finalitats de deteccio, sind solament una xicoteta quantitat d'aquest. Ago

representa una limitacié crucial dels sensors basats en fotonica integrada.

L'objectiu d'aquesta tesi doctoral és superar aquesta limitacid i desenvolupar estructures
fotoniques de sensat més sensibles que siguen capaces de detectar les concentracions més baixes
possibles. Amb aquest objectiu, ens centrem en I'estudi del silici por6s com a plataforma per al
desenvolupament d'estructures optiques amb sensibilitats extremadament altes gracies a que la
interaccio de sensat es realitza directament dins de la propia estructura, el que permet explotar tot

el camp que es propaga.
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Chapter 1

Introduction

1.1. Introduction

Optical sensors can be defined as optical devices able to detect a variation of a certain
physical quantity (e.g., refractive index, pressure, temperature) in their environment and convert
it into a measurable and processable signal. Due to their extremely high sensitivity, fast response
and reduced size, which permits to integrate several sensing structures on a single chip for an
ultra-sensitive multiplexed detection [1-8], optical sensors have been a significant object of
research and have been attracting the interest of several fields, in particular of chemical, biological
and medical fields [9-14]. In fact, in the last decade, we have witnessed the rapid development
and growing interest in medicine, biotechnology and drug discovery. Consequence of it, an
increasing dependence on chemical analysis and a progressive demand for the rapid and precise
detection have also been produced. The fulfilment of these requirements has been achieved
mainly with the development of optical biosensors. Optical biosensors employ the interaction of
the light with the target analyte in order to convert the biological information into a measurable

signal. These sensors have a number of advantages over other transduction technologies such as



mechanical and electrical biosensors, also due to the own nature of the optical measurements that
endow a great number of different techniques, such as emission, absorption, fluorescence,
refractometry, or polarimetry [15]. Furthermore, such devices allow the development of label-
free assays where the use of radioactive, colorimetric or fluorescent labels, which introduce
complexity and loss of activity to biological molecules, is avoided [16-20]. Therefore, advanced
label-free biosensors can provide selective, sensitive, fast and direct detection of a certain target

analyte at extremely low concentrations.

It is important to consider a list of requirements in order to compare the performance of
different sensors. The following list summarizes several parameters/properties that can be used to
evaluate the performance of a sensor [21]:

e  Sensitivity: is the relationship between the variation of the sensor output signal as a
response to a physical quantity variation and the physical quantity variation itself. This
parameter defines the ability of the sensor to detect that variation and to transduce it

into a measurable signal.

e Resolution: is the smallest change that can be observed in the output signal. To
calculate the resolution, the noise of the system must be characterized in a steady state

condition without any sensing variation.

e Limit of detection (LOD) or detection limit (DL): is defined as the minimum amount
of sensing information that can be detected by the sensor. This parameter is calculated
considering the ratio between the noise of the measurement and the sensitivity of the

Sensor.

e Response time: is the time needed by a sensor to perceive the variation of a physical
guantity and to react to it. This requirement may be crucial for those applications where

a prompt response is needed.

¢ Dynamic range: is the range between the highest and the lowest values of the sensor
output signal related to a sensing event. The lower limit of the dynamic range will be

determined by the limit of detection of the sensor.

e  Throughput or multiplexing level: is the capability of the device to carry out several
parallel sensing measurements in the same test. It is crucial to obtain more information
per test, to reduce the number of tests (and, thus, the cost per test) and to provide a more

complete analysis.



o  Sample volume: is the amount of sample required to reliably realize a measurement.
This parameter has to be carefully considered where the target sample is expensive or
difficult to obtain.

e Portability: refers to the capability of the sensor to be moved in order to perform in-

situ measurements.

Since an optical biosensor is used for biochemical analysis, it has to be able to interact
specifically with the selected biomolecules. In order to be able to interact with those biomolecules,
an optical sensor must be “biofunctionalized” [22-24]. The biofunctionalization of a sensor
consists in the creation of a layer comprising biomolecules apt to interact with the environment,
as schematically illustrated in Fig. 1.1. This layer is also named biolayer and imputes the term
“bio” to the biosensor since it is the part that provides the biological interaction. The
biofunctionalization is achieved by coating, with specific techniques, the sensor surface with
proper bioreceptors that can recognize the target analyte among the other particles present in the
sample. This means that this biolayer provides the sensor the ability to selectively detect the
presence of a certain target analyte. The selective detection of an analyte is determined by the
affinity between the bioreceptors and their specific target analytes. For this reason, when the target
analytes interact with the biolayer, they will be the responsible of the chemical and physical

changes to be detected.

Sample / Analytes

Biolayer

Optical sensor

Fig. 1.1: Schematic illustration of the biofunctionalization of an optical sensor.

1.2. Evanescent wave mechanism based sensors

Within optical biosensors, those based on integrated photonics are probably arising a
higher interest because of their outstanding characteristics of sensitivity, label-free and real-time
detection, what makes them one of the main candidates to become the transduction elements of

future lab-on-a-chip devices.



In the majority of photonic biosensors, 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. When an optical wave is traveling
through the core of an optical waveguide, a fraction of its energy propagates to the surrounding
medium, as illustrated in Fig. 1.2. This fraction of energy is known as evanescent wave as it

decreases its intensity exponentially from the surface.

Evanescent wave Environment

i

Photonic structure

Substrate

Fig. 1.2: lllustration of the evanescent wave propagation on the photonic structure
surface.

The evanescent wave is the responsible of the changes in the effective index of the
propagating mode when the sensing events are produced. In fact, in the evanescent wave
mechanism, the exposure of the photonic sensor surface to biomolecules induces a local change
of the optical guiding properties of the waveguide, as shown in Fig. 1.3. This change is detected
via the evanescent wave and its amplitude can be correlated to the biomolecules concentration,

yielding a quantitative signal of the interaction.

(a) (b) Bioreceptor-Target analyte

d
Target ___ compoun

analyte
ﬂwmceptor M m

Fig. 1.3: Schematic illustration of the evanescent wave sensing mechanism: the
evanescent wave propagates along the photonic structure surface and interacts with
(a) the bioreceptors layer and (b) the bioreceptors-target analyte compound layer.



It is worth noting that, as the evanescent wave decays exponentially while it penetrates
into the outer medium (usually this decay length is of the order of 0.1-1 um), it only detects
changes taking place on the surface of the waveguide (or very close to it), since the intensity of
the evanescent field is much higher in this particular region.

Photonic biosensors based on evanescent wave detection have demonstrated its
outstanding properties, such as an extremely high sensitivity for the direct measurement of
biomolecular interactions, in real time and in label-free schemes. In order to convert the effective
index variations into a measurable signal such as intensity or frequency variations, different
configurations of photonic structures have been developed. Among the most common
configurations, we can find ring resonators [25], photonic crystals [26] and Mach Zehnder
interferometers [27], schematically depicted in Fig. 1.4 (a), (b) and (c), respectively.

(a)

(b) (©)

Fig. 1.4: Schematic illustration of most typical photonic sensing configurations: (a)
micro-ring resonator; (b) photonic crystal; (c) Mach Zehnder interferometer.

Despite all the presented advantages, integrated photonic sensors also exhibit
limitations. In a traditional planar photonic sensing structure based on the evanescent wave
mechanism, only the evanescent wave propagating outside the photonic structure itself is used for
sensing purposes, whereas the majority of the optical field distribution associated with the guided
mode propagates within the structure itself. This fact limits considerably the performance of this
kind of structure.

One way to overcome this limitation is by modifying the waveguide dimensions. As a
matter of fact, it is agreed that the more amount of evanescent wave on the surface, the higher the
interaction of the field with the target analyte. However, in order to achieve a high performance
evanescent wave based 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.



Finally, another issue is related with the biofunctionalization of the sensor surface. As
previously said, the evanescent field is characterized by an exponential decay from the surface.
This causes a strong dependence of the sensitivity with the distance of the target analyte from the
surface. Since the biolayer represents a new layer formed on the sensor surface, which separates
the target analyte from such a surface, the interaction between the evanescent wave and the
analyte is weaker, as can be appreciated in Fig. 1.5. Furthermore, some kinds of
biofunctionalization techniques require several biofunctionalization steps, avoiding to obtain a
biolayer as thin as required. This makes the interaction to be weaker or almost no-existent. In this

way, the detection would be minimum or could even not take place.

Fig. 1.5: Hlustration of the interaction between the target analyte and the evanescent
wave without and in presence of the biolayer. The presence of a thick biolayer leads
to a weaker interaction.

In this PhD Thesis, we have worked on overcoming these limitations by considering an
alternative platform to develop new photonic structures and exploit new detection mechanisms.

This alternative platform is porous silicon.

1.3. Porous silicon based sensors

Porous silicon (PS) is the product of the electrochemical etching of silicon. PS came to
light in 1956, at the U.S. Bell Laboratories, as an accidental result obtained by Arthur Uhlir Jr.
and Ingeborg Uhliras while trying to develop a new electrochemical technique for polishing
silicon surfaces [28]. Such discovery did not raise interest in the scientific world of that time, until
1990, when Leigh Canham discovered the visible luminescence properties of PS [29]. Starting
from that moment, the scientific community focused the research study on the properties of such

material.

With regards to optical sensing, in the last two decades, the study of PS and its
applications have been increasing. Due to its several advantages, it represents a way to improve
the possibilities of silicon structures and to solve their limitations. One of the main advantages of
PS based optical sensors is the high sensitivity due to the fact that the sensing interaction takes

place directly inside the structure itself [30]. This leads to exploit all the field propagating in the



structure. Furthermore, due to its morphology, comparable to that of a sponge, PS presents an
enormous internal surface and the PS surface can be permeated by several chemical reagents [31].
As a consequence, the high surface-to-volume ratio improves the efficiency of the surface
functionalization, as it detects a higher amount of biomolecular interactions [32]. Moreover, PS
can be formed simply, quickly and inexpensively since it is the result of the electrochemical
etching of a silicon substrate.

Thanks to these advantages, PS has been widely used in optical sensing applications, in
particular to develop sensors based on refractivity [33]. Among them, PS reflectivity based
sensors are the most employed. In this kind of sensors, the sensing mechanism is based on the
study of the reflectivity spectrum of the PS structure. More in detail, the refractive index change
of the PS structure, due to a change of the substance filling the pores, provokes a shift of the
reflectivity spectrum.

Several configurations of PS sensing structures have been reported in the last years,
including single layers, as Fabry-Perot filters [34], multilayers, such as Bragg reflectors (BRs)
[35] and optical microcavities (MCs) [36], which are schematically illustrated in Fig 1.6. Some
of those configurations have also been implemented in a membrane format by removing the

silicon substrate below the PS structure [37-40].

(@) (C)
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Fig. 1.6: Schematic illustration of PS optical sensing configurations: (a) Fabry-Perot
filter (PS single layer); (b) Bragg reflector (PS multilayer); (c) Microcavity (PS
multilayer with central defect).

1.4. Objectives and methodology

The overall objective of this PhD Thesis has been the development of photonic sensing
configurations with a sensitivity significantly higher than that reported in the state of the art. To
reach this objective, the research started with the study of traditional evanescent wave photonic
structures and was redirected to new sensing PS configurations. Hence, the overall objective
turned into overcoming the limitations of traditional solid core optical sensing structures by



developing novel PS sensing configurations with higher sensitivities. Several sub-objectives had

to be accomplished, including the development of an electrochemical system to prepare PS, the

fabrication of the PS photonic sensing structures, the implementation of several experimental

setups, and finally, the execution of many sensing experiments. Here, we summarize the main

activities and the methodology employed to carry out this PhD Thesis:

a)

b)

d)

Development of an efficient biofunctionalization technique: To carry out a reliable
biosensor, the biofunctionalization technique needs to be as efficient as possible. In this
study, the optimization of this step was achieved by performing several biosensing
experiments using a traditional evanescent wave photonic structure as sensing element.
The aim was to achieve the detection of bovine serum albumin (BSA) at concentrations
in the range of 1-10 ng/ml. These experiments performed at the initial stage of this PhD
period determined the starting point for the development of the PS based optical sensors.

Understanding the formation and fabrication of PS: This objective was the base on
which we built the main part of this work. The complete knowledge of the PS formation
was fundamental to understand how to fabricate new PS photonic structures. For this
purpose, a good collaboration with the Micro- and Nanoelectronics Department of the
Belarusian State University of Informatics and Radioelectronics, in Minsk, was

established, since they are experts in porous silicon formation and characterization.

Development of the electrochemical etching system: Once the formation of PS was
clear and it was controlled how to fabricate it, the task to face up was the building up of
the only missing component for the fabrication of PS structure, which was the
electrochemical etching system. The accomplishment of this objective implied a study
regarding the configurations used nowadays, the purchases of all the component of the
system and, finally, the development and testing of several prototypes until the

achievement of the definitive one.

Development of the highly sensitive PS photonic sensors: This objective implied the
execution of several tasks simultaneously. First of all, a simulation process was needed
in order to understand how the structures had to be realized. Then, also the configuration
of the anodization parameters had to be setup. Once these tasks were completed, the
optimal fabrication of the PS structure was achieved. The aim consisted in the
achievement of several configurations of PS layers, as monolayers, double layers and
multilayers, with a high homogeneity, a pore diameter in the range of 10-15 nm, in order
to enhance the surface-volume ratio as much as possible, and, finally, with a porosity

as high as possible in order to obtain a higher light-matter interaction.



e) Development of the experimental setups: Once the PS photonic structures were
fabricated and characterized, sensing experiments were needed in order to characterize
the performance of the designed structures. To this aim, one experimental setup per type
of photonic structure was implemented. This objective required a considerable effort.
As a matter of fact, all the photonic structures presented a different configuration and
consequently required a specific optical setup.

f)  Development of experimental sensing measurements and validation of the sensing
platforms: After the development of all the elements separately in the previous points
(PS photonic sensors and experimental setups), the final objective of this PhD Thesis
was the combination of all these parts in order to perform the validation of the whole
system. The final of aim was the achievement of sensitivity values remarkably higher
than those provided by traditional sensing configurations, up to 1000 nm/RIU

(Refractive Index Unit).

As it will be described in this Thesis, all these objectives have been successfully
accomplished, what has also led to the publication of the achieved results in several journal papers

and to the acceptance of contributions in several national and international conferences.

1.5. Framework

This PhD Thesis has been developed over a period of four years at the Nanophotonics
Technology Center (NTC) of the Universitat Politécnica de Valéncia, within the frame of the
Biophotonics research group. During the course of this PhD Thesis, the author was granted with

a Santiago Grisolia grant from the Generalitat VValenciana.

The research developed in this period was mainly related with the development of the
photonic sensing structures and with the study of porous silicon, but it also included other very

important fields and activities such as microfluidics, biofunctionalization and signal processing.

An important component of the PhD research was working in several National and
European projects related to the development of photonic biosensors. This led to work together
with several National and European researchers, providing a wide panorama from which learning

and also new stimuli to keep the research on. Those projects listed are here below:

a) European Projects:

— BELERA (Reinforcing carbon nanotubes and photonics research cooperation between
the Belarusian State University of Informatics and Radioelectronics and the European

Research Area).



— SAPHELY (Self-amplified photonic biosensing platform for microRNA-based early

diagnosis of diseases).

— PHOCNOSIS (Advanced nanophotonic point-of-care analysis device for fast and early

diagnosis of cardiovascular diseases).

b) National Projects:

— BIOGATE (Ultrasensitive nanophotonic biosensors based on chain reaction using

nanoscopic molecular gates).

— OPTONANOSENS (Detection of toxins and pathogenic agents using nanometric
optical biosensors for CBRN threats).

1.6. Structure of the Thesis

The path travelled in this Thesis begins with the study of the biofunctionalization of
traditional evanescent wave photonic sensors and its optimization. Once this process is optimized,
we focus on the enhancement of the sensitivity of photonic structures. For this reason, we move
to the study of porous silicon and its properties, in order to use such platform for the fabrication
of highly sensitive optical sensors. Once the use of porous silicon for the improvement of
refractive index sensing is validated, we confirm its suitability also for the direct measurement of
physical parameters. Finally, the goal of this path is the development of a porous silicon integrated

photonic sensor.

This Thesis document is organized in 6 chapters. The first chapter aims to introduce the
philosophy of our approach, which consisted in identifying the limitations of traditional photonic
sensors based on the evanescent wave mechanism and proposing porous silicon as an alternative

platform for solving such limitations.

Chapter 2 presents the study and the optimization of the immobilization of antibodies
on the surface of a traditional planar ring resonator using an intermediate protein A layer. This
approach proved to be simple, fast and cheap, thanks to the possibility to immobilize the antibody
directly in flow, and efficient, as the presence of protein A allowed the correct antibody
orientation, leading to the detection of low concentrations of the target analyte. In fact, thanks to
this strategy, bovine serum albumin was detected at considerably low concentrations of down to

1 ng/ml.

Chapter 3 contains the experimental fabrication process of porous silicon one-
dimension periodic structures and their use for refractive index sensing. Bragg reflectors and

optical microcavities were used as photonic sensors and extremely low refractive index variations
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were detected. In particular, refractive index variations around 6-10° were detected and a
sensitivity of 1000 nm/RIU were achieved using an optical microcavity. These results
demonstrated that porous silicon is a suitable candidate for the development of new integrated

photonic sensing structures.

Chapter 4 is dedicated to the use of porous silicon for monitoring physical parameters.
A novel porous silicon based fiber-optic temperature sensing configuration was developed by
combining an optical fiber with a porous silicon microcavity as sensing element. This approach

led to an extremely high temperature resolution, in the range of 10 °C.

Chapter 5 presents the final aim of this PhD Thesis: the development of a highly
sensitive porous silicon ring resonator and the experimental study of its performance. A sensitivity
of 439 nm/RIU was obtained, which means an enhancement of the sensitivity 4 fold over a
traditional planar ring resonators. The photonic structure exhibited a higher sensitivity in TE
polarization due to the higher light confinement inside the structure, which led to a higher light-

matter interaction.

Chapter 6 provides a discussion regarding the conclusions and the future lines.
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Chapter 2

Optimization of antibody

Immobilization using protein A

2.1. Introduction

In this chapter, we have focused the attention on the optimization of the immobilization
of antibodies on a photonic sensing structure. To this aim, we studied a bio-functionalization
approach based on the use of an intermediate layer of protein A able to properly orient the
antibody receptors. To validate this technique, we considered a well-known antibody-antigen
complex usually used as model in experimental developments: Bovine serum album (BSA) and
anti-Bovine serum album (antiBSA). Several immobilization protocols were studied in order to
optimize the antibody immobilization. To develop the sensing experiments, among the several
integrated photonics based sensing configurations, we selected the ring resonator (RR) as

photonic sensing structure.

The chapter is organized as follow. In section 2.2, the working principle of the RR, as
well as its main parameters, and the sensing mechanism of this structure are explained.

Afterwards, in section 2.3, we introduced the Silicon-On-Insulator technology used for the
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development of integrated photonic structures. In section 2.4, an overview of some of the more
relevant works related to sensing experiments using this sensor configuration is provided. In
section 2.5, the most common immobilization techniques used with RRs are reported. In section
2.6, the design and the fabrication of the RR-based sensing structures used in this PhD work are
described. Section 2.7 deals with the experimental protocol, which means the reagents and the
procedure followed to flow them during the experiments. The experimental set-up developed to
continuously characterize the RR-based sensing structures and to flow all the reagents over the
sensor surface is presented in section 2.8. Finally, in section 2.9, we present the experimental
sensing results obtained making use of these RR-based photonic sensors and, in section 2.10, their
analysis and discussion, which allowed us to obtain the conclusions presented in section 2.11.

2.2. Fundamentals of RRs

A basic configuration of the RR, which is shown in Fig. 2.1, consists of a close bend
waveguide that confines the signal and supports circulating waveguide modes, and that is coupled
to one or two straight waveguides (the case of coupling to two access waveguides is shown in the
figure). Once light is coupled, it propagates through the ring in the form of whispering gallery
modes. In this way a constructive interference is generated in the multiple roundtrips over the

ring.

Drop port

Add port

Input port

Through port

Coupling reéibh‘“

Fig. 2.1: Schematic view of a RR closely coupled to two access waveguides.

Light is coupled to the RR through the coupling region. When the phase of the roundtrip
along the loop is a multiple of 27, the wave interference that is obtained is constructive and the
resonant mode is excited. The resonance mode wavelength is estimated by using the following

equation:
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where L is the physical length of the RR (which is calculated as L=2mr for a perfectly circular RR

of radius r), nesr is the effective refractive index of the structure, and m is an integer.

Fig. 2.2 shows a common spectrum at the output of the through and the drop ports for a
RR coupled to two access waveguide.
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Fig. 2.2: Typical output spectra of a RR in add-drop configuration. It is characterized
for exhibiting periodic dips in the through port (in blue) and peaks in the drop port (in
red) resulting from the RR resonances.

One of the most important RR parameters that characterize the spectral response is the
distance between two consecutive resonances, what is called free spectral range (FSR). We can
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:

)\‘2
FSR=AL, = , ,
res ngL (2 2)
where ng is the group index and it is defined by
dn,
N, =Ny — Xy dxﬁ . (2.2)

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 3dB.
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One of the most important parameters in a RR is the quality factor (Q) and it represents
the resonance sharpness. The Q factor is defined as:
A

Q=—"—. (2.3)
A)\‘FWHM

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:

QL

L =T
e 21N ¢

, (2.4)

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. Good quality RRs may exhibit Q factors
usually in the range from 10*to 108 Therefore, a RR with a physical length of tens of microns
will exhibit an effective interaction length of tens of centimeters. Additionally, a high Q-factor
also means having very sharp resonances, whose position can be more accurately determined

when carrying a sensing experiment out..

The detection employing RRs is based on tracking the shift in the position of the
resonances, which are induced by the refractive index variation provoked by the binding of the
target analyte, as schematically shown in Fig. 2.3. Initially, the RR guiding structure is
characterized by an effective refractive index ne1, which corresponds to a resonance mode
wavelength Aer1, represented in red. When the target analytes reach the RR, the effective
refractive index changes to a new value nesi2, provoking a displacement of the resonance to Aefr2,
represented in blue, and a total spectral shift of AL. In this way, by analyzing the wavelength shift
it is possible to immediately detect and quantify the presence of target analytes, even if the analyte

concentration is low.

Power

Wavelength shift

Wavelength Time

Fig. 2.3: 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.
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2.3.  Silicon-On-Insulator technology

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 led to the creation
of the so-called silicon photonics technology platform. In fiber optic telecommunication
applications, the silicon is used for the development microphotonic components operating in the
infrared, usually at the 1550 nm wavelength. The most common implementation of silicon
photonics is SOI (Silicon-On-Insulator) technology. A SOI wafer mainly consists of a thin layer
of silicon (of few hundreds of nm) which is on top of a thicker layer of silicon oxide (of several
microns), as depicted in the Fig. 2.4. These two layers are created over a thick silicon substrate
(around 700 pm) that provides mechanical stability.

Photonic structures

pv

Silicon

Silicon oxide

Silicon

Fig. 2.4: Layers distribution of a SOI wafer.

The reason why SOI technology is largely employed for the development of photonic
structures is the fact that, in SOI structures, light is highly confined in the vertical direction within
the top silicon layer, which is used to create the photonic structures, as schematically illustrated
in Fig. 2.5. The high light confinement is 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). In order to obtain a single mode wire waveguide, the size of the cross section must be of the
order of (Mncore)?, where A is the wavelength of the light in vacuum and ncore is the waveguide core
RI. This type of waveguides with a high RI contrast allow a high confinement of the light, but

they might be also sensitive to the roughness, what can lead to high radiation losses.
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Fig. 2.5: Schematic illustration of the light confinement in a SOI waveguide, due to
the high RI contrast.

One of the advantages of SOI photonic structures is the reduction of size. The size
reduction leads to the possibility of integrating a large number of sensing structures in a single
chip, thus permitting the possibility to provide multiplexed detection for the simultaneous
screening of several target analytes in a single analysis. In this way, devices based on photonic
sensors offer the possibility of integrate multiple passive and active structures in a chip.

The SOI structure size reduction leads also to an enhancement of the sensitivity of the
sensing structures itself. As a matter of fact, the smaller the sensing structure is, the less amount
of molecules will be required to carry the detection out. Other advantages are the relatively
reduced cost and fabrication easiness of mass-manufacturing CMOS technology. The
combination of all advantages provided by SOI structures leads to a significant reduction of the
cost per chip and per assay. The fabrication of inexpensive sensing chips is highly required in

clinical, medical and environmental control applications.

2.4. RR overview

RRs are being developed since some years ago in the field of integrated optics, where
they have immediately found the opportunity to be implemented in different applications.
Nowadays, RRs mainly find application in the field optical networks and signal processing, but
during the last few years, they have also been used as sensors due to their high sensitivity and
their potential to be produced in arrays for multiplexed analysis. They are characterized by a high
sensitivity and, for this reason, these photonic structures are nowadays largely used to develop
highly sensitivity photonic biosensors. As a matter of fact, a ring resonator is characterized by the
capability to measure variations of the refractive index and, consequently, to quantify this

variation by converting it into a variation of the optical signal.

The versatility of RR-based biosensors has been extensively manifested in numerous
works in which such structures have been employed for sensing in gas or liquid environment.

These structures are characterized by their high Q factor and the possibility of use different cavity
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geometries. Here, we report some possible configurations for the implementation of RRs for

sensing purposes, according to their geometries, materials and coupling section.

Several waveguide cross sections can be used for the implementation of RR devices.
The three most important ones are rib, wire and slot waveguides, which are schematically depicted
in Fig. 2.6.

o  Wire waveguide: Due to its simplicity and good performance in all the materials, this
structure is the most employed. The cross section is given by a rectangular waveguide
of a high index material placed on the top of a low index material (at least, with a higher
refractive index than 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?).

o Rib waveguide: This configuration allows confining the electromagnetic field within
the core of the waveguide in a better way. The consequence of this better confinement
is a lower light-matter interaction, what is not desirable from a biochemical detection

point of view.

e Slot waveguide: This kind of waveguide has the particularity of not confining the light
in the high index material, but in a low index region that can be air or even the liquid/gas
sample to be analysed. Due to this capability to confine the light in the low index region,

slot waveguide exhibits a very high sensitivity and it has been used in photonic sensing

in a large way.

Wire waveguide Ribe waveguide Slot waveguide
: Nppw -W E Moiw 1 - Npiw
;7 Nsio2 1 = Nsio2 ;. Nsioz

0 500 1000 000 300 0 0
X (nm) X (nm) X (nm)

1
0.8 0.87 0.3
5 0.6 5 0.6 2 046
g 045 g 04 £ 0.4
z z z
t 0.:—_/
0

" ael)
-1 0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -05 0 0.5 1
X (nm) X (nm) X (nm)

Normalized |

Fig. 2.6: Different waveguide architectures according to the cross section profile.
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In 2007, one of the first works regarding biosensing using a SOl wire-based RR was
reported by De Vos et al. [41]. In this work, a sensitivity of 70 nm/RIU and a detection limit of
10° RIU were obtained. Furthermore, a concentration as low as 10 ng/ml of avidin using biotin
receptors was achieved. Even though this sensitivity was comparable with that obtained for other
planar photonic structures commonly used for biosensing purposes, the difference consisted in
the extremely small footprint of the RR (~100 um?), which led to an outstanding theoretical mass
detection limit of 1 fg. This confirmed the huge potential of RRs for the development of high
sensitivity photonic sensors. In 2010, Igbal et al. reported the highest sensitivity value for a planar
RR [42]. A sensitivity of 160 nm/RIU was obtained, almost 2 fold to the average sensitivity value
of 80-100 nm/RIU of a traditional planar RR. In 2013, Passaro et al. reported theoretical results
of the sensitivity of the three RR configurations and theoretically demonstrated that slot
waveguides result in a higher performance [43]. As a matter of fact, Claes et al. presented
experimental biosensing results using a slot waveguide based RR in silicon technology, showing
an extremely high sensitivity of 298 nm/RIU and a LOD of 4.2x10° RIU [44]. More recently,
novel RR configurations have proposed to enhance the base sensitivity of RRs, on ultra-thin SOI

substrates [45] or on sub-wavelength waveguides (SWG) [46], as shown in Fig. 2.7.
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Fig. 2.7: (a) Simulation results of the cross-section of the ultra-thin silicon
waveguides [45]. (b) SEM image of SWG ring resonator [46].

2.5. RR biofunctionalization techniques

Even though RR allows to measure variations of the refractive index, it is not
characterized by the attribute to specifically recognize the presence of a certain biological
molecule. As explained in chapter 1, to confer this specificity to a sensing structure, its surface
must be coated with a biological layer of bioreceptors able to identify the target analytes.
Accordingly, determining the optimal surface modification, which means finding a suitable
coating for the immobilization of the receptors onto the surface, is crucial for the development of

a sensitive and selective RR based biosensor and influences the final performance of the device.
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Among the several types of bioreceptors employed for the biofunctionalization of RR
sensors, antibodies are the most used, since they provide high specificity and affinity [47, 48].
One of the most common techniques employed to immobilize antibodies on the sensor surface is
the direct physical adsorption, due to its simplicity and rapidity. However, a problem can
introduce a loss of sensitivity of the sensor: the random orientation of the bioreceptors when they
are directly immobilized on the sensing structure. This problem can provoke that the binding
between the bioreceptors and the target analytes does not take place or takes place in a wrong
way, lowering the binding capacity in comparison to that in solution. Nowadays, in order to
overcome this problem and obtain a highly-sensitive structure, other immobilization techniques
to create a robust biolayer over the sensor surface have been developed including monolayers and
covalent binding [47].

Covalent binding is one of the most used immobilization techniques, due to the strong
attachment of receptors to the photonic structure surface [48]. Very low detection limits have been
achieved using this technique. For example, Xu et al. in [49] achieved a resolution of 40 ag of
total mass. De Vos et al. in [50] achieved a limit of detection of 3.4 pm/mm?, with a theoretical
minimum detectable total mass of 74 ag. In [51], Luchansky et al. reported a limit of detection of
1.5 pg/mm?. However, the protocol required to apply this immobilization technique is
significantly more complex to that reported in this PhD work. In addition to covalent binding,
other techniques have been employed for the immobilization of oriented antibodies on ring
resonators. For example, Taniguchi et al. used a silicon-binding protein based technique providing
a sensitivity for biomaterial of 10 ng/mL [52]. Apart from the antibody immobilization, regarding
the detection of BSA, Shan et al. reported a technique based on an organophosphate surface
coating and vinyl sulfone linker for the biofunctionalization of ring resonators for biomolecular
sensing and detected BSA with a concentration of 250 ng/mL [53]. However, these technigues

also require several steps, leading to large process times and more sample manipulation.

The approach presented in this chapter is an efficient alternative to these techniques as
it allows to overcome all their technical issues. Firstly, because the proper antibody orientation
provided by the presence of the protein A layer is translated into a better sensitivity of the photonic
structure. Secondly, because the protein A layer can be created directly on flow. Therefore, the
advantage to flow all the reagents of the whole experiment (from the biofunctionalization to the

detection) avoids all the issues related with the covalent binding.

21



2.6. RR fabrication

The chips used in the experiments were designed by the Universitat Politecnica de
Valencia and fabricated in CEA-LETI (Grenoble, France) in the frame of the cost-share European
nanophotonic fabrication platform ePIXfab. The photonic structure fabricated for our experiments
was a SOI RR in add-drop configuration and were fabricated employing 200 mm SOI wafers with
a silicon thickness of 220 nm on top of a buried silicon oxide layer of 2 um.

The fabrication process consisted of several steps, as schematically depicted in Fig. 2.8.
First, a thin photoresist layer was coated on the SOI wafer by spin coating and then was prebaked.
Then, a 193 nm Deep UV lithography was applied. In this process, the photoresist was, first,
covered with a mask, where the photonic structures are designed, and then, exposed to UV light.
In this way, during the exposition, the chip design patterned in the mask was projected directly to
the photoresist by means of UV light. Afterwards, the wafer was placed in a post-exposure bake
and was developed. In this process, the remaining photoresist solidified, becoming more resistant.
In order to transfer the pattern to the silicon layer, a dry etching was carried out. In this process,
the remaining photoresist acted as a mask, protecting the covered silicon, while the uncovered
part was etched. Finally, the photoresist was removed and the wafer was cleaned. In Fig. 2.9, the

fabricated SOI RR is shown. The basic physical parameters of the RR are reported in Table 2.1.
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Fig. 2.8: Schematic illustration of the photonic structure fabrication.

Fig. 2.9: (a) Optical microscope image and (b) SEM images of the fabricated RR.
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RR physical parameters Dimensions

Radius 20 um
Waveguide Height 220 um
Waveguide width 450 pm

Gap 175 um

Table 2.1: Dimensions of the circular RR designed at UPV and fabricated at CEA-
LETI.

In order to allow the light coupling, grating couplers were used to inject and to collect
the light to/from waveguides. A grating coupler is a structure consisting of a periodic modulation
of the refractive index at the waveguide direction. When the light beam illuminates the grating at
a certain angle of incidence, an intensity exchange is produced between the mode coming from
the fiber to the guided mode in the optical waveguide (or vice versa). Grating couplers are
characterized for their selectivity in polarization; due to the elevated birefringence of high index
contrast 1D grating structures, the so-called Bragg condition is different for TE and TM
polarizations. In our designs, we have considered TE polarization and therefore the gratings have
been optimized for it.

Figure. 2.10 shows a schematic illustration and an optical microscope image of the
vertical coupling method to couple light by using grating couplers. Although they are polarization
dependent, the alignment tolerance that exhibit is superior to horizontal coupling, what allows
coupling a considerable amount of power to perform the measurements with a high alignment
tolerance. Grating-based coupling methods are widely used for the optical coupling in integrated
photonic devices [54].
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Fig. 2.10: Schematic illustration of the coupling to the photonic chip using grating
couplers. In the inset, an optical microscope image of a fiber placed over a grating
coupler at a distance of few pm is shown.
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2.7. Experimental protocol
2.7.1. Reagents

2.7.1.1. Protein A

As previously introduced, the bio-functionalization approach to be used is based on the
immobilization of the antibodies on the sensor surface through an additional intermediate layer
of protein A, so that the antibodies can be anchored to the sensor surface by binding with this
intermediate layer, as it is schematically depicted in Fig. 2.11. Protein A is a 64 kDa microbial
surface protein derived from the cell wall of Staphylococcus aureus [55]. It is an Fc-receptor
biomolecule since it contains four binding sites specific to the Fc region of antibodies. Therefore,
it specifically binds with the Fc region of immunoglobulin from many mammals, while leaving
the Fab regions available for antigen binding. In this way, this bio-functionalization approach will
allow that the anchored antibodies will be oriented in such way that the binding sites are exposed
towards the sample solution containing the target analyte to be detected, thus maximizing the
interaction with them [56]. Furthermore, since protein A provides four binding sites, it does not
need a specific orientation to allow the oriented antibody immobilization. For this reason, the
creation of the protein A layer can be achieved by physical adsorption, allowing to perform all
the immobilization process in flow and, thus, monitoring it in real-time. This makes such a
technique very simple and quick for the bio-functionalization of photonic structures. Additionally,
once the antibodies are bound to the protein A, it is possible to break this binding by using a
certain reagent in order to bio-functionalize again with a new batch of antibodies of the same kind
and repeat the experiment or to attach another type of antibodies and carry out a different
experiment [57].
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Fig. 2.11: Illustration of (a) randomly-oriented antibodies on the sensor surface
directly immobilized using physical adsorption. The antibodies will not properly
expose their Fab binding sites towards the sample solution with the target analytes.
(b) properly-oriented antibodies on the sensor surface where an intermediate layer of
protein A was used. Antibodies will bind to the protein A layer through their Fc site,
thus leaving their Fab sites oriented towards the sample solution with the target
analytes.
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2.7.1.2. BSA and antiBSA

The albumins are a family of globular proteins that are soluble in water and moderately
soluble in concentrated salt solutions. These globular proteins are present in blood plasma. They
are not glycosylated and thus are unique from the other blood proteins. The most common of the
albumins is serum albumin, which is the most abundant plasma protein in mammals. Examples
of serum albumin are human serum albumin (HSA) and bovine serum albumin (BSA). In the
sensing experiments presented in this chapter, we used BSA as analyte model, in order to
demonstrate that our photonic biosensor is able to specifically perform the detection using the
developed biofunctionalization and experimental protocol. BSA is a serum albumin protein

derived from cows and it is characterized by a molecular weight of 66.5 kDa.

As bioreceptor able to bind with BSA in a specific manner we utilized antiBSA, the
antibody specific for this analyte. This antibody is characterized by a molecular weight of 160
kDa, more than double of the BSA molecular weight. This means that the sensor surface will be
coated by the layer of protein A and by a “thick” layer of antiBSA making the BSA detection an

aim more arduous.

2.7.1.3. Gelatin

After creating the protein A intermediate layer, it is possible that not all the sensor
surface is completely covered with the protein. Therefore, antiBSA can be adsorbed on the non-
covered area and remain there with a random orientation. In order to block the sensor surface,
Cold Water Fish Skin Gelatin (CWFS Gelatin) [58] was used. CWFS Gelatin is a gelatin of low
dimensions and extremely soluble in water, which is widely employed in immunoassay because
of its blocking property. Therefore, the gelatin will block the surface not covered by the protein

and exposed to the flow.

2.7.1.4. Glycine

At the end of a sensing experiment, mainly three layers are created in the chip, namely
a protein A intermediate layer, an antiBSA bioreceptors layer and a layer with the target BSA
antigen bound to the bioreceptors. In medical and clinic fields, the assay repetitivity is a crucial
test to confirm the validity of the adopted sensing procedure. In order to be able to repeat the
sensor surface biofunctionalization and the BSA detection steps several times with the same
photonic sensor, we broke the bond between protein A and antiBSA by flowing glycine at the end
of each experiment. Glycine is the simplest amino acid and it is characterized by a single hydrogen
atom as its side chain. Glycine buffer solution at pH 2-2.5 is a solution commonly used for eluting
antibodies in various antibody affinity purification procedures, such us protein A-agarose and

protein G-agarose [59]. By flowing glycine at the end of an experiment, a new experiment can be
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restarted with the same chip covered with the same protein A layer where we will bind the

antiBSA bioreceptors again in order to carry out a new detection of BSA.

2.7.1.5. Ovalbumin

Finally, in order to ascertain the specific detection of BSA, we carried out also negative
controls by using ovalbumin (OVA). OVA is a protein present in the egg white and it is
characterized by a molecular weight of 42.7 kDa. Since OV is not the analyte specific to the
antiBSA, it does not bind with that antibody. This means that, when OVA is flowed over the
sensor surface covered by antiBSA, it will not be detected and the specificity of our sensing
technique can be demonstrated.

2.7.2. Procedures

All the experiments were carried out exclusively in flow. The standard experimental
sensing procedure is shown in Fig. 2.12. The experiments began with the flow of protein A with
a concentration of 10 pg/ml over the ring resonator sensor in order to create, by physical
adsorption, the intermediate protein A layer for a better immobilization of the bioreceptors, as
previously explained. PBS 0.1x (phosphate buffered saline, 0.8 mM sodium phosphate dibasic,
0.2 mM sodium phosphate monobasic, 13.7 mM sodium chloride, 0.3 mM potassium chloride,
pH 7.5) was initially used as buffer for the protein A (as well as for all the reagents to be flowed
over the sensor surface). This buffer provides a pH very close to that for the optimal binding of
the antibody to the protein A (pH=8.2, with high affinity (K.=108mol)). After creating the protein
A intermediate layer, gelatin at a concentration of 100 pg/mL in PBS 0.1x was flowed. Apart
from blocking the surface against non-specific adsorption, the use of the gelatin allows us to test
the proper creation of the protein A layer. If such layer is consistent and well distributed, when
the gelatin is flowing, it will not fill the layer and no wavelength shift will be observed. After this
point, the buffer for the experiments was changed from pure PBS to PBS with gelatin at a
concentration of 10 pg/mL, in order to keep the blocking of the surface. Then, antiBSA with a
concentration of 30 pg/mL was flowed. Finally, in order to regenerate the sensor, at the end of
every experiment, we flowed glycine, pH 2.5, at a concentration of 10 mM in PBS. Finally, a
sandwich assay was performed after the BSA detection cycle in order to confirm that the BSA
was bound to the antiBSA. It consisted on a second flow of antiBSA in order to observe an

additional wavelength shift that confirms the presence of the BSA on the sensor surface.
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Fig. 2.12: Schematic representation of the wavelength shift evolution of the whole
experiment.

In order to test the specificity of the assay, different experiments were performed
adopting a second procedure. Unlike the standard procedure, after covering the RR surface with
protein A and immobilizing antiBSA, OVA with a concentration of 100 ng/ml was flowed over
the sensor, instead of BSA, as target analyte. Since OVA is not the specific analyte of antiBSA,
they do not recognize to each other. In this way, no detection should be observed.

2.8. Experimental setup

A fundamental advantage of our technique consisted in flowing all the reagents over the
sensor surface during the experiment in order to monitor their binding. To this aim, a system
suitable for delivering the solutions with the reagents to the sensing RRs was needed. Therefore,
we fabricated a basic microfluidic delivery system by using a common material employed for this
type of development, the polydimethylsiloxane (PDMS). PDMS is an elastomer that presents
many interesting properties for the development of microfluidic systems such as the ability to
adopt the shape of the container after curing, it is a non-expensive material since it is easy to
fabricate, its bio-compatibility, or that it is transparent at visible wavelengths (what makes
possible to observe the evolution of the flow along the microchannel and detect any irregularity
such as leakage or obstruction). Figure 2.13 shows, on the left, the fluidic channel layout and, on
the right, the PDMS microfluidic channel, where two access ports are made with a hole puncher
in order to insert the Teflon tubes used to pump the liquids into the microfluidic channel. The

length, the height and the width of the channel were 6 mm, 50 um and 400 um, respectively.
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Fig. 2.13: On the left, layout of the microfluidic channel; on the right, the real
implementation of this design in PDMS.

In order to properly place the PDMS microfluidic system on top of the photonic chip,
with the microfluidic channel correctly aligned with the RRs of the chip, adequate equipment is
required. In this case, a flip chip machine (Finetech) with an alignment tolerance of few microns
was employed to accurately place the PDMS on top of the photonic integrated structures and align
the microchannels with the array of sensors, as it can be seen in Fig. 2.14. Once the microfluidic
channel is aligned with the RRs of the chip, some pressure is applied on the PDMS in order adhere
it to the chip.

Fig. 2.14: Schematic illustration of the proper alignment of the microfluidic channel
with the RRs achieved by using a Flip Chip tool. The image of the final result is
shown in the right.

Once the chip-PDMS system was assembled, it was placed in the optical setup in order
to continuously characterize the photonic sensing structure, as shown in Fig. 2.15. To this aim,
two optical fibers were positioned on top the chip in order to couple the light through the access
grating couplers, one on the side of the input waveguide and the other on the side of the output
waveguide. Grating couplers used in the experiments exhibited a maximum coupling efficiency
of 31% around 1550 nm, with a bandwidth of 50 nm, and working at an incident angle of 10°
respect to the vertical axis.
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Fig. 2.15: Picture of the photonic chip-PDMS system placed on the holder of the
optical setup, where the optical fibers are aligned with the input-output photonic
waveguides.

Once the alignment was achieved, light from a superluminiscent diode (SLD) (SLED
8164 Covega, Thorlabs), was coupled to the chip. A SLD is a broadband source with an optical
bandwidth of 50 nm centered in 1550 nm. Light collected with the output fiber was divided using
a fiber 10-90 directional coupler. The 10% output port was connected to a power meter (1931-C,
Newport Corporation) in order to monitor the output power during the fiber alignment process to
obtain the best fiber placement. The 90% output port was connected to an optical spectrum
analyser (OSA) (AQ6317C, Ando Electric Co. Ltd) in order to capture the spectrum of the
photonic sensing structure.

When the biosensing experiments were carried out, the liquids were flowed with the
help of a syringe pump. The pump was set to withdraw mode in order to “suck” the liquids from
a vial located at the end of the microfluidic system, thus making the liquid to flow through the
PDMS microchannel. Working in withdraw mode allowed changing the liquid to be flowed by
simply changing the vial at the end of the system, something that is not possible when working
with the pump in injection mode. The pump was set to a constant flow rate during the whole
experiment. Finally, the change between the several different liquids to be flowed during the
experiments was made by using a multiposition automatic switch that permits to change from 10
vessels to a common port with an electrical actuator, as shown in Fig. 2.16. The automatic switch
was controlled by serial communication port using a computer.
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Fig. 2.16: Pictures of the automatic fluidic switch.

The whole opto-fluidic setup is shown in Fig. 2.17, whereas Fig. 2.18 shows the scheme
that we used to implement this setup and to coordinate all the instruments between them. Data
from the OSA were collected by means of GPIB acquisition data instrumentation and a LabVIEW
customized program was used in order to continuously scan the spectrum of the biosensing device.
The LabVIEW program simply receives the sweeping information from the OSA and saves it to
a file in the computer, which will be later analyzed in Matlab in order to determine the evolution
of the sensor’s response. LabVIEW is also used to control the automated switch during the
development of the experiment in order to avoid any human interference in the measurements. In
this way, we can establish a pre-defined protocol where the order and the time lapse for the flow
of each reagent is indicated. In our case, we usually programmed the automated switch through
the LabVIEW program to flow in order protein A, gelatin, antiBSA and BSA.

In conclusion, in our experiments, the measurements are fully automatized, since the
computer controls at the same time the automatic valve, the scanning of the OSA and the data

acquisition of the measurement from the OSA.
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Fig. 2.18: Schematic representation of the whole experimental setup, including the
fluidic and the optical sections.
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2.9. Experimental sensing results

As previously mentioned, the sensing experiments were based on tracking the RR

spectrum, in particular of the RR resonance peaks. In Fig. 2.19 the RR spectrum is shown.
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Fig. 2.19: Transmission spectrum of the through port of the RR sensor.

The development of a complete sensing platform requires numerous experiments and
tests in order to obtain acceptable and reliable results. When the experimental results are
theoretically acceptable and satisfactory, a careful data analysis is necessary in order to conjecture
valid hypothesis upon how to develop new strategies. However, it is crucial to repeat the
experiment several times in order confirm the same results and thus make appropriate
conclusions. Only then, it will be possible to validate the assay and to state that the detection of
the analyte is successful and repeatable. Therefore, several tests were performed by using the
same photonic structure, in order to achieve acceptable results. During these measurements,
several variables were changed including the surface functionalization, the measurement protocol,
or the reagents to be flowed, aiming at improving the execution of the experiment and to obtain

the detection of BSA with certainty.

In the first test, a bare ring resonator was bio-functionalized by directly flowing
antiBSA on the surface without the use of the intermediate layer of protein A; these results will
be used for comparison purposes in order to determine the performance enhancement produced
by the use of the protein A intermediate layer. The second test made use of the protein A
intermediate layer to immaobilize the antiBSA probes over the photonic sensor. In the third test,
the whole experimental procedure described in section 2.7.2 was carried out twice consecutively.
In the fourth test, the specificity test was performed by flowing OVA instead of BSA. Finally, in

the last test, the limit of detection for BSA recognition was determined.
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As explained in section 2.7.2, we flowed buffer after each step, so that, after the
dissociation process, it was possible to study the actual layer creation. For this reason, for each
step, we considered, as real wavelength shift, the residual shift after the dissociation process.

2.9.1. BSA sensing without protein A

AntiBSA was flowed directly over the bare ring resonator surface. Figure 2.20 shows
the wavelength shift time evolution relative to (a) antiBSA and (b) BSA at a concentration of 100
ng/ml. AntiBSA was flowed for 70 minutes and BSA for 20 minutes. The antibody layer deposited
on the surface caused a wavelength shift of around 100 nm and no BSA detection was observed.
More in detail, during the evolution relative to antiBSA, a not constant rise can be observed,
which means a difficulty for the adsorption of the antiBSA until a plateau was reached. When the
buffer started to flow again, antiBSA desorption can be observed. When BSA was flowing, the
drift was negative, what means that antiBSA was still desorbing, until reaching a plateau.
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Fig. 2.20: Wavelength shift time evolution of the experiment carried out without bio-
functionalizing with protein A the ring resonator surface: (a) antiBSA adsorption and
(b) BSA 100 ng/ml flow.

2.9.2. BSA sensing with protein A

The second test was carried out by following the experimental procedure described in
section 2.7.2 until the BSA detection. The aim of this experiment is to test the protein A layer
creation. In Fig. 2.21, the wavelength shift time evolution is shown, where the creation of each
layer (i.e., protein A, gelatin blocking, antiBSA and BSA) can be clearly appreciated. In this
measurement, after the immobilization of the protein A, a wavelength shift of 110 pm was
observed, whereas in the gelatin blocking step the shift was around 270 pm. This means that not
the whole sensor surface was covered by the protein A and the intermediate layer did not form
correctly. After flowing gelatin (Gel in Fig. 2.21), during the PBS, a strong and constant negative
drift can be appreciated. The drift represents the gelatin desorption. Next, a shift of about 220 pm
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was measured after the antiBSA immobilization. At the end, we flowed the target BSA with a
concentration of 100 ng/ml in order to carry out the detection. The wavelength shift due to BSA

was around 40 pm.
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Fig. 2.21: Wavelength shift time evolution of the whole experiment carried out by
following the experimental procedure until BSA detection.

It is worth noting again the poor coverage of the protein A layer over the sensor, what
is clearly indicated by the significantly high shift measured for the gelatin blocking step. The
reason for this poor coverage is the repulsion between the protein A, which is negatively charged
for these pH conditions, and the thin layer of native silicon oxide present at the sensor surface,
which is also negatively charged. As a consequence, a reduction of the surface adsorption degree

of the protein A over the surface is produced.

2.9.3. BSA sensing with protein A under several regeneration cycles

Using the regeneration strategy described in section 2.7.2, several experiments were
consecutively carried out monitoring in real-time the evolution of the ring resonator response. In
this way, once the intermediate protein A layer was created, it was possible to perform all the tests
by using the same photonic structure covered by the same protein A layer. As a matter of fact, the
glycine breaks the binding between protein A and antiBSA and the protein A layer is supposed to

be completely preserved.

The first experiment was carried out by following the whole experimental procedure
described in section 2.7.2. However, DIW was used now as buffer for the protein A instead of
PBS, in order to avoid the adsorption limitation previously described and to enhance the coverage
of the sensor surface. By using DIW as buffer, whose pH is 5-5.5, protein A is electrically neutral
and its adsorption on the sensor surface can occur without charges-related limitations. Then,

before running the gelatin blocking step, buffer is changed from DIW to PBS. In Fig. 2.22 (a), the

34



wavelength shift evolution of the whole experiment is shown. As shown in Fig. 2.22 (b), the
immobilization of the protein A produced a wavelength shift of about 340 pm. Then, the gelatin
blocking step caused a shift of only 5 pm, thus indicating that the protein A layer was properly
created in the previous step. Next, a shift of around 1100 pm was measured for the antiBSA
immobilization, 5 times higher than for the antiBSA immobilization step from the previous
experiment. This result was due to the presence of close packed protein A layer and confirms its
effectiveness. At the end, the target BSA was flowed with a concentration of 10 ng/ml. A
wavelength shift of around 50 pm was measured due to the recognition of the BSA, as shown in
Fig. 2.22 (c). In order to confirm such detection, the sandwich format was employed by flowing
a second cycle of antiBSA. A wavelength shift around 950 pm was then measured, almost the
same value that for the first antiBSA flow, what indicated that almost all the BSA bound to the
first antiBSA layer (capture antibody) was recognized by the second antiBSA flow (detection
antibody).
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Fig. 2.22: Wavelength shift time evolution of (a) the whole experiment carried out by

following our experimental procedure, (b) protein A adsorption and (c) BSA
detection.

After the glycine regeneration process, a second biosensing experiment was carried out
starting directly with the immobilization of the recognition antiBSA antibody. In Fig. 2.23 (a),

the wavelength shift evolution is shown. A wavelength shift due to the creation of the antiBSA
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layer of 1120 pm was observed. Then, BSA 10 ng/ml detection produced a shift of about 45 pm,
as shown in Fig. 2.23 (b). Finally, the sandwich format caused a wavelength shift of around 800
pm. These results are almost the same of those obtained in the previous experiment.
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Fig. 2.23: Wavelength shift time evolution of (a) the whole second experiment and
(b) BSA detection.

2.9.4. Specificity test

In order to demonstrate the specificity of this approach, we repeated the experiment
once more, but OVA 100 ng/ml was flowed as target analyte instead of BSA. Fig. 2.24 shows the
wavelength shift evolution of this specificity test. AntiBSA immobilization caused a shift around

1070 pm, whereas no shift was observed when OVA was flowed.
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Fig. 2.24: Wavelength shift time evolution of the OV A specifity test.

2.9.5. Experimental limit of detection of BSA

Once the BSA detection was confirmed and the specificity of this approach was
demonstrated with the previous experiments, additional experiments were carried in order to

determine the limit of detection of our sensor. The lowest BSA concentration that we were able
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to detect was 1 ng/ml, which correspond to molar concentration of 15 pM. This concentration

produced a wavelength shift of around 7 pm, as shown in Fig. 2.25.
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Fig. 2.25: Wavelength shift time evolution of (a) the whole fifth experiment and (b)
BSA detection.

2.10. Experimental results analysis

2.10.1. Effect of the protein A intermediate layer

The experimental results confirm that the oriented immobilization of antiBSA took
place by covering the ring resonator surface with the protein A intermediate layer. More in detail,
a wavelength shift of around 340 pm was appreciated when flowing the protein A in DIW, more
than 3 times higher than for the case when the protein A was flowed in PBS, what allows having
a consistent layer of protein A. Furthermore, such protein A layer was closely packed, since a
shift of only 5 pm was observed when gelatin was flowed. The presence of a well-coated protein
A layer allowed an optimal immobilization of antiBSA, as a wavelength shift even higher than
1100 pm was observed and almost no antiBSA desorption was observed. Such shift was around
5 times higher than for the case when the antiBSA was immobilized on a non-optimal protein A
layer, thus confirming the importance of having a good protein A intermediate layer. Furthermore,
this antiBSA shift was observed in all the four experiments performed using the same protein A
layer. This result indicates that the protein A layer guarantees repeatability and its effectiveness
does not decrease over time. In Table 2.2, the wavelength shifts obtained for the flow of the
different reagents for the three protocols used are summarized, which are also graphically
represented in Fig. 2.26. It is possible to observe the large improvement obtained by flowing
protein A in DIW.
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Wavelength shift (pm) due to:

Protocol
Protein A Gelatin antiBSA
No protein A layer Not flowed Not flowed 100
Protein A in PBS 110 270 220
Protein A in DIW 340 5 1100

Table 2.2. Wavelength shift for the different functionalization steps for the three
biofunctionalization protocols.
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Fig. 2.26: Wavelength shift for the different functionalization steps for the three
immobilization protocols used in this work.

2.10.2. Sensitivity for antiBSA and antiBSA detection limit

In the experiments carried out using the same protein A layer, the wavelength shift
caused by the antiBSA immobilization was determined and, from that value, the sensitivity of the
sensor and its minimum detectable total mass have been calculated. We have used the results
obtained for the antiBSA detection because they ensure that full coverage of the sensor surface

has been obtained.

The surface density of a closely-packed monolayer of antiBSA panigsa iS given by:

_ MMantiBSA/ NA

Pantibsa™ (dantipsa)? 29

where MMantigsa is the molecular mass of antiBSA, Na is the Avogadro’s number and dantigsa iS

the average length of a molecule of antiBSA. So, taking into account that:
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MMantiBSA: 160 kDa
N, =6.02:10%, (2.6)
daniBsa=15 nm

the antiBSA monolayer density will be panigsa=1.18 ng/mm?,

The sensitivity for antiBSA Sanigsa is given by:

AlantiBSA
SantiBSA=————— (2.7)
antiBSA

where Alanigsa is the wavelength shift at antiBSA saturation. Since Alanigsa=1120 pm, the
sensitivity for antiBSA was Sanissa=930 pm/ng/mm?.

The detection limit of the antiBSA surface mass density DL,.anigsa IS given by:

o

DLp-antiBSA: (2 : 8)

SantiBSA’
where ¢ is the noise observed in the experiments. From the sensing curves obtained in the
experiments, we have determined a noise value of opes=1 pm (during the flow of PBS before the
antiBSA immobilization), leading to an antiBSA surface mass density detection limit of DL,

antissa=1.07 pg/mm?,

Furthermore, considering the surface area of the ring resonator Agg=n'(R?>-r?)=57.15

um?, also the detection limit of the antiBSA total mass DLanissa Was calculated as:

DLgniisa = DL, antisa % Argr = 60 ag. (2.9)

The calculated values are reported in Table 2.3.

AlantiBsa SantiBsa OpPBS DL,-antiBsa DLantiesa
(pm) (pm/ng/mm?) (pm) (pm/mm?) (ag)
1120 930 1 1.07 60

Table 2.3: Sensitivity parameters calculated from the antiBSA immobilization step.

2.10.3. BSA detection limit and specificity

The presence of a nonhomogeneous protein A layer led to the detection of BSA 100
ng/ml with a wavelength shift of around 40 pm. On the contrary, the presence of a closely packed
protein A layer enhanced the interaction with the target antigens to be detected, as we were able
to detect very low concentrations of BSA. As a matter of fact, BSA 10 ng/ml was detected with a
shift of around 45 pm, almost the same shift caused by BSA 100 ng/ml in the previous experiment.

The BSA recognition was confirmed by performing a sandwich assay by flowing an additional
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cycle of antiBSA, where a wavelength shift similar to that of the first antiBSA cycle was obtained,
which demonstrates that the BSA was bound to almost all the Fab regions of the antiBSA on the
surface. The lowest concentration detected was 1 ng/ml. The specificity of this approach was also

tested by flowing OVA as target analyte.

In Table 2.4, relevant BSA detection results are reported. As it is possible to observe,

the BSA concentration detected in this work is considerably lower than the ones reported in this

table.
Sensor type Material Note BSA concentration  Reference
Ring resonator Silicon 250 ng/ml [53]
Ring resonator  Silicon nitride Slot 400 ng/ml [60]
Ring resonator Polymeric Through Flow 10 nM [61]
Mach-Zehnder  Optical fiber 250 ng/ml [62]

Table 2.4. Review of experimental results reported in BSA sensing.

Figure 2.27 summarizes the sensing results obtained for the four experiments carried
out using the same protein A layer. For a better comparison, a wavelength shift of 0 is considered
for the moment when the target analytes begin to flow over the photonic sensor. As it can be
clearly observed in Fig. 2.27 (b), a shift is produced when BSA is flowed for all the
concentrations, while no variation in the trend of the sensing signal is observed when OVA is
flowed in the experiment. Figure 2.28 depicts the measured wavelength shift as a function of the

target BSA concentration.
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Fig. 2.27: Comparison of the wavelength shift evolution of all the experiments: (a)
antiBSA immobilization and (b) target analyte detection.
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Fig. 2.28. Wavelength shift values as a function of the BSA concentration

2.11. Conclusions

This chapter has been focused on the study of an experimental antibody immobilization
approach for photonic sensors based on the use of an intermediate layer of protein A to improve
that immobilization and on the use of a RR as sensing element.

We have begun introducing the fundamentals of the RR and its main parameters. The
sensing technique adopted using this sensor was based on the tracking the RR resonance peaks.
After that, we have described our RR and the chemical reagents employed in this work. The
procedure adopted to flow all the reagents over the sensor surface consisted in creating a protein
A layer to allow the proper antibody orientation, blocking the uncovered sensor surface with
gelatin, immobilizing antiBSA and detecting BSA. Then, we have presented the automated
experimental set-up that was used for the experimental characterization of the RR-based sensing
structures and to carry out the experiments. The setup was composed by a fluidic and an optical
part working simultaneously, in order to flow the reagents on the sensor and, at the same time,

monitoring the RR spectrum evolution.

Finally, we have reported the experimental results. We tested the use of the protein A
layer and confirmed its usefulness to obtain a well-coated surface of antibodies oriented towards
the target sample to be analysed, thus enabling the development of high sensitivity biosensors.
The experimental validation was carried out by means of BSA detection experiments. By covering
the sensor surface with a closely packed intermediate protein A layer, antiBSA immobilization
was considerably improved. Such immobilization improvement led to the detection of lower BSA
concentrations, such as 1 ng/ml. Therefore, these results confirm the good performance in terms
of sensitivity that can be obtained using a very simple, cheap and easy-to-implement bio-
functionalization approach. Furthermore, we proved the repeatability and the durability over time

of this approach, since several experiments were carried out using the same protein A layer and
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the same results were obtained. We also confirmed the specificity of the experimental procedure,
where we used gelatin as blocking agent in order to avoid unspecific adsorption. Moreover, the
creation of each layer was monitored in real-time thanks to the opto-fluidic setup developed to
carry out all the experiments that we have reported.

To conclude, it is important to point out that this immobilization approach was very
simple and fast, since the protein A layer was created over the ring resonator surface simply by
physical immobilization. In fact, we were able to create such layer in a few minutes just by
flowing protein A in DIW over the ring resonator surface, allowing, furthermore, the in real-time

monitoring of the layer creation.
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Chapter 3

Sensing using porous silicon 1D

periodic structure

3.1 Introduction

In chapter 1, we have seen that traditional photonic sensors based on the evanescent
wave mechanism are limited by the fact that just a little amount of the field propagating inside
the structure is exploited for sensing purposes. We have also seen that the presence of the
bioreceptor layer separates the target analytes from the sensor surface making the analyte-
evanescence wave interaction weaker. However, as time goes by, the use of higher sensitive
sensing devices in sensing applications is required. For this reason, it is necessary to constantly
look for a solution to the present limitations. In this context, we find a solution in the use of PS
for the development of more sensitive optical sensors. In fact, as mentioned in chapter 1, in PS
structures, the light-matter interaction occurs directly inside the structure itself what allows to

exploit all the field propagating in the structure.

In this chapter, we present the development of a highly sensitive porous silicon

microcavity (PSMC). In section 3.2, we introduce the fundamentals of PS 1D periodic structures.
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Afterwards, in section 3.3, an overview of several works of sensing using PS structures is
reported. After the theoretical introduction, we move to the experimental part of the chapter. In
section 3.4 all the experimental fabrication process is described. The experimental opto-fluidic
setup developed to carry out the experiments in real-time is presented in section 3.5. The
experimental results have been organized in two parts. First, in section 3.6, we reported the
sensing results obtained using as optical sensors Bragg reflectors, and, then, in section 3.7, using
a PSMC. Finally, in section 3.8, we present our conclusions.

3.2 Fundamentals of PS 1D periodic structures

Light propagation can be manipulated by changing the refractive index of the medium
along the propagation direction. In fact, when the medium where the electromagnetic wave
propagates is periodic along the direction of propagation instead of homogeneous, the wave
propagation behaviour completely changes. In a properly designed periodic structure, the wave
cannot propagate through the material in a range of wavelengths and it is reflected. This range is
the reflection band. The width and position of the reflection band is highly dependent on the
refractive index configuration of the whole structure. Accordingly, by properly designing a PS
multilayer, it is possible to control the reflectance band. To this aim, the PS layer physical
parameters must be controlled and carefully selected. These parameters are the porosity, the pore

dimeter and the thickness of the PS layer.

e Porosity: It is a crucial parameter, since it confers the RI of the porous layer. High
porosities determine low RI values and vice versa. It is defined as the empty pore

volume to total volume ratio.

e  Pore diameter: From this parameter, it is possible to classify the PS morphology.
— Micropores have pore diameters below 2 nm and present a morphology like a
sponge.
— Mesopores have pore diameters between 2 and 50 nm and present a morphology
like a tree.
— Macropores have pore diameters above 50 nm and are straight with a smooth
surface.
The diameter of the pore determines the surface to volume ratio. Lower pore diameters
determine a high surface to volume ratio and vice versa. For this reason, in order to

increase the usable surface to biofunctionalize it is better a low pore diameter.

e  Thickness: Together with the porosity, it determines the position of the reflected band.

For higher layer thicknesses, the reflected band will be located at higher wavelengths.
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A basic configuration of periodic PS multilayer commonly used in sensing applications
is the Bragg reflector. Figure 3.1 shows a schematic illustration of the working principle of a
Bragg reflector. A Bragg reflector is a periodic structure formed by alternating PS layers of high
(nw) and low (n.) refractive index. The periodicity of the structure provides a reflectance spectrum
characterized by a reflectance band with a maximum at the Bragg wavelength As. The thicknesses
of the ny and n. layers, dn and dy, respectively, satisfy the relation:

2(ny-dy+n,-d,)
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Fig. 3.1: Schematic illustration of the working principle of a Bragg reflector.

Another configuration widely employed in sensing applications is the porous silicon
microcavity (PSMC). Figure 3.2 shows a schematic illustration of the working principle of the
PSMC. This structure is obtained by placing a central defect layer, also called microcavity (MC),
between two Bragg reflectors. The presence of the central defect gives rise to a resonance peak in
the reflectance spectrum at Ac. The optical thickness d. is typically selected as one half the resonant

wavelength of the MC and satisfies the relation:

d, =\ /2. (3.2)
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Fig. 3.2: Schematic illustration of the working principle of a porous silicon
microcavity.

The sensing mechanism of a PS 1D periodic structure is schematically shown in Fig.
3.3. When the target substance fills the pores, the RI of the PS layers changes, leading to a shift

of the reflectivity spectrum.
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Fig. 3.3: Schematic illustration of the sensing working principle of a PS 1D periodic
structure.
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3.3  PS 1D periodic structures overview

PS has been used for sensing purposes since the first years of 1990. Applications where
PS confirmed its benefits and where it has reached a great success are gas sensing and biosensing.
In the last two decades, a large number of works have been presented and, in the last years, several
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reviews have reported them and highlighted their results [63-65]. For example, Pacholski, in [63]
reported chronologically and described carefully the most relevant results obtained in gas sensing
and biosensing using PS periodic structures.

PS sensors have found a considerable interest in gas sensing due to the ability of
nanoporous materials to concentrate vapor by microcapillary condensation: vapor directly
condensate to liquid on the curved walls of the pores. One of the first gas sensing demonstrations
using a 1D PS reflectivity spectrum was reported by Snow at al. [66]. Large wavelength shifts
were observed in the reflectivity spectrum of the Bragg reflector as a consequence of the exposure
of the structure to vapor from organic solvents. Soon after, Pavesi et al. reported relevant results
regarding the detection of different solvents and the discrimination of them by using a PSMC as
a gas sensor and measuring the reflectivity spectrum and the photoluminescence intensity at the
same time [67]. The shift of the PSMC resonance peak depended on the organic compound
refractive index leading to the study of the sensitivity, while the luminescence intensity depended
on the low-frequency dielectric constant leading to the discrimination of the solvents and, thus,
to the specificity of the sensors.

PS established itself also in biosensing applications. The first PS biosensor was
developed by Lin et al. in 1997 [68]. They detected small molecules, as biotin and digoxigenin,
DNA oligomers, and proteins, as streptavidin and antibodies, at pico- and femtomolar
concentrations. Starting from 2000, several research groups focused on the development of novel
PS reflectivity based sensors. Some of these works were oriented to the study of the sensitivity of
these sensors and others to the detection of biomolecules, optimizing the biofunctionalization of
PS. High sensitivity values, higher than 300 nm/RI1U, were obtained [69-72]. In 2005, DeLouise
at al. investigated the sensitivity of a series of PSMCs in order to characterize the response to
changes in bulk refractive index as a function of the design parameters of the PSMCs and obtained
a sensitivity of 425 nm/RIU [69]. Furthermore, they investigated also the immobilization of
glutathione-S-transferase, achieving a detection limit of 50 pg/mm2 One of the highest
sensitivities was reported by Rendina et al., with a value of ~470+40 nm/RIU, using a Bragg
reflector for gas sensing [70]. Several relevant results have been reported in the field of biosensing
using PSMCs as sensing structures. Zhang et al. fabricated a PSMC biosensor based on SOl wafer
for DNA detection and achieved a detection limit of 43.9 nM [73]. Recently, Zhao et al. reported
a remarkable work [74], where they demonstrated a flow-through sensing platform based on open-
ended PSMC membranes and its use for streptavidin detection. The molecular binding kinetics
results were compared with those obtained by using a traditional close-ended PSMC and an

improvement of 6-fold of the sensor response was demonstrated.
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3.4 PS 1D periodic structures fabrication

3.4.1 PS 1D periodic structures design

In the design phase, the parameters to take into account to develop the required structure
are the RI, ny and ni, and the thickness, du and dy, of the layers. These parameters have to satisfy

the relation 2(nw-dw + ni-dL) = m-Ag, where m is the order of the Bragg condition.

To determine the structure parameters nu, Ny, dw, and di, a model based on the Transfer
Matrix Method (TMM) [75-76] was used. This model allows to calculate the transmission and
the reflection spectra of a one-dimensional structure consisting of an arbitrary number N of

alternated porous silicon layers with different porosities and thicknesses.

When a plane wave of wavelength A impinges on a stack of layers of various refractive
indices n; and thicknesses di, for every boundary there will be a transmitted and a reflected
component of the electric field (if the refractive indices are complex, there will be also an
absorbed component). Hence, the electric field distribution will suffer a transformation depending

on the refractive indices on both sides of the interface:
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where the index + refers to the direction of propagation of the incident light and — to the opposite
one. Moreover, the effect of the electric field propagation across a homogenous layer can be

expressed as:
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with kmx being the x component of the wave vector. The contribution of every layer can be
expressed with these matrices:
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Having the electric field described this way, the reflectance is given by:

My, |
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(3.6)

For the calculation of porosity and refractive index of the PS layer, we based on the

effective medium approximation. In this PhD Thesis, light sources emitting at a wavelength in
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the infrared (IR) range were used. More in detail, we worked with wavelengths included between
1450 nm and 1650 nm. At this wavelength range, light perceives a porous layer presenting pores
with a diameter included between 2 nm and 200 nm as an effective medium. Nowadays, several
effective medium approximation methods are considered to calculate the porosity and the
refractive index of PS layers, such as Maxwell-Garnett’s, Looyenga’s or Bruggeman’s [77]. In
Fig. 3.4, the RI versus porosity relation of these approaches are shown.
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Fig. 3.4: RI versus porosity from [77].

The Bruggeman effective medium approximation considers connected networks for
medium-high porosities, as those considered in this PhD Thesis. For this reason, the Bruggeman
approximation was considered in the simulation process to calculate the porosity P or the effective
refractive index ness Of the porous layer to be fabricated. The Bruggeman approximation is given
by the equation 3.7 [78], where nsn and ns; are the RIs of the substance filling the pores and of

Silicon, respectively:

2 2 2 2
Ng,-N Ng-N
P fill " eff +(1'P) Si_ " eff =0
- 3.7
n?ill-zngﬁ néi'znsﬁ 3.7

3.4.2 Electrochemical system

Nowadays, several methods are implemented to porosificate Silicon, including
electrochemical etching, chemical stain etching and chemical vapor etching [79]. However, the
most common method used for the formation of PS is electrochemical etching, since it has been
demonstrated to guarantee reproducibility and reliability on the achievement of the thickness and
porosity of the formed porous layers. In this PhD Thesis, the PS structures were fabricated by

electrochemical etching.
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To perform the electrochemical etching, an electrochemical system is needed. Basically
it consists of an electrolyte, a cathode and an anode electrodes and an electrochemical cell. The
electrolyte is contained in the electrochemical cell, where the etching is performed. The two
electrodes are placed at a distance of a few millimeters in order to allow the charge current to flow
from an electrode to the other.

o Electrolyte: It enables the ionic transport from the cathode to the anode and must
contain chemical species allowing anodic Si dissolution. Usually, the electrolyte is a
hydrofluoric acid (HF) solution. More in detail, HF is sold in an aqueous solution with
up to 50% of HF. PS can be fabricated by using only HF diluted in deionized water
(DIW). However, using this type of electrolyte two issues can take place. On the one
hand, PS surface is highly hydrophobic, due to the hydrogen termination of PS. This
avoids water to completely fill the pores. On the other hand, during the electrochemical
etching, hydrogen evolution is in progress. This causes the formation of bubbles in the
pores, avoiding the water entering in the pores. In order to overcome such issues,
ethanol (EtOH) is typically added to the HF solution, reducing the surface tension of
the electrolyte and thus allowing it to enter the pores as they are formed.

o Cathode: It supplies electrons to the electrolyte. It is made of a highly conductive
material and resistant to HF. The most used material is platinum. In electrochemistry,
this electrode is called counter electrode.

o Anode: It is the Silicon itself. In electrochemistry, this electrode is called working
electrode.

o Electrochemical cell: It is the container where the electrolyte and the electrodes are
located and where the process is performed. As the electrolyte is a HF solution, the

material of the cell is usually Teflon, which is resistant to HF at high concentrations.

In this PhD Thesis, in order to perform the electrochemical etching of silicon and, thus,
fabricate our PS structure, we built up a homemade electrochemical system. Our system was
based on a vertical two electrode cell configuration, as shown in Fig. 3.5. We considered this
configuration since it allows to achieve a high uniformity of the layer porosity. First of all, a
20x20 mm? Si sample was used as a sample to porosificate and, at the same time, as an anode. A
copper sheet was employed as a backside contact for the Si sample. A Teflon bottle (from Labbox)
was used to build the electrochemical cell to contain the electrolyte. As electrolyte, we used a HF
solution. A hole with a diameter of 12 mm was made at the base of the bottle in order to have an
etching area of 1.13 cm?. To hermetically seal the cell, a Viton O-Ring was placed between the
Si sample and the Teflon cell. A platinum wire with a diameter of 0.25 mm (from Chempur) was

used as a cathode. More in detail, the platinum wire was moulded in the form of a spiral, in order
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to have an electrochemical etching as homogenous as possible. The spiral diameter was around
16 mm in order to provide an area (around 2 cm?) wider than the etching area and minimize the

boundary effects during the PS layer formation process.

-_

Platinum spiral <— Teflon bottle
(cathode)

ke HF solution
(electrolyte)

<+ 0O-Ring
Silicon wafer b

(Anode) !

Fig. 3.5: Schematic representation of the vertical two electrodes electrochemical
system configuration.

<4 Copper contact

In Fig. 3.6, the main components of the electrochemical system are shown and its

building up is illustrated in Fig. 3.7. The final configuration is shown in Fig. 3.8.

(- H
(d)

(c)

Fig. 3.6: Electrochemical components used to carry out the electrochemical etching:
(a) 20x20 mm? silicon sample; (b) copper contact; (c) electrochemical cell; (d)
platinum spiral.
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Fig. 3.7: Hlustration of the electrochemical system building up.

Fig. 3.8: Configuration used in the gas hood to perform the electrochemical etching.

3.4.3 Anodization parameters

The anodization parameters to be controlled for the fabrication of a PS multilayer with
the required spectrum are the HF concentration, the current density and the etching time.

e HF concentration: It determines the pore diameter. With lower HF concentrations, it
is possible to obtain higher pore diameters and vice versa. This means that, to obtain a
porous layer with wide pores and high porosity it is not possible to use high HF
concentrations and, thus, high current density neither and a balanced agreement between
the two parameters must be reached. This parameter also determines the current density
limit. With high HF concentrations, it is possible to work at high current densities.
Instead, with low HF concentration, low current densities are needed in order to avoid

electropolishing.
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e Current density: It is the main parameter that controls the porosity. Higher current
densities lead to higher porosities and vice versa. It is important to control the highest
value of this parameter because, if too high, electropolishing can occur. Furthermore,
the current density affects the grown of the layer: with higher current densities, the PS
layer grows more rapidly.

e Etching time: It controls the thickness of the layer. Since the growth of the layer
depends also on the current density, the time of the process is selected taking it into

account.

It has to point out the importance of a critical parameter to consider during the etching
process: the growth rate. It depends mainly on the current density. However, the growth rate is
not linearly dependent on the density current, since it depends also on the electrolyte composition.

Bisi et al. in [31] reported the effects of the anodization parameters on the PS formation,

as shown in Fig. 3.9.

Effect of anodization parameters on PS formation

An increase of ... yields a Porosity Etching rate Critical current
HF concentration Decreases (see text) Decreases Increases
Current density Increases Increases

Anodization time Increases Almost constant

Temperature Increases
Wafer doping (p-type) Decreases Increases Increases
Wafer doping (n-type) Increases Increases

Fig. 3.9: Effect the anodization parameters on the PS formation (Table from [31])

3.4.4 Electrochemical etching

In this work, our PS structures were fabricated by an electrochemical etching of a single-
side, polished, boron-doped <100> oriented c-Si wafer, with an electrical resistivity of 0.01-0.02
Q-cm. Before the etching process, the silicon wafer was cleaned using a piranha solution (volume
ratio H.SO. :H,O, = 3:1) at room temperature, in order to remove possible organic residues on

the surface. Afterwards, the wafer was rinsed with deionized water (DIW).

In this PhD Thesis, the first etching parameter that we determined and then set as
standard parameter for all the etching processes was the HF concentration. According to the HF
concentration value, the etching parameters to be changed during the etching process were the
current density as a function of the porosity of the layers. Since the current density affects the
grown of the PS layer, the etching time was selected depending on the applied current density and

the required thickness of the layers.
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Hence, the solution used to produce the PS was composed by a mixture of 49% HF
aqueous solution and 99% ethanol (EtOH) solution, in a 1:2 relation. This leads to a HF
concentration of 16%. This concentration allowed us to obtain PS layers with RI between 1.3 and
2.6 refractive index unit (RIU), which represents a wide working range and allowed us to fabricate
high RI contrast PS structures. The current density value was selected between 6 and 75 mA.

During the etching, the electrochemical reaction takes place at the Si surface, where the
dissolution of Si originates, as shown in Fig. 3.10. The Si surface is characterized by the presence
Si-H bonds. Due to the presence of a charge carrier at the Si surface, the Si-H bonds react with F
ions present in the HF solution. The result is the formation of new Si-F bonds, which leads to the
release of Si atoms from the Si surface.

]

| oheee &

Fig. 3.10: Schematic illustration of the pores formation at the Si surface.

Korotcenkov explains the electrochemical etching of Si not as a result of only one
chemical reaction, but as a result of the combination of four chemical reactions, all present during

the process [79]:

e Direct dissolution of Si: Si+6F +2H" +2h" —SiF/ +H,
e Oxidation of Si: Si+2H,0+4h" —SiO, +4H" +4e”

e Oxide dissolution: SiO, +6F  +6H" — H,SiF, + 2H,0

e Hydrogen termination of the surface: Si* +xH"™ — SiH,

Concretely, the dissolution of Si can be originated by direct dissolution of Si or by
oxidation of Si and oxide dissolution.
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The electrochemical etching process was always performed in a fume hood, in the clean
room facility provided by the NTC, and at room temperature. In Fig. 3.11, the electrochemical
system while performing the etching process is shown. Fig. 3.11 (a) shows a lateral view of the
system, where the black alligator clip holds the platinum spiral. More in detail, in Fig. 3.11 (c), it
is possible to appreciate the hydrogen bubbles going out from the PS structure formation. This
confirmed us the effectiveness of ethanol in the HF solution to remove the hydrogen bubbles
forming in the pores. Finally, the sample was cleaned with acetone, isopropyl alcohol and DIW

to remove residual surface impurities.

Fig. 3.11: Electrochemical system performing the etching process: (a) lateral view;
(b) top-view; (c) top-view zoom focusing the platinum spiral immersed in the HF
solution. The yellows light is due to the fact that the process was performed in the
clean room, where such kind of light is used in order to avoid a alterations of the
samples in lithographic processes.

Figure 3.12 shows several PS samples fabricated with different current densities. When
using very low current densities, close to the lower limit, the pores formation can take place only
in some regions of the etched area, as it can be observed in the first PS sample. By increasing the
current density, the etched area is darker, due to the increase of porosity. When using current
densities included between the lower limit and intermediate values, the porous region uses to be
uniform. When using very high current densities, close to the higher limit, we observed a lack of

uniformity in porosity and in layer thickness.

The etched area used to be characterized by a uniform region, usually located close to
the PS-silicon border, and a non-uniform region comprised by several circumferences. This was
due to the shape of the platinum spiral. We observed that the spiral shape began to affect to the
uniformity of the porosity and of the thickness of the PS structures at limit current density values.
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Fig. 3.12: PS samples fabricated with different current densities.

Figure 3.13 shows a PS sample fabricated using an intermediate current density. The
zoom shows a field emission SEM (FE-SEM) image of the structure surface. The 16% HF
concentration determined an average porous diameter in the range of 10 nm. To obtain this value,

the ImajeJ software was used [80].

Fig. 3.13: Picture of a silicon sample after the electrochemical etching. The inset
shows a FE-SEM image of the porous structure surface.

3.45 Oxidation

After the electrochemical etching process, PS presents a surface characterized by Si-H
groups, with the hydrogen atoms exposed toward the environment medium. This makes PS
hydrophobic. Fig. 3.14 shows an example of a hydrophobic PS sample. This sample was just
fabricated. After the in-air characterization process, the sample had to be characterized in water.
So, the box containing the PS sample was filled with the mentioned liquid. In these images, it is
possible to appreciate the water wall formed when water reached the PS region due to the PS
hydrophobicity.
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Fig. 3.14: Pictures showing the hydrophobicity of a PS sample when in contact with
water.

In conclusion, PS hydrophobicity avoids water to fill the pores. This represents a
considerable limitation for sensing purposes, since the solution transporting the target analyte
cannot get into the pores. In order to overcome such limitation, a subsequent process was
considered in order to make the PS hydrophilic: PS oxidation. As a matter of fact, the PS

oxidization gives rise to a new SiO; layer, thus making the surface hydrophilic.

Moreover, PS oxidization was applied to stabilize the PS structure. After the
electrochemical etching, the PS surface is highly reactive. The new layer of oxide passivates the
surface, avoiding its over time modification. For this reason, in this work, after electrochemical
etching, the PS samples were oxidized. The oxidation was obtained with a 10 minutes oxygen
plasma treatment carried out with a plasma asher. Figure 3.15 shows the same PS sample in
contact with water, before and after the oxidization process. It is possible to observe the
hydrophilicity of the sample after the oxidation.

Fig. 3.15: Picture of a PS sample in contact with water (a) before and (b) after the
oxidization.
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3.5 Experimental opto-fluidic setup

Our objective in this work was to carry out a continuous monitoring of the PSMC
sensing response in real-time, which would allow us to detect extremely small RI variations
occurring on the sensing structure. Typically, most works focused on the development of PS-
based sensors only perform a measurement before and after the target substance was deposited
on the sensing structure [36]. To do this, the sensing sample was usually removed from the
experimental setup and then re-placed, leading to a significant error in the measurement, and thus
limiting the experimental accuracy, especially when very small spectral shifts needed to be
measured. In order to overcome this problem and to remove that source of inaccuracy, a flow cell
was used to flow the substances under analysis, without removing the sample from the
experimental setup [74]. This also allowed us to monitor the evolution of the sensing signal while
the substance was flowing, in order to determine the kinetics of the sensing events being
monitored, which also leads to an improvement of the sensing performance. On the other hand,
the characterization equipment that is typically used provides a very poor spectral resolution and
can require a very long time to acquire each spectrum. This makes it difficult to detect very small

spectral shifts with high accuracy and to obtain a real-time monitoring of the sensing events.

In order to overcome these limitations, we developed an opto-fluidic experimental
setup, which was able to carry out the sensing measurements in-continuum, in real-time, and with
a high spectral resolution. The setup was composed of fluidic and optical parts operating at the
same time, in order to flow the reagents over the sample and simultaneously monitor the

reflectivity spectrum of the PS structure.

In order to characterize the reflectivity spectrum, the PS sample was illuminated with
an optical fiber perpendicularly placed on top of the PS surface. To this aim, the central element
of the experimental setup was a homemade fluidic cell. This cell allowed us to flow over the
PSMC sample different solutions while it was simultaneously illuminated with the
perpendicularly placed optical fiber, as shown in Fig. 3.16. The fluidic cell was basically
composed of a 4x4 cm polymethyl methacrylate (PMMA) base, a Viton channel and an upper
PMMA piece. The PMMA base was the support on which the PS sample was placed. The Viton
channel was placed on top of the PS sample, in order to flow the target substance only over the
region where the optical interrogation was carried out. The upper PMMA piece was placed on top
of the PS-Viton channel system to seal the fluidic channel. In the upper PMMA piece, the input
and output fluidic tubes and the optical fiber were attached. Some pressure was applied to the
upper PMMA piece to hermetically seal the fluidic system. To reduce the possibility of breaking
the PS structure, a polydimethylsiloxane (PDMS) base was placed under the PS sample to absorb

the pressure. Furthermore, the PDMS base attenuated any possible external vibrations.
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Fig. 3.16: Pictures of the opto-fluidic experimental cell used to flow the solutions
over the PS sample: (a) lateral view open cell; (b) top view open cell; (c) top view
hermetically sealed cell; (d) lateral view hermetically sealed cell.

The optical fiber was connected to an optical interrogator (Ol) (PXle-4844 National
Instruments). The Ol is an optical measuring apparatus able to obtain one spectrum every 0.1 s in
a wavelength range of 1510-1590 nm with a resolution of 4 pm. This apparatus provides the
advantage of analysing the reflected light spectrum in real-time with a very high resolution. A
LabVIEW program was implemented to continuously examine the evolution of the reflectance

spectrum.

When the experiments were carried out, the solutions were flowed using the syringe
pump introduced in chapter 2. The whole experimental opto-fluidic setup is shown in Fig. 3.17.

Optical interrogator

Etched area

Syringe pump

Solution
Silicon sample Fluidic cell

Fig. 3.17: Schematic illustration of the opto-fluidic setup used to carry out the sensing
experiments
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3.6  Sensing using Bragg reflectors

3.6.1 Power-based sensing technique

Initially, the technique used to carry out the measurements is based on monitoring the
evolution of the integral relative to a selected interval of the reflected band provided by the PS
structure averaged with the interval itself. The sensing technique is schematically illustrated in
Fig. 3.18. At the initial state, a certain amount of interval integral is measured. Then, any change
in the refractive index produced in the sensing structure either by a molecular recognition event
or by bulk refractive index variation leads to a shift of the reflected band position. This shift is
translated into a variation of the interval integral. Hence, in our experiments, by monitoring the
interval integral, we were able to perform an indirect measurement of the PBG position and

subsequently to obtain the sensing information.
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Fig. 3.18: Schematic representation of the power-based sensing technique. When the
reflected band edge of the structure is shifted, the integral of the selected interval
changes.

3.6.2 Experimental results

3.6.2.1 1texperiment

The Bragg reflector design was aimed at locating the right edge of the reflectance band
in the spectral range available from the optical interrogator when considering water environment.
To this aim, the designed multilayer structure was composed of 18 periods where the RI of the
low and high porosity layers were, respectively, n4=1.84 and n.=1.6 and the corresponding
thicknesses were dw=170 nm and d.=200 nm. Figure 3.19 shows the calculated reflectance

spectrum of the designed structure.
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Fig. 3.19: Simulated spectrum of the designed Bragg reflector.

The current densities and the etching time used to create the ny and n._ layers were 12
mA, 35 mA, 5.8 seconds and 10.2 seconds. Figure 3.20 shows a SEM cross-sectional image of
the multilayer structure, where the light and dark grey layers are the ny and the n. layers,
respectively. The average measured thicknesses of both layers are 150 and 190 nm, respectively.

Fig. 3.20: SEM cross-sectional image of the fabricated PS multilayer structure.

Once the sample was located in the fluidic cell and DIW started to flow, the LabVIEW
application was used to show and monitor the PS structure reflectance spectrum measured with
the OIl. Figure 3.21 shows the interface of the LabVIEW application used to monitor the
reflectance spectrum evolution, whereas Fig. 3.22 shows the reflectance spectrum measured with
the OI. The interval integral selected to be monitored during the experiment was 1580-1585 nm.

In this interval, a slope of ~ -0.4 dB/nm was determined.
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Fig. 3.22: Reflectance spectrum measured with the Ol.

The experimental sensing procedure consisted in flowing several EtOH dilutions in
DIW over the PS multilayer and monitoring in real-time the evolution of the spectrum when the
RI was changed. Since our working conditions were A = 1550 nm and T = 25°C, the RI value of
water considered for the experiments was 1.3173, obtained from [81]. The EtOH concentrations
in DIW were 5% and 10%, which means a relative RI change of 6.6-10°° and 3.3-10°% RIU,
respectively. Such RI values were obtained by using the model proposed in [81]. The power time
evolution of the selected interval is shown in Fig. 3.23. Variations of ~0.42 dB and ~0.84 dB were
observed for EtOH 5% and 10%, respectively. This led to a sensitivity of around 127 dB/RIU. A
noise of 8-10* dB was observed, what led to a limit of detection of 6.29-10° RIU.
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Fig. 3.23: Power time evolution of the first experiment.

A first deduction from the analysis of these results was the dependence of the power
sensitivity on the spectrum slope in the selected interval. The sharper was the slope the higher the
power sensitivity would be. For this reason, a method to improve the power sensitivity became
the new objective.

3.6.2.2 2nd experiment

To confirm what deducted in the previous experiment, another experiment was carried
out by employing another PS sample. This time, the structure design was aimed at locating one
of the left lobes besides the reflected band in our measurement spectral range. The reason why
we considered a left lobe is due to the fact that, in that region, the lobes are narrower and thus
they present a higher slope (which is even higher as we move along those lobes). The designed
multilayer structure was composed of 10 periods. The RI of the low and high porosity layers were,
respectively, np=2 and n_.=1.56 and the corresponding thicknesses were dy=250 nm and d, =320
nm. Figure 3.24 shows the calculated reflectance spectrum of the designed structure.
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Fig. 3.24: Simulated spectrum of the designed Bragg reflector.

The current densities and the etching times used to create the ny and n. layers were 12
mA, 33 mA, 21.3 seconds and 13.3 seconds. Figure 3.25 shows a SEM cross-sectional image of
the multilayer structure, where the light and dark grey layers are the ny and the n_ layers,

respectively. The average measured thicknesses of both layers are 150 and 190 nm, respectively.

Fig. 3.25: SEM cross-sectional image of the second fabricated Bragg reflector.

In Fig. 3.26 (a), the reflectance spectrum measured with the Ol is shown. It is possible
to appreciate the presence of a drop of almost 20 dB in the interval 1570-1585 nm, with a slope
of ~ -1.4 dB/nm. So, to carry out the power based sensing technique, in this range, two different
intervals were selected: 1580-1583 and 1583-1586. The reflectance spectrum also provided a
Lorentzian shape in the interval 1510-1540 nm. So, besides the power based interrogation
technique, also the position of the minimum in the spectra was tracked. In order to improve the
precision of the minimum tracking, the monitored spectrum was filtered using the FFT algorithm

and eliminating high frequency components. The filtered spectrum is shown in Fig. 3.26 (b).
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Fig. 3.26: Reflectance spectrum measured with the Ol: (a) original; (b) FFT filtered.

Figure 3.27 shows the time evolution of the integrated power in the selected intervals.
As it can be clearly observed, the power increase was not the same for both intervals. In the
interval 1583-1586, the power increase was considerably higher than that relative to the interval
1580-1583. Furthermore, the power increase was not the linearly proportional to the EtOH
concentration increase. In Fig. 3.28, it can be observed that the power sensitivity was not linear,
confirming the previous observation. These issues are related with the different slope of the
reflection spectrum as we move closer to the position of the minimum. The highest power increase
was obtained in the interval 1583-1586 for EtOH 10% and reached a value of 4 dB. This means
that a power sensitivity values around 606 dB/RIU and a limit of detection of ~1.32-10° RIU can

be achieved.
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Fig. 3.27: Time evolutions of the integrated power of the selected intervals.
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Fig. 3.28: Sensitivity curve of the integrated power of the selected intervals.

Figure 3.29 shows the time evolution of the wavelength shift. As it can be clearly
observed, the wavelength shift was linearly proportional to the EtOH concentration increase. This
means that the wavelength sensitivity was linear.
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Fig. 3.29: Wavelength shift time evolutions of the second experiment.

To confirm the linearity of the wavelength shift also for low RI changes, EtOH 1% was
flowed and a wavelength shift of 200 pm was observed, as shown in Fig. 3.30. This confirmed

the linear sensitivity also for low RI changes.
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Fig. 3.30: Wavelength shift time evolution relative to EtOH 1%.

3.6.3 Results analysis

The power increase was not the same for both the selected intervals since, in each
interval, the spectrum was characterized by a different slope, as shown in Fig. 3.31 (a). The
interval 1583-1586 was sharper. The non-linearity of the power sensitivity as a function of the
EtOH concentration was due to the shift of the spectrum during the experiment, as shown in
shown in Fig. 3.31 (b). For each 10% increment of EtOH concentration, a wavelength shift of 2
nm was observed. This means that, over time, in the same interval, the spectrum slope decreased.

Consequently, a decrease of the power sensitivity was observed.

In order to compare these results with those of the previous experiment, we considered
the power evolution corresponding to EtOH 10%. The power increase reached a value of 4 dB, 5
fold the observed in the previous experiment. This higher sensitivity was due to the sharper

spectrum slope than that of the previous experiment.

Fig. 3.31: (a) Reflectance spectrum in the selected intervals: the red lines represent
the slopes. (b) Reflectance spectrum shifted of 2, 4 and 6 nm.
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3.6.4 Conclusions

We learnt that the sensing technique based on the tracking of the power of a selected
interval is a simple, rapid and powerful tool to reach high sensitivities and detect very low RI
changes. However, the power sensitivity obtained by using this technique is not always linearly
proportional to the RI variation of the solution filling the pores. This is due to the fact that the
sensitivity strongly depends on the spectrum slope of the selected interval. In fact, the slope can
change during an experiment owing to the spectrum shift caused by the RI change. Hence, when
monitoring the power evolution, it is fundamental to take into account the shift of the spectrum

during the experiment in order to obtain reliable results.

On the contrary, the wavelength shift was linearly dependent with the EtOH
concentration and, therefore, the sensitivity was always the same for all the RI changes. In this
case, the sensitivity does not depend on the sensing technique, but just on the structure itself. In
conclusion, the monitoring of the wavelength of a spectrum minimum proved, once again, to be

a suitable method for RI sensing.

3.7 Experimental sensing using a PSMC

The conclusions obtained in the previous section led us to perform the experiments
monitoring the wavelength shift of the spectrum. For this reason, we focused our study on the
development of a PSMC since it provides a sharp peak in the reflectance band that is the most

suitable spectral characteristic to monitor, like the peak of a resonance of a ring resonator.

The aim was to achieve a structure as sensitive as possible. So, in order to enhance the
sensitivity of the structure, high porosities of the layers are required, as this increases the total
volume where the target substance is infiltrated. On the other hand, having an extremely high
porosity of the layers will make the structure more fragile and easily collapsible. Therefore, we
selected a maximum porosity value for the layers of 85% in order to have an as-high-as-possible

sensitivity while keeping the structure robust.

3.7.1 Experimental results

The sequence [nw, NL]X7, N, NL-MC, nw, [N, nu]X7 was considered for the PSMC
structure, as schematically depicted in Fig. 3.32 (a). In order to obtain a highly sensitive PSMC,
we considered limit porosity values, which are 67% and 85%. These porosities corresponded to
RIs of n4=1.64, n_.=1.22. Figure 3.32 (b) shows an example of the resonance peak shift evolution

due to the infiltration of water into the pores of the structures. This evolution was taken into
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account so that the resonance peak position was located in the spectral range available from the

optical interrogator when considering the pores filled by water.
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Fig. 3.32: (a) Scheme of the PSMC design; (b) example of the resonance peak shift
evolution due to the infiltration of water into the pores of the structures

Since we considered limit porosity values, limit current densities were applied. In this
case, unlike with the previous PS structures, a lack of uniformity was observed after the PSMC
fabrication, as shown in Fig. 3.33. The etched area used to be characterized by a uniform region,
usually located close to the PS-silicon border, and a non-uniform region comprised by several
circumferences. This was due to the shape of the platinum spiral. We observed that the spiral
shape began to affect to the uniformity of the porosity and of the thickness of the PS structures at

limit current density values.

Fig. 3.33: Picture of a fabricated PSMC with lack of uniformity.

We observed also that, in the uniform region, the reflectance spectrum complied with
the requirements, whereas, the lack of uniformity caused a 100-150 nm blue-shift of the resonance
peak in comparison with the uniform region. So, we took also this issue into account in order to

define the resonance peak position. For this reason, we considered a structure with the peak at
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1450 nm in air. To this aim, the selected thicknesses of the layers were dy = 220 nm and d. = 290
nm. The calculated reflectance spectrum of the simulated structure presents a peak in 1450 nm

for an air medium, as it is depicted in Fig. 3.34.
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Fig. 3.34: Simulated reflectance spectrum of the designed PSMC.

The current densities and the etching times applied for the fabrication of the ny and n.
layers were 16 and 55 mA, 10.3 seconds and 6.9 seconds, respectively. Figure 3.35 shows a SEM
cross-sectional image of the PSMC, where the light and dark grey layers are the ny and the n.
layers, respectively. The average measured thicknesses of both layers are 202 and 279 nm,
respectively. The experimental RIs of the layers were calculated fitting the reflectance spectra
with the TMM-based model. The obtained RIs were ny = 1.75 and n_ = 1.26, corresponding to

porosities of 65% and 83%, respectively.

Fig. 3.35: SEM cross-sectional image of the fabricated PSMC.
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After the fabrication process, the PS sample was placed in the fluidic cell and its
reflectivity spectrum was characterized in a DIW flow. In Fig. 3.36 the reflectivity spectrum is
shown. As it is can be observed, the resonance peak was located at 1561 nm.
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Fig. 3.36: Reflectance spectrum of the PSMC.

Several RI sensing experiments were performed in order to determine the sensitivity
and the detection limit of the PSMC-based sensing system. The experimental sensing procedure
consisted of flowing several EtOH dilutions in DIW over the PSMC sensor, and monitoring in
real-time the evolution of the PSMC resonance peak when the Rl was changed. The EtOH
concentrations in DIW in these dilutions were 1%, 0.1%, 0.01% and 0.001%, which means a
relative RI change of 6.6x107*, 6.6x107°, 6.6x10°® and 6.6x10°" RIU, respectively. The temporal
evolution of the resonance peak position for the mentioned EtOH concentrations is shown in Fig.
3.37. The RI changes and the relative shifts for each EtOH concentration are represented in Table
3.1. A noise in the range of only 0.8 pm was measured in the experiments, which was further
reduced by using an FFT algorithm in order to eliminate the high frequency components not
related with the sensing, leading to a reduction of the noise by a factor 4x. Because of this process,
it was possible to clearly appreciate the spectral shifts that occurred at the lowest EtOH

concentration.
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Fig. 3.37: Resonance peak wavelength shift for the EtOH concentrations (a) 1%, (b)
0.1%, (c) 0.01% and (d) 0.001%. The raw data is shown in light grey, while the
evolution after a noise filtering process is shown in blue.

[EtOH] (%)  ARI (RIU) Ak (pm)  [EtOH] (%)

1 6.6 x 10™* 620 1
0.1 6.6 x 107 68 0.1
0.01 6.6 x 10°° 7 0.01

0.001 6.6 x 1077 0.7 0.001

Table 3.1: Values of the refractive index changes of the several EtOH concentrations
and of the relative PSMC resonance peak wavelength shift.
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3.7.2 Results analysis

Figure 3.38 shows the relationship between the PSMC resonance peak wavelength
shifts and the RI variation for each EtOH concentration in logarithmic scale as well as the
sensitivity curve. As it is shown in this graph, the PSMC presents a very linear behaviour for the
measurement of RI variations over a very wide range of concentrations, allowing to measure
values even in the 107 RIU range, as experimentally demonstrated. The PSMC exhibited a

sensitivity around 1000 nm/RIU.
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Fig. 3.38: Relationship between the PSMC resonance peak wavelength shift and the
RI change in logarithmic scale. The light grey region represents the noise level for
the experimental raw data, whereas the dark grey region represents the noise level
after the filtering process.

Table 3.2 summarizes some of the main results reported in the field of the development
of PS-based sensing structures, where details about the experimental conditions are also indicated.
Regarding the sensitivity to RI variations, our result represents an improvement by a factor of at
least ~2x compared to the best results previously reported for the optimization of the porosity of
the structure. Regarding the experimental conditions, only some of the works performed a
continuous monitoring of the PS sensing structure while flowing the target substance over it. All
of them made use of a spectrometer to acquire the spectrum, leading to a reported acquisition
period of several seconds, a time at least one order of magnitude longer than that reported in this
work. Additionally, typical spectral resolutions of those spectrometers are in the range of several
hundreds of pm (compared to 4 pm for the optical interrogator used in this work), which also

limits the minimum spectral shift that can be accurately measured.
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PS Target Interrogation Sensitivity ~ Continuous  Acquisition

Structure  Substance Equipment (nm/RIU) Flow Period R
MC Sucrose Spectrometer n/a v 8s [40]
FP Hydrogen Spectrometer n/a v 8s [82]
MC Solvents Spectrometer 425 n/a n/a [69]
BR Gas Spectrometer 470 + 40 n/a n/a [70]
MC Solvents Spectrometer ~550 n/a n/a [71]
DL Proteases Spectrometer n/a v 2s [83]
MC Ethanol Spectrometer ~350 v 4s [72]
MC Solvents Spectrometer 200 v n/a [84]
MC Streptavidin Spectrometer n/a v 20s [74]
MC Ethanol Optical interrogator ~1000 v 0.1ls This work

Table 3.2. Review of experimental results reported using PS-based sensing structures. Several
configurations of the PS sensing structures are considered (SL: single layer, FP: Fabry-Perot,
DL: double layer, BR: Bragg reflector, MC: microcavity).

3.7.3 Conclusions

In this chapter, we have presented the study of the use of PS 1D periodic structures for
sensing purposes. In the first part of the chapter, the use of a Bragg reflector as photonic sensing
structure and the power sensing technique have been described. The results indicate a high
sensitivity, what makes possible the detection of low RI variations. However, the measured power
evolution was not linear, owing to the power dependence on the slope of the interval selected to
be monitored. However, measurements based on the tracking of the wavelength shift showed the
same sensitivity for all the RI variations. In the second part of this chapter, the use of a porous
silicon microcavity as an optical sensor for the detection of RI variations was described.

Extremely low RI variations were detected.

Thanks to the experimental opto-fluidic setup, the detection occurred in real-time. The
experimental results indicate that the PSMC presented a sensitivity as high as 1000 nm/RIU and
a limit of detection in the 1077 RIU range. The achievement of such high sensitivity confirmed
what stated in the chapter 1: the fact that the sensing occurs directly inside the photonic structure
leads to a higher light-matter interaction, and, thus, to higher sensitives. This is the contrary to
what occurs for traditional solid core photonic structures based on the sensing with evanescence
wave, where only a small portion of the optical field interacts with the target substance.
Considering this phenomenon, the porosities of the layers were optimized in order to achieve an
as-high-as-possible sensitivity, while maintaining the robustness of the structure. Furthermore,
such experimental results were obtained in real-time due to the opto-fluidic setup developed to
realize the experiments, which allowed us to monitor in-continuum the PSMC spectrum evolution

with a very high spectral resolution.
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Chapter 4

Temperature sensing using porous

silicon fiber-optic sensing probe

4.1. Introduction

In chapter 3, we have validated the use of PS structures for refractive index sensing by
demonstrating the detection of extremely low refractive index variations. The following step was
to demonstrate the use of this PS structure even for the sensing of physical parameters. In fact,
even though a high refractive index sensitivity is a basic requirement for a photonic sensor, in
sensing applications, also the monitoring of environmental parameters, including temperature,

humidity and pressure, has to be considered.

Among these parameters, in this PhD Thesis, we focused the attention on the
environmental temperature. In fact, the variation of temperature is crucial in several fields,
especially research laboratories, food industries, environmental monitoring, monitoring of
biochemical reactions or military and aerospace uses [85-86]. In this chapter, we present a novel
temperature sensing configuration arisen from the combination of the well-known fiber-optic
technology and a PS structure as optical sensing element. As PS optical sensor we selected the
PSMC.
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An overview of several fiber-optic sensing configurations is provided in section 4.2. In
section 4.3, we expose the process to develop the porous silicon sensing probe used as sensing
element. The experimental setup developed to carry out the temperature sensing measurements is
described in section 4.4. The experimental results are reported in section 4.5 and the analysis of
these results is provided in section 4.6. Finally, in section 4.7, the conclusions are commented.

4.2. Fiber-optic sensing overview

Fiber-optic sensors (FOSs) have been widely studied and exploited becoming one of
the principal optical sensing technologies due to the inexpensive cost and physical properties of
the optical fiber [87-90]. Nowadays, FOSs are applied in several sensing applications such as for
the measurement of refractive index, strain, temperature, pressure, vibration or bending
[88,91,92]. This sensing versatility is due to the possibility of developing different types of FOSs
where the selected parameter affects the intensity, frequency, polarization or phase of the light
travelling through the fiber [89]. Furthermore, they offer several advantages including high
sensitivity, immunity to electromagnetic interferences, small dimensions, cost effectiveness and

the ability to operate in a wide range of environments [90].

Nowadays, various FOSs configurations have been reported in the literatures. Among
them, fiber Bragg gratings (FBGs) [87, 89, 93], long period gratings (LPGs) [94] and Fabry-Perot
(FP) cavities [95] are probably the configurations mostly used for sensing purposes. FBG are
obtained by inscribing a periodic modulation of the refractive index in the core of the optical fiber
itself, as shown in Fig. 4.1 (a). 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. LPG are similar to FBGs. In this configuration, the
modulation pattern is in the order of a fraction of millimetres, as shown in Fig. 4.1 (b). FP cavities
can be created by different methods including tapering the fiber or inserting a hollow fiber
between two standard fibers, as shown in Fig. 4.1 (c). 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.
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Fig. 4.1: Schematic illustration of a) FBG inscribed in a fiber, b) LPG structure, c)
Fabry-Perot cavity based on two FBGs

It has to be pointed out that FOSs are finding a great success in temperature sensing
[88-90, 93]. Presently the majority FOS configurations are based on fiber interferometers [96]
and mainly on FBGs [87, 89, 93, 97]. Several works regarding temperature sensing using FBGs
have been reported, where such structures exhibited a temperature sensitivity in the range of 10
pm/°C [88, 98].

Despite most temperature FOSs make use of the fiber itself as sensing element, this fact
entails two main limitations. The first one consists in the relatively complex fabrication of the
sensor, since the optical sensing structure has to be directly fabricated on the fiber itself. These
sensors are rather expensive to produce and complicated to implement on-site [99]. The second
one is related with the thermal properties of the fiber-based sensors, namely, the thermo-optic
coefficient (TOC), i.e., the variation of the refractive index as a function of the temperature, and
the thermal diffusivity, i.e., the temperature transfer rate of the material. Since the optical fiber is
made of silica, it is characterized by relatively low TOC and thermal diffusivity. A low TOC
determines a low sensitivity towards temperature changes, whereas a low thermal diffusivity
implies a larger time needed by the structure to reach the required temperature. In conclusion,
since the temperature sensitivity is determined mainly by the material of the FBGs, these

structures exhibit low temperature sensitivity values.

Several techniques have been used to further enhance the sensitivity and also to reduce

the response time. Among them, a widely employed technique is using a metal package for the
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FBGs, leading to a sensitivity in the range of 27 pm/°C and a real-time response [100]. However,
this process increases the complexity and the cost for the development of such a temperature
sensor. An alternative to FBGs are LPGs. These sensors can reach a sensitivity in the range of
100 pm/°C, but their high bending sensitivity may give rise to variations of the spectral response
not related with the temperature variations [101, 102]. Furthermore, also this type of configuration
presents the limitation of a complex fabrication.

The FOS probe configuration presented in this chapter is an effective solution to these
limitations. The configuration was based on the combination of an optical fiber and an additional
optical sensing element placed on the tip of the optical fiber itself. PSMC was chosen as additional
element, due to its high temperature sensitivity, cheapness and easy and quick fabrication. In this
configuration, the sensing element was not the optical fiber component anymore, but we
transferred such a role to the PSMC. By doing this, we were able to eliminate the typical issues
of the FOS configurations previously introduced, regarding the complexity of the fabrication and
the limitation of the temperature sensitivity.

4.3. PSMC sensing probe fabrication

In this study, the PSMC structure design used as sensing element was similar to that
used for RI sensing in chapter 3. The only difference consisted in the reflectance spectrum, which,
in this case, presented the resonance peak at around 1550 in air environment. So, the model based
on the TMM was used to determine the structure parameters ny, n, dn, and d in order to obtain
a resonant peak located at 1550 nm. The refractive indices and the corresponding thicknesses
obtained in the design process were ny=1.70, n.=1.40, dv=228 nm and d.=278 nm. The theoretical

porosities for the ny and n. layers were 65% and 77%, respectively.

In order to create the ny and n. layers, current densities of 16 mA/cm? and 45 mA/cm?
and etching times of 10.3 seconds and 6.9 seconds were selected. Figure 4.2 shows a SEM cross-
sectional image of the PSMC, where the light and dark grey layers are the ny and the n. layers,
respectively. The thicknesses measured with SEM of the ny and n. the layers were 215 nm and
265 nm, respectively. The estimated refractive index values are ny=1.92 and n.=1.42, whereas

the relative porosities were 57% and 75%, respectively.
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Fig. 4.2: (a) SEM cross-sectional image of the fabricated PSMC sample.

The preparation of the PSMC sensing probe is schematically shown in Fig. 4.3. The

PSMC sample created by electrochemical etching was diced into square pieces of size 1 mm? by
using an automatic dicing saw. This small size will allow us to measure the temperature variations
at a very specific point. The dicing process required around 6 minutes. In this way, considering
the electrochemical etching and the dicing processes, around 90 PSMC sensors were obtained in
10 minutes. One of these square pieces was selected and attached to the tip of an optical fiber

connector with the porous side facing it. To this aim, epoxy glue was used since it is transparent

at 1550 nm.
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Fig. 4.3: lllustration of the development of the PSMC sensing probe.
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4.4. Experimental opto-thermal setup

In order to characterize and monitor in real-time the PSMC spectrum, the optical part
of the experimental setup developed for the RI sensing experiments, described in chapter 3, was
used as shown in Fig. 4.4. In this configuration, the PSMC sensing probe was directly connected
to optical interrogator.

Fig. 4.4: Schematic illustration of the optical setup configuration used to monitor the
PSMC spectrum.

In order to control the temperature of the system, a thermal setup was developed, as
shown in Fig. 4.5. A Peltier cell was used as heater (or cooler). To control the Peltier cell, a LDC-
3744C Precision Laser Diode Controller was used as temperature controller (TC). Finally, a
thermocouple was used as temperature sensor to close the loop of the instrument internal
controller. Using thermal paste, the Peltier cell and the thermocouple were attached and thermally
connected to a heatsink. The Peltier cell heated or cooled the heatsink until the thermocouple
reached the input temperature. In order to know the temperature being perceived by the PSMC

sensing probe, a metallic stick temperature sensor was used as reference sensor.
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Temperature Controller
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Fig. 4.5: lllustration of the thermal setup.

80



The two setups were combined giving rise to an opto-thermal setup capable to change
the temperature of the system and simultaneously monitor the spectrum evolution. Figure 4.6
shows a schematic illustration of the whole experimental setup.

Fig. 4.6: Illustration of the opto-thermal setup used in the experiments.

First, experiments in water environment were carried in order to study the performance
of the sensor and, then, experiments in air environment were carried out in order to compare the
results with those obtained in water environment and study how the temperature increases affect
to the noise. To this aim, two different configurations were considered to monitor the temperature
in water and in air environment, schematically illustrated in Fig. 4.7. In the sensing-in-water
configuration, shown in Fig. 4.7 (a), the PSMC sensing probe was immersed in a water-filled
beaker. This beaker was placed on the heatsink where it was thermally connected with thermal
paste. In the sensing-in-air configuration, shown in Fig. 4.7 (b) the sensing probe was placed

above the heatsink, close to the thermocouple, at a distance of 2 mm.

(b)

Fig. 4.7: Schematic representation of the (a) sensing-in-water and (b) sensing-in-air
configurations.
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4.5. Experimental temperature sensing results

The reflectance spectrum provided by the fabricated PSMC structure is shown in Fig.
4.8. As it can be observed, the spectrum presents a resonance peak in 1532 nm, close to the
position expected from the design stage. Such experimental results are in a good agreement with
those calculated in the design stage. The positive outcome of the PSMC spectrum was due to the
correct configuration of the calculated etching process parameters. The temperature sensing
experiment were performed by monitoring the position of this resonance peak.
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Fig. 4.8: Reflectance spectrum of the PSMC used as temperature sensing element.

As explained in chapter 3, the resonance peak position depends on the refractive index
and the thickness of the layers. However, these two parameters depend on the temperature since
the refractive index will change due to the thermo-optic effect, whereas the layer thickness will
change due to the thermal expansion. This means that temperature variations cause variations of
the refractive index, of the thickness and of the pore diameter of the PS structure. The variations
of these parameters contribute to the shift of the resonance peak. In summary, temperature
variations can be determined by monitoring the resonance peak shift caused by the variation of

such parameters. In Fig. 4.9, an illustration of the temperature sensing mechanism is shown.
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Fig. 4.9: Schematic illustration of the temperature sensing mechanism.

4.5.1. Thermal setup performance analysis

Before carrying out the temperature sensing experiments with the sensing probe, the
performance of the thermal setup was studied. As shown in Fig. 4.10, the TC input temperature
was increased from 24 °C to 25 °C and the temperature perceived by the thermocouple was
monitored in real-time and in-continuum. The average observed noise was 6-10 °C. Such noise
was produced by the constant correction of the TC to keep the temperature at the input value. The
time needed by the thermocouple to reach the increment of 1 °C was around 30 seconds. This

value represents the time needed by the Peltier cell to heat the heatsink and thus the thermocouple.
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Fig. 4.10: Time evolution of the temperature perceived by the thermocouple. The
inset (a) depicts the noise of the system, whereas the inset (b) depicts its response
time.
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4.5.2. Water environment experiments

Experiments in water environment were carried out first in order to characterize the
sensitivity and the resolution of our PSMC sensing probe. The experiments were performed by
constantly controlling the heatsink temperature and its variation in a degree-by-degree basis. At
the same time, the evolution of the temperature perceived by the reference sensor was monitored.

The evolution of the PSMC resonance peak was monitored in real-time.

The temperature changes applied to the heatsink were from 24 °C to 25 °C, from 26 °C to 27 °C,
from 28 °C to 29 °C and from 30 °C to 31 °C. As a result of each temperature change, a temperature
variation of 0.2 °C was measured by the reference sensor; so, that will be the temperature variation
to be really measured by the PSMC sensing probe (i.e., not the 1°C variation applied to the
heatsink). Figure 4.11 shows the PSMC resonance peak time evolution relative to the temperature
changes previously indicated. A resonance peak shift of 22+1 pm was observed in all the cases
for the temperature change of 0.2 °C that was measured by the metallic reference sensor, thus
leading to a sensitivity of 110£5 pm/°C of the PSMC sensing probe. The average measured
experimental noise was 0.6 pm. The noise level was further reduced by around an order of
magnitude by using a FFT filtering algorithm in order to eliminate the high frequency components
not related with the sensing. Thanks to such noise reduction process, a noise value of 0.07 pm
was calculated, what leads to a temperature resolution of 6.3-10 °C. Finally, the time required
by the system to reach the plateau for each temperature change was around 90 seconds.
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Fig. 4.11: PSMC peak time evolution relative to the heatsink temperature change (a)
from 24°C to 25°C, (b) from 26°C to 27°C, (c) from 28°C to 29°C and (d) from 30°C
to 31°C. The experimental evolution is represented in light blue, whereas the
evolution after the noise filtering process is represented in dark blue.
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4.5.3. Air environment experiments

Once the PSMC sensing probe performance was characterized, experiments in air
environment were carried out. The temperature changes applied to the heatsink were from 23 °C
to 24 °C, from 24 °C to 25 °C, from 26 °C to 27 °C and from 28 °C to 29 °C. Figure 4.12 shows

the PSMC resonance peak time evolutions relative to these temperature changes.
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Fig. 4.12: PSMC peak time evolution relative to the heatsink temperature change (a)
from 23°C to 24°C, (b) from 24°C to 25°C, (c) from 26°C to 27°C and (d) from 28°C
to 29°C. The experimental evolution is represented in light blue, while the evolution
after a noise filtering process is represented in dark blue.

Analysing the evolutions, it is possible to observe that the average value of the noise
was considerably higher than that observed in water environment experiments. Moreover, the
noise increased for higher initial temperature values. The noise values of the experiments in air
environment are reported in Table 4.1 and represented in Fig. 4.13, confirming what observed in

Fig. 4.12. Finally, the average time needed to reach the plateau is around 30 seconds.

Temperature change (°C)  Noise (pm)

23-24 11
24-25 1.4
26-27 21
28-29 3.4

Table 4.1: Values of the noise obtained in the experiments in air environment.
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Fig. 4.13: Relationship between the measured noise and the initial heatsink
temperature value used in the air environment experiments.

Results analysis

The results obtained from the characterization of the thermal system, the experiments

in water and in air environment led us to understand clearly all the performance of our PSMC

sensing probe. In Table 4.2, the experimental performance of the thermal setup and the PSMC
sensing probe are reported.

4.6.1.

System Noise Response time
Thermal setup 6-103°C 30 seconds
PSMC in water 0.6 pm 90 seconds

PSMC in air >1.1pm ~30 seconds

Table 4.2: Values of the experimental performance of the thermal setup and obtained
in the experiments in water and air environment.

Noise analysis

In water environment, a noise value of just 0.6 pm was obtained. Considering that the

sensitivity of our sensor was 110+5 pm/°C, this noise corresponds to a temperature resolution of

6-107°C. This value is the same previously measured for the TC. This indicates that the measured

resolution for the PSMC sensing probe is actually limited by the thermal setup performance and

that it could be higher. Such result demonstrates that our PSMC temperature sensing probe is able

to measure very small temperature variations within a very specific point.
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In air environment, a higher level of noise was observed. This was due to the
perturbations produced by the air environment, which is a less stable system than water. The air
environment constantly tries to take the system to the room temperature, as shown in Fig. 4.14.
As itis known, the farthest from the room temperature is the temperature perceived by the sensing
probe the largest is the interference produced by the environment, since air micro-currents are
created. This means that when the temperature perceived by the sensing probe is close to the room
temperature, the influence of the environment is low. Otherwise, when temperature perceived by
the sensing probe is far from the room temperature, the influence of the environment is larger,

affecting the experimental signal evolution and thus producing a high level of noise.

Environment air

Fig. 4.14: Schematic illustration of the thermal influence of the environment on the
sensing-in-air configuration system.

4.6.2. Time response analysis

In water environment, the observed time response was around 90 seconds. It is
important to point out that such a time was determined by, firstly, the time needed by the Peltier
cell to reach the required temperature (which was around 30 seconds) and, then, by the time
needed by the water to achieve such temperature. This means that water took around 60 seconds
to reach the required temperature. In this case, water acted like a second heatsink: as the heatsink
warmed up and transferred the heat to the thermocouple, the water warmed up and transfer the

heat to the sensing probe.

In air environment, a response time of around 30 seconds was observed, which is the
same time needed by the thermal setup itself to heat up the thermocouple. Such result
demonstrates that our temperature sensing probe was able to measure very small temperature

variations in real-time.
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4.7. Conclusions

In this chapter, we have presented a novel FOS configuration for temperature sensing.
The development of the sensing probe was based on the combination of an optical fiber and a
PSMC. The PSMC sensor was obtained easily and rapidly.

The PSMC sensing probe behaviour was studied by measuring, in real-time,
temperature changes in water and in air environments. In water environment experiments, the
performance of the PSMC sensing probe was characterized, obtaining a sensitivity around 110
pm/°C and a resolution in the 10 °C range. In air environment experiments, it was observed that,
first, for equal temperature changes, higher noise levels were measured at higher temperatures
due to the temperature transmission dynamics through the environment and, then, the response

was in real-time.

In conclusion, the experimental results obtained in both environments demonstrate that
a temperature sensing probe able to both measure very small temperature variations in real-time

and with a very high spatial resolution was developed.
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Chapter 5

Experimental sensing using a

porous silicon ring resonator

5.1. Introduction

In chapter 2, we have seen that RRs are among the most employed photonic structures
in the development of sensing devices and that a traditional planar wire based RR can reach a
sensitivity around 160 nm/RI1U. However, we have also seen that the performance of a traditional
planar RRs is limited by the fact that only the evanescent field propagating outside of the photonic
structure is exploited for sensing purposes, while the majority of the optical field distribution
associated with the guided mode propagates within the structure itself. This issue is characteristic

of all the traditional integrated photonic sensing structures.

In this chapter, we present a solution to this limitation, allowing to enhance the
sensitivity of a traditional integrated photonic structure: a porous silicon based integrated photonic
sensor. As a matter of fact, the PS platform allows the possibility of infiltrating the target analytes
directly into the pores. In this way, not only the evanescent way is exploited for biosensing
purposes, but also the field propagating in the core of the photonic structure, leading to a

significantly enhancement of the sensitivity, as shown in Fig. 5.1.
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Fig. 5.1: Schematic illustration of the light-matter interaction occurring in the core of
a PS structure.

In this chapter, we present the development of a porous silicon RR (PSRR) and the
study of its sensing performance for transverse-electric (TE) and transverse-magnetic (TM)
polarizations. In section 5.2, all the process to obtain the PSRR is exposed. In section 5.3, the
experimental setup developed to characterize the sample is described. The experimental setup is
presented in section 5.4. In section 5.5, we report the results of the experimental measurements.
In case of each polarization, we measured the sensitivity for every resonance, which is determined
by the optical field distribution of the PSRR resonant mode and its interaction with the medium
filling the pores. Finally, section 5.6 contains the conclusions.

5.2. PSRR fabrication

5.2.1 Structural approach

The fastest and easiest strategy to develop a PSRR is the direct porosification of the
silicon top layer of a SOI wafer. Furthermore, the presence of the oxide sublayer guarantees
stability and robustness. However, this strategy presents a practical issue, which makes the PS
fabrication more complicated, and a further limitation, which reduces the performance of the

structure.

First of all, regarding the practical issue, the substrate of a SOI wafer is made of silicon
oxide, which is an insulator. This makes not possible the electrochemical etching of the SOl wafer
by using the techniques described in chapter 3. To overcome this issue, a lateral contact connected
with the silicon top layer is needed, as shown in Fig. 5.2, in order to allow the current to flow.
However, this configuration is complicated to develop and, furthermore, it does not allow a

homogenous porosity.
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Fig. 5.2: Schematic illustration of the placement of the lateral contact connected with
the top silicon layer of a SOI wafer.

Moreover, another limitation has to be considered. In the case in which the
electrochemical etching of the silicon top layer can be carried out, the generated electrochemical
field is not straight, but rather it is curved. This leads to the grown of curved pores, which
interconnect among them causing a high lack of uniformity of the porosity and also, eventually,

even the collapse of the structure.

Taking the importance of a high light confinement into account, in order to overcome
these limitations, we chose another strategy: the fabrication of a PS double layer using a silicon
wafer, as shown in Fig. 5.3. The RI profile of the PS double layer was selected aiming at having
a strong light confinement in the top layer, where the photonic sensing structures was patterned.
To reach this goal, the RI contrast between the top and bottom layers of PS needs to be as high as

possible when water is infiltrated into the pores.

Top layer
Low porosity = High RI

Bottom layer
High porosity > Low RI

Porous sililcon
photonic waveguide

Porous silicon
ring resonator
(PSRR)

Fig. 5.3: Schematic illustration of the strategy used to obtain a PSRR.
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However, there is a limitation in the maximum reduction of the RI of the bottom layer
since it implies increasing the porosity of this PS layer, what compromises the photonic structure
stability. Taking these considerations into account, we selected porosities as high as possible,
maintaining, at the same time, the stability of the double layer. For the top and bottom PS layers,
porosities of 35% and 65% were selected, respectively. By using the Bruggeman equation, the
RIs of the PS layers for these porosities were determined, being Niop-air=2.56 and Nsup-air=1.7, when
considering the pores filled by air. Since, in our sensing experiments the pores will be filled by
water, RIS Nip-waer=2.67 and Nsup-water=1.95 were calculated. By using these RI values, several
simulations were carried out using the software FemSIM in order to confirm the light confinement
in the top layer when considering the RIs for a water environment, as shown in Fig. 5.4.
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Fig. 5.4: Simulation of the optical propagation in the PS photonic structure.
(height=800 nm and width=1000 nm).
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5.2.2 Double layer fabrication

The designed double-layered PS was fabricated by an electrochemical etching of a
single-side polished boron doped (resistivity of 0.016 — 0.02 Q-cm) <100> Si wafer with a
thickness of 380-420 nm. The thickness of the silicon sample was almost half of those used for
the fabrication of the PS multilayers in order to allow an easier cleaving of the sample, as it will
be described in the next section. Just before the etching process, the silicon wafer was cleaned
from possible organic residues using a piranha solution and then immersed into aqueous solution
of HF (5 %) to remove SiO; from the surface. After each cleaning step, the wafer was rinsed in
DIW. The top layer with high RI was formed by applying a current density of 5 mA/cm? for 100
seconds and the bottom layer of 45 mA/cm? for 110 seconds. The cleaning procedures and the
electrochemical etching were performed at room temperature. The fabricated PS sample was
washed with acetone, isopropyl alcohol and DIW to remove residual surface impurities. Finally,

an O plasma was applied for 6 minutes, in order to improve the hydrophilicity of the PS surface.
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The fabricated PS sample was cleaved into two parts, as shown in Fig. 5.5: one intended
to the physical characterization of the PS layers and the other one to the photonic structures
fabrication.

Intended to

- the physical characterization

Intended to
the photonic structure fabrication

Fig. 5.5: Schematic illustration of the procedure to characterize, first, physically and,
then, optically the PS structure.

Field emission scanning electron microscope (FE-SEM) was used to study the thickness
and the uniformity of both the PS layers as well as the average pore diameter of the top PS layer.
Figure 5.6 (a) shows a FE-SEM image of the cross section of the double-layered PS, where the
different porosities of both layers are clearly distinguished. The measured thicknesses for the top
and bottom PS layers were around 800+25 nm and 4350150 nm, respectively. Refractive indices
of the double-layer were calculated from Fresnel coefficients under the Transfer Matrix Method
approach using reflection measurements of the porous structure. In this respect, the refractive
indices obtained were Nip-ir=2.48 and nic..ir=1.75 for the air-filled pores, what corresponds to
porosities of 38% and 63%, respectively. These porosities are practically identical to those
previously selected in the design phase, thus indicating a good control of the PS fabrication
procedure. Figure 5.6 (b) shows a top-view FE-SEM image. The average pore diameter of the

sensing structure was determined to be around 12 nm.

Fig. 5.6: FE-SEM images of (a) cross section and (b) top-view of the PS structure.
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5.3.  Ring resonator fabrication

The design consisted of a 20um-radius RR coupled to a photonic waveguide, as shown
in Fig. 5.7. The waveguide was composed by three section kinds: input (output) section, taper and
coupling section. In this waveguide design, there were no grating couplers as in the design
described in chapter 2. The input (output) section had a length of 2600 pm and a width of 10 um,
in order to ease the butt-coupling characterization of the photonic structures. The tapers had a
length of 1000 um, in order to reduce (enlarge) gradually the width of the waveguide and connect
the input (output) section with the coupling section. The coupling region had a length of 1000
pm. The total length of the waveguide was 8200 pum.

A

10 pm

A4

Input section Taper Coupling section Taper Output section

2600 pm 1000 um 1000 um 1000 pm 2600 pm

Fig. 5.7: Schematic of the basic design.

The chip design consisted of several sets of waveguides characterized by different
widths of the coupling section and the RR waveguide (800, 1000 and 1200 nm) and different
coupling gaps between the coupling waveguide and the RR (150, 200, 250, 300 and 350 nm), as
shown in Fig. 5.8.
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Fig. 5.8: Layout of the chip design.

A lithographic process was used to create the planar photonic structures in the top PS
layer. The chip design was patterned into a PMMA positive resist layer using e-beam lithography
with an acceleration voltage of 10 keV and a dose of ~87 pC/cm?. Then, after developing the
resist, the pattern was transferred to the top PS layer by inductively coupled plasma (ICP) etching.
In Fig. 5.9, the result of the fabrication process is shown.

Fig. 5.9: Picture of the PS chip.
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Since there were not grating couplers in the photonic structures design, the fiber-chip
vertical light coupling was not possible. In this case, in order to couple the light, horizontal
coupling was used. To this aim, the sample was cut in the input (output) section along the dashed
line shown in Fig. 5.10.

Fig. 5.10: Image of the layout with the dashed line along which the PS sample must
be cut.

The cut of the sample can be achieved by means of an automatic dicing saw or by
manual cleaving. Obviously, the cut carried out by using an automatic dicing saw allows more
precision than the manual cleaving. However, the dicing saw cuts the sample without meeting the
crystallographic orientation of the Si sample, causing the damages of the edge of the chip and,
thus, the waveguide input, as shown in Fig. 5.11. In this optical microscope image, the edge of a
testing chip is shown. It is possible to appreciate the irregularity of the cut direction and the
damage provoked at the input-output of the waveguides. In this way, the fiber-chip light coupling
cannot optimally take place.

(2) (b)

Fig. 5.11: (a) Optical microscope image of the edge of a testing sample after the cut
process by means of the automatic dicing saw. (b) Zoom of the region highlighted
with the red ellipse.
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On the contrary, the manual cleaving is based on the cut following the <100>
crystallographic orientation of the Si sample, avoiding, in this way, the damage of the waveguides
at the edge. Furthermore, the thinner thickness of the sample used in this case makes the manual
cleaving more accurate and easier to carry out. For this reason, in this work, we selected Si

samples of 380-420 nm of thickness and the PS chip was manually cleaved.

Before placing the PS photonic chip in the experimental setup and running the
experiments, it was physically characterized in order to verify that all the fabrication process,
including the PS double layer formation, the PS structure fabrication and the manual cleaving cut,
was correctly executed. First of all, we checked the photonic chip fabrication by analysing it with
an optical microscope. In Fig. 5.12, the PS chip in its final form is shown.

Fig. 5.12: (a) Picture and (b) optical microscope image of the definitive PS chip after
the cleaving process.

Then, we checked the cleaving cut by analysing the PS chip edges. Just with these
naked-eye images, it is possible to appreciate the almost perfectly linear cut along the
perpendicular direction of the waveguides. In order to check the status of the input-output of the
PS waveguides, the edges of the PS chip were analysed more in detail using a FE-SEM. In Fig.
5.13, FE-SEM images of the edge of an input-output waveguide are shown. It is possible to
observe that the cut occurred straightly without damaging the waveguide.

97



Fig. 5.13: (a) FE-SEM image of a waveguide input-output edge. (b) Zoom on the
waveguide edge.

Afterwards, always by means of the FE-SEM, we analysed the section and the surface
of the PS photonic structures. In Fig. 5.14, several FE-SEM images of the fabricated waveguides
are shown. In Fig. 5.14 (a) the vertical orientation of the pores can be observed, thanks to the
vertical cut of this sample edge. In Fig 5.14 (b), the sponge-like morphology of the PS and the
boundary between the two PS layers can be clearly appreciated, thanks to a non-vertical cut of
that sample edge. Figure 5.14 (c) shows the cross-section of a waveguide access and also its lateral
side. In this image, we can observe the two porosities in both the dimensions.

Fig. 5.14. FE-SEM image of the 10um-wide access waveguide: (a) 60°-sectional
image; (b) cross-sectional image; (c) cross-sectional image with lateral view.

After the section, we analysed the surface of the chip. Figure 5.15 shows FE-SEM top-
view images of the PSRR. Figure 5.15 (b) shows the top and bottom PS layers. It is possible to

appreciate the porosity difference between the two layers.
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Fig. 5.15. FE-SEM top-view image of (a) the PSRR and (b) the top and bottom PS
layers in the access waveguide region.

5.4. Experimental opto-fluidic setup

In this work, we used the same fluidic setup developed for the sample delivery described
in chapter 2, composed by a PDMS microfluidic channel, input and output Teflon tubes, the
syringe pump and the automatic switch. Also in this work, the PDMS-chip assembly was carried
out by means of the flip chip tool.

Regarding the optical part, a new optical setup with a different configuration was
developed. The optical setup consisted in a horizontal coupling interrogation platform, shown in
Fig. 5.16 (a). Light was emitted by a continuous sweep tuneable laser (Keysight 81980A). The
polarization of the input light was adjusted by using a polarization controller (Thorlabs FPC562).
Input light was coupled to the access waveguides in the PSRR chip using a lensed fiber, as shown
in Fig. 5.16 (b) and more in detail in Fig. 5.16 (c). Figure 5.16 (b) shows the opto-fluidic system,
composed by the photonic chip and the PDMS microfluidic delivery system, placed on a holder,
between the lensed fiber and an objective (20X Olympus Plan Achromat, 0.4 NA) used to collect
the light coming out from the PSRR waveguide. Figure 5.16 (¢) shows the alignment of the lensed
fiber with the photonic waveguide in order to allow the horizontal light coupling. The light
collected by the objective passed through a polarizer (Newport RM25A) in order to select the
polarization. Then, light was divided by a 50-50 beam splitter cube. A 50% of light was directed
to a power sensor, which was connected to the power meter in order to monitor the power of the
50% of the output light during the alignment stage. The other 50% was directed to an infrared
(IR) camera (Xenics Xeva-1.7-320) used to obtain the PSRR spectrum.
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Fig. 5.16: (a) Picture of the horizontal coupling interrogation platform. (b) Picture of
the chip-PDMS system placed in the optical setup. (c) Optical microscope image of
the lensed fiber aligned with the waveguide.

The interrogation platform was controlled by using a software programmed in
LabVIEW able to synchronize the continuous sweep of the laser with the image acquisition of the
IR camera via a trigger signal, in order to obtain the spectrum of the photonic structure with the
desired spectral resolution. The tuneable laser was swept from 1520 to 1620 nm with a sweeping
speed of 10 nm/s, leading to a total time for each sweep of 10 seconds. The synchronization with
the IR camera provided a spectral resolution of 20 pm. By means of the LabVIEW software, it is
possible to display the light spot acquired with the IR camera at the 10pum-wide output waveguide.
The spot can be obtained when the lensed fiber is well aligned with the photonic waveguide.
Figure 5.17 shows the LabVIEW software interface used to select the light spot and to acquire
the PSRR spectrum. Finally, a Lorentzian fitting of each resonance was performed in Matlab to
determine its position with a higher accuracy.
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Fig. 5.17: LabVIEW software interface used to select the light spot and to acquire the
PSRR spectrum.
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A schematic illustration of the final experimental opto-fluidic setup developed to

characterize the PSRR spectrum and to carry out the sensing experiments is shown in Fig. 5.18.

Automatic
microfluidic switch

IR camera Powermeter Tunable laser

Sensor

Optical
fiber

Polarization controller

Fig. 5.18: Schematic illustration of the experimental opto-fluidic setup.

5.5. Experimental results using a PSRR

5.2.3 PSRR optical characterization

The first step of the optical characterization of the photonic structure consisted in the
characterization of the light spot. This step is fundamental since it provides information regarding
the light propagation inside the photonic structure. Once the spot is found, the image provided by
the IR camera has to be optimized, since the more accurate the light spot image is the more
accurate the obtained spectrum will be. To this aim, the output power has to be maximized and
the spot focus has to be optimized. To maximize the output power, the fiber-waveguide alignment
needs to be optimized in the order of nm. To optimize the spot focus, the objective has to be

correctly positioned. In Fig 5.19, the light spots obtained with the IR camera at the 10pum-wide
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output waveguide for TE and TM polarizations are shown. It is possible to appreciate that a better
confined mode is obtained for TE polarization, while a higher amount of light is going into the

cladding for TM polarization.

Fig. 5.19: Light spot for (a) TE and (b) TM polarizations.

Then, the spectra for all the PSRR configurations included in the photonic chip (i.e.,
different waveguide widths and coupling gaps) were characterized in water environment for the
TE and TM polarizations. The best spectral responses in terms of resonances quality and optical
losses were obtained for the configuration having a coupling waveguide width of 1000 nm and a
coupling gap of 200 nm. Figure 5.20 shows the measured TE and TM spectra in water
environment for that PSRR configuration. The average quality factor of the measured resonances
is quite reduced (453 and 512 for TE and TM polarizations, respectively) due to the higher losses

that are produced in the PS-based waveguides compared to typical solid core ones.
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Fig. 5.20: Spectra of the PSRR for (a) TE and (b) TM polarization. The amplitude is
represented in terms of the analogic-to-digital units (ADU) measured by the camera
(in logarithmic scale).

The selected waveguide configuration was simulated using the software FemSIM in
order to determine the modes existing on it for a water environment. Two fully propagating modes
were obtained for that waveguide configuration for each polarization, while a third mode also

begins to propagate for both polarizations. The field profiles of those modes are shown in Fig.
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5.21. From the optical profiles measured in the experiments, which were depicted in Fig. 5.19,
we can see that only the fundamental mode is properly excited and propagated for TE polarization,
while higher order modes are excited and propagated for TM polarization, leading to a higher
delocalization of the optical field.
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Fig. 5.21: Simulations of the optical modes propagating in the selected PS waveguide
configuration (height = 800 nm and width = 1000 nm) for (@) TE and (b) TM
polarization. The modes are ordered from left to right.

5.2.4 Sensing results

Several RI sensing experiments were performed to determine the sensitivity of the
PSRR photonic structure. To this aim, different ethanol-water dilutions were flowed over the
sensor while the transmission spectrum was continuously acquired in order to determine the shift
of the PSRR resonances. The ethanol (EtOH) concentrations in DIW used in the experiments were
10%, 5% and 1%, which correspond to RI changes of 6.6-102, 3.3-10 and 6.6-10* RIU respect
DIW, respectively. The three ethanol concentrations were flowed from the highest to the lowest.
DIW was flowed before and after each concentration in order to have a baseline as reference. All

the experiments were carried out for TE and TM polarizations.

Figure 5.22 (a) and Fig. 5.22 (b) show the time evolution of all the PSRR resonances
within the sweeping range for TE and TM polarizations, respectively. The average sensitivity of
the PSRR sensor (i.e., for all the resonances within the measured range) was around 350 nm/RI1U
for TE and 320 nm/RIU for TM when considering the whole range of refractive index variations
that has been measured. The maximum sensitivity value was around 380 nm/RIU, provided by
the resonance located at ~1607.5 nm for TE polarization, whose quality factor was 513. This
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sensitivity value was more than twice higher than the sensitivity achieved for a traditional SOI
RR resonances within the measured wavelength range being tracked. The average noise level
measured was around 0.1 pm, as it can be observed in the inset in the inset of Fig. 5.22 (a). This
led to an estimated limit of detection of 2.7x107 RIU.
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Fig. 5.22: Wavelength shift time evolution of all the resonances for (a) TE
polarization and (b) TM polarization. The different colours indicate the different
resonances of the PSRR.
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Figure 5.23 shows the spectral shift measured for each resonance for both polarizations.

In this figure, an oscillatory-like behaviour can be observed as we move towards higher order

resonances.
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Results analysis

In Fig. 5.24, the sensitivity curves of each resonance for TE and TM polarizations are

shown. As it can be observed, the sensitivity behaviour of the PSRR sensing structure was not

totally linear. In fact, the sensor exhibited a higher sensitivity for lower RI variations, specifically,

for a RI variation of 6.6-10* RIU corresponding to the EtOH 1% concentration. Consequently,

considering a RI variation of 6.6-10* RIU, the highest sensitivity provided by the PSRR sensor

was obtained with a value of 439 nm/RIU for the TE resonance located at ~1607.5 nm.
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Fig. 5.24: Sensitivity curve of each resonance for (a) TE and (b) TM polarizations.
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This is related with the non-linear variation of the RI of the top porous layer that is
produced when changing the RI of the solution infiltrated into the pores, as it is shown in Fig.
5.25. We can see that a higher variation of the effective refractive index of the top layer is obtained
for the EtOH 1% concentration than for the EtOH 5% and 10% concentrations. For this reason,

the PS structure showed a higher sensitivity for such small EtOH concentration.
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Fig. 5.25: Top PS layer RI variation as a function of the EtOH solution RI

In the sensing experiments, the resonances presented a similar behaviour for both
polarizations. This was related to the fact that the sensing occurs mainly inside the guiding
structures, where the field distribution is similar in both cases. However, a higher sensitivity was
obtained for TE polarization resonances. This was due to a better light confinement for TE
polarization, as it was shown in the spot images presented in Fig. 5.19. Since using our PS sensor
the sensing event occurs inside the structure where the field is propagating, the better light
confinement leads to a higher light-matter interaction. This is the opposite to what typically
happens for evanescent wave sensors, where TM modes are generally more sensitive because of
the presence of a higher amount of evanescent field over the top surface of the structure. In fact,
using a PSRR, the sensitivity obtained in these experiments was considerably higher than that
achieved for traditional SOI RRs. As it was reported in chapter 2, the highest sensitivity exhibited
by a traditional planar RR was 160 nm/RIU, whereas in this work the sensitivity value was more
than twice that value. The sensitivity obtained using the PSRR is also higher than that reported
for other RR configurations as those based on the slot waveguide, where values up to 298 nm/RIU
have been measured. Additionally, different shifts have been obtained for each resonance of the
PSRR (for each polarization). This sensitivity variation indicates that a different interaction
between the resonance optical modes and the target substance is taking place, which might be
determined by the local variations of the pores properties and distribution of the fabricated PS
layer where the RR is created. Besides this oscillatory-like behaviour, the average shift also
increases as a function of the wavelength, due to the larger evanescent field of the modes as

wavelength is increased.
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5.7. Conclusions

In this chapter, we presented the enhancement of the sensitivity of traditional photonic
structures using PS as material platform. More in detail, this chapter was focused on the
development of a porous silicon ring resonator and its use for RI sensing. The PSRR was
developed thanks to the formation of a PS double layer with a high RI contrast and its sensing
performance was characterized both for TE and TM polarizations. The characterization was
performed by monitoring in continuum the evolution of the sensing structure spectrum. The
experimental results indicate that the sensitivity of the PSRR was slightly better for the TE
polarization than for the TM polarization. This is because the sensing occurs in the core of the
structure, where the TE polarization plays a major influence due to the better confinement of the
light in the photonic structure. Working with such polarization, a sensitivity of 439 nm/RIU was
achieved for the detection of low RI variations. The higher light-matter interaction that is
produced due to the fact that the sensing occurs directly inside the structure, together with the
possibility of immobilizing the bioreceptors on the inner surface of the pores, make PS a suitable

platform for the development of new biosensing devices exhibiting a high sensitivity
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Chapter 6

Conclusions and future lines

6.1. Conclusions

In this PhD Thesis, we have travelled a journey that began with the experimental study
of more traditional photonic sensing platforms and evolved to the development of novel
configurations based on porous silicon. These configurations solved the limitations of traditional
photonic sensing structures and turned to be more sensitive and also cheaper, easier and quicker

to develop.

We started our research using traditional photonic sensing structures for the
biodetection of target analytes. As a model of photonic sensing structure we used a SOI RR, since
this sensor is probably the most commonly employed photonic structure for the development of
biosensing devices due to its simplicity, versatility and multiplexing potential. The aim was to
demonstrate the crucial role of the biofunctionalization in biosensing applications. BSA was used
as a target analyte model. To improve the BSA detection, we focused on the improvement of the

antiBSA immobilization process. To this aim, the sensitivity to that antibody needed to be
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enhanced. For this reason, we biofunctionalized the sensor surface with an intermediate protein
A layer. Thanks to this approach, we were able to enhance the sensitivity for antiBSA and, thus,
to achieve a LOD of the antiBSA total mass of 60 ag. This led to an experimental LOD of BSA
of 1 ng/ml.

However, the sensitivity values previously mentioned were not maximized, since the
sensitivity of SOI structures is limited by the fact that only the evanescent field interacts with the
target analyte to be detected. Hence, we re-directed our study and our research to the development
of a new platform to be used for the fabrication of photonic sensors with higher sensitivities. Such
a platform was the PS. The reason why we chose PS is due to the several advantages provided by
such a material. The main advantage is the possibility to use the inner surface of the pores for
sensing purposes, leading to maximize the light-matter interaction and, thus, the sensitivity of the
photonic structure. Furthermore, the development of PS structure is cheap, quick and easy to carry

out.

PS photonic structures used in sensing applications are mainly based on refractivity.
Among them, the most important sensors are based on reflectivity. This led us to the fabrication
of sensing structures based on Bragg reflectors, which are probably the most used PS structures,
and their use for RI variation sensing. Since the spectrum of a Bragg reflector is characterized by
the present of a photonic reflectance band, we used a power sensing technique to characterize the
performance of the structure. Here, we faced an issue related with the dependence of the power
sensitivity with the spectrum slope, which was translated into a non-linear relation with the
perceived refractive index variation. Instead, the sensing technique based on tracking a given
spectral feature provided a linear sensitivity. For this reason, we re-directed our study to the
fabrication of PSMCs and their use for RI detection. This kind of structure was found to be very
easy and rapid to fabricate. Since this structure provides a very narrow resonance peak in the
spectrum, we were able to characterize the PSMC performance by using the wavelength based
sensing technique. With this photonic sensor, we achieved an outstanding sensitivity of around
1000 nm/RIU and an experimental LOD of 6.6-107 RIU.

Since temperature monitoring is crucial in several fields, we have also focused our
attention on temperature sensing in order to contribute also in this field. Among temperature
sensors, the most employed are FOSs. However, this kind of sensors present several limitations,
owing to the use of the fiber itself as sensing element. This leads to a complex fabrication of the
photonic structure into the optical fiber and to a limitation of the temperature sensitivity, since the
optical fiber is made of silica, which presents a low TOC. Within this context, we took advantage
of the PSMC to overcome these issues by developing a novel fiber-optic temperature sensor

probe, as a result of the combination of an optical fiber and the PSMC itself. Our sensing probe
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was easy, quick and cheap to develop. By employing this PS based FOS, we achieved a
temperature sensitivity of around 110 pm/°C, against the 10 pm/°C of a standard FBG based FOS,
with a LOD of 6.3-10* °C. In addition, thanks to this sensing configuration, we were able to

detected such extremely low temperature variations in real-time and in a very specific point.

Finally, in order to demonstrate the advantage of using PS as material platform and,
thus, to overcome the limitations of traditional SOI photonic sensing structures, we developed a
PSRR and studied its performance, closing, in this way, the loop of this PhD Thesis. In order to
obtain the PSRR, first, we fabricated a high porosity and high RI contrast PS double layer with a
profile similar to that of SOI platform. The high porosity was needed to enhance the sensitivity,
whereas, the high RI contrast to confine the light in the photonic structures. Then, in the high RI
top layer, the photonic structures were fabricated. The light was well confined in the waveguide
and the PSRR was optically characterized for TE and TM polarizations. For TE polarization, light
was better confined, what led to a sensitivity higher in such a polarization. Thanks to this sensing
platform, we were able to obtain a sensitivity of 439 nm/RIU, against the ~160 nm/RIU of a
traditional planar SOI RR, and a LOD of 2.27-107 RIU.

In conclusion, we have demonstrated the development of high sensitivity photonic
sensing structures based on porous silicon. It has to be highlighted the design and the development
of four different experimental setups, each of them being specially developed for each sensing

structure.

6.2. Future lines

Starting from the results achieved in this PhD Thesis, it is possible to develop several
future lines oriented specially to the improvement of the detection of analytes, but also to open
novel ways for sensing applications. The main work lines that could be developed in the future

might be:

e To use PS sensors, in particular PSRRs, for the detection of extremely low
concentrations of BSA in order to compare the results with those presented in chapter
2 for the SOI RR. In particular, by studying the BSA sensitivity enhancement, the
effective amount of field exploited in the sensing event can be determined and also the

pore percentage covered by the bioreceptors.

e Toincrease the pore diameter of the PS sensors by using KOH. This advancement paves

the way to biofunctionalize PS structures with more complex sensing techniques,
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including those based on the covalent binding, which require more steps and, so, the

creation of more biolayers.

To develop an interrogation platform able to perform a simultaneous measurement in
different points of the 1D PS structure in order to perform a multiplexed detection. This
line can be developed by fabricating a new fluidic cell where more optical fibers can be
implemented in order to illuminate the PS sample and, thus, to realize a multiple

detection at the same time.

To develop a PS sensing probe suitable for bulk and biochemical sensing. To this aim,
a PS membrane can be produced and placed on the optical fiber tip. In this way, we can
have a porous face of the probe exposed to the target substance, which will be able to
penetrate the PS structure in order to analyse i
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