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Prefazione

Quando, ormai pit di tre anni e mezzo fa, concludevo il mio Per-
corso di Laurea in Fisica, avevo molta voglia di mettermi alla prova.
Il mio ideale era una ricerca applicata, che fosse intellettualmente sti-
molante ma anche di rilevanza tecnologica a breve termine. La scelta
di continuare con un dottorato ¢ stata condizionata, tra le altre cose,
anche da un confronto con il prof. Pavesi, quando ancora non sapevo
che sarebbe diventato il mio relatore.

Con il percorso che ho intrapreso, penso di aver raggiunto il mio
obiettivo: ho infatti trovato molto edificante esplorare il mondo della
“Silicon Photonics”, che fino a prima del dottorato mi era quasi total-
mente sconosciuto. Soprattutto il primo anno, quando ancora stavo
prendendo dimestichezza con la materia, ero continuamente stimo-
lato dalle nuove tecniche apprese, e continuavo a sforzarmi di im-
maginare come prendere il meglio di ognuna per applicarle alla mia
ricerca. Data la vasta dimensione della comunita scientifica coinvolta
in questo settore, nella maggior parte dei casi ho trovato che le mie
idee erano gia state esplorate pitt 0 meno approfonditamente da altri
lavori. Tuttavia, questo ha costituito, per me, non un motivo di scon-
forto quanto, al contrario, di ulteriore soddisfazione, perché potevo
confrontarmi e vedere che anche altre persone si erano poste le mie
stesse domande.

Ho trovato parecchia soddisfazione anche dall'interdisciplinarita
del mio progetto di ricerca, che mi ha permesso di espandere la mia
conoscenza, oltre che nel campo della fisica, anche in quello della
chimica e della biologia (anche se molto “di settore”). Lo sforzo ulte-
riore, reso necessario dalle mie limitate conoscenze pregresse, ¢ stato
ricompensato dal buon risultato finale della ricerca.

Infine, un altro aspetto non strettamente scientifico della mia
formazione durante il percorso di dottorato & stato lo sviluppo del
mio profilo professionale. Anche grazie ai corsi dellUNITN, Crash
Course on Research Funding, Intellectual Property and Start up Creation
e IEEE Italy School of Career Boosting, ho maturato la convinzione che
si possa fondere buona ricerca tecnologica, innovazione e conoscenza
anche fuori dall’'universita, con un trasferimento di sapere a doppio
senso con le aziende e le start-up. Per questo motivo, insieme ai
miei due amici e colleghi Matteo Franchi e Luca Matteo Martini,
ho ideato, organizzato e curato la prima edizione di IPSP Industrial
Problem Solving with Physics. La prima soddisfazione ¢ stata vedere



it

il pieno supporto e la fiducia che I'Universita ed il Dipartimento di
Fisica hanno riposto nel nostro progetto. La seconda, e forse piu
grande, ¢ stata vederlo realizzato, concreto e secondo i piani. Essendo
stato il primo progetto curato da noi tre, il successo e il forte impatto
mediatico riscosso mi ha veramente colpito e mi ha dato molta car-
ica. Spero che anche le future edizioni possano continuare a ricevere
altrettante soddisfazioni e a beneficiare di fruttuose collaborazioni.

Vorrei ringraziare in primo luogo il prof. Lorenzo Pavesi, sia per
la sua guida scientifica che per i suoi consigli, sul piano umano e pro-
fessionale. Ringrazio anche Laura, perI'aiuto costante nell'organizzare
e preparare gli esperimenti di biosensing di questi anni, e Romain,
che oltre ad essersi dimostrato un piacevole collega ed amico, & stato
indispensabile per la pesantissima e lunghissima burocrazia di Sym-
phony. Un grazie lo dedico anche ai miei colleghi Fernando e Paolo,
che mi hanno aiutato in vario modo in questi anni, soprattutto con
piacevoli ed a volte illuminanti dialoghi e confronti. Un pensiero lo
dedico anche agli amici fisici (e chimici) che mi hanno accompagnato
in questi anni, rendendo 'ambiente di lavoro anche un ambiente fa-
miliare e di cordialita.

Ringrazio i miei genitori, che mi hanno permesso di studiare e
che mi hanno sempre sostenuto nelle mie scelte di percorso. Infine,
un grazie immenso a Sofia, a colei che, purtroppo, si ¢ subita anche
i lati negativi del mio dottorato: i weekend saltati per delle urgenze
da concludere a scadenza, i malumori per degli insuccessi inspiegati,
quando finivo tardi (e senza avvisare!) in laboratorio, le notti in-
sonni per scrivere una tesi che non ne voleva sapere di saltare fuori
da quelle maledette pagine bianche. Lei che mi ¢ stata vicina sem-
pre, dimostrandosi paziente, premurosa e di conforto. A lei, ed al suo
grande amore, io devo il mio dottorato, e per questo motivo le dedico
i risultati dei miei sforzi.

Davide Gandolfi
Trento

Marzo 2015



Abstract

The development of a highly integrated optical biosensor
is expected to significantly impact on the performances and
on the throughput of biochemical assays, with applications in
the field of pharmaceutical research, point-of-care diagnostic,
food-borne pathogens screening and safety.

This dissertation studies the development of a label-free
on-chip biosensor for the selective detection of Aflatoxin-M1
from milk content. We detail the design and the realization
of two types of multiplexed sensors. They are based on the
silicon photonics technology and operates in liquid ambient at
wavelengths in the near-visible and near-infrared spectra.

Most of this work is focused on the first type of sensor,
which is based on a whispering-gallery-mode resonator. In
particular, we analyze microdisk, microring and wedge res-
onator structures, studying the sensitivity and the quality factor
of each. The appeal of these structure is given by the low de-
tection limit that can be achieved in a footprint of few tens of
microns per side.

The second sensor type is based on a spectrally resolved
asymmetric Mach-Zehnder interferometer. In this case, the
high level of folding permitted by the use of high refractive-
index-contrast materials enables the fabrication of sensitive in-
terferometers in a reasonable footprint.

'The experimental characterization of the bulk refractomet-
ric sensing of the devices is performed in continuous flow, us-
ing a dedicated microfluidic flow-cell in PDMS. This char-
acterization assesses the high resolution of both device types,
which are able to resolve variations in the refractive index of
the liquids with a limit of detection down to 107 refractive
index units (RIU).

The selective superficial sensing is also evaluated, imple-

menting a biorecognition functional layer with DNA-aptamers.

The assay of buffered solutions containing Aflatoxin-M1 mo-
lecules confirms that the devices under test are suitable biosen-
sors, with specific detection limits down to about 100 pg ml™*
for the Mach-Zehnder interferometer, and slightly larger for
the microring resonator.

A procedure for the regeneration of the sensor has been
optimized, enabling reproducible sensing up to nine times. The
detection of the receptor-ligand binding in real-time enabled

il
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the study of the kinetics of the binding reaction, and we mea-
sured for the first time the kinetic rate constants of the anti-
aflatoxin aptamers of our sensors.
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Introduction

Lifesciences are growing at fast-pace, attracting attentions from many
different research and market fields. Biophysics, bioinformatics and
biotechnologies are fusing together interdisciplinary expertises, and
this cross-fertilisation of ideas is probably the most appealing feature
for the curious mind of a physicist.

The advances in the understanding of the biological functions of
living species are usually driven by the introduction of new technolo-
gies, to detect or amplify the signals and features of the small bio-
objects. One of the most striking and relatively recent examples is
the polymerase chain reaction (PCR) [1], that opened the road for the
amplification of DNA pieces and that, eventually, gave a fundamen-
tal contribution to the sequencing of the human genome. Thus,

(a) (b) (o)

Ficure 1: Representation of some examples of biological targets that
a biosensor could detect. (a) DNA strands, (b) proteins or other sig-
nalling molecules, and (c) viruses and bacterial.

1Photogre&phs: PublicDomainPictures at http: //pixabay.con/, Emw at http://de.
wikipedia.org/, and NIAID/NIH at wuu.flickr.con/photos/niaid/.
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(b)

Ficure 2: Two common features that are highly demanded in bio-
logical and chemical analysis systems: (a) high throughput, achieved
by running in parallel several analysis, and (b) small sample volume
consumption, to reduce the time and the costs. Both are inherent
features of integrated lab-on-chips?.

there is a continuous demand for the development of sensors and
technologies that are able to detect or visualize biological materials,
from whole cells to single molecules, with increasing capabilities.

Small integrated and functional chips are particularly appealing
for creating biosensors: with the realization of miniaturized sens-
ing sites, it is possible to limit the volumes of the samples or of the
chemicals involved in the detection protocol, reducing the costs and
the time of every assay. The device itself can be cheaper, because a
high number of multiplexed sensors can be fit and run in parallel in
a small area, as small as few square millimeters. Low cost and dis-
posable biosensor cartridges allow for a simpler apparatus and a more
accurate detection, without interference between consecutive assays.
In addition, it is possible to combine a microfluidic sub-systems that
transport, mix, process, separate and drain the fluids (sample and
reagents). These integrated chips, with functional and sensing capa-
bilities are known with the name of Lab-on-Chip [2, 3]. The aim of
a Lab-on-Chip is to reduce the complexity of the sensing protocol,
so that even untrained operators can correctly perform the measure-
ments. In this way the analysis (and diagnosis) can be conveniently
moved from the medical laboratories to the patients, through simple-
to-use point-of-care testing devices.

Integrated optics and electronics are particularly suited to satisfy

2Photogmphs: PublicDomainPictures at http: //pixabay.con/ and Jennifer Kanaan
at http://fitnstyle.com/.
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the demand of miniaturized and multiplexed sensors. With the use
of photolithography it is possible to realize sensors with sizes as small
as few microns, densely interconnected and with special functionali-
ties [4, 5]. Complementary Metal Oxide Semiconductor (CMOS) is the
standard fabrication technology for silicon-based microelectronics.
Similarly, CMOS-compatible silicon photonics is leading the field
of integrated optics, taking advantage of the high degree of maturity
of the technology, as well as of several favourable optical properties
of silicon, first of which the high refractive index, that enables the re-
alization of small optical wires with sharp bends [6]. However, pho-
tolithography is not the only available method to realize integrated
optics. With the use of polymers, for example, it is possible to create
a soft master mold and replicate polymeric optics with a high quality
of the finishing and of the transmission properties [7, 8].

There are many applications in which a highly integrated Lab-
on-Chip, or biosensor in general, could be of particular interest. The
first and more obvious is for medical diagnostics, in specialized lab-
oratories but also in point-of-care instrumentations. In this case the
multiplexing capabilities of an integrated biosensor could improve
the accurate recognition of a particular disease, by screening the sam-
ple against several markers [9]. Another interesting application is
the detection of contaminants in the food industries. In this case
the analyte, i.e. the target biomolecule, can be pesticides, toxins or
mutated DNA sequences (thus, recognizing OGMs from biological
products). Pharmaceutical research can benefit from the multiplex-
ing capabilities, from the reduced samples volumes, but also for the
real-time response offered by some systems. In drug screening and
development, in fact, it is very important to be able to follow the ki-
netic of the uptake of the drugs. For what concerns environmental
and pollution monitoring, biosensors can be used to detect bacteria,
chemical compounds and heavy metals [10], that are present in the
atmosphere, in the soil or in the waters. Lastly, an important appli-
cation of biosensors, especially nowadays, is for security and counter-
terrorism. Small traces of chemical and biological warfare agents can
be detected in airports, stadiums and other safety-critical scenarios
[11].

Like every sensor, a transduction mechanism is necessary to quan-
tify the specific observable, that in a biosensor is usually the presence
or the concentration of a target, and converting it into a measur-
able signal. Examples of non optical transducers are the microelec-
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trodes arrays (MEA) [10], that are mainly used for impedance spec-
troscopy and for recording the neural activity in-vitro and in-vivo,
and the microelectromechanical systems (MEMS) [12]. In this last
category we recall the microcantilevers [13] and the quartz-crystal-
microbalances (QCMB) [14], that perform gravimetric sensing ex-
ploiting the change in resonance frequency of a vibrating piezoelec-
tric crystal. A commercial system based on MEMS technology is the
VereC/JipTM, from Veredus Laboratories®.

For what concerns optical diagnostic and sensing, there is a plethora
of different techniques [15]. In some specific case, it is possible to
adopt spectroscopic techniques, like, for example, absorption, fluo-
rescence or Raman spectroscopy. However, these kind of techniques
are either not easily integrated in a chip, or are created for a particu-
lar application, limiting their usefulness. The reason is that to detect
and discriminate the target, they rely on its specific optical properties.
A more versatile approach is the use of a non-selective optical diag-
nostic technique, rendered selective by the functionalization of the
sensor with biorecognition agents. The strength of this approach is
that the transduction and the detection are decoupled, so that a single
device can be applied to the sensing of different kinds of targets, just
by changing its functionalization. We can divide the techniques that
rely on a functionalization layer in two classes: /abeled and label-free.

'The former is arguably the most famous and widespread biosens-
ing approach. It is based on the addition of a marker, that binds to
the target changing its optical properties. Fluorescence microscopy is
a good example of labeled imaging, because target biomolecules are
stained (labeled) with fluorescent markers to increase the resolution
and the contrast of the microscope image. Another prominent exam-
ple is the Enzyme-Linked Immunosorbent Assay (ELISA), for which
the paper of its original proposal [16] has received more than 3550 ci-
tations, at the present day*. The general concept is the following: the
target analyte is immobilized on a substrate, either by direct adsorp-
tion or by specific binding to a primary antibody. Then, an enzyme
is linked through a secondary complexed antibody, either directly or
competitively with the target. Finally, the change in an optical prop-
erty (usually the color, but also the fluorescence) is detected. There
are several variations of ELISA tests: the direct and the indirect la-

3Company website: http: //vereduslabs. con/
4Source: Google Scholar
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beling, the “sandwitch” and the competitive approaches. ELISA-
based technologies are very mature, with demonstrated applications
in which microarrays with up to several thousands sensing sites have
been realized [17]. In addition the availability of cheap and mass
production test-kits, with easy handling procedure (so to be used by
untrained personnel), is an evidence of the great versatility of this la-
beling approach. A clear example is the lateral-flow strip test [18],
which find applications from the pregnancy tests to the routine lab-
oratory analysis. Always related to ELISA-based sensing, we recall
the (electro)chemiluminescence approach [19] and the fluorescence
lifetime imaging.

Finally, we recall here two important labeled sensing methods
that do not require a washing step, and that, for this reason, are more
suited for homogeneous and real-time probing: molecular beacons
and fluorescence polarization immunoassays [20]. The former are
very sensitive and selective, but can be applied only to the sensing of
single-strand DNA sequences. The latter is less sensitive, but it can
be used to detect many different kinds of small biomolecules, like
hormones, toxins, drugs and explosives. While labeled detection is
highly sensitive, with detection limit down to a single molecule [21],
it suffers from laborious and costly labeling processes. In addition,
the labels may functionally interfere with the target biomolecule, which
can be disadvantageous in drug research.

With the term label-free we indicate the class of biosensing ap-
proaches complementary to the labeled detection. In this case, the
sensor is functionalized with antibodies, oligonucleotides, aptamers
[22] or molecularly imprinted polymers (MIP) [23, 24], and traps
the target biomaterial on its surface. Thus, the biorecognition is
achieved only by the trapping agent, without the need for an ad-
ditional marker. The physical transduction is then necessarily based
on optical properties of the target itself, e.g., on its molecular polar-
izability (and, hence, on its refractive index). This approach is inher-
ently different than spectroscopic ones, as the change of this optical
property is used to guantify the analyte, whereas its discrimination
is achieved by the functional layer. There are many optical devices
that can be used as sensitive label-free biosensors [25]. The most
mature technology, and probably, the de-facto standard for label-free
optical analysis, is Surface Plasmon Resonance (SPR) [26]. A surface
plasmon wave is a charge density oscillation that occurs at the inter-
face of two media with dielectric constants of opposite signs, such
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as metal/dielectric interfaces. Among several coupling mechanisms,
the most widely used is the prism coupler: basically, the resonance
condition is found when the transverse component of the propaga-
tion constant of laser light impinging from the prism side equals the
propagation constant of the surface plasmon wave. For a fixed wave-
length this condition is achieved only at a specific incidence angle,
or, complementary, at fixed angle the condition imposes a certain
laser wavelength. When the boundary conditions change due to the
surface adsorption (or binding) of a target molecule, the resonance
angle or the resonance wavelength shift accordingly, so that they can
be used as a transduction signal. Liedberg proposed and demon-
strated, for the first time in 1983, the use of this kind of sensors to
detect fractions of monolayers of antibodies [27]. Since then, this
technique has evolved considerably, and nowadays it is involved in
several commercial apparatus, the most famous ones being sold by
the company Biacore’. Moreover, several papers are now reporting
about multiplexed SPR biosensor chips [28], with more than 10.000
sensing sites [29].

Whispering Gallery Mode (WGM) resonators are, arguably, the
most promising competitor to SPR biosensors. They are entirely
made with low-loss dielectrics, and for this reason their resonances
are much sharper and more resolved than SPR. Despite being a
known effect in dielectric optics since the 1960s [30], the use of a
small WGM resonator for biosensing applications made its first ap-
pearance only recently [31]. WGM resonators are appealing both
for the very high quality factor that they can exhibit [32], as well as
for the possibility of miniaturization down to few tens of microm-
eter in diameter. 'They are easily integrated with photonic waveg-
uides to allow the realization of complex systems [33, 34]. More-
over, their sensitivity does not depend on the size of the resonator,
so that the down-scaling of the system is favourable, in comparison
to several other competing technologies. This scaling law, in com-
bination with the high spectral resolution, led to the demonstration
of single particle detection (a single InfA virus) [35, 36], although
the size (50 nm radius) and the mass (5 x 10710 g) of the particle
were still large compared to many biomarker of interest. Eventually,
also the single protein detection has been demonstrated in a hybrid

plasmonic-enhanced WGM resonator [37, 38]. Also in the case of

5Company website: https: //uuu.biacore.con/1ifesciences/index. htnl


https://www.biacore.com/lifesciences/index.html

WGM biosensor, some commercial apparatus are appearing on the
market, with up to 128 multiplexed sensing sites (and no cross-talk)
as in the case of the Maverick system, from Genalyte®.

Other competing technologies for the label-free detection are
the integrated interferometers [39], either in Young (YI) or Mach-
Zehnder (MZI) configuration. As opposite to WGM resonators,
these sensors do not scale well, and they are usually made with sens-
ing arms as long as several centimeters. On the other side, this fea-
ture makes possible the precise control of the sensitivity of the ap-
paratus, and one can engineer the size of the sensor depending on
the application. Despite the fact that very low detection limits have
been demonstrated using these devices [40], larger sample volumes
are necessary to cover the whole sensor, and single-molecule detec-
tion can not be foreseen.

Finally, a special mention has to be reserved for biosensors based
on optical fibers. Thanks to their small size, their flexibility and me-
chanical robustness and to their inherent property of light guiding
with low losses, these photonic device are excellent candidates for
remotely sensing or for in-vivo biosensing. They can be the optical
equivalent of electrodes, and, in fact, the term optrode has been in-
troduced. Despite the light guiding for spectroscopy applications or
for labeled detection [41], fibers can be employed also for label-free
detection. Two examples are the fiber Bragg grating (FBG) and the
photonic crystal (PhC) fibers [42], which show reflection spectra or
mode confinement loss spectra that are dependent on the refractive
index of bound particles. In addition, PhC fibers can be fabricated
with a hollow core, so that the specific functionalization can be made
directly in the holes, sensibly increasing the light-matter interaction.

'There are many other optical techniques that can be applied to the
detection of target biomolecules. However, due to this wide variety,
an exhaustive treatment is far beyond the scope of this thesis. The
reader can find additional information elsewhere [15, 3].

Motivations

As explained in this brief introduction, silicon photonics is arguably
the most promising technology to develop highly integrated, multi-
plexed biosensors. Moreover, the use of silicon nitride, Si3N,, and

6Company website: http: //genalyte.con/
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silicon oxynitride, SiOXNy, extends the possible range of light guid-
ing and sensing to the visible spectrum. This enables the on-chip in-
tegration of silicon-based photodetectors, and the use of fluorescent
markers for labeled detection. For this reason, in the last years the
Nanoscience group of the University of Trento investigated the use
of silicon-based waveguides to realize labeled biosensors to be oper-
ated in the visible [43, 44]. In this approach, the evanescent wave of
the guided mode was used to both excite and collect with high efli-
ciency the fluorescent specific biomarkers. These works were funded
by the local government Provincia Autonoma di Trento PAT, in the
framework of the FU-PAT NAOMI project. One of the drawbacks
and limitations of this technique was the background noise due to
the scattered light, mainly generated at the interfaces of the reaction
wells. To circumvent the issue, we started to investigate the use of
resonant WGM cavities as an alternative approach, more robust to
intensity fluctuation and noise.

'This new research activity provided an important role within the
scope of the FP7 European project Symphony “integrated SYsteM based
on PHOtonic microresonators and microfluidic components for rapid de-
tectioN of toxins in milk and dairY products”, grant number 610580 7,
'The Description of Work [45] of the project states that

“The objective of the Symphony project is the devel-
opment of a system for the detection of aflatoxin M1 in
milk for the dairy industry. [...] the Symphony project
will deliver and test in real settings a smart heteroge-
neous integrated system by the integration of key en-
abling technologies such as micro-nano-bio-systems and
photonics, polymer-based technologies for low-cost mi-
crofluidics and Si-based photonic structures”.

Aflatoxin M1 is a milk contaminant and potent carcinogen classi-
fied in group 1 of the International Agency for the Research on Can-
cer (IARC, 1993). The European Commission regulation (EC) No.
1881/2006 specifies the maximum level of aflatoxin M1 contamina-
tion in milk to 50 ppt (50 pgml~1), and to 25 ppt (25 pgml~?!) for

infant formulae. Thus, this project is aimed at the realization of a

7Project website: http://symphony-project.eu/
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complex system, where the sensor has to provide smart functionali-
ties, in terms of multiplexing, reuse and integration with the rest of
the apparatus, together with ultra-sensitive detection limits.

'The need for an integrated system, with cheap light sources and
detectors, motivated the choice of silicon-based and CMOS-compatible
materials, to be operated at wavelengths in the VIS-NIR range. At
the same time, the required low detection limits motivated the inves-
tigation and exploitation of two promising candidate technologies,
i.e., WGM micro resonators and MZIs. As previously anticipated,
the former is appealing for its scaling law: ultra-sensitive detection
can be achieved irrespectively to the resonator size, so that a large
number of sensors can be fit on a small chip. On the other side, the
latter is favourable exactly for the same scaling law: if the detection
limit of the WGM resonator will result not sufhicient for the pur-
poses of the project, a larger MZI is expected to provide the required
specifications.

Motivated by these considerations, this thesis is devoted to the
design, development and experimental characterization of a silicon-
based label-free biosensor. The main focus is given to the applications
of WGM microresonators, but we also test and compare MZI-based
biosensors.

Document Structure

'This document is structured in four chapters, based on the following
contents.

Chapter 1 gives to the reader a general theoretical background,
that entails the models and equations used to describe the biosensors.
It covers both the description of the kinetic of the binding reaction,
that selectively recognize the analyte molecules, and the description
of the photonic sensors, that transduce the binding in a measurable
signal. Section §1.2.2, in particular, details the numerical methods
that I have adopted to accurately and efficiently simulate the sensing
properties of the WGM resonators.

Chapter 2 reports on the development and characterization of
the experimental apparatus. Here, I realized and tested four optical
setups, for the rapid measurement of the photonic sensors at 780, 850
and 1550 nm. In addition, I also realized the systems for the thermal
control of the sample and the fluid handling at the micro-litre scale.
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Chapter 3 focuses on the design of the test- and sensor-chips, de-
veloped by me and Dr. Guider Romain of the University of Trento
(UniTN) and fabricated by the Fondazione Bruno Kessler (FBK)
within the scope of the Symphony project. The chapter is divided
in sections that cover the design of the waveguides, the splitters, the
ring resonators and the fiber butt-coupling.

Chapter 4 describes the optical characterization of both Micro
Ring Resonators (MRRs) and Asymmetric Mach-Zehnder Interferome-
ters (aMZls) devices. The measurements have been performed by me
and Dr. Guider, partially supported by the bachelor student Rouge-
mond Alexis. We test the compliance with the design parameters
and the performances in terms of bulk refractive index sensing. In
addition, this chapter reports also on the first successful experiments
involving specific detection of Aflatoxin-M1 in buffered solutions.
During this set of experiments I trained and I received a partial sup-
port by the new Ph.D. student Chalyan Tatevik. Within the chapter,
I compare our sensors to state-of-the-art competing technologies,
proving their effective potential for the realization of an integrated
and ultrasensitive label-free biosensor. Moreover, I model and an-
alyze the binding reaction kinetics, evaluating the kinetics rate con-
stants and the superficial sensitivities of our sensors.

Finally, appendix §A shortly reports on the procedures for the
surface functionalization and for the preparation of the buffer and
regeneration solutions, while appendix §B explains the algorithms
that I have implemented for the realtime acquisition of the spectral
features used as sensing signals.
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1.1 Optical biosensing principles

This section provides the theoretical basis to understand the biolog-
ical and physical principles behind optical biosensors. We will focus
on the label-free devices that have been studied in this thesis, but
we will also compare some of their characteristics with competing
technologies. We will first describe the biorecognition agents and
mechanism, which are necessary to provide specificity to the sensor.
Then, we will move to the physical transduction mechanisms, and we
will give the definitions used to characterize and compare different
devices.

1.1.1 Biorecognition agents

Selectivity is the ability of a (bio-)sensor to recognize preferentially a
certain analyte, or class of analytes, even in presence of other inter-
fering species. Specificizy is the ultimate of selectivity [46], i.e., the
ability of the sensor to respond only to its target. If an optical tech-
nique is not inherently selective, it can still be used as the building
block for many different biosensors. To bring selectivity to the mea-
surement we need to functionalize the sensor, by means of a bioreco-
gnition agent. The advantage of separating the transduction from the

1
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Ficure 1.1: Representation of the biorecognition mechanism, by
means of antibodies and DNA-aptamers. Since the binding is selec-
tive, only the target analyte can be captured, while other biomolecules
can not form a stable complex. The progressive trapping of molecules
produces a layer with high surface concentration of analyte.

biological functionalization is double. First, the same optical sensing
technique can be reused for applications with different targets, even-
tually enabling multiplexed analysis on a single instrument. Second,
the development and the optimization of a certain selective receptor
molecule can be employed on different devices.

In biology, there are numerous examples of biorecognition mech-
anisms that can form complexed structures. Just to name a few, we
recall receptor-ligand, antigen-antibody, RNA-ribosome as naturally-
occurring examples. In addition, there are some artificial techniques
that have been developed for the realization of selective bindings.
One is the molecular imprinting, which is receiving attentions since
1931 [24, 23]. Another one, and probably a real breakthrough of the
modern years, is the SELEX process, which enables the realization
of DNA- or RNA-aptamers [47].

Antibodies are at the heart of immunological assays, and have
been employed for molecular recognition since the 1950s. Their Y-
shaped structure ends with two particular paratopes, which can bind
to their specific epifgpes through the so-called key-lock mechanism.
Despite their widespread use, DNA-aptamers are emerged as rivals
in the field of diagnostics [22]. Here, we summarize the main ad-
vantages of aptamers over antibodies:

* selection and production of aptamers are faster and cheaper;

* thanks to the in-vitro selection, it is possible to obtain ap-
tamers which are more suited for in-vifro diagnostics;
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* it is possible to realize selective aptamers for toxins and other
molecules which are not compatible with the in-vivo selection;

* the chemical synthesis allows for high accuracy and reproducibil-
ity of the aptamers production;

* functional groups or reporter molecules can be attached in en-
gineered locations;

* aptamers are stable to long-term storage;

* their denaturation is reversible, allowing for regeneration of the
active sensing site;

* the small dimensions are suitable for a high-density coverage
of the sensor.

'The functionalization of a biosensor can be divided in two steps.
The first is an activation, or a pre-coating, which is necessary to ex-
pose on the surface of the sensor a pre-determined functional group.
For silica-based biosensors, we can recall the silanization technique
[48], the coating with copolymers [49] and the photochemical at-
tachment of alkene-derived monolayers [50]. Then, the immobiliza-
tion of the bio-recognition agent is obtained by means of a chemical
reaction, which creates covalent bonds between the exposed func-
tional group and the correspondent group at the end of the DNA-
aptamer [51]. If needed, a final step of passivation could be per-
formed, in order to block all the exposed functional groups which
did not react with any bioreceptor.

1.1.2 Reaction kinetics

Once the surface of the biosensor has been functionalized to provide
selectivity, the sensor can be used to detect the target molecules. The
association reaction, which leads to the formation of analyte-receptor
complexes, is actually a dynamic process, governed by a thermody-
namic equilibrium. In its simplest form (one-to-one reaction), this
can be expressed as

A+R <2 AR (1.1)

ka

where A is the analyte, R is the receptor, AR is the bound complex
and k, and k4 are the association and dissociation rate constants.
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'The reaction kinetic is modelled with a first order differential
equation, that expresses the rate of surface adsorption:

A — KAJR) - kAR
(1.2)
d([AR] + [R])  doy
dt Coat

where the square bracket operator [*] denotes the concentration of
the compound. The latter equation is valid in the case of immo-
bilized receptors, where the total surface concentration of receptors
(occupied or not) is constant to oy.

By expressing the surface concentration of the complexed mole-
cules, AR, in terms of surface coverage 6 € [0, 1], we have

B (ko[ A] + k)0 = kA

dt (1.3)
[AR] = 6o,

The differential equation can be solved analytically. In particular,
during the association phase of a bio-assays we have that the initial
condition is §p = 0, and that the analyte concentration is constant
throughout the reaction [A](¢) = C. In such case, we obtain

k,C
b(6) = ko - C+kq

1_ e(ka~C+kd)t] (1.4)

It is interesting to notice that the initial rate of covering

de

E = kaC (15)

t=0

is proportional to the concentration. Thus, if the objective of the
assay is the estimation of the analyte concentration, a fast method is
the evaluation of the signal slope at the beginning of the incubation.

If the assay is protracted for a sufficiently long time, the sensor
reaches an equilibrium condition. The rate of the association reaction
equals the rate of the dissociation one:

kq [A]Eq [R]eq = kq [AR]eq (16)
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F1Gure 1.2: Surface coverage 6(t), as a function of assay time (nor-
malized to k;l) and analyte concentration (normalized to ). The
analyte is removed at tg = k;l. To show comparable time-scales in
the association and dissociation phases, we set the dissociation con-
stant Ky = 0.1 M. In the more realistic case of K4 < 1M, the time
scale of the dissociation phase will be much longer than the one of
the association phase.

By defining the dissociation constant K4 = Z—: = % we can
find the surface coverage at equilibrium as
_ ko - C+ kg Ky
1_ Ra _
96(1 —T—l‘f'? (17)

Notice that the sensor can saturates its binding sites only if C' > Kj.

When, at a certain time ¢y from the beginning of the bio-assay,
the flow of analyte is ended, the dissociation phase of the reaction
starts. Since we have [A] = 0, the solution to the differential equa-
tion for ¢ > ty becomes

O(t) = O(tg)e Falt—to) (1.8)

Figure 1.2 shows the calculated surface coverage curves of com-
plete assays (association and dissociation phases) at various analyte
concentrations.

One of the peculiarities of Jabel-free biosensors is their ability to
measure in real-time the binding of the analyte. The output signal is
proportional, through the transfer function of the sensor, to the sur-
face coverage 6. Therefore, a label-free bio-assay signal resembles one
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of the curves of Figure 1.2. By fitting the model, Equation (1.4) and
Equation (1.8), to the experimental measurements at various con-
centrations, it is possible to calculate the association and dissociation
rate constants, k, and k4. A study comparing the measured K4 of
bio-assays conducted with different receptor types, showed that ap-
tamers can outperform antibodies and lead to lower detection limits

[52].

1.1.3 Biosensor physical transduction

As stated in §1.1.1, the bio-recognition of an analyte is just one as-
pect of the sensing method. In order to be able to detect and quan-
tify the target molecules, a transduction mechanism is needed. For
what concerns optical biosensors, some examples of signals that can
be monitored are the color (or the absorbance at some specific wave-
length), the refractive index, the polarization of the light and the
luminescence of signalling molecules.

In addition, the transduction methods can be divided in Jabeled
and Jabel-free. 'The first one exploits the addition of another signalling
molecule, like a fluorophore [44], that has to be selective for the an-
alyte. Thus, in this case the biorecognition is performed twice: dur-
ing the immobilization and during the labelling, making the labeled
approach more selective but, in principle, less sensitive. 'The sec-
ond method relies solely on the presence of the immobilized target.
During this thesis, we focused mainly on the label-free approach, in
particular exploiting the change of refractive index induced by the
trapped particles.

During the immobilization, in fact, the analyte is concentrated
on the surface of the sensor, replacing pre-existing water (or buffer)
molecules. This exchange of material produces local variations in the
refractive index. If the trapping is performed on a waveguide, the
bound particles can interact with the evanescent wave of the con-
fined light. As represented in Figure 1.3, the tail of the evanescent
wave rapidly decays within few tens or hundreds of nanometers. For
this reason, they are particularly suited to detect local variations in re-
fractive index, without being affected by fluctuations far in the bulk.

'The guided light propagates with phase velocity v = ¢/neyy,
where c is the speed of light in vacuo and n.y¢ is the effective re-
fractive index. The latter is a weighted average of the real indexes
in contact with the light, which depends also on materials bound on
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F1Gure 1.3: Schematic drawing of the evanescent wave interacting
with the captured molecules. The presence of the analyte perturbs
locally the refractive index. The evanescent tail, which decays expo-
nentially in few tens or hundreds of nanometers, is suited to sense this
local perturbations, while being almost insensitive to fluctuations far

in the bulk.

the surface. Hence, to accurately measure the adsorption of the an-
alyte, it is possible to measure the phase shifts of the guided light.
'This can be accomplished by means of interferometric measurements
or by monitoring the spectral shifts of WGM resonances. This two
methods will be explained in more details in §1.2 and §1.3.

1.1.4 Sensors characteristics

We conclude this section by giving some useful definitions, which
will be used throughout the thesis to characterize our biosensors. The
first one is the sensitivity, which quantifies the sensor’s output signal
produced by a unitary variation at the input. In the case of label-free
biosensors based on WGMs, the measured output is the resonance
wavelength, Ao, of an optical resonator. Thus, in this case the spectral
sensitivity to variations of the refractive index, ns, in the bulk sensing
volume is given by

oo
ong
Similarly, in the case of Mach-Zehnder Interferometers (MZls), the
measured quantity is the phase ¢ of the interferometric pattern.
'Therefore, we will define sensitivity the quantity

9%o
ong

As we will see later (in §1.2 and §1.3), both these sensitivities are
proportional, through geometrical factors, to the intrinsic sensitivity,

Sh, WoM = (1.9)

Sy, Mz1 = (1.10)
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which is given by
1.11)

The second definition is the Limit Of Detection (LOD), which
represents the minimum amount of input that can be distinguished
with a certain confidence level. If the sensitivity is .S, and o is the
standard deviation of repeated measurements of blank solutions, then

the LOD can be calculated as

LOD = koo (1.12)
S
TUPAC recommends the use of k& = 3, which sets the confidence
level to 99.7 % [53].

Despite its intuitive meaning, the LOD is affected by instrumen-
tal uncertainties, which can arise in any component of the whole sen-
sor: temperature and fluid control, purity of carrier buffers and an-
alyte, laser source, etc. For this reason, a fair comparison of single
elements on different apparatus is not easily defined. However, it is
possible to show that the LOD is lower-bound by the Signal to Noise
Ratio (SNR) of the light intensity, and by a Figure Of Merit (FOM)
which depends only on the characteristics of the transducer [54]. In
the case of a WGM sensor with quality factor ) (and full-width at
half~maximum J\), we can define

Qs S
FOM = o o (1.13)
where, as before, S is the sensitivity and Ao is the resonance wave-
length.

In alternative, some authors prefer the use of the “intrinsic LOD”,
ILOD, defined as ILOD = FOM ! = X\q/QS [55]. This defini-
tion of FOM is also used for SPR or photonic crystal cavity sensors
[56, 57]. Thus, it is an ideal parameter for comparing the intrinsic
performances of the transducers, even for (bio-)sensors relying on
different technologies.

1.2 Whispering Gallery Mode resonators

As explained in section §1.1.3, one of the physical effect that can
be exploited for the transduction in a biosensor is the change of re-
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(a)

©) @

F1Gure 1.4: Few examples of WGM microresonators: (a) silica mi-
crosphere, (b) silica microcapillary, (c) silicon microtoroid and (d) sil-
icon microring. (a),(b) and (c) are coupled through an external ta-
pered optical fiber, whereas (d) is coupled through an integrated bus
waveguide. The red circles represent the excited WGMs.

fractive index. In this section, we will see how particular structures,
namely the WGM resonators, can be used to measure such variable.

A WGM is formed when light of a given wavelength, confined
by means of total internal reflection, is forced to travel in a closed
loop. In this case, the light interferes with itself and, if the interfer-
ence is constructive, the field builds up in the cavity. The eigenmodes
that satisfy this constructive interference are called WGM. There are
various devices that can produce WGMs [58, 59]. The simplest is
an optical fiber spliced with itself, forming a fiber loop (or fiber ring)
resonator [60]. Other examples are (see Figure 1.4):

* Microspheres, formed by the melting and re-solidification of a
dielectric, which commonly is the silica glass of an optical fiber
tip [31, 48]. These are easily fabricated, and due to the ultra-
smooth surface finishing, they exhibit very low losses. How-
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ever, their integration in optical chips is intrinsically very chal-

lenging.
Microcapillaries or microbubbles. Here the WGM is formed

on the outer interface of the capillary, whereas the liquid to
be sensed flows into the inner part of the capillary. Therefore,
the thickness of the capillary must be sub-micrometric, in or-
der to have a significant mode overlap with the analyte. When
this is achieved, the sensitivities of microcapillary-based sen-
sors can outperform standard WGM sensors [61]. Despite the
inherent integration with microfluidics, their fabrication and
scalability are even harder than microspheres.

Microdisks and microrings, fabricated by means of photoli-
thography [62]. They suffer from higher losses due to the
roughness of the surfaces, but their small volume and their
fabrication method make them suitable for dense integration
in optical chips for multiplexed analysis [9, 63]. The optical
coupling to the sensor is achieved by means of integrated bus-
waveguides.

Polished crystal macrodisks. These are definitely the structures
that exhibit the highest quality factors (see Equation (1.24)
for the definition), but their integration is probably even more
challenging than microspheres. Moreover, due to the macro-
metric size, the overlap between the mode and the analyte so-
lution is minimal, leading to very low sensitivities [64].

Microtoroids, i.e., melted and re-solidified suspended micro-
disk. The surface tension during the fusion process gives ultra-
smooth surface finishing, as for the case of microspheres, lead-
ing to low losses [65]. However, even if they can be mass-
fabricated in dense optical chips, their coupling with optical
waveguides is not obvious, and for this reason they can only be

addressed individually by means of tapered optical fibers.

Wedge microresonators, which are the best compromise be-
tween surface quality and integrability [66, 67]. Similarly to
microdisks, they are fabricated through photolithography, but
the resonator definition is achieved by a wet etching process,
which produces smoother surfaces. With a proper engineer-
ing of the fabrication process, it is possible to monolithically
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integrate both the resonator and the coupling waveguide [34],
enabling the possibility to have dense array of multiplexed sen-
sors.

During my Ph.D., I worked with microdisks, microrings and
wedge resonators. The next sections will present the mathematical
formalism necessary to describe and analyze a biosensor based on
these structures.

1.2.1 Microdisks and microrings

MRRs are just a “small-scale” version of the fiber ring resonators: a
bent single-mode waveguide, closed on itself, and forming a ring.
If the waveguide is widened towards the central point of the ring,
eventually forming a microdisks, it will support multi-modal prop-
agation. The modes with grazing light near the outer edges of the
structure will be confined by total internal reflection, and will circu-
late in a similar fashion to that of the microring. Thus, the model for
the description of both structures is the same [68].

In Figure 1.5, we schematize the model. A ring with radius R is
coupled to a straight waveguide. The field amplitudes in the waveg-
uide and in the ring are labelled with A and B, respectively, while
the subscripts 1 and 2 indicate the positions immediately before and
after the coupling zone. The propagation constant along the ring is
3. The field transmission and coupling coeflicients are labelled with
t and k, respectively. During the propagation in the ring, the light
can undergo various loss mechanisms:

* absorption losses, governed by the Lambert-Beer law. The
absorbing material can be in the core but also in the cladding
(light absorption through evanescent field);

* radiative losses, where the light is lost towards the exterior of
the resonator due to the finite confinement of the guided light.
These becomes predominant when the refractive index contrast
is low or when the bend radius is short;

* surface scattering due to the roughness on the exterior side-
wall of the resonator. 'This scattering is accentuated in bends
because the mode is pushed towards the sidewall of the waveg-
uide.

11
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F1GuRre 1.5: Schematic model of the WGM ring resonator. The field
amplitudes in the waveguide and ring are labelled with A and B, re-
spectively. The subscripts label the positions immediately before (1)
and after (2) the coupling zone. The field transmission and coupling
coeflicients are labelled ¢ and k, respectively. The propagation con-
stant inside the ring is 3, while the radius of the ring is R. Losses
are schematized by the wavy arrows and coefficient a.

* surface absorption, similar to the bulk absorption but localized
near the surface of the resonator (where more contaminants
can be present). Similarly to the previous loss mechanism, also
in this case the losses are accentuated with decreasing bend
radius.

In our model, all these losses are taken into account through a
comprehensive attenuation coefficient v = ) . a;, where i labels the
contributions of absorption, radiation, surface scattering and surface
absorption.

'The field amplitudes are linked through the following system of

equations:

A2 = tAl + kBl
By = —k*A;| +t*By (1.14)

Bl — efaerei27rRﬁB2 _ a€i032

where we introduced a = e~ and § = 27 R} for simplifying the
reading. Solving the system for Ay /A7, we can find the expression
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for the field transmission,

Ay te W — g

—_— = 1.1
A, e —gtr (1.15)
while solving for B;/A; we get
B _ *
L ok (1.16)

Ay e — qgt*

From these, we can calculate the transmission coefficient T’

2 2 2
T As _ [t|* + a® — 2a|t| cos(0 + ¢¢) (1.17)
Ay 1+ |t|2a? — 2alt| cos(6 + ¢+)
and the cavity intensity build-up 1
2 201 _ (412
1|8 a”(1 - [17) (1.18)
Ay 1+ |t|2a? — 2alt| cos(6 + ¢+)

where ¢, is the argument of the complex transmission coeflicient ¢.
We notice that these equations are periodic in 6, with period 2.
We also notice that the cavity resonates (i.e., I is maximum) when

0+ ¢y = m2w (1.19)

with m some integer number, called the azimuthal mode number.
When R > 37!, which is the typical case for microrings and mi-
crodisks, we have that 6 > ¢; and that § ~ m2r. Thus, the effect of
the argument ¢; is just a detuning of the resonance spectral position,
near its “intrinsic” position.

'The intrinsic spectral resonance condition is given by

Am = Wneff (120)

where we used the ¢ffective refractive index ny ¢ because the mode is
confined and guided. Please note that the exact calculation of nc¢,
which is wavelength dependent and also depends on the geometrical
details of the resonator, requires the solution of the Helmholtz equa-
tion, which can be obtained analytically in simple geometries [69],
or numerically in more complex cases [70]. We will see later how
to calculate this value with a Finite Element Method (FEM) solver.

13
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When n.¢s is known, the transmission spectrum Equation (1.17)
can be evaluated.

Figure 1.6(a) reports a simulated transmission spectrum, obtained
using Equation (1.17). We can recognize the sharp resonance fea-
tures as transmission dips. The spacing between them is called Free

Spectral Range (FSR), and can be calculated from Equation (1.20):

)\2
2w Rng

FSR ~ (1.21)

ne

Here we used the group index ny = nepy — )\885\” because of the
wavelength dependence of ney .

'The Extinction Ratio (ER) can be obtained by the value of the
transmission at resonance:

(a —[t)®

ER'=T(\,) = T ali)?

(1.22)

Notice that the transmission vanishes (and ER is infinite) only if
It =a (1.23)

'This is said the critical-coupling condition. When this is satisfied, the
light field in the cavity interferes perfectly and destructively with the
light transmitted in the waveguide, which is the reason why the trans-
mission drops to zero. Other possibilities are the under-coupling con-
dition (|t| > a) and the over-coupling condition (|t| < a). In either
cases, the transmission does not vanish at resonance, as we can see
also from Figure 1.6(b).

'The finite width of the resonances is given by the losses. For an
ideally lossless resonator (@ = 1), the resonance width would become
infinitesimal and the transmission would be identically " = 1. In-
stead of using the full-width at half-maximum, it is more common
to report the guality factor Q) of a resonator, which can be calculated
as

AXrwHM

Q (1.24)

To probe the WGM resonances and measure the @) value, one
needs to couple the light with a waveguide (or a tapered fiber), as
from the model herein analyzed. The presence of this coupling per-
turbs the cavity modes, as it can be seen from the dependence of
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Ficure 1.6: (a) Simulated spectrum of a critically-coupled WGM
resonator. (b) Comparison of the resonances of WGM resonators
in different coupling conditions or subjected to a small variation in
refractive index ney .

Equation (1.17) from t. The side effect is that the measured Q is
higher in undercoupling regime and lower in overcoupling regime
(see Figure 1.6(b)). It can be shown [71] that the loaded (measured)
quality factor @; can be divided in two contributions:

Q' =Q. + Q" (1.25)

where () is the intrinsic (or unloaded) quality factor, given just by
the losses of the cavity itself, and (), is the contribution given by the
coupling. In particular, the latter can be expressed as

20
1- \ Tmin

where T}, is the minimum of the measured resonance transmission
spectrum.

Notice that in critical coupling Tin = 0, so that Q; = %Qo.
With this observation we can finally calculate Qg [72]. From Equa-
tion (1.17), when |t| = a &~ 1, we have

Qe (1.26)

2mn
Qo = )\ag (1.27)

As previously said, the attenuation coeflicient « is comprehensive of
all the internal loss mechanisms.

15
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1.2.2  Numerical methods for mode analysis

The analysis exposed in the previous section gives interesting insights
into the physics of WGMs resonators, but it is not suitable for accu-
rate calculations. In particular, the value n¢y ¢ is assumed as known,
but there are no closed-form equations for its calculation in the gen-
eral case. For accurate calculations, one has to solve the Maxwell’s
equations, and in particular the Helmholtz equation, for every spe-
cific structure (i.e., for a specific spatial distribution of refractive index
n(7)) and boundary condition.

In the case of microspheres, their special (spherical) symmetry
leads to analytical solutions. Similarly, for the particular class of
WGM resonators in which we can find an axial symmetry, we can
reduce the complexity of the numerical calculation, as explained in
[70]. Most of the more important microresonators belong to this
category. We can model rings, disks, toroids, wedges, microcapillar-
ies and also spheres (useful as a test-bench).

In this thesis, we use the FEM solver Comsol Multiphysics, and
in particular the Wave Optics Module, to calculate the axisymmetric
eigenmodes supported by our structures. There are two possible kinds

of analysis that can be used [73]:

* Mode analysis, in which the user is required to input the operat-
ing frequency. In this case the mode profiles are solved without
any particular symmetry condition at the boundary of the az-
imuthal coordinate (i.e., the structure is a bent waveguide, but
not a loop), and the calculated eigenvalue is the propagation
constant or, equivalently, the effective index n .

* Eigenfrequency, in which the user is required to input the az-
imuthal mode number. In this case, the mode profiles are
solved imposing periodic conditions at the boundary of the az-
imuthal coordinate (i.e., the structure is a complete loop), and
the calculated eigenvalue is the resonant frequency.

Both methods have pros and cons: with the latter, the user is guar-
antee to calculate the real WGMs, but it is not easy to estimate in
advance the azimuthal mode number corresponding to a resonance
near a desired wavelength. With the first, the wavelength is fixed, but
the modes that are calculated are not exactly the WGMs. For big res-
onators, which have a small FSR (see Equation (1.21)), the density
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Ficure 1.7: “Mode analysis”-calculated electric field magnitude for
WGMs of a disk resonator. 'The plots represent resonances of the

first, second and third radial families of TE modes, as well as for a
resonance of the first radial family of TIM modes.

of modes is such that the profiles calculated with the first analysis are
normally a sufficient approximation of the closest WGM.

In Figure 1.7 we show, as an example, the supported modes of a
thin amorphous SiN, disk, with resonance wavelengths near 1540 nm.
Besides the fundamental Transverse Electric(TE) and Transverse Mag-
netic (M) modes, we also observe the presence of higher order radial
TE modes. They differ in their electric field spatial distributions, but

also in their azimuthal mode numbers 1 and effective indexes nc s .

Once that the mode profile and the effective refractive index of a
particular resonance are solved, we can calculate the quality factor @)
and the sensitivity S of that WGM. 'These are parameters of major
interest for a biosensor, because they affect its achievable resolution

(here meant as the LOD).

When we add losses in the analysis of our structure, the hermitic-
ity of the eigenvalue problem is broken. Thus, the solutions that the
FEM solver calculates are complex-valued [73]. As explained in [74],
itis possible to evaluate () from the complex effective refractive index
(mode analysis) or from the complex eigenfrequency (eigenfrequency
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analysis) by using the relation:

_ Rw) _ Rney) _ B 28
2[SwW)l  2[S(ness)l 129

Qo

where R and < are, respectively, the real and imaginary part of the
complex value, while 8 and « are the propagation constant and at-
tenuation coeflicient, as in Equation (1.14).

We can model bulk absorption losses as the imaginary part of
the refractive index (k) of the materials of our model, through the
equation
A
B 4’7Ta
Similarly, one can emulate surface absorption and surface scattering
by adding a thin outer layer to the model, where the value of & is
higher than in the bulk material. For what concerns radiative losses,
the modelling can be achieved by adding a special kind of absorbing
material, the Perfectly Matched Layer (PML), to the outer regions of
the simulation box [75]. As the name suggests, these regions will
absorb the radiation without reflections, mimicking an infinitely long

k (1.29)

simulation domain.

'The other important parameter for a biosensor is its sensitivity 5.
From the definition, Equation (1.9), one could naively calculate it by
running two eigenfrequency simulations, with a small difference in
the refractive index of the liquid in the sensing volume. However,
there is a more efficient way to calculate it [76]. Let’s call V' the
volume filled by the sensing liquid, and let’s assume that the unper-
turbed refractive index in that volume is ny. To calculate the bulk
sensitivity, Sp, of the resonance with unperturbed wavelength Xg, we
can first notice that

IS 1 oA 1 Ow

-8 = —_ 1.
)\0 b )\0 871\/ wo 8nv ( 30)

Then, by using the perturbation theory developed in [77, 78], we
obtain

E*4<F qv
isb = EM (1.31)
Xo 2 [[[_ E*eE dv

- LI ED Ay (1.32)
ny [[[_E-Ddv
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where we have used the equations € = €yn? and D = ¢E for the
dielectric constant and the electric displacement field, respectively.
Finally, we get
A LE*D av

_ X fffv 2 B0 (1.33)
w fJf BB v
Basically, the sensitivity is the fraction of electric energy contained in
the sensing volume V', multiplied by the constant Ao /ny . In Comsol,
this calculation can be obtained in one step by integrating in V' the
expression

real(lambda@*emuw.Weav/(emw.nrr*emw. intle))

where 1anbda@ is, obviously, the wavelength \.

When light is confined in a WGM cavity, it is quite common to
obtain evanescent tails which extend from the surface of the structure
for tens to hundreds of nanometres. When used as label-free sen-
sors, the volume of interaction between the analyte and the WGM
evanescent field is very small, and mainly limited by the thickness
of the layer of the captured analyte. In the case of nanometric-sized
molecules (like proteins), this means that most of the evanescent tail
is unperturbed and does not contribute to the signal. For a fair com-
parison between different structures, it is very helpful to introduce
the superficial sensitivity .S, defined as

5, = 20 Jar B'D A4 (1.34)
nv [[[E*DdV
where A" is the area of the sensor exposed to the liquid. The super-
script T warns that the fields, which are discontinuous at the sensing
interface, have to be computed in the exterior part of the geometry.
When dealing with discrete meshes, like in the case of a FEM
analysis, the definition of A™ is bugged. In this case, it is possible
to overcome the problem by adding a small layer of volume V' and
thickness ¢y in the outer part of the geometry. Thus, we obtain

N 9Suv _ Suv

SS - 8tv8nv N atv tV

(1.35)

where Sy is the “bulk” sensitivity defined in Equation (1.33) and
calculated in the small layer V.
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FiGure 1.8: (a) Zoomed view on the cross section of the model used
to test the superficial sensitivity. The color-bar represents, in decibel
scale, the electric energy density of a WGM mode, normalized to the
surface of the sensor. We can notice that the energy halves at a dis-
tance ~ 70nm. (b) “Bulk” sensitivities, Equation (1.33), calculated
in layers of increasing thickness ¢y from the surface of the resonator.
The slope of these curves is the surface sensitivity S,. Notice that the
linear approximation of Equation (1.35) is valid up to ¢y =~ 20 nm.

The range of validity of the approximation in Equation (1.35)
is roughly determined by the results shown in Figure 1.8. In that
simulation, we calculated the superficial sensitivity of the WGMs
supported by a wedge resonator, for progressively thicker layers above
the sensor’s surface. In Figure 1.8(b), we see that the layer sensitivity
grows linearly up to ty ~ 20nm. Thus, for ¢y, smaller than this
value, the surface sensitivity S5 can be accurately calculated with this
method.

1.2.3 'Wedge resonators

Analyzing Equation (1.14), we notice that the model of the cou-
pling mechanism, between the probing waveguide (or tapered fiber)
and the WGM resonator, is very general. A commonly adopted way
to achieve such coupling is by placing a bus-waveguide in the same
horizontal plane of the resonator. However, this choice has some
limitations:

* the precise control of the coupling strength requires a high res-
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olution, achieved by deep-UV or e-beam lithography;

* the thickness and the material of the waveguide has to be the
same of the resonator;

* it is not easy to realize free-standing devices.

In our group, we recently developed an alternative coupling mech-
anism, where the bus waveguide is placed under the resonator [33].
The choice of a vertical coupling is favourable because, other than
solving all the issues above mentioned, it has unique features. Fig-
ure 1.9 schematizes the key aspects of this technique, which in sum-
mary are:

* the precise control of the coupling gap is achieved by adjust-
ing the deposition and etching rate of the Borophosphosilicate
Glass (BPSG) spacing layer, so that it is compatible with con-
ventional UV lithography (Figure 1.9(a));

* by varying the horizontal displacement of the waveguide it is

possible to selectively couple a specific radial family of WGMs;

* the thickness of the resonator can be varied arbitrarily with
respect to that of the waveguide;

* it is possible to realize free-standing devices;
* it is possible to couple wedge resonators (Figure 1.9(b)).

'The key elements for the realization of a vertical coupling are the
deposition, reflow and etching of a BPSG layer, which are neces-
sary to planarize the spacing layer and remove the step created by the
presence of the waveguide.

As mentioned, one of the unique features of the vertical coupling
is the possible realization of the so called wedge resonator, monolith-
ically coupled to an integrated waveguide [34]. These resonators are
similar to the disk ones, but they differ in the inclination of the side-
walls. As a comparison, Figure 1.10 shows Scanning Electron Micro-
scope (SEM) pictures of vertically coupled disk and wedge resonators.
In particular, the realization of the wedge structure involves the pat-
tern definition via a Buffered HF oxide etch (BHF). 'This step produces
a much smoother surface finishing with respect to the corresponding
Reactive-Ion Etching (RIE) used for the disk resonator definition. As
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F1Gure 1.9: (a) Scheme of the vertical coupling mechanism. The dis-
tance d,, can be controlled with nanometric precision by controlling
the deposition and etching rate of the BPSG layer. Thus, the cou-
pling strength ,, does not depend on the photolithographic resolu-
tion. The horizontal displacement of the waveguide can be adjusted
to selectively couple to a particular radial family of WGMs. (b) The
vertical coupling mechanism is suitable for fabricating free-standing
disk or wedge resonators. Figures reprinted from [34].

(a) (b)

Ficure 1.10: SEM pictures of (a) disk and (b) wedge resonators,
vertically coupled to an integrated bus waveguide (the waveguide is
barely visible). Please note the difference in the sidewall angle and
surface finishing. Figures reprinted from [34].

a result, wedge structures can show ultra-high quality factors, up to
Q ~1 x 10° [67].

From the perspective of a (bio-)sensor, a high quality factor is a
desirable feature, as it could help in achieving a high spectral reso-
lution and, in turn, a high sensing resolution. Thus, we decided to
exploit the benefits of the wet etching and of the vertical coupling
for the realization of an enhanced WGM sensor. In particular, we
studied how the wedge inclination and thickness can affect the bulk
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Ficure 1.11: (2) Bulk sensitivity S and (b) quality factor @ of a

resonance of the first radial family of TE modes. More details in

[76].

and surface sensitivity, and the quality factor [76].

By using the results of §1.2.2, we calculated the performances
of a wedge resonator while varying its model parameters. As shown
in Figure 1.11(a), the bulk sensitivity can be enhanced by either re-
ducing the thickness or the sidewall inclination. In view of Equa-
tion (1.33), this result is reasonable, since in both cases the light
confinement is reduced and, therefore, the interaction of the mode
with the sensing liquid is increased. At the same time, however, Fig-
ure 1.11(b) shows that the quality factor is reduced.

As explained in §1.1.4, the parameter that is best suited to com-
pare the sensing performances of a WGM resonator is the FOM. In
particular, since our study was focused on surface sensing for label-
free applications, we distinguished between the bulk and surface FOM
with the definition of

FOM, = @ (1.36)
FOM, = Qfs (1.37)

where S, and S, were calculated through Equation (1.33) and Equa-
tion (1.35).

Figure 1.12 compares the calculated figures of merit (bulk and
surface) for resonances of the first radial family, in both polariza-
tions. Analyzing the results, we notice that the control of the thick-
ness of the structures is crucial for achieving the highest FOM, both
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FiGure 1.12: (a,b) Bulk FOM and (c,d) surface FOM, calculated
for the first radial family of (a,c) TE and (b,d) TM modes. Figures
reprinted from [76].

bulk and superficial. The control of the inclination is less critical
for what concerns the FOM,, while an almost vertical sidewall is
required to optimize the FOM;. The highest figures of merit are

FOM, ~ 1600/RIU and FOM; ~ 11.7 /nm/RIU, both obtained
in the case of TM polarization.

We should point out that it is not possible to create vertical side-
walls with a wet etching. However, wedge resonators with inclina-
tion @ ~ 30° have already been reported [67] and we think that in-
clinations of at least # =~ 40° could be feasible. Thus, even if this
analysis is purely theoretical, it still gives very useful guidelines to re-
alize optimized wedge resonators, suggesting the use of the highest
feasible inclination, and indicating the best thickness depending on
6. In this regard, the use of vertical coupling has emerged to be par-
ticularly appealing, because it gives control on the resonator thickness
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and geometry without posing limitation to the bus waveguide.

1.3 Interferometers

In the previous sections, we showed how WGM resonators can be
used to detect small changes of refractive index. In the mathemat-
ical analysis, and in particular in Equation (1.20), we saw that the
resonance condition is given by the self-interference of the light in
a closed loop. A change in the refractive index of the sensing liquid
affects the effective index, n.¢, and this, in turns, affects the phase
accumulated during a round-trip, shifting the resonance wavelength.
'Thus, the WGM resonator can be thought as a compact interferom-
eter with high spectral resolution.

Obviously, other kind of interferometers can be used to detect the
phase difference experienced by the light in contact with the sensing
liquid. One of this is the MZI, schematically represented in Fig-
ure 1.13. In synthesis, the light coming from the input is split in two
arms, with length L4 and Lp, respectively. The propagation con-
stants of the light are 34/, which can be different if the effective
refractive indexes n. sy /p are different in the two arms.

'The phase difference, accumulated by the light during the prop-
agation in the two arms, is

2w
¢aB = da—¢p = PBala—Pplp = T(Heff,ALA_neff,BLB)
(1.38)

A, Ba  nera A,
/ = \
\ B, By nes Bz/

FiGuURrE 1.13: Schematic model of a Mach-Zehnder Interferometer.
'The field amplitudes in the two arms are labelled with A and B, re-
spectively. The effective refractive indexes, n.yy, 4,5, can be differ-
ent in the two waveguides, leading to different propagation constants.
The lengths of the arms are, respectively, L4 and Lp.
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Neglecting the losses, at the recombiner the interference of the light
leads to a transmission given by

T= ! 1+ cos (¢aB)] (1.39)

5
When the Mach-Zehnder is balanced, i.e., the optical path length
of the two arms is almost equal (neff, AL = nesr, BLB), we have
that ¢ 4p varies slowly with the wavelength, and the transmission
spectrum at the output port is almost constant. Thus, the sensing
signal can be obtained at fixed laser wavelength by monitoring the
transmitted intensity. If the arm A is exposed to a sensing liquid and
the arm B is protected by a cladding layer, the intensity at the output
changes. The bulk sensitivity of this device can be calculated as

g — oT :_Sin(¢AB) 0pap :_TFLASin((bAB) 8neff,,4
b 871,4 2 677/14 A 6”A

(1.40)
The maximum sensitivity is obtained when ¢ 45 = (m + )7 with
m integer. The problem is that the sensitivity is not constant, and
varies during the measurements (because ¢ 4 p changes with n4). In
particular, small changes of refractive index are not resolved when
¢ ap = mm, limiting the overall resolution of the device.

1.3.1 Asymmetric Mach-Zehnder

The issue just described can be circumvented by spectral interrogation
of an aMZI [79, 40]. As the name suggests, in this case the two arms
are intentionally unbalanced, so that the transmission at the output
port is wavelength-dependent. If the wavelength scan is performed
in a small range (A = Ao + 0\), we can write

27 oA
¢AB()\0 + 5/\) =~ ro(neff’ALA — TlefﬁBLB)(]. — TOX141)

2mIN

= ¢o — T(neff,ALA —nerr, LB)(1.42)
0

By defining A = A%/(neff’ALA —Neff, BLB),WE: can write the

transmission spectrum as

T (Ao +0X) = % [1 + cos <¢0 - T)} (1.43)
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from which we see that A plays the role of a FSR, and that its expres-
sion resembles Equation (1.21). Notice that A can be made arbitrar-
ily short by increasing the optical path difference between the two
arms. Reducing the FSR, the steepness of the curves of the trans-
mission spectrum and the number of visible peaks (and valleys) in a
given wavelength range increases. Therefore, A sets the intrinsic res-
olution for the measurement of the phase ¢, similarly to the role of
Q for a WGM sensor.

¢o can be measured accurately via a sinusoidal fit of the transmis-
sion spectrum, and from its variation we can detect variations in the
refractive index n 4. We have

2

o = To(neff,ALA —Nesr, BLB) (1.44)

from which we can obtain

8¢0 o 27TLA 8n€ff7A

Sb - 5TLA )\0 aTLA

(1.45)

Notice that this sensitivity is independent of ¢, and that Sy, can be
increased by choosing a longer L 4.

In conclusion, in the design of an aMZI we have the freedom
to independently set the sensitivity and resolution of the sensor. In
particular, we saw that both parameters can be enhanced by increas-
ing L 4. However, there is a catch: in this analysis we neglected the
effects of losses. If the device is made too big, the absolute inten-
sity and the visibility of the fringes at the output port will decrease,
posing an ultimate limit to the achievable LOD.

1.3.2 Ring-loaded Mach-Zehnder

We conclude this theoretical section by proposing a device that could
combine the compactness and sensitivity of a MRR with the wave-
length independence of the balanced MZI. In particular, this idea
came while trying to find a suitable method for the on-chip screening
of a MRR sensor using broadband light (e.g., electroluminescence
light emitted from silicon nanocrystals integrated in the waveguides
[72, 80, 81]).

One possible way to achieve this is by cascading a MRR sensor
with a MRR narrowband filter in add-drop configuration. If the filter
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F1Gure 1.14: Scheme of a balanced ring-loaded Mach-Zehnder. The
transmission at the output ports is balanced if ne r 5 4 = nesy, . The
sensing arm A is affected by variations in refractive index n 4, while
the reference arm B can be controlled with temperature, exploiting
the thermo-optic coefficient.

is thermally actuated, its resonance wavelength can be tuned, provid-
ing a way to spectrally resolve the transmission spectrum of the sensor
and, hence, to measure the resonance shift of the WGM sensor. One
of the drawbacks of this configuration is that the transmitted power is
inversely proportional to the spectral resolution of the filter, posing
serious constraints to the light intensity of the source. The second
limitation is that

* cither the filter is continuously swept around the position of
the resonance of the sensor, inducing thermal fluctuations in
the nearby ambient,

* or it is slowly retro-actuated to remain on the rising slope of
the resonance, in which case it will be affected by light intensity
noise.

The proposed device is a ring-loaded (balanced) Mach-Zehnder.
Figure 1.14 schematizes the concept. Basically, the central element is
a balanced MZI, with a Y-splitter followed by a directional-coupler
recombiner. The two arms are loaded with MRRs to enhance the
phase sensitivity of the interferometer, without the need to increase
their lengths.

The mathematical model is quite simple [82]. The Y-junction
splits the light equally both in intensity and phase, such that A; =
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B, = A—\/%. During the propagation in the two arms, the light expe-
rience a phase shift L which is equal for both, plus and additional
phase delay ¢ 4, g, which is given by the complex argument of Equa-

tion (1.15)
A Ay [et®a
(52) = 75 (o=r) (1.4

'The phase delay can be simplified in [4, 60]

B o tsin(0a) o (_tasin(®a)
pa=m+04+tan (a—tcos(QA) +tan 1 —tacos(fa)

(1.47)
where, 04, t and a are defined as in Equation (1.14). Notice that,
when the resonator is critically coupled, the phase delay experiences
an abrupt 7 shift at the resonant wavelength.

Finally, the recombiner mix the signals of the two arms adding a

last 5 -shift, i.e.
A\ 1 1 =i\ [(As
(&)-5C 0)E) e

from which we can calculate the total transmission coefficients

1 —sin(Ag)
~ 2 <1 + sm(A¢)> (149

where we defined A¢p = ¢4 — ¢p.

If the two MRRs are balanced, i.e., have the same radius R and
the same effective index n.sy, it is easy to see that T4 = T'p for
every wavelength. However, as soon as a small variation in effective
index An = negs 4 — neyys, B is introduced, the transmission spec-
tra of the two output ports present sharp double Fano-like features.
Figure 1.15 shows the differential transmission Tp — T4 in a broad
wavelength range of 20 nm (comparable to that of a LED source) for
three different values of An.

If a broadband light is used, the signals at the output photodi-
odes will be given by the (normalized) integrals of the transmission
spectra. Figure 1.16 shows the expected differential output Tp — T4
when the device is lit with broadband light. We see that the signal
presents a steep response for small variations An & 0, paving the way
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FiGure 1.15: (a) Broadband and (b) narrowband spectra of the dif-
ferential transmission Tp — T4 of a balanced ring-loaded Mach-
Zehnder, for An =—5 x 107°, 0 and 5 x 10~ RIU.
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F1GURE 1.16: Integrated differential transmission, as a function of the
index variation An = negf 4 —Nesy, . The sensitivity is maximum
when An =~ 0.

for a highly-sensitive refractometer. Even more notably, the differ-
ential output can be used as feedback for a thermal actuator on the
reference MRR B. By analyzing Figure 1.16, we see that the feed-
back control is stable for An = 41073 RIU, automatically bringing
the system towards equilibrium at An =~ 0. In this case, the varia-
tion in refractive index n4 can be directly measured by monitoring
the temperature in B or, equivalently, the feedback current.

In conclusion, the proposed device shows several favourable fea-
tures:

* itis compact,

* it is insensitive to light intensity fluctuations,
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* it is highly sensitive to refractive index variations,
* it is stable in a wide range of unbalanced An,
* it does not require tunable narrowband light sources,

* the thermal actuator is tuned only to keep the system balanced,
without the need of continuous thermal sweeps.

Inview of all these pros, we think that it could be really interesting
to develop the proposed architecture, for the realization of an all-
integrated label-free sensor.
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'The development of a reliable biosensor, able to resolve the binding of
small fractions of a monolayer of proteins or other small biomolecules,
requires the mastering of many experimental, critical, issues. The ul-
timate limit of detection, in fact, is not only aftected by the optical
characteristics of the WGM resonator or of the MZI, but also by
other external factors. Among them, we remind here:

* Fluctuations in intensity, polarization and wavelength of the
laser source.

* Mechanical stability of the light coupling system.

* Temperature stability of the sensor, particularly during the in-
jection of the solution to be sensed.

* Reproducibility of the flow-rate and sample volume.
* Electrical noise in the readout system.

* Reproducible and efficient coverage of the sensor with the spe-
cific receptors (e.g., DNA-aptamers or antibodies).

With the exception of the last item, all the other issues have been
faced during the development of the experimental setup. In fact, the
development and the perfecting of the apparatus required a consistent
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F1Gure 2.1: Photograph of the experimental setup. In the photo we
can recognize: (1) the translation stages for the precise alignment of
the optical fibers, (2) the thermally-controlled sample holder, (3) the
optical microscope, (4) few sample vials, (5) the injection valve and
(6) the continuous flow pump. The core part of the setup is entirely
encased, with the aim of reducing air flows and thermal fluctuations.

amount of efforts of my Ph.D. work. The photograph in Figure 2.1
shows the core of the apparatus, where the optical and fluidic sys-
tems converge. The description, characterization and performances
of the experimental apparatus will be detailed in this chapter. We
distinguish between optical setup and liquid handling, addressing the
former in §2.1 and the latter in §2.2.

The issue concerning the optimization of the functionalization
process has been addressed by Laura Pasquardini (a colleague of the
FBK) and by Marta Guarisco (former master student of the UniTN)
in [83]. A short description of the proposed functionalization pro-
cedure is reported in §A

2.1 Optical setups

2.1.1 Chip in/out coupling with fibers

'The common elements of all the optical setups described in this the-
sis are the chip holder and the fiber positioners. The photograph
reported in Figure 2.2, resembles many other setups for waveguide
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FIGURE 2.2: Zoomed view on the optical fibers positioners and on
the thermally-controlled sample holder. The precise alignment of the
fibers, with sub-micrometric resolution, is needed to achieve efficient
coupling of the light in (and out) the photonic chip. The sample
holder shows auxiliary threaded holes and screws, which are used to
fasten the microfluidic flowcell on the photonic chip.

probing: two tapered lensed optical fibers, OZ-Oprics TSM]J series,
are mounted on two XYZ-translastion stages, Newport Ultralign 562
series, and positioned with sub-micrometric precision with six re-
motely controlled actuators, Newport NanoPZ PZA12. 'The use of
tapered lensed fibers is highly recommended, as it reduces the inser-
tion losses to the photonic chip, by improving the matching of the
mode field diameter. The use of the remotely controlled actuators is
not compulsory, but desirable. It permits the encasing of the experi-
mental setup, eliminating the need for manual access, and leading to
a better thermalization of the ambient near the sensor.

The photonic chip is placed on a flat holder, made with a block
of copper, whose temperature can be regulated with a Peltier ther-
moelectric cell. The position of this holder can be translated longi-
tudinally and vertically with micrometric screws, Newport Ultralign
561D. To visualize the sample and the positioning of the fibers, an
optical microscope is placed above the holder. The copper block has
threaded holes, which are used to fasten the microfluidic flowcell to
the photonic chip with small screws.

The temperature controller, shown in Figure 2.3(a), is home-
made. Its main processing unit is a RMT Lzd. DX5100. It can be
directly controlled with a PC or programmed for autonomous routine
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(b)

FiGure 2.3: (a) Dual channel thermal controller, home-built on
the base of the RMT Ltd. DX5100 programmable controller unit.
(b) Zoomed view on the sample holder. The Peltier thermo-electric
cooler is interposed between a copper heat sink and the sample
holder. The copper ensures a fast thermalization and homogeneity in
the temperature distribution. The temperature of the block is mea-
sured with an Analog Digital AD590, directly inside the copper, just
below the photonic chip.

functioning. It can regulate two independent channels, providing up
to 2 x 16 W of power to the Peltier cells. The resolution of the tem-
perature reading is influenced by the choice of the temperature sen-
sor. In our case we choose two Analog Digital AD590]JF, because of
the small dimensions (only 2.2 x 5.8 x 1.2 mm) and of the linearity
of the response. Considering the resolution of the analog-to-digital
converter in the controller unit, the precision in the temperature read-
ing is 0.6 mK.

'The feedback loop of the controller is closed on a thermoelec-
tric Peltier cell, interposed between the copper sample-holder and a
copper heat-sink. Figure 2.3(b) shows a close-up picture of the as-
sembly. The temperature sensor is encapsulated into the top copper
block, directly below the usual position of the sensor chip.

To characterize the temperature controller, we measured its ac-
curacy, the stability and the response time of the feedback-loop. In
addition, we also assessed the response time of the transmission spec-
tra of a WGM resonator, as a function of the temperature variations
of the sample holder. Figure 2.4(a) shows the accuracy of the temper-
ature readings on the first channel of the controller, compared to the
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FicUure 2.4: Calibration and characterization measurements per-
formed on the thermal controller. (a) Comparison of the temperature
read from the 4D590 sensor of the channel Ch1, with the temper-
ature of a reference PT100 thermoresistor. (b) Trace of the temper-
ature, measured in the copper block of the sample holder, in a time
window of 16 min, during active control. The temperature is stabi-
lized within +5 mK. (c) Example of a programmed temperature cy-
cle. The controller recovered a temperature excursion of AT = 72°C
in less than 2 min. (d) Comparison of the resonance shift curve of a
wedge resonator and of the temperature curve, during a programmed
temperature cycle. Thanks to the high thermal conductivity of the
copper and of the small thermal capacity of the photonic sample, the
two curves are highly correlated, with a short temporal delay, of the
order of ~ 3 s, in-between the two.
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reading of a reference P'T100 resistance temperature detector. After
the calibration, the accuracy of both channels is within £0.05 °C for
temperatures below 50 °C, and within £0.15 °C for temperatures up
to 100°C.

The stability of the temperature control-loop has been charac-
terized by measuring the temperature in the sample-holder copper
block, in a time window of 16 min. During the measurement, no
liquids were flown on the sensor, and the casing of the setup has
been kept closed to reduce air fluctuations. Figure 2.4(b) shows that
the temperature stability (measured as the standard deviation of the
whole dataset) is 5 mK.

The control-loop is based on the well-known proportional-integral-
derivative (PID) algorithm. The total response time of the controller
depends on the cooling/heating power of the thermoelectric cell (the
actuator), the system heat capacity, and on the three coefficients of
the PID algorithm. We fine-tuned these coeflicients, both with the
Ziegler—Nichols method and empirically, to reduce the response time
to temperature setpoint variations. As shown in Figure 2.4(c), a pro-
grammed variation AT = 72°C can be stabilized in less than 2 min,
with a small overshoot of the setpoint. This feature is believed to be
very useful if the regeneration of the aptamer-functionalized biosen-
sor is obtained with thermal shocks. In this case, in fact, temperatures
of up to 90~95 °C have to be set to reversibly denaturate the biore-
cognition molecules. However, in this thesis, alternative methods
(and, in particular, denaturation through pH variations) have been
preferred. The reason for this choice is that, at high temperature, we
did not succeed to keep the surface of the sensor wet, and, as bet-
ter explained in §2.2.1, the drying of the sensor surface affects the
reliability of the WGM resonance wavelength measurement.

Finally, we characterized the time response of the effects of the
temperature on a WGM resonator. To this regard, we measured the
wavelength of a high-() resonance in a wedge microresonator, and we
compared it to the temperature read from the /D590 sensor. For this
experiment, the wedge radius was 25 pm, and its core material was
non-stoichiometric silicon nitride, SiN,. The probing laser wave-
length was swept around 780 nm, with the use of the optical setup
described in §2.1.3.2. As reported in Figure 2.4(d), the resonance
wavelength shifts according to the variations in the temperature, fol-
lowing the temperature readings of the controller with a delay of the
order of ~ 3s. Thus, from this measurement, we conclude that the
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F1GURE 2.5: Schematic representation of the experimental setup for
the broadband characterization of the photonic structures, in the
NIR wavelength range. An ASE source emits broadband, incoherent
and unpolarized, light, in the range from 1530 to 1570 nm. The light
is transmitted through the WGM resonator sensor and analyzed at
the output with an OSA. 'The transmission spectrum is retrieved in
a single acquisition.

control of the temperature of the holder is sufficient to affect and
control the temperature in the resonator, and that the sensitivity of
the wedge to temperature variation is 5.9(1) pm/K. During active
temperature stabilization, the temperature fluctuations will lead to
wavelength fluctuations of the order of 0.03 pm.

2.1.2 Broadband NIR source

During my Ph.D. research, I have developed a number of optical
setups, each suitable for a particular application or spectral region.
For a fast characterization of the transmission spectra of moderate-
Q@ WGM resonators, we decided to probe the photonic devices with
broadband light. In particular, we opted for an Amplified Spontaneous
Emission (ASE) source, Opto-Link OLS15CLGB-25-FA.

The scheme of the setup is reported in Figure 2.5. The light of
the source is unpolarized and incoherent, with emission wavelength
from about 1530 to 1600 nm. After the transmission through the
resonator, the signal is collected by the output optical fiber, and it is
analyzed in an Anritsu MS9710C Optical Spectrum Analyzer (OSA).
The entire transmission spectrum is retrieved in about a second, with
a resolution of 20 pm.

Figure 2.6 shows the light intensity transmitted through a vertically-
coupled SiN, microdisk resonator of 25 um radius. For moderate-
Q_resonators, like this one, the resolution of the OSA is sufficient.
Moreover, as shown in Figure 2.6(b), by increasing the sampling
points it is possible to increase the effective resolution of the con-
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F1GURE 2.6: (a) Transmission spectrum (normalized to the maximum
intensity) of a microdisk resonator, measured with the scheme ex-
plained in Figure 2.5. (b) Zoomed view on a resonance of the mi-
crodisk. The resolution of the OSA, which is 20 pm, is not suitable
to resolve small resonance shifts or resonances with quality factors

Q22 x 10%.

volved spectrum, leading to a more accurate fitting of the resonances.

'The optical setup here explained is well suited to characterize the
bulk sensing properties of WGM resonators with moderate quality
factors. Figure 2.7 reports the characterization and comparison of a
disk and a wedge resonators, both realized in SiN, (refractive index
1.99). 'The two geometries have the same radius (25 pm) and thick-
ness (350 nm), but the different etching processes for their definition
creates different sidewall angles. The disk, defined with a RIE pro-
cess, shows a sidewall inclination of 85°, while the angle of the wedge,
created with a BHF process, is = 7°.

To measure the bulk sensitivity, we exposed the surface of the
two resonators to several glucose/water solutions, with concentra-
tions spanning from 0.0 to 9.0% (weight/weight). The change in
refractive index of the solutions, An, is proportional to the glucose
concentration C' through the relation

An = C x 1.375 x 1073 RIU /% (2.1

as reported in [84] and confirmed by control measurements, per-
formed with an Abbe refractometer in our labs.

Figure 2.7(a) shows the measured resonance spectral positions as
a function of the refractive indexes of the solutions. To enhance the
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F1GURE 2.7: Sensing characterization of a disk and a wedge resonator
with similar composition and size. The measurements have been
achieved with the setup in Figure 2.5. (a) The resonance position
is measured as a function of the refractive index of the liquid in con-
tact with the sensor. The bulk sensitivity is calculated from the slope
of the linear fit. (b) Plot summarizing the sensing characteristics of
the two microresonators, for both resonances of the first and second
radial families of WGMs. 'These results have motivated the study
of §1.2.3. The comparison between the theoretical analysis and the
experimental results is treated in [76].

precision of the resonance wavelength determination, we fitted a por-
tion of every spectrum with a lorentzian function

fN) =1Io (1 (2.2)

A2 )
72+ (A = Ao)?
where Ij is the off-resonance transmitted intensity, A is the ampli-
tude of the resonance (i.e., one minus the transmission coefficient at
resonance, Equation (1.22)), v is the half-width at half-maximum
(half-amplitude, in this case) and Ag is the resonance center wave-

length.

By using Equation (1.9), we calculated the bulk sensitivity as the
slope of the plot. In Figure 2.7(b) we compared the bulk sensitiv-
ity and the FOM, Equation (1.13), of the two microresonators, for
both resonances of the first and second radial families of WGMs.
We notice that, compared to the commonly-used first radial reso-
nance of the disk resonator (S, = 85(4) nm/RIU), the bulk sen-
sitivity is enhanced by either using the second radial family (S, =
91(4) nm/RIU) or reducing the inclination of the resonator sidewalls
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(Sp = 108(4) nm/RIU). The explanation is that both choices have
the effect of reducing the confinement of the WGM and, therefore,
of increasing the interaction of the mode with the sensing liquid.
However, the WGMs of the second radial family exhibit lower qual-
ity factors, due to radiative losses. For these reasons, the highest bulk
FOM is achieved by the wedge resonator’s first radial WGM family.
Compared to the disk geometry, which exhibits a FOM g =530(40) /RIU,
the wedge microresonator performs almost twice better, with a FOMyeqge =
980(60) /RIU. These results have motivated the study of §1.2.3. A
deeper analysis of the two structures, and a comparison of the exper-
imental results with the simulated ones, is treated in [76].

In conclusion, the setup for broadband probing here presented
shows several favourable features, first of which is its simplicity. How-
ever, this setup can not resolve narrow resonances, with () values ex-
ceeding A2 x 10%. Moreover, even with an increased convolved res-
olution, the ultimate limit is given by the wavelength stability, which
is reported in the manual of the OSA as 5 pm. Thus, resonance shifts
smaller than this value can not be reliably detected. The next sec-
tions will present three optical setups that have been developed to
overcome these two issues.

2.1.3 Monochromaric NIR sources
2.1.3.1 Tunable external cavity diode laser at 1.5 um

To characterize narrow resonances at high resolution, we used a tun-
able external cavity diode laser, with emission wavelength ranging
from 1520 to 1630 nm. The laser is a Yenista Tunics T1008, oper-
ated in continuous sweep mode. As schematized in Figure 2.8, its
polarization is controlled with two quarter-waveplates and one half-
waveplate. The light is fed into (and out from) the waveguides of the
chip, by means of tapered optical fibers, and it is finally measured
with a photodetector.

In principle, it would be possible to reconstruct the transmission
spectrum by setting, one after the other, closely spaced wavelengths
on the laser controller, and measuring in sequence the transmitted
intensities. However, this procedure is too slow for practical uses in
biosensing experiments, because a complete scan can take definitely
more than 1 min, depending on the scan range and the resolution.
To overcome this problem, it is possible to operate in continuous-
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F1cure 2.8: Schematic of the experimental setup for the high resolu-
tion characterization of the samples in the NIR. An external-cavity
tunable diode laser, a Yenista Tunics T1008, is continuously swept in
a given range. 'The light polarization is adjusted with two quarter-
waveplates and one half-waveplate. The light is measured at the out-
put of the WGM microresonator with a photodetector. The trans-
mission spectrum is reconstructed by synchronizing, with an oscillo-
scope Pico Technology PicoScope 4424, the traces of the photodetector
and of the sync signal of the laser controller.

sweep mode, where the laser cycles in a range between two given
wavelengths and at a fixed sweep speed, v. At the beginning of ev-
ery sweep, a rising-edge trigger is set on the sync output of the laser.
This signal can be used to trigger an oscilloscope (in our case a Pico
Technology PicoScope 4424), which will read the photodetector syn-
chronously. In this case, the measured intensity traces I (), which are
time-dependent, can be converted to wavelength-dependent trans-
mission spectra, I(A), with the simple mapping

A=A+ (t—to)v 2.3)

where Ag is the sweep starting wavelength and ¢ is the time of the
trigger event.

In continuous-sweep mode, the time required for a complete scan
is proportional to the scan range and inversely proportional to v, so
that a higher speed would be desirable. At the same time, however,
the resolution of the spectrum is inversely proportional to the sweep
speed, v, and it is lower limited by the slowest between the photode-
tector bandwidth and the oscilloscope sampling rate. As an example,
Figure 2.9(a) shows the reconstructed transmitted intensity spectrum
of the same wedge resonator analyzed also in Figure 2.7(b) (radius
25 pum, thickness 350 nm and core material SiN,). Here the scan
range is 24nm (more than twice the FSR) and the sweep speed is
v = 10nms~!, leading to a reasonable scan period of T' = 2.4s. By
setting a sampling frequency v = 10 kHz (10* samples per second),
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F1GURE 2.9: (a) Transmitted intensity spectrum (normalized to the
maximum intensity) of a wedge resonator, measured with the setup
in Figure 2.8. Two families of radial WGMs are visible, and can be
distinguished for their quality factor. (b) Measurement of the tem-
perature sensitivity of the same wedge resonator. The resonance shifts
by 15(3) pm for a temperature variation of 1 °C. (c) Refractive index
sensitivity of the same wedge resonator, for bulk variations of refrac-

tive index (S, = 88(3) nm/RIU).

which is lower than the bandwidth of the photodetector (100 kHz),
the resulting spectral sampling spacing is 1 pm. At this sweep speed,
the photodetector-limited resolution would be 0.1 pm, which enables
the resolving of resonances with quality factors up to @ ~ 3 x 10°.

Figure 2.9(b) and (c) report the measurements of the temperature
sensitivity and bulk refractive index sensitivity for the same wedge
resonator as in Figure 2.9(a). Also in this case, for every spectrum ac-
quisition, we automatically selected a small wavlength range around
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the target resonance, and we fitted the resonance in real-time with a
lorentzian function, Equation (2.2). With this method, we measured
a temperature sensitivity Sp = 15(3) pm/K, and a bulk refractive in-
dex sensitivity S, = 88(3) nm/RIU.

As we can notice from the distribution of the datapoints in Fig-
ure 2.9(b), or from the error bars in Figure 2.9(c), the resonance shifts
can not be measured with the same very high, single-shot, resolution
derived above. The accurate detection of small resonance shifts is still
limited by the repeatibility of the scan. The shift, in fact, has to be
measured as the difference between two spectra, and this difference
is not limited (only) by the resolution of the two, single, scans. The
determination of the resonance position, in fact, is affected by a pre-
cision (relative uncertainty) in the order of 3 pm. The reason for this
uncertainty is that the wavelength tuning of the Zunics 77008 source
is obtained by changing the length of the laser cavity, and that this
operation is actuated with a motor. While the motor speed, and con-
sequently the sweep speed, can be accurately controlled, the absolute
length of the cavity has to be referenced (internally, in the source).
'This internal reference has an absolute accuracy of 30 pm, and a re-
peated precision of 3 pm (the datasheet of the source states a slightly
more conservative value, 5 pm). This finite precision sets the lower
limit for the resolution of small resonance shifts, and, hence, also sets
the lower limit of detection of the sensor.

A way to overcome the issue of the wavelength precision, is the
use of a more reproducible wavelength tuning method. The next two
sections deal with two alternatives to improve by more than one order
of magnitude the limit of detection of our apparatus: the wavelength
tuning with a piezoelectric-actuated cavity and the tuning by mod-
ulation of the driving current of a Vertical-Cavity Surface-Emitting
Laser (VCSEL).

2.1.3.2 External cavity tunable diode laser at 780 nm

It is well known that silicon photonics is pushing the frontiers of
telecommunications, allowing the realization of cheap, compact and
efficient photonic routers and modulators, entirely based on CMOS
fabrication, and operating at wavelengths near 1.55 pm. However,
this wonderful technology platform is still lacking an efficient light
source and a photodetector, to be integrated directly on-chip. De-
spite the hybrid-integration with external laser sources and detectors,
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FiGure 2.10: (a) Picture of a Sacher Lasertechnik LiON TEC-500
laser. (b) Scheme of the Littman/Metcalf configuration for the real-

ization of a tunable external cavity diode laser.

one of the proposed way to realize a complete set of photonic devices
is the use of shorter wavelengths, in the VIS-NIR range. In this way,
the light detection can be achieved with silicon detectors, while the
light emission can be obtained, for example, with silicon nanocrys-
tals [85, 86]. Obviously, the waveguides can not be made of silicon,
because it is not transparent in this range, but many other CMOS-
compatible silicon-based materials are available, like silicon nitride,
SizNy, or silicon oxynitride, SIO,N,.

'The Nanoscience Laboratory of the University of Trento has al-
ways been committed to the development of such a complete inte-
grated platform [87]. Also in the field of biosensors, we decided to
investigate the possibilities of working in the VIS-NIR range. For
this reason, we appositely built an optical setup with a tunable laser
source at wavelengths near 780 nm. 'The laser is a Sacher Lasertechnik
LiON TEC-500, shown in Figure 2.10(a). 'The topology of the res-
onant cavity has been developed by Littman and Metcalf. In particu-
lar, if the rotation pivot point of the tuning mirror (see Figure 2.10(b))
is carefully chosen, the tuning of the emission wavelength can be
made mode-hop-free in a large range [88]. In the Sacher LiON laser,
the tuning mirror is actuated with both a motor, for large tuning
ranges, and a piezoelectric element, for the fine tuning in a small
range. Thus, while developing this apparatus, we had the chance to
test the reliability of the cavity tuning with a piezoelectric actuator.

The scheme of the optical setup is represented in Figure 2.11.
Similarly to the previous setup, the light from the laser is continu-
ously swept in a given range, and the polarization is controlled with
three waveplates. At the output of the chip, the light is collected with
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F1GuRrE 2.11: Schematic of the experimental setup for the character-
ization of sensors in the VIS-NIR range. The basic idea is similar
to the one of Figure 2.8, but it differs in the source of the modu-
lation, which in this case is an external function generator, and in
the mechanism that actuates the wavelength tuning. The amplifier
is needed to drive at high voltages the piezoelectric actuator of the
Sacher Lasertechnik LiON, but it can be avoided for small scan ranges.
The light polarization is controlled with waveplates. Then, a 90/10
fiber splitter divides the light: one part is sent to the WGM resonator
and to the first photodetector; the other is sent, through a variable
optical attenuator, to a reference photodetector. As in Figure 2.8,
the transmission spectrum is reconstructed, at the oscilloscope, by
synchronizing the power ratio of the two photodetectors with the
modulation signal that drives the laser cavity actuator.

a photodetector and then read, synchronously to the modulation sig-
nal, with an oscilloscope. The differences with the previous setup are
that:

* the modulation of the wavelength is applied to the piezoelec-
tric actuator with an external function generator, amplified up
to 100 V with a power amplifier, N4L LPA400;

* after the waveplates, the light is split in two branches, with
either 50/50 or 90/10 splitting ratios. One part is sent to the
WGM resonator, the other part is sent to a variable optical
attenuator and then to a reference photodetector.

The reason for the necessity of the two photodetectors is that the
output power of the LiON laser is strongly wavelength-dependent.
Comparing a spectrum obtained with the Zunics source, Figure 2.9(a),
with the one in Figure 2.12(a), we can notice that the baseline is really
noisy, such to reduce almost entirely the visibility of the WGM reso-
nances. In contrast, Figure 2.12(b) shows a transmission spectrum of
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F1GURE 2.12: Transmission spectra of two similar wedge microres-
onators, acquired in a broad range with a Sacher Lasertechnik LiON
TEC-500, (a) without and (b) with the referencing photodetector.
In the latter case, the contrast for the identification of the resonance
peaks is visibly enhanced.

a similar wedge resonator, where the normalization is provided by the
power impinging on the reference photodetector. The resulting plot
is much more clean, and the visibility of the resonances is enhanced.

'The two photodetectors for this apparatus have been home-made,
and are based on a fast silicon photodiode, Hamamatsu §5972, and a
low-noise, low-distorsion operational amplifier with gain-bandwidth
product of 3MHz. The schematic of the transimpedance ampli-
fier circuit is shown in Figure 2.13(a), while the photograph in Fig-
ure 2.13(b) depicts the final casing of the photodetector. The cir-
cuit is designed to be battery-powered, in order to reduce the electric
noise, and to have a fixed current-to-voltage gain (transimpedance)
of 10kQ. The capacitance in parallel to the feedback resistance is
calculated to avoid self oscillations at high frequency, as suggested in
[89]. The calculated 3 dB-bandwidth should be as high as ~900 kHz,
according to the impedance of the feedback loop.

Figure 2.13(c) and (d) report the characterizations of the respon-
sivity and of the temporal response of the two detectors. The first
shows that the devices have good linearity in the whole operating-
range. 'The responsivity is calculated as R = 5.0(1) x 10° V/W,
which fits reasonably good with the usual responsivity of silicon pho-
todiodes and the chosen transimpedance gain. The second measure-
ment has been achieved by acquiring, at high sampling rate, the out-
put of the photodetector, when illuminated by ultra-short pulses of
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Ficure 2.13: (a) Circuit schematic of the photodetector. The photo-
diode is a Hamamatsu §5972, and the op-amp is a Maxim MAX4250.
'The voltage/current gain of the transimpedance amplifier is fixed to
10kQ. The calculated 3 dB-bandwidth is ~900kHz. (b) Picture
of one home-made photodetector. (c) Power calibration curves for
the two realized photodetector replicas. The devices show good lin-
earity in the whole operating-range of the op-amp. (d) Temporal
response of one of the photodetectors when illuminated by an ultra-

short pulse of a picosecond-pulsed-laser. The bandwidth is greater
than 200 kHz.
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F1Gure 2.14: (a) Comparison of the resonance shift signals recorded
with a Tunics T1008 (setup in Figure 2.8) and with a Sacher LiON
(setup in Figure 2.11) tunable lasers. The WGM sensor under in-
vestigation is a wedge microresonator, kept in air at constant tem-
perature. Analysing the signals in a time window of 5 min, the stan-
dard deviation of the measurements obtained with the Tunics source
is 3 pm, whereas the standard deviation with the LiON source is only
0.1 pm, corresponding to a 30-fold enhancement. (b) Effect on the
resonance wavelength estimation when a mode-hop is spectrally po-
sitioned within the resonance width. The magnitude of the mode-

hop-induced shift is 3 pm.

a picosecond-pulsed-laser. The rise and decay times are in the order
of 1~2 ps, which indicates a bandwidth Z200 kHz. The circuit has
been soldered on a prototyping perforated board, instead of a profes-
sional Printed Circuit Board (PCB). Therefore, the stray capacitances
could explain why the measured bandwidth is lower than the calcu-
lated one. However, during the experiments of this thesis, the re-
duced bandwidth has never been the limiting factor to the resolution
of the specta, and for this reason we did not optimize the detector
any further.

As previously anticipated, the use of a piezoelectric actuator im-
proved the scan precision, in comparison to the actuation with a mo-
tor, as in the case of the ZTunics laser. Figure 2.14(a) shows a com-
parison of the repeated measurement of the resonance wavelength,
obtained with the setups of Figure 2.8 and Figure 2.11. In this case
the device under test is the usual SiN, wedge resonator, with 25 um
radius and 350 nm thickness, dried and exposed to air, and kept at
constant temperature. As we can see, the two traces show very dif-
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ferent resonance wavelength uncertainties. By analyzing the stan-
dard deviation of the signals in a time window of 5 min, the motor
actuation leads to an uncertainty of 3 pm, while the piezoelectric ac-
tuation can reach values as low as 0.1 pm, corresponding to a 30-fold
enhancement.

However, even this setup has some problems. First, the fine scan
range is quite limited: the piezoelectric actuator can be driven up
to 100V, but the tuning sensitivity is only 4pm V~!, leading to a
total scan range of 0.4 nm. For resonators of small radii, this range
is less than the FSR, and it is possible that no resonance is detected.
Luckily, in such cases, it is possible to move the center of the fine scan
window with the motor actuator, until one resonance becomes visible.
The second issue is the need of the two photodetectors, that inevitably
reduces the light power made available to probe the WGM resonator.
When the insertion losses of the photonic chip are high, this can be
a problem. The third issue, and probably the more serious, is that the
LiON laser shows many mode-hops. Despite the specification of the
constructor and the particular precautions in the design of the cavity,
Figure 2.10(a), we observed an unpredictable number, from 5 to 20
or more, of mode-hops in the 0.4 nm range of the fine scan. With
resonances of & 50 pm width, it is quite probable that, sooner or later,
the resonance will cross the spectral position of one of these mode-
hops. Figure 2.14(b) shows the apparent hops in resonance position
when this happens. The effective shift, caused by the mode-hops, is
in the order of 3 pm. Being an apparent shift, and, in addition, a
quite visible artefact, it should be possible to correct the data in post-
processing. However, for a better reliability of the resonance shift
measurement, any mode-hop should be avoided from the beginning.

We conclude this section by showing the result of the measure-
ment of the bulk sensitivity of a wedge resonator, with the setup here
proposed. Figure 2.15(a) reports the resonance shift curves, obtained
by exposing the sensor to several water-glucose solutions, with con-
centrations ranging from 0.1 to 0.5% (weight over weight). The
SNR is high, even at the lowest refractive index variation (An =
1.4 x 10~*RIU). The higher precision of this setup is particularly
evident by comparing the error bars in the plot of Figure 2.15(b) with
the ones in Figure 2.9(c). Thanks to the improvements here intro-
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F1Gure 2.15: The higher spectral resolution obtained with the exper-
imental apparatus in Figure 2.11, leads to a more precise estimation
of the bulk sensitivity. (a) Sensorgrams obtained by injecting several
glucose solutions at different concentrations on a wedge resonator.
(b) Resonance shift as a function of the refractive index variation of
the glucose solutions of (a). The R? value of the linear fit is 0.9998,
and the calculated bulk sensitivity is S, = 32.7(3) nm/RIU. This
plot can be compared with Figure 2.7(a) and Figure 2.9(c), confirm-
ing the improvements of this setup.

duced, the LOD of this wedge-based sensor became

1.8(2) x 10~*nm

LOD =
OD = 38X 5 7(3) a/RIU

=1.72) x 107°RIU  (2.4)

according to Equation (1.12) and to the resonance wavelength un-
certainty during water flow, which was o) = 0.18(2) pm.

2.1.3.3 VCSEL laser at 850 nm

'The last optical setup presented in this thesis is the one built specifi-
cally to characterize the sensor chips developed within the European
project Symphony. With the aim of realizing a low cost, disposable
and integrated optical biosensor, the Symphony consortium has de-
cided to use, as light source, the VCSEL diodes U-L-M Photonics
ULMSE50-B2-PL-80101U, which are sold as bare-dies, and can be
bonded with a flip-chip method directly at the input of the waveg-
uides.

The integration strategy of this laser source is quite complicated,
and it is currently under development at the facilities of our partner
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LioniX. In the meanwhile, as a temporary solution, we have built an
optical setup based on fiber coupling (see §2.1.1), where the VCSEL
source is the same, just in a more handy TO46 can, ULM§850-B2-
PL-S§46FZP.

'The particularity of these VCSEL diodes, that motivated their
choice, is that they are single mode, polarization maintaining and
can be tuned in wavelength by more than 1.6 nm, by changing the
driving current. During the wavelength tuning, the probability of
experiencing a mode-hop is low, because the vertical cavity is very
short and, consequently, the FSR is large. Moreover, like any other
VCSEL, the output beam is circular, and can be matched with rea-
sonable efficiency to an optical fiber in butt-coupling.

We managed to pigtail our VCSELSs to single-mode optical fibers,
reaching an efficiency of 40 % (the fiber Mode Field Diameter (MFD)
was 5um). Figure 2.16(a) shows the microscope picture of a TO-
packaged laser diode during the procedure for the fiber alignment.
When the correct position is found, a small drop of UV-curable glue
is placed on the fiber tip. After a final alignment, the glue is cured
with a UV-curing LED system. In a couple of minutes, the glue is
hard, and the fiber is held in position. To increase the mechanical
stability of the bonding, an additional drop of epoxy glue is put into
the TO46 can, filling the empty volume. Finally, a short piece of
shrinking tube is wrapped around the assembly, to protect the fiber
from bend tensions.

To drive the VCSEL, the current has to be in the range from
2 mA (lasing threshold) to 6 mA (damaging threshold, output power
2 mW). This range is too small to be accurately tuned by most of the
commercially available laser drivers, which are designed to work in
a current range of the order of 100 mA. To overcome this problem,
we connected the laser in series with a resistor of R = 550, and
we drove it directly by setting the voltage with a function generator,
Tektronix AFG3000. The current, in fact, is so low that the generator
is able to source it without any additional amplifier.

Figure 2.16(b) shows the calibration curves for the emission wave-
length, measured with an OSA, as a function of the driving voltage.
We fit the data with polynomial functions, with degree from first to
fourth. The analysis of the residuals of the fitting, in the inset, shows
that a polynomial degree of 3 is a good choice, and that increasing
the order does not reduce significantly the fit error. Thus, from the
fitting coeflicients, in the sensing experiments we could calculate the
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Ficure 2.16: (a) Microscope picture taken during the fiber pigtail-
ing of the VCSEL source. (b) Calibration of the lasing wavelength
of the VCSEL, as a function of the driving voltage. The wavelength
has been measured with an Optical Spectrum Analyzer (average un-
certainty 5 pm). The continuous lines are polynomial fitting of the
datapoints (up to the fourth order). The inset shows the sum of the
squared residuals as a function of the order of the polynomial model.
(c) Wavelength drift during the thermalization of the VCSEL. The
blue curve has been recorded starting from the switching-on of the
temperature controller of the VCSEL. 'The drift persist for more than
one hour. The black curve has been recorded after the thermalization.
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emission wavelength by measuring the driving voltage.

The last plot, shown in Figure 2.16(c), represents the characteri-
zation of the wavelength stability. This has been measured with the
same setup of Figure 2.11. The only differences are that the am-
plifier was not necessary, and that the two photodetectors are two
switchable-gain amplified silicon detectors, Thorlabs PDA36A. The
WGM under test is a racetrack in SiO,N,, from the batch L2 of
the Symphony project (see Table 4.1). The resonator is kept in static
water (no flow), at constant temperature. Therefore, the measured
wavelength shift is actually due to the shift in emission wavelength
from the VCSEL. 'The blue curve has been measured immediately af-
ter the switching-on of the temperature controller of the laser diode.
As expected, the emission wavelength drifts with the temperature,
but the issue here is that the controller takes more than one hour
to reach a complete thermalization. In contrast, the black curve has
been measured at equilibrium. The short-term (2 min) wavelength
uncertainty is as low as 0.07 pm, but bigger fluctuations can arise in
the long term.

'This VCSEL, and the setup of Figure 2.11, has been used to char-
acterize the samples described in §4.1, and it has been used to suc-
cessfully detect Aflatoxyn M1 down to nanomolar concentrations, as

reported in §4.2.

2.2 Liquid samples handling

In order to reduce the limit of detection of a biosensor, it is important
to have a well developed optical setup, an optimized sensing element
and, finally, a reliable system to handle the flow of the liquid samples.
The micrometric size of the photonic structures, allows for the use
of very small sample volumes, in the microlitre or, even, nanolitre
range. Obviously, the handling of such low amount of liquid is very
challenging, and requires capillaries, microchannels and microvalves,
in order to be successful. This microfluidics, opens a whole new world
of physical effects, that can be studied or exploited [90].

In this thesis, we will use only very basic microfluidic elements.
'The general scheme of the liquid handling systems consists in a dis-
penser, or a pump, that pushes the samples through one or more cap-
illaries, down to a flow-cell, and then to a waste bottle. The flowcell
is a microchannel, open on one side, that is leak-tight bond to the
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F1GURE 2.17: Schematic representation of a flowcell. The microflu-
idic is leak-tight to the photonic chip. All the resonators are flood
simultaneously, and exposed to the same sample solution. The inlet
and outlet capillaries are depicted in orange, while the tapered fibers
for light-coupling are depicted in light blue, at the edges of the chip.

sensing area of the chip. Thus, the sensor can come in contact with
the liquid through the aperture, and it can analyse its content. Fig-
ure 2.17 represents a sketch of a typical flowcell, covering the sensing
area of few WGM resonators.

The next sections will cover, first, the sources of flow that we used
in our experiments, and, second, the two flowcells that we developed.

2.2.1 Pressure-driven pulsed flow

The first source that we developed is a pressure-driven dispenser,
based on an Eppendorf Femtoer. 'This device is nothing more than
an air compressor with a regulated valve, that can apply a specific
pressure in arbitrarily-long pulses. The pulsed regime can be conve-
nient when the sample volume is really small, being able to deliver
just the desired amount of liquid at will.

In order to dispense more than one sample, we realized an home-
made switch-box, with five electrovalves controlling the flow of air
applied by the Femtofet. Figure 2.18(a) shows a picture of the switch-
box, connected with a tube to the Fem#ofet, while Figure 2.18(b) de-
picts schematically the concept of this apparatus. Five pipette tips
(volume ~ 50 pl) are initially filled with different solutions. These
are, on one side, connected to the flowell via five capillaries, and, on
the other side connected to the electrovalve controller. Typically, one
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to sensor

(a) (b)

FIGURE 2.18: (a) Picture of an Eppendorf FemtoJet and of the home-
made electrovalve controller. (b) Schematic representation of the
pressure-driven microfluidic apparatus. Up to five Eppendorf pipette
tips can be filled with the analyte samples, the blank solution and the
regeneration solution. The flow of the liquids towards the biosensor
is regulated by the electrovalves in the controller.

channel is open at a time. When the Femzoet is activated, the pres-
sure pulse pushes the liquid of the selected pipette tip, feeding it to
the sensor.

Unfortunately, this approach is affected by at least three issues:

1. In some cases, we noticed a backflow, progressing from one
tip, to the flowcell, and back to another tip.

2. When the liquid is not exactly at the same temperature of the
sensor, at every injection we noticed a small variation of the
resonance wavelength, even if the injected solution was always
the same (with no change in refractive index). Figure 2.19(a)
shows an example of such issue. The injections, marked by
the red arrows, produce sudden shifts of up to ~3 pm, that are
restored only after more than 10 min.

3. Itis difficult to remove all the air bubbles from the capillaries,
prior to the sample injection. This trapped air is then pushed,
together with the liquid, towards the sensor area. When a bub-
ble crosses the flowcell, the sensor is momentarily dried, and
the salts, contained in the buffer solution of the sensing exper-
iments, can deposit on its surface. The superficial interaction
of the newly-formed crystals is very strong, so that even when
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F1GuRE 2.19: (a) Resonance shift upon pulsed injections with the flu-
idic setup of Figure 2.18(b). The pulsed flow change the resonance
wavelength by up to ~3 pm, probably because of a small offset be-
tween the temperature of the liquid and of the resonator. (b) Residual
resonance shift, observed after the temporary exposure of the res-
onator to an air bubble. In this controlled experiment, three air bub-
bles are flown in sequence, producing a cumulative shift of 230 pm.
On average, the step-shift is =80 pm.

the sensor is again flood with the buffer solution, this deposited
layer can not be entirely dissolved. Figure 2.19(b) reports on
a controlled experiment, where we cycled between injections
of buffer solution and air. As it can be seen, after every cycle
a residual shift is measured, with an average step of ~80 pm.
Such an effect is unacceptable during a biosensing experiment,
and for this reason any air bubble should be avoided during the
injections.

2.2.2  Syringe-pump continuous flow

To overcome the issues of the pulsed flow, we built a microfluidic ap-
paratus based on a positive displacement pump and on a 6-way loop
injection valve. We choose a VICI M6 syringe-free pump and a VICI
C1CF valve, which are shown in Figure 2.20(a) and (b), respectively.

The pump is able to feed an unlimited volume of carrier solu-
tion, usually the incubation buffer, to the sensor without interrup-
tions. This device combines a smooth flow, typical of syringe pumps,
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FiGure 2.20: (a) Picture of the VICI M6 continuous flow pump,
connecting a buffer reservoir to the injection valve. (b) Picture of the
VICI C1CF injection valve, with a sample loop calibrated to 20 pl.
(b) Schematic representation of the working principle of an injection
valve. When the valve is in “load” configuration, the sample loop
can be filled with the analyte solution through the needle port. Con-
temporaneously, the flow of the carrier solution towards the WGM
sensor is uninterrupted. When the valve is in “inject” configuration,
the carrier solution pushes the fixed-volume plug of analyte solution
towards the sensor. Scheme adapted from [83].
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with the unlimited reservoir volume, typical of peristaltic pumps. The
continuous flow stabilizes the resonance wavelength, even if the tem-
perature of the fluid is not exactly the same of the photonic chip,
preventing the spikes observed in Figure 2.19(a).

By adopting an injection valve, small volumes of sample solutions
can be delivered to the sensor as small liquid plugs, embedded in the
continuous stream of carrier buffer. Figure 2.20(c) schematizes the
working principle of such valve. When the handle is set to “load”,
the inner rotator connects the needle port to the sample loop (i.e.,
a piece of tube of known volume) and the pump port to the sensor
port. In this way, it is possible to fill the sample loop with the target
solution, without interrupting the flow towards the sensor. When
the handle of the valve is set to “inject”, the inner rotator switch the
connections, directing the needle port directly to the waste, while the
flow of carrier solution pushes the sample in the capillaries towards
the sensor.

The continuous flow consumes a bigger amount of buffer solu-
tion, in comparison to the pulsed flow, but this is not a problem
because the buffer is inexpensive. In contrast, the volume of sam-
ple solution can be reduced at will by changing the length of the
sample loop. In addition, the continuous flow purges the capillaries
from trapped air, and every injection can be reproducibly performed

“bubble-free”.

2.2.3 Microfluidic flowcells
2.2.3.1 Homemade PDMS flowcell

The development of a reliable and small-volume flowcell required
many trials-and-errors. Here, we will describe the procedure that
provided the best results.

The minimum requirements were:

* 'The cell has to be transparent, in order to be easily aligned to
the sensing structures.

* It should form a good sealing with the chip.

* It should be easily removed and remounted, to allow for mul-
tiple functionalization of the sensor surface.
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FIGURE 2.21: (a) Microscope picture of the PCB used as mold for
the PDMS flowcell. The cross-section of the microfluidic channel is
200 pm x 100 pm (width x height). (b) Preparation of the PDMS
mix. (c) Removal of the PDMS flowcells from the mold. (d) After
the casting, the PDMS is punched or drilled to realize the vertical
holes (vias), which will link the inlet and outlet capillaries to the in-
cubation channel.

* 'The central channel should be as small as possible, ideally slightly
larger than the WGM resonator itself, and about 100 pm height.
The reason is that, for a given speed of the solution flowing
above the sensor, the flow rate is proportional to the cross-
section area of the channel. Therefore, a smaller area can lead
to lower values of the flow rate, that consume less amount of
analyte.

In order to obtain a leak-tight sealing between microfluidic and
chip, we decided to build our flowcell in a soft polymer: the PDMS.
This elastomer has been vastly adopted in the field of microfluidics,
because it can be easily cast, even in molds with submicrometric fea-
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(a)

F1GURE 2.22: (a) Side view of a PDMS flow-cell. The capillaries have
an inner diameter of 150 pm, and penetrate the polymer to reach the
vertical vias. The assembly is fixed to a glass substrate with epoxy
glue. (b) Microscope top-view picture showing the perfect alignment
of the flowcell to the microdisk and wedge resonators on the photonic
chip.

tures. When solid, its elastic properties make it a good sealant. Our
WGM resonators have diameters in the range from 50 to 200 pum,
and the sensor chips are typically 3 to 5 mm large, limiting the max-
imum (external) width of the cell. We obtained a good compromise,
in terms of resolution, fabrication time and flexibility, by using a
milled PCB as a mold for the PDMS casting. The lateral resolution
of the mill is certified by the constructor to be better than 100 pm,
but nothing is specified about the vertical axis. Thus, we calibrated
the milling depth with a profilometer, obtaining a vertical resolution
of 3 pm and an absolute accuracy of < 10 pm.

In Figure 2.21(a) we show a microscope picture of our mold.
'The dark parts are the residuals of copper foil of the PCB, while the
bright parts have been milled. In this case, we fabricated thin wires
0f 200 pm width and 100 pm height. The PDMS is prepared by mix-
ing the elastomer, Dow Corning Sylgard 184, with the curing catalyst
in 10:1 ratio. While the mix is still liquid, it is poured on the mold
and placed in a vacuum chamber (low vacuum is sufficient) to degas.
'The curing can be obtained either at room-temperature, in 48 hours,
or in an oven at 150 °C for 10 minutes.

Figure 2.21(c) shows the careful removal of the cast flowcells.
Then, for an easier connection of the inlet and outlet capillaries to
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the microchannel, we drilled (or punched) vertical vias at both ends
of every channel, as shown in Figure 2.21(d). Up to 18 flowcells can
be cast on the same mold, where every flowcell is 2.5 mm wide and
from 5.5 to 7.5 mm long.

'Then, every flowcell is singulated by cutting the rubber with a
knife. 'The inlet and outlet capillaries are inserted in the polymer,
with the help of a syringe needle, down to the vertical vias. The
PDMS and capillaries are fixed to a glass substrate with epoxy glue,
to give mechanical stability to the assembly. Figure 2.22(a) shows a
side-view picture of a finished flowcell.

Finally, the flowcell is positioned onto the sensor chip with mi-
crometric precision by using the same translation stages used for the
fibers alignment. Despite the small width of the microchannel, it is
possible to precisely align it to the resonators, as represented in the
microscope picture of Figure 2.22(b). Once aligned, the flowcell is
gently fastened with the screws of the chip holder, as shown in Fig-
ure 2.3(b).

'The method here proposed for the realization of the microfluidic
cell is simple and versatile. However, the coupling with the capillaries
requires practising and it is not completely reproducible. In addition,
the use of a PCB-mold limits the design to planar channel structures.
Despite these issues, we realized many flowcells, and we successfully

used them in all the experiments of §4.1 and §4.2.

2.2.3.2 Professional PMMA flowcell

Finally, we conclude this chapter by presenting the design and the
first realization of a professional-grade flowcell. Epigem, one of the
partners of the Symphony project, is specialized in the realization of
microfluidics. They are able to work with many different materials,
mainly plastics, and are able to produce 3D microfluidic structures
by stacking several layers one over the other.

With their collaboration, we designed a flowcell that could also
serve as chip-holder. We chose PMMA (also known with the com-
mercial name of Plexyglass) as main material, because it is inexpen-
sive, rigid and transparent. By milling it, Epigem can realize micro-
capillaries with width of 100 um and height down to 10 pm.

The flowcell that we designed is represented in Figure 2.23(a). It
is composed of four main blocks:
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* A connector block (blue in the drawing), with threads for Chem-
inert tube fittings.

* The main substrate (pink in the drawing), that provides the
fluidic connections to the flowcell.

* The chip-holder (light-blue in the drawing), that keeps the

sensor chip in position, aligned to the flowcell.

* 'The removable lid (green in the drawing), that closes the holder
and allows for an easy replacement of the sensor chip.

Figure 2.23(b), in particular, shows a zoomed view on the flowcell.
'The PDMS (in red) both creates the sealing with the chip and defines
the sensing volume, which has dimensions 2 x 6 x 0.150 mm.

This microfluidic can serve both the sensor chips fabricated by
the FBK and the ones designed by LioniX. Figure 2.23(c) shows
the first demonstrator of the sensing unit of the Symphony project.
A chip is placed into the microfluidic platform, and it is glued to
the VCSEL light source and to the output fibers (photodetectors not
shown), while the inlet and outlet tubing are fixed to the connector
block.

At the moment of writing, we did not have the chance to test
this microfluidic thoroughly, but it will be one of the next activities

within the Symphony project.
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Tubing fittings

Plastic chip holder

Removable lid

Sensor chip

FiGure 2.23: (a) 3D drawing of the proposed microfluidic chip-
holder. The tubing can be easily fixed with the leak-tight fittings. The
photonic chip is placed in-between the chip holder and the remov-
able lid. The fluid is conveyed through small capillaries from the inlet
to the sensing area of the chip. (b) Zoomed view on the incubation
chamber. The two holes are the inlet and outlet for the fluid, while
the red part is the PDMS gasket that ensures a leak-tight connection
to the optical sensor (in this case positioned upside-down on top of
the gasket). The sensing volume is 2 X 6 x 0.150 mm. (c) Picture
of the first prototype developed by the Symphony consortium. The
sensor chip is placed into the microfluidic platform, and it is glued
to the VCSEL light source and to the output fibers (photodetectors

not shown).
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This and the following chapters are focused on the activities per-
formed within the scope of the FP7 EU project Symphony. The
project aims at realizing a photonic sensing unit based on a low cost
and fully integrated optical sensor, to be operated in the NIR (~
850nm). The chosen technology is the CMOS. The sensing el-
ements will be based on WGM MRRs and/or aMZIs. Both the
excitation laser source (a low cost VCSEL diode) and the detectors
(Si-photodiodes) will be integrated by butt-end coupling. Moreover,
a new technology for the monolithic integration of a Si-photocon-
ductive detector will be developed and tested. A simple sketch of the
chip conceived by the consortium is depicted in Figure 3.1.

The consortium partners that are involved in this task are UniTN,
as the work-package leader, FBK and LioniX. While LioniX focused
on the design and fabrication of the aMZIs sensors, the MRRs sen-
sors have been designed in close collaboration between UniTN and
the APP group of FBK. Please note that, initially, we were planning
to realize wedge resonators, as we already demonstrated their mono-
lithic integration and their high quality factors [34]. However, when
the Symphony project started, the machine for the BPSG deposition
(necessary for the realization of the vertical coupling to the wedge
structures) suffered from sever issues, and we had to revert to the use
of horizontally-coupled MRRs. These sensors have been fabricated
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Ficure 3.1: Simple sketch of the sensor’s chip conceived by the
Symphony consortium. Multiple sensing sites are driven by the same
VCSEL source and read simultaneously by an array of photodetec-
tors. The top cladding has opening windows to allow the interaction

with the analyte. Taken from [45]

by FBK and then tested, together with LioniX’s aMZIs, at UniTN.
During my Ph.D. work I've collaborated in the design of the
MRRs chip. For this reason, this section will cover only the sim-

ulations and design of the structures related to the MRRs sensors.
Details about the design of the aMZIs can be found in [91].

3.1 Materials

As explained in §2.1.3.3, the Symphony consortium decided to de-
velop sensors to be operated in the VIS-NIR range. This strate-
gic choice has the aim of realizing a low cost and integrated optical
biosensor. In this wavelength range, in fact, it is possible to integrate
cheap silicon photodetectors directly on-chip. Moreover, there exist
commercially-available single-mode VCSELs sources, that are sold
as bare die and that can be coupled to the sensor through flip-chip
technology. The final choice has been the VCSEL diode U-L-M
Photonics ULM850-B2-PL-80101U, which operates at a wavelength
of 850 nm.

Among the Si-based materials transparent at such wavelength,
FBK and UniTN decided to adopt a Plasma-Enbanced Chemical Va-
por Deposition (PECVD)-deposited SiOXNy, as the material for the
core of their devices, while LioniX based its ones on Low-Pressure
Chemical Vapor Deposition (LPCVD)-deposited SizN,. These mate-
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rials are compatible with the chemistry selected for sensor function-
alization. For both the MRRs and the aMZlIs, the cladding of the
photonic circuit will be SiO, or air, respectively for the protected or
sensing zones.

In particular, the choice of the SiO,N, is strategical for two rea-
sons:

* by varying the relative amount of nitrogen and oxygen, the re-
fractive index of the dielectric can be tuned continuously be-
tween 1.45 and 2.0 (refractive index of SiO, and Si;N,, re-
spectively);

* the strain created at the silica-SiON interface can be relaxed by
reducing the content of nitrogen. This reduces the optical scat-
tering losses while still preserving a reasonably high refractive
index contrast with the silica cladding.

High refractive index contrast is preferred to allow smaller pho-
tonic features/structures, however at the cost of increased material
losses which can reduce the quality factor of the MRRs sensors. In
order to evaluate the quality of the materials and the correspond-
ing effects on the sensing performances, we have decided to test two
different SiON compositions. The first one is a low-stress and low-
contrast SION with a refractive index of 1.66. The second one is a
high-stress and high-contrast SION with refractive index 1.80.

3.2 Objectives

For an easy handling of the sensor, the chip’s overall dimensions
have been set to 10 mm x 10 mm. However, the typical dimensions
of MRRs in SiON are in the order of 10 to 100 um, and 100 to
1000 pm in the case of aMZlIs. 'Thus, the sensing area, which has to
be flood with the analyte solutions, has been restricted to a rectangle
of 2mm x 6 mm. Taking into account a microfluidic height of about
150 pm, this leads to a total sensing volume of less then 2 pl.

The specifications in the Symphony agreement require a mini-
mum of 2 and a desiderata of > 8 sensing sites. For the prototype
chips, we started with the development of an integrated optical cir-
cuit with 4 sensing sites.

The European Commission regulation (EC No. 1881/2006) sets
a maximum allowed level of Aflatoxyn M, (AFM1) in milk equal to
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50 ppt, or 25 ppt for infant formulae, as a vulnerable group of the
population. To achieve such a demanding resolution, the Symphony
consortium is developing a pre-concentration unit that should be able
to concentrate the toxin molecules by a factor 1000. As such, the re-
quired limit of detection for the MRRs or aMZlIs sensors is 152 nlV],
or 76 nM for the infants!.

The LOD for surface sensing depends on the surface sensitivity
of the sensor, but also on many other factors, among which aptamers
surface concentration, incubation time, liquid sample flow rate, mi-
crofluidic geometry, etc. On the contrary, the bulk LOD, LODy,
and the bulk sensitivity, Sy, only depend on the sensor itself and on
the readout instrumentation. For this reason, the MRRs and aMZIs
sensors are also evaluated in terms of bulk sensing characteristics. The
specifications in the Symphony agreement require a maximum bulk
LOD, of 1 x 1075 RIU for the prototyping test chips and a maxi-
mum bulk LOD;, of 1 x 10~% RIU for the final sensor.

3.3 Waveguides

To set the waveguide dimensions we initially considered the SION
composition with lower refractive index (n = 1.66). From pre-
vious works conducted during the NAoMI project, we knew that
with such composition it was possible to realize low-loss waveguides
with thickness up to 300nm. Thus, we fixed the thickness to be
300 nm and we run several FEM simulations to find the cut-off width
at which the multimodal propagation is prevented for wavelengths
longer than 780 nm. We decided to keep this wavelength, instead
of the VCSEL'’s one, to be able to test the structures also with the
laboratory-grade tunable laser unit (see §2.1.3.2).

In the simulations we used SiO, as the cladding material and
SiON for the core. One picture representing the calculated mode
profile of a waveguide with core refractive index 1.66, is shown in
Figure 3.2. We found that to prevent multimodal propagation, the
waveguide width should be smaller than 1.2 pm. To guarantee single-
mode operation and to limit propagation losses, we decided to keep a
safe width of 900 — 1000 nm. In the design of the mask for the proto-
typing chips, we reserved several test structures to allow for the mea-
surement of propagation and bending losses for both widths. More-

LAFM1 molecular weight is 328.27 g mol 1.
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Ficure 3.2: Electric field intensity (colormap) and direction (arrows)
for the supported TE polarization. The cladding material is SiO, and

the core material is SION with refractive index 1.66.

over, from the simulations we found that a top cladding of thickness
at least 500 nm is necessary to properly isolate the guided mode.

3.4 Splitters

'The simultaneous driving and reading of more than one sensing site
requires splitters to route equally the incoming light. The structures
of usual choice to achieve this are:

* Y-junctions;
* multi-mode interference (MMI) splitters;
* directional couplers.

The first ones are really simple and compact, but usually suffer
from high insertion losses, caused by the scattering at the tip of the
junction. This is especially true if the photolithography resolution is
not high enough. The second ones are bigger and less affected by the
resolution, but need special cares in the design to achieve low inser-
tion losses. The last ones are also quite simple and allow the control
of the splitting ratio. However they suffer for size, wavelength band-
width and polarization dependence. In our application, the size is not
a severe constraint, the wavelength bandwidth is small (fixed by the
emission of the VCSEL source) and the polarization dependence is
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in B - .
(a)

FiGure 3.3: Schematic representation of a directional coupler. Two
waveguides are brought close to each other. They are separated by a
gap, ¢, and the length of the coupling region is L. (b),(c) 2D cross-
section simulation of the electric field norm for the supported TE
modes in the coupling region. The gap is ¢ = 600 nm. (b) TE even
mode (symmetric). (¢) TE odd mode (antisymmetric).

actually a favouring characteristic, as it can help distinguish TE and
TM modes (since the waveguide can sustain both). For these con-
siderations, we decided to opt for directional couplers.

Figure 3.3(a) shows the schematic representation of a directional
coupler. In this device, two closely-separated and parallel waveguides
are coupled through their evanescent fields. The coupling region is
characterized by a gap ¢ and a length L. The coupling breaks the
degeneracy of the two modes supported by the two (separate) waveg-
uides, and creates coupled hybrid even (symmetric) and odd (antisym-
metric) modes (see Figure 3.3(b) and (¢)). The length of the coupling
region, which is needed to completely transfer the light power from
the input A to the output B, is called Coupling Length L.,,. To calcu-
late this value and to properly design our splitters we used the Coupled
Mode Theory (CMT) [92]. From the laser wavelength X and the ef-
fective refractive indexes of the even (n¢ f f) and odd (n¢ f f) coupled
modes, we can calculated L, as

A

L,=— "
T 2ngpy —ngyy)

3.1)

In the design of the splitter, we also considered possible fabrica-
tion defects due to a limited photolithography resolution. The FBK
fabs declare a tolerance in lateral dimensions of 20 nm. Thus, we sim-
ulated the variations in the coupling lengths for directional couplers
with gaps of 400, 500 and 600 nm, adding to the nominal value of the
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waveguide width small variations in the range from £20 to 60 nm.
The results of this analysis are reported in Figure 3.4(a).

As expected, the wider gap (600 nm) is more robust to waveguide
dimensions variations. Another important consideration is that a lat-
eral tolerance of 20 nm can cause variations in L, as high as 10 %.
Since the transferred power along the propagation direction follows
a squared-sine law

I(z) = Iysin® <72TI;> (3.2)
a 50/50 splitter is achieved when the coupling region has a length
Lso = L., /2. By means of Equation (3.2), itis also possible to calcu-
late the influence of the photolithography resolution on the splitting
ratio. As plotted in Figure 3.4(b), we found that fabrication errors
can modify the output power by about +10 %.

'This analysis demonstrated the feasibility of the device, but also
remarked its sensitivity to fabrication defects. A complex circuit with
many cascaded splitters can not be reliably realized with such tech-
nology. Since in our sensors we only need two cascaded splitters (to
build a 1 x 4 splitter), we decided to test the use of these directional
couplers. Ifin the future the integrated sensor will be developed with
8 or more sensing sites, the use of MMI splitters should be taken in
consideration.

Lastly, to validate the results obtained with the CMT, we per-
formed a 2D top-view FEM simulation. For this simulation, the
first step has been the tuning of the refractive indexes of core and
cladding regions. In the top-view configuration, in fact, we lose the
information of the waveguide thickness (it is assumed to be infinitely
thick). To mimic an effective 3D structure in the 2D top-view anal-
ysis, we varied the refractive indexes of core and cladding region of a
straight waveguide, until the propagation constant and confinement
factor? matched the same values of a 2D cross-section simulation.
Once found, we used these refractive indexes (reported in Table 3.1)
to simulate the splitter, and we tuned the length of the coupling re-
gion to obtain a balanced output from the two waveguides. The result

is depicted in Figure 3.5.

2here defined as the normalized line integral of | F|2 across a horizontal line pass-
ing in the core region through the center of the guided mode.
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FiGure 3.4: (a) Normalized coupling lengths L., as a function of
variations in waveguide and gap size. 'The values are normalized
to the nominal coupling length (nominal waveguide width 900 nm).
(b) Variation in transmitted power along the direction of propagation
for errors in L, equal to =10 %.
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Table 3.1: Effective parameters to match cross-section and top-view

2D FEM simulations.

Parameters Cross-section  Top-view
Waveguide width 900 nm 900 nm
Waveguide thickness 300 nm -
nsioz 1.45 1.386
NSiON 1.66 1.541
Effective index 1.503 1.503
Confinement factor 0.892 0.892

Ficure 3.5: Top-view FEM simulation of the directional coupler
50/50 splitter, illuminated with TE light from the north-west port.
'The waveguide width is 900 nm, the length of the coupling region is
68 um, and the gap between the waveguides is 600 nm.

The coupling lengths calculated with the two methods are sig-
nificantly different. For a waveguide width of 900 nm and a gap of
600 nm, the CMT predicts a length L5y = 55 pm, while with the
FEM analysis we found L5y = 68 pm. We think that the reason for
such a difference should be searched in the top-view method that,
even with the precautions explained above, is probably not well suited
to substitute a full 3D simulation. Unfortunately, a full 3D simula-
tion of such a big structure demands huge computational resources
that were not available. Therefore, we accepted under reserve the
CMT results, and decided to check on both methods experimen-
tally. We designed test structures with different coupling lengths,
ranging from 50 to 75 um for waveguide width 900 nm, and from 65
to 90 pm for waveguide width 1000 nm.

3.5 Ring resonators
'The part of the sensor that most critically affects its performances is
the transducer, i.e., the MRR. A general rule for the design of a sen-

sor with a good SNR is to use the microring in a slight undercoupling
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regime, so to guarantee a large quality factor while still preserving a
sizeable resonance dip in the transmission spectrum. Tuning the cou-
pling is not a problem with off-chip tapered fibers, but it becomes
challenging for resonators with integrated on-chip bus waveguides.
'The reason is that an efficient and optimized design depends on the
MRR quality factor, which is impossible to calculate without & pri-
ori knowledge on the fabrication details (see §1.2.1). To address this
problem, we based our design on both theoretical calculations and on
the realization of several test chips.

'The first analysis involved the calculation of the radiation losses.
'These are important for the design of the resonator but also for the de-
sign of all the bent waveguides that are used to route the light on the
chip. The radiation towards the outward direction of a bent waveg-
uide increases with decreasing radius and with decreasing refractive
index contrast. To efficiently simulate these effects, we used a confor-
mal transformation of the waveguide geometry and refractive index,
as explained in [93, 94].

Shortly, we modeled the geometry of a curved waveguide with
bending radius R by mapping its cylindrical coordinates (, 0, z) to
the conformal coordinates (u, v, z) as follows

T
u = Ring (3.3)
v = RO (3.4)

To satisfy Maxwell’s equations, this transformation has to map
also the real refractive index in the conformal index given by

ne = nexp% (3.5)

The advantage of this conformal transformation is that it maps
curved 3D waveguides in straight waveguides, with a refractive in-
dex that vary only in the (u, z) plane. This problem can be treated
efficiently with 2D FEM simulations.

Since the radiation increases with reduced contrast, the parts of
the circuit which mostly suffer from radiations are the routing bends
(like the ones before and after any directional coupler), where the
SiON core is surrounded by silica cladding. We thus simulated waveg-
uides with width w = 900 nm and refractive index n = 1.66, em-
bedded in silica (refractive index 1.45) and covered by air. Two of
these simulations are reported in Figure 3.6. In (a) the bend radius
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Siowlﬁ
T—

(a) (b)

Ficure 3.6: Cylindrical-coordinates cross-section FEM simulation
of a SiON resonator with bending radii (a) R = 250 pm and (b)
R = 25 pm. The displacement of the mode and the radiated power
towards the outward direction (right side of the figure) are evident in
the latter case.

is R = 250 pm, while in (b) the bend radius is R = 25 pm. We can
notice that at short radii the mode is pushed to the exterior of the
waveguide (increasing the surface scattering) and that the confine-
ment of the mode is poor.

With the implementation of a PML at the boundaries of the
simulation domain (see also §1.2.2), we could calculate the losses
and the attenuation constant of this waveguide as a function of the
bend radius R, as it is reported in Figure 3.7(a). For radii longer
than ~ 100 um the effect of radiation is negligible, and the losses
are constant and equal to the material absorption losses (measured
as ~ 0.1dB/cm in a preliminary experiment on straight waveguides
with similar dimensions and also reported in [95]). For shorter radii,
the radiation starts to become dominant, growing exponentially and
soon exceeding 1 dB/cm. For this reason, we decided to make all the
bends in our circuit with R = 100 pm to limit to the minimum the
losses in all the parts of the chip.

As a comparison, we also calculated the bending radiation losses
for a waveguide with the same geometry but higher refractive index
contrast. We simulated a Si;N, waveguide, omitting the material
absorption to better highlight the contribution of just the radiation
losses. As we can see from Figure 3.7(b), the radiation losses start to
be significant only for radii shorter than R = 7 um. This confirms
our expectations, and it paves the way for the reduction of the res-
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Ficure 3.7: (a) Calculated bending losses and absorption losses for
1.66. Radiation is
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a SiON waveguide with refractive index n

negligible for R 2 100 um. (b) Calculated bending losses for a SiN
waveguide with refractive index n = 2.01 (we omitted absorption
losses here). Bending losses are significant only for R < 7 pm. For
longer radii the losses are induced by the numerical discretization.
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onator size if dense multi-analyte sensing will become a necessity in
the future.

To confirm these calculations and to measure also the scattering
losses (that were not considered up to now), we designed on the pho-
tolithography mask several test structures with multiple bend radii of
100, 75, 50, 25, 10 and 5 pm, for both waveguide widths of 0.9 pm
and 1.0 pm.

To conclude with the design of the MRR sensor, we had to calcu-
late the coupling coeflicient to achieve the critical coupling condition.
As said before, it was not possible to calculate it without knowing the
total losses in the cavity. However, by taking into consideration a
range of possible values, we estimated the required coupling lengths.
Based on this estimates, we designed several test structures to be able
to measure experimentally the coupling coefficient. To calculate the
range, we used the following procedure:

1. aslower limit for the attenuation constant in the ring, we used
the loss coefficient that was measured for previous works in

straight SiON waveguides. We have v = 0.1 dB/cm = 0.023 cm~ L

Note that with this @ the maximum quality factor could be cal-
culated, using Equation (1.27), leading to Qp < 5 x 10°.

2. The maximum limit for the attenuation constant was estimated
by knowing that FBK’s fab was able to achieve loaded () values
in the order of 10* with smaller structures. Again, by using
Equation (1.27) we found o < 10em ™1,

3. Then, we calculated the maximum and minimum round-trip
loss for a resonator with R = 100 pm as a = exp (—mRa).
At critical coupling, the field transmission coefficient is ¢ = a
(see Equation (1.23)) and, as always, we have t2 + k% = 1, so

that k = v1 — a2.

4. To have a large freedom in the design, we used a racetrack ge-
ometry for our microresonators. This structure is similar to a
ring resonator, but it couples to the bus waveguide through a
straight section, in a similar way to a directional coupler. From
the coupling lengths L., calculated in §3.4 and Equation (3.2),

we derived the length for critical coupling as

2Lep

Leviz = sin™ ! (k) (3.6)
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Table 3.2: Critical coupling lengths L, as calculated for different
waveguide widths and loaded quality factors @);.

. Attenuation .. .
Wz‘tfﬁg(l:llié Q= % coefficient in the IC;lt:}claicoP;Elu;%
W ring o (cm™1) ength Lerit (1

10% 6 42
10° 6 x 1071 14
900 10° 6 x 1072 4.3
107 6 x 1073 1.4
10* 6 54
10° 6 x 1071 17
1000 10° 6 x 1072 5.5
107 6 x 1073 1.7

In Table 3.2 we report the values calculated for the length of the
coupling region, in order to achieve critical coupling with racetrack
resonators of different quality factors (radius R = 100 pm and group
index ny, = 1.64). Without a certain expectation of the @) value,
we decided to add to the design of the test structures also several
racetracks, with coupling lengths in the range from 0 to 64 um.

As explained in §3.1, one of the appealing properties of the SION
is that its refractive index can be changed with its composition. Higher
refractive indexes allow for higher confinement and, in turn, for shorter
bend radii. Thus, we decided to analyze and to test also a high refrac-
tive index SION composition, with n = 1.8. Even if the width of the
waveguides and the gap in the couplers is fixed by the mask design,
we could still deposit a different thickness of the SiON layer. Thus,
we analyzed the influence of the layer thickness on the surface FOM
as defined in Equation (1.37). With a FEM solver, we simulated
rings with width w = 1 pm and radius R = 100 pm, while sweeping
the ring thickness. We simulated core refractive indexes of both 1.8
and 1.66, for comparison. The refractive index in the top cladding
is 1.33, assuming a sensor immersed in water, while the refractive
index of the substrate is 1.45, corresponding to the silica.

As motivated in §1.2.2, our FEM analysis neglect the coupling
with the bus waveguide, so that the structure under investigation ac-
tually represents a ring resonator, rather than a racetrack. However,
the mode field profiles in the bends are the same for both structures,
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Ficure 3.8: FEM analysis of the sensing performances of a MRR of
width w = 1 pm and radius R = 100 um as a function of its thick-
ness and refractive index (see §1.2.2 for the method). (a) Electric
field energy density in the cross section of a ring resonator. While
reducing the thickness, the mode confinement is reduced and the
sensitivity is enhanced. As represented in the figure, after a critical
level, the mode starts to leak in the substrate reducing the sensitivity
in the upper cladding. (b) The quality factor is limited by the index
contrast and by the thickness, and it saturates due to material ab-
sorption. (c) Bulk sensitivity and (d) surface sensitivity of the MRR.

Improved performances are obtained with higher refractive index.
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FiGurk 3.9: (a) Bulk and (b) surface FOM of a MRR with width
w = 1 pm and radius R = 100 pm as a function of its thickness and
refractive index. The highest performances are obtained by using the
TM mode of a ring in high-index SiON with thickness ¢ = 240 nm.

so that the approximation here introduced can be considered valid,
as long as the coupling length is much shorter than the bend radius
R. Thus, in the following, we will use the term “rings” to refer to
the analysis of the racetracks, always assuming the aforementioned
approximation. The results of this analysis are reported in Figure 3.8
and Figure 3.9.

From the simulation plots we can see that rings with high-index
SiON (n = 1.8) and an optimized thickness (¢ = 160 — 180 nm),
can exhibit a superficial FOM in TE polarization about two times
higher than rings with low-index SiON (n = 1.66). The improve-
ment comes both from an enhancement of the sensitivity (+45 %)
and of the quality factor. 'The latter has to be confirmed by experi-
mental analysis, because the simulations omitted the contribution of
surface scattering losses. It is interesting to notice that the curves in
Figure 3.8(c),(d) show a maximum of sensitivity. The reduction of
performances at thickness below a critical value is due to the leakage
of the mode in the substrate, which has a refractive index higher than
water.

For what concerns the low-index SiON composition, from Fig-
ure 3.9 we can also deduce that, while the choice of depositing a
thickness ¢ = 300 nm was optimal for the TE-mode sensing, a small
increase (+24 %) of the FOM could be obtained by using the TM-
mode of a ring with thickness ¢ = 370nm. The enhancement of
TM-modes versus TE-modes is even more pronounced in the case
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of the high-index SiON (435 %). The initial choice of using TE
modes, which was mainly dictated by the expected higher quality
factor and the shorter radii achievable in waveguide bends, has to be
reconsidered in the final version of the optimized sensor. The final
choice will need to take in consideration the sensing performances,
the losses (mainly scattering losses, which are difficult to predict) and
the chip area constraints.

3.6 Fiber coupling

To in- and out-couple the light from our test chip, we usually use
lens tapered optical fibers in our experimental setups (see §2.1.1).
The coupling procedure, however, can be completed only by techni-
cally skilled users and, in addition, it suffers from mechanical sta-
bility issues. In the vision of the Symphony project, the final chip
has to be easy to be operated, i.e., all the critical parts have to be sta-
bly integrated. Presently, LioniX is working on the direct bonding of
VCSEL laser sources and Si-photodiodes to create an heterogeneous
integrated device. At the same time, FBK is developing a fabrication
method to produce Si-photoconductive detectors monolithically in-
tegrated in the chip. While all these techniques will not be ready,
the only reliable solution is still the use of optical fibers.

To fix firmly the fibers to the chip and allow an efficient light
coupling, we also designed on the test chips bonding grooves and ta-
pered mode converters. The first ones are needed to increase the area
available for gluing the fiber to the chip and create a mechanically
stable bonding. The fabrication procedure usually adopted in FBK’s
fabs involves the use of Deep Reactive-Ion Etching (DRIE) for chip
singularization. We decided to use the same techniques to dig high
aspect-ratio trenches in the sample. As opposite to V-grooves, typi-
cally exploited for fiber arrays, our grooves are basically just vertical,
rectangular trenches at least 62.5 pm deep (which correspond to the
radius of a typical optical fiber). A sketch of such a structure is de-
picted in Figure 3.10. We designed several test grooves with widths
in the range from 120 to 130 pm and lengths of 250 um or 500 pm.

'The second issue to solve for the fiber coupling, is the mode match-

ing. Light with wavelength 850 nm propagating through a 780-HP?

3Speciﬁcations from wuwu.corning.con/WorkArea/dounloadasset. aspx?id=30931
and http://uuu. thorlabs.com/thorcat/6888/788HP-SpecSheet. pdf.
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Ficure 3.10: Sketch of the high aspect-ratio groove, designed for
mechanical stability in fiber bonding.

optical fiber has a low effective refractive index, n.fs = 1.46, and a
quite large MFD of 5.0 pm. Conversely, the light propagating in the
waveguide has a high effective refractive index, n.yy = 1.50, and a
small mode diameter, MFD=0.9 pm. To reduce the coupling losses,
we designed an inverted taper waveguide, as suggested in [96, 97]
and other works.

In an inverted taper waveguide, the MFD is enhanced by reduc-
ing the waveguide width. This counter-intuitive behaviour is due
to the lower confinement factor that a small waveguide can handle.
In Figure 3.11 we show the influence of the waveguide width on the
MEFD. In particular, Figure 3.11(a) shows how increasing the waveg-
uide width the mode enlarges only in the horizontal direction and
becomes very asymmetrical. This asymmetry produces poor overlaps
with the mode of the input optical fiber, leading to high insertion
losses. Conversely, in Figure 3.11(b),(c) and (d) we show that re-
ducing the waveguide width the mode becomes more circular, and
after a critical width the mode field area starts to increase, eventually
matching that of the input optical fiber.

Figure 3.11(d) represents a waveguide of width 200 nm, which
loosely guides a mode with effective MFD=3.3 pm. FBK’s fabs are
not equipped for very high resolution photolithography, and from the
specifications the minimum feature size is 400 nm. However, smaller
tips could be obtained with prolonged etching steps or overexposure
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(d) (e)

Ficure 3.11: 2D and 3D simulations of the tapered mode converter.
'The dashed circle, depicted for reference, has a diameter of 3 pm.
(a) By increasing the waveguide width, the mode enlarges only in
the horizontal direction and becomes very asymmetrical. (b), (c) and
(d) By reducing the waveguide width, the mode becomes more cir-
cular, and after a critical width the mode field area starts to increase,
eventually matching that of the input optical fiber. (e) Slices of a
3D simulation showing the progressive mode conversion along the
tapered waveguide. Only a small fraction is lost in propagation and
absorption towards the bottom of the substrate.

during photolithography. For this reason, we decided to try to fabri-
cate tapering with widths w = 200 nm and w = 400 nm and lengths
ranging from 5 to 40 um. With a full vectorial 3D simulation of a
10 pm long tapering, we estimated coupling losses as low as 1.3 dB
for an input MFD=3 um (typical lens tapered fiber) and 6 dB for an
input MFD=5 pm. From Figure 3.11(e) it is possible to appreciate
the progressive mode profile conversion along the tapered waveguide.
Only a small fraction is lost in propagation and absorption towards
the bottom of the substrate.
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FiGure 3.12: Reticle layout for the first batch of test structures (co-
dename Phobios).

3.7 Symphony test structures reticle

In conclusion, all the structures presented above have been designed
with CAD software on a GDS II file to produce the photolithogra-
phy reticle. In Figure 3.12 we report the render of the layout of this
first batch of test structures (codename Phobios).
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Experimental results 4

4.1 Chip characterization

'This section reports on the characterization of the test structures de-
signed in §3 and of the aMZIs sensors developed by LioniX. Details
on the fabrication process for both chips can be found in [91].

The MRR samples have been processed by the FBK’s fab in three
separate batches. The first runs (samples SM7 and SM8) have suf-
fered from considerable deviation of the cross-section dimensions
with respect to the target geometry. In the second fabrication pro-
cess (samples L2 to L6) several fabrication issues have been partially
solved. Moreover, a first attempt to include a detector directly on the
chip was started. The last batch (samples BS1 to BS3) is currently be-
ing characterized. The summary of the nominal characteristics of the
processed samples is reported in Table 4.1.

All the measurements reported in this section has been performed

with the apparatus described in §2.1.3.3.

4.1.1 Propagation and bending losses

Propagation and bending losses have been measured on dedicated
test structures (see Figure 3.12). For what concerns the first ones,
waveguides with nominally equal cross-sections but different lengths
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Table 4.1: Nominal characteristics of samples processed by FBK.

SiON refractive Expected thickness

Sample name

index (nm)

SM7 1.66 295
SMS 1.66 300
L2 1.66 349
L3 1.66 374
L4 1.66 298
L5 1.80 216
L6 1.80 256
BS1 1.66 300
BS2 1.66 330
BS3 1.66 375

(from 5 to 30 mm) have been measured. The intensity at the output
of the waveguides has been plotted in semi-log scale, and we calculate
the attenuation constant (in dB/cm) from the slope of the linear fit
of the data.

In a similar fashion, to calculate the bending losses of the samples,
we measured waveguides with multiple curves of different radii (from
5 to 100 um), and compared the intensities at their output with the
one of a single waveguide of same length without any curve.

First batch

In the first batch of test samples we measured very high propagations
losses: 1.8(4) dB/cm and 2.3(3) dB/cm, respectively for the waveg-
uides of width 1000 nm and 900 nm on sample SM8, and 5.2(7) dB/cm
for waveguides of width 1000 nm on sample SM7.

Concerning the bending losses, we unexpectedly found high losses
even for bend radius R = 100 pm. We measured 0.17(5) dB/90°bend
and 0.30(5) dB/90°bend, respectively for waveguides of width 1000 nm
and 900 nm on sample SM8. The losses were too high to be measured
on sample SM7.

All these high losses led us to conclude that the fabrication pro-
cess created erroneous waveguide dimensions. The error could have
arise either for a wrong estimation of the thickness of the deposited
SiON layer or for a wrong waveguide width definition, caused by
a prolonged etching process. These conclusions has been later sup-
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Ficure 4.1: Bending losses per 90° curve, measured in both polar-
izations on the 1000 nm and 900 nm width waveguides of samples
(a) L2 and (b) L5.

ported by SEM inspection of the samples, as reported in §4.1.4.

Second batch

'The second batch of test samples was fabricated with two SiON re-
fractive indexes, with a fabrication process that reconsidered and par-
tially solved the issues of the first batch.

For what concerns the low-index SiON samples, L2, the best
results have been obtained on the 1000 nm width waveguides. We
measured propagation losses of 0.9(1) dB/cm and 1.0(2) dB/cm, re-
spectively for TE and TM polarizations. The 900 nm width waveg-
uides experienced higher propagations losses, around 2.7 dB/cm, for
both polarizations. Concerning the bending losses, for a bend radius
R = 100 pm we measured 0.17 dB/90°bend and 0.1 dB/90°bend for
waveguide widths of 1000 nm and 900 nm, respectively. The higher
value measured for the wider waveguide is surprising, and we think
it could have been biased by inhomogeneities in the coupling losses.
For shorter radii the bending losses increased significantly. The data
reported in Figure 4.1 indicate that the radius of the ring resonators
should be larger than 100 pm.

Also in the case of high-index SiON samples, L5, the best results
have been obtained on the 1000 nm width waveguides. Here, the
propagations losses were measured as 0.6(2) dB/cm and 0.7(1) dB/cm,
respectively for TE and TM polarizations. For the 900 nm width
waveguides, the propagations losses rose up to 2 dB/cm in both po-
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larizations. Concerning the bending losses, we consistently measured
values below 0.2 dB/90°bend for radii varying from 100 to 50 pm for
1000 nm width waveguides. This is qualitatively consistent with our
predictions in Figure 3.7, and indicates that the high-index SION
could allow smaller ring resonators with equivalent losses. Concern-
ing the 900 nm width waveguide, losses start from 0.2 dB/90°bend
for R = 100 pm and rapidly increase for shorter radii.

For the samples of this second batch, we registered propagation
losses below 1 dB/cm, which is one of the targets of the Symphony
project. However, the bending losses still remain quite high and,
according to Equation (1.27), even the lowest observed value, which
is 0.1dB/90°bend = 1.47 cm™!, will limit the quality factor to a
maximum value of &~ 8 x 10*. As it will be shown in §4.1.3, the
highest unloaded quality factor for MRRs of this batch is actually
1 x 103, meaning that, even if slightly overestimated in this analysis,
the bending losses are still the main limiting factor for the quality
factor. Thus, the need for better performing curves is a major concern
for the improvements of the sensor performances.

4.1.2 Splitters

The characterization of the 50/50 splitters was aimed at finding the
most suitable coupling length for the directional couplers on which
are based.

The analysis that has been conducted on the test structures with
varying coupling lengths permitted the validation of the Equation
(3.2) and the calculation of the optimal coupling length. In this case
the procedure was very simple: with reference to Figure 3.3(a), we
injected the light on one arm (waveguide A) and measured the optical
power at the output of the same waveguide (Input A/Output A) and
of the second waveguide (Input A/ Output B).

In addition, we also performed an analysisonthe 1 x 4and 1 x 8
splitters. In this case, by measuring the power at the output of all
the waveguides and solving the multivariate system which relates the
measurements to the coupling coeflicients, we could calculate the sta-
tistical variability (due to fabrication) of the coupling coefficients on
many splitters with nominally identical features.

First batch
The measurements performed on sample SM8 of the first batch are
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F1GURE 4.2: (a,b) Analysis of the coupling ratio of the splitters on
sample SMS8, for waveguide width (a) 900 nm and (b) 1000 nm.
(c) Comparison of the experimental data for waveguide width
1000 nm with predicted values for waveguides of various thickness.
A good matching is obtained for ¢t = 250 ~ 255 nm. (d) Top-view
microscope picture obtained on a 1 x 4 splitter with 900 nm width
waveguides. The losses and the unbalanced output are visibly marked.
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reported in Figure 4.2. We see that the directional couplers with
width of 1000 nm are overcoupled at all the available coupling lengths.
'This unwanted behaviour gives additional insight in the problems al-
ready manifested in §4.1.1. In particular we interpreted the higher
coupling coeflicient as a clue of a waveguide thickness thinner than
expected. To corroborate such hypothesis, we performed several sim-
ulations to calculate the expected coupling coefficient for directional
couplers of thickness smaller than 300 nm. From the results reported
in Figure 4.2(c), we found a very good matching between the experi-
mental and simulated data for 250 ~ 255 nm thick waveguides. The
interesting point is that this thickness has been later confirmed by
SEM analysis.

Concerning the 900 nm width directional couplers, we observed
similar overcoupling regime with, in addition, elevated losses (be-
tween 1.5 dB and 3 dB), probably due to the bends used to route the
light to and from the splitters. A qualitative picture which highlights
these effects is reported in Figure 4.2(d).

Second batch
'The improvements in the fabrication process of the second batch were
manifested during the analysis of the splitters. In this case, since the
mask design was optimized for the low-index SiON, we expected
good results for that samples and an undercoupling regime (due to
the higher confinement) for samples with higher index. The com-
plete characterization for 1000 nm width directional couplers is sum-
marized in Figure 4.3.

The results are both encouraging and surprising. We can make
three observations:

1. the splitters of at least two low-index samples reach a balanced
output for coupling lengths close to the length L calculated
in §3.4;

2. the coupling ratio increases only partially when changing the
polarization from TE to TM, while it should have a more pro-
nounced effect;

3. the sample L5 is only slightly undercoupled in TE, while ac-
cording to the simulations it should be much more confined
and undercoupled.
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Drawing accurate conclusions is not simple: the fact that the sample
with the best expected thickness (L4) is actually overcoupled and that
the two thicker samples (L2 and L3) are balanced, led us to conclude
that either the thickness is overestimated or the gap is smaller than
designed. Also the partial insensitivity to the polarization is an in-
dication that the geometry may be different from the expected one.
For better understanding the issues, FBK has performed a series of
SEM analysis, which are briefly reported in §4.1.4.

Similar results have been obtained also with 900 nm width waveg-
uides. Here we tested the 1 x 4 and the 1 x 8 splitters, with re-
spectively 3 and 7 cascaded directional couplers. ‘The pictures in Fig-
ure 4.3(c) and (d) are top-view microscope images of these structures,
illuminated with TE-polarized light. The average value for the cou-
pling ratio is 46(4) % for sample L2, which means an almost perfect
50/50 splitting, and 39(8) % for sample L5. Thus, the reproducibil-
ity of the fabrication process is higher for samples with low-index

SiON.

4.1.3 Ring resonators

'The ring resonator is, of course, the heart of the biosensor designed
by the UniTN-FBK team. We spent a lot of time for their char-
acterization, both from the point of view of the optical and sensing
properties. The optical properties of interest are the quality factor
@ and the extinction ratio ER of the WGM resonances. The sens-
ing properties that we have measured are the bulk sensitivity Sp, the
bulk figure of merit FOM,;, and the bulk limit of detection LODs.
'The other sensing properties of interest, i.e., the surface sensitivity
S, the surface figure of merit FOM, and the surface limit of de-
tection LODyg, unfortunately, are not easy to be measured without
surface functionalization. Thus, we will omit these properties from
the characterization of the structures, but we will try to estimate such
values from the biosensing measurements reported in §4.2.2.

First batch

Aswe saw in the previous sections, the first batch suffered from severe
bending and propagation losses. This fact is reflected also in the poor
quality observed in the resonators. We measured both resonators
covered by Tetraethyl orthosilicate (TEOS) cladding and resonators
exposed to ambient (where the top cladding has been etched away).
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F1Gure 4.3: Output A/Input A ratio for 1000 nm width directional
couplers of different lengths, in (a) TE and (b) TM polarizations.
Samples L2, L3 and L5 are balanced for one coupling length in the
given range. Top-view microscope pictures for the 1 x 8 splitters
of samples (c) L2 and (d) L5 in TE polarization. The first shows
balanced light intensities at the output, while the latter is evidently
in undercoupling regime.

Concerning the covered structures with width 900 nm, the max-
imum quality factor reached Q ~ 9 x 103 in near-critical coupling
(ER ~ —7dB) and TE polarization, but only half of this value for
TM polarization. For what concerns the covered 1000 nm width
rings, the quality factor rises to @ ~ 18 x 10° for both TE and TM
polarizations. However, in this case the visibility of the resonances is
reduced, with an ER 2 —1 dB, which greatly influences the precision
of the resonance position measurements.

These results are even worst in the case of uncovered resonators.
In all the samples that we tested, the light suffered from very high
losses at the sensing window edges, where the waveguides cross the
interface between etched silica and air or water. Figure 4.4 shows one
typical example of these structures. We clearly notice that the signal,
already low for the high bending losses, is completely lost when it
reaches the sensing area. The effect is disruptive for measurements
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illuminated reference

-~<——sensing window

signal absent
~

FIGURE 4.4: 1 X 4 exposed multiplexed sensor of sample SM8. The
light experiences huge scattering losses at the silica/air or silica/water
interface, preventing any sensing measurement.

both in water and in air, preventing any sensing measurement.

'The reflectivity R given by the mismatch of effective index at the
interface from the cladded region (nesf1 = 1.51) to the sensing
region (nesp2 = 1.49, when filled with water) can be calculated
using the Fresnel equation at normal incidence angle:

2
Neff,1 — Neff,2
Neff1 + Neff,2

R= (4.1)

We find R = 4 x 107, which is negligible and can not explain the
observed losses. As we will show in §4.1.4, the losses at this interface
are evidence of another fabrication issue related to the wet-etching
process involved in the opening of the sensing windows. During the
etching, in fact, the exposed waveguides have been tapered, reaching
a final width of only w ~ 530 nm. This issue has been faced and

solved in the second fabrication batch.

Second batch

For the characterization of the MRRs of the second batch, we focused
on the two samples that showed the best performances in terms of
losses and coupling ratio, i.e., samples L2 and L5. 'The characteri-
zation of covered sensors for both samples is reported in Figure 4.5.
Concerning L2, we notice that the length to achieve critical coupling
is ~ 15 pm for both TE and TM polarizations and for both waveg-
uide widths. On the contrary, in the case of sample L5 we measured
a critical coupling length of < 15 pm for the TM polarization and
sensibly longer (~ 40 — 50 pm) in the case of TE polarization. The
lower polarization dependence of the sample L2 could be explained
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by erroneous waveguide cross-section dimensions. The SEM analysis
presented in §4.1.4 will confirm that both the thickness and width of
these waveguides were actually wrong, yielding in an almost square
cross-section and, thus, reducing the birefringence.

WEe noticed usually higher () values for TE than for TM, which
is in contrast with the simulations of Figure 3.8. We should remem-
ber that in all the analysis of §3.5 we neglected the contribution of
surface losses (scattering and absorption). Thus, from the measured
values it appears that surface losses are the main limiting factor for
the quality factors of the resonators. This is especially evident in the
case of TM polarization, because the WGM modes are less confined
and are more affected by the surface characteristics of the resonator.
The second observation is that the measured () values are higher for
the wider waveguide widths (1000 nm). This is reasonable, as the
mode confinement is higher in the wider waveguides. However, to
select the best sensors, we should first compare this values with the
sensitivities of the resonators, as the compromise between mode con-
finement and quality factor will ultimately lead the choice.
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F1GURE 4.5: (a,c) Extinction ratio ER and (b,d) quality factor @ for
ring resonators embedded in silica with varying coupling lengths. (a,
b) Resonators from sample L2. (¢, d) Resonators from sample L5.

In Figure 4.6 we report the characterization of sensors with etched
silica cladding, exposed to de-ionized MilliQ water. Thus, in this
case the refractive index of the cladding is 1.33, instead of the pre-
vious 1.45. The number of tested devices is reduced, because not all
the resonators have been exposed (so that not all the coupling lengths
were available). Therefore, it is not possible to accurately determine
the intrinsic quality factor ()¢ and the critical coupling lengths L,;¢,
as done for the covered resonators. We noticed large extinction ratio
(ER = —18dB) in the case of sample L2 at long coupling lengths,
but only limited loaded quality factor (Q < 3 x 10%). Conversely,
on sample L5 we couldn’t achieve critical coupling in the available
range, with a minimum extinction ratio of only —6 dB. However,
in this case the highest loaded quality factor has been Q ~ 4 x 10*.
Strangely, for sample L5 the quality factor did not seem to be affected
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F1GURE 4.6: (a,c) Extinction ratio ER and (b,d) quality factor ) for
ring resonators with varying coupling lengths. The upper cladding
has been opened to expose the resonator to the analyte (Mi//iQ water,
in this case). (a, b) Resonators from sample L2. (c, d) Resonators
from sample L5.

by the coupling strength.

Both samples experienced a general enhancement of losses of
2 ~ 3 times, when exposed to water. This fact can not be explained
just by taking into account the absorption losses of water, that are
a = 0.04cm™1 [98] at the operating wavelength of 850 nm. It can
not be explained even with the different refractive index contrast,
that actually increases and should produce opposite behaviour. This
means that the reduction in the quality factor happened during the
etching process, which is necessary for the opening of the sensing
window. The etching can either have introduced more superficial
roughness, and hence have increased the superficial losses, or have al-
tered the geometry of the waveguides, increasing the radiative losses.
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Ficure 4.7: Optical microscope picture and schematic description,
showing the transit of water (from bottom to top) in the PDMS mi-
crochannel, above few exposed MRRs sensors.

Even if the issues in the opening of the sensing window have been
partially solved, in comparison with the results of the first batch, the
process of this step has still to be improved.

As a conclusion to the characterization of the “statical” optical
properties, i.e. @ and ER, Table 4.2 summarizes the important data
obtained on the MRRs of this second production batch.

To measure the sensitivity of the sensors on samples L2 and L5,
we used the same technique described at page 40. We prepared
five solutions of glucose in water, with concentrations ranging from
0.0% to 0.4 %w/w, equivalent to a maximum refractive index varia-
tion of 5.2 x 10~* RIU. We used the microfluidic system described
in §2.2.2 and §2.2.3.1 to inject at constant flow rate the solutions in a
flux of pure (de-ionized) water. The transit of water above the MRRs
is shown in Figure 4.7. During the injections, the transmission spec-
tra of the resonators have been continuously measured by scanning
the wavelength of the VCSEL source. The resonance positions were
calculated by fitting a portion of the spectra with a Lorentzian func-
tion, and their time evolution was recorded with a sampling rate of

at least 2 Hz. More details on the acquisition algorithm are reported
in §B.
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Table 4.2: Summary of the resonance’s characteristics for samples L2 and L5. 'The resonators covered by the silica
cladding are indicated as “cover”, while the exposed sensor are called “open”. The intrinsic quality factor is measured by
extrapolating the measured (loaded) quality factors to a coupling length of 0 pm.

Lo Waveguide Critical coupling Minimum Intrinsic quality
Sample name  Polarization width (nm) length (pm) ER (dB) factor (x10%)
TE 900 15(5) ~10.005) 6(1)
] TE 1000 15(5) ~10.0(5) 12(2)
1.2 - cover ™ 900 15(5) —8.5(5) 5(1)
™ 1000 15(5) —8.0(5) 11(1)
TE 900 205 —9.0(5) 10.5(10)
) TE 1000 ~50(10) —9(1) 13(1)
L5 - cover T™ 900 14(5) ~10(1) 9(1)
™ 1000 12(4) ~10(1) 13(2)
Ia- TE 1000 60(5) —18° 5¢°
opent T™ 1000 60(5) ~10° 1.9%°
TE 900 ~50(10) ~58(5) 71)°
] TE 1000 ~50° —6.0(5) 7(1)°
L5 - open T™ 1000 - - 6.0(5)

® too few datapoints to estimate an uncertainty value.
© calculated as twice the loaded quality factor at critical coupling.
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Ficure 4.8: Bulk sensitivity measurements on samples L2 and L5.
'The variation in refractive index is obtained by injections of water-
glucose solutions at different concentrations. (a) A typical example
of the temporal evolution of the resonance wavelength upon subse-
quent injections of solutions at different concentrations. (b) Mea-
sured resonance wavelength shifts for varying polarizations and res-
onator widths on sample L.2. We report the repeated measurements
on two 900 nm width resonators to show the good reproducibility of
the results. The error bars are smaller than the datapoints. (c) Same
for sample L5. (d) Summary of the sensitivities of the two samples,
as measured from the linear fits in plots (b) and (c). In all these mea-
surements, the coupling length of the racetrack resonators of sample

L2 was 64 um, while it was 54 pm in the case of sample L5.

One example of a typical recorded signal is shown in Figure 4.8(a).
'The trace clearly shows red-shifts in the resonance wavelength upon
injection of the solutions. The linear relation between the magnitude
of these shifts and the variation in refractive index is reported in the
plots of Figure 4.8(b),(c). Thus, the calculation of the bulk sensitivity
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is simply obtained by the slope of the linear fit on the data. The plot
summarizing all the measured bulk sensitivities S, on samples L2 and
L5 is reported in Figure 4.8(d). As expected, we can notice that the
TM polarization always gives higher sensitivities with respect to TE
polarization. In addition, the sensors on the sample with the highest
refractive index contrast, L5, show overall better performances com-
pared to the sensors on sample L2. On the contrary, the differences
produced by the waveguides widths are less significant. The highest
measured bulk sensitivity has been S, =113(1) nm/RIU.

'The comparison between the measured values and the simulated
one, Figure 3.8(c), shows excellent agreement for the sample L5 (re-
fractive index ngion = 1.8 and thickness ¢ = 216 nm). For what
concerns the sample L2 (refractive index ng;on = 1.66 and expected
thickness ¢t = 350 nm), we see that the simulation overestimates the
bulk sensitivity by about 10—15%. The reason has been found in
the wrong estimation of the SiON thickness. During the fabrica-
tion process, in fact, the SION layer is annealed at 1050 °C for 1.5 h.
This annealing removes the hydrogen bonds present in the material
and reduces the propagation losses. At the same time, however, the
material should shrink by a factor up to 15%, and for this reason
the deposited layer has to be thicker to compensate the effect (i.e.,
410nm deposited to achieve a final thickness of 350 nm after the
annealing). While, for the high-index SiON, we get a predictable
shrinkage ratios of 8—10%, in accordance to previously measured
values, the same did not apply for the low-index SiON. As we will
see in §4.1.4, in fact, sample L3 (same low-index composition of
L2) showed negligible shrinkage during the annealing. Therefore,
it is reasonable to expect that also for L2 the final thickness equals
the deposited one, i.e., t = 410nm. If we compare the measured
bulk sensitivity with the simulations of Figure 3.8(c) for this value
of thickness, we find an agreement within 5%. The FEM analysis
proved to be a reliable technique for the prediction of the Sy values.

Finally, in order to characterize the bulk LOD of all the structures
under test, we measured the uncertainty of repeated resonance wave-
length estimations during continuous flow of blank solution (Mi//iQ
water without glucose). Figure 4.9(a) shows few typical traces in a
time scale of ten minutes: we can distinguish quite large fluctuations
with a time scale 7 2 2 min and smaller fluctuations with time scale
7 < 2min. Since the resonance shift, during an injection, evolves
with time scales shorter than 2 min (see Figure 4.8(a) for compari-
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FiGure 4.9: (b),(c) Demonstration of the weak dependence of the
measured wavelength noise to the quality factor () and bulk sen-
sitivity Sp of several MRR sensors. (a) Comparison of the wave-
length noise during continuous flow of blank solution with the old
(black line) and new (green and red) wavelength estimation method.
(d) Bulk LOD; measured for the different sensors on samples L2
and L5. All the devices shows LODy in the range from 1.6 x 10-°
to 4 x 10¢ RIU.

son), we decided to use as wavelength uncertainty the standard de-
viation of the trace in a time-window 7 = 2 min. The black line, in
particular, has been recorded with the first version of the acquisition
setup, which was not optimized. In this case, we found a wavelength
uncertainty of 0 = 0.18(2) pm. With the same setup we also charac-
terized all the devices under test (from samples L2 ad L5). In order
to gain informations about the source of this noise, we compared the
measured uncertainties as a function of the quality factor () and bulk
sensitivity .Sy, of the resonators. The result of these comparisons are
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reported in Figure 4.9(b),(c). As expected, the uncertainty decreases
with increasing quality factor and increases with increasing sensitiv-
ity. However, none of the two properties has strong influence on the
wavelength noise, as it can be seen by the small slope of the linear fits
in the plots.

From this analysis we can conclude that the limiting factor to the
measurement uncertainties is nor the fitting procedure (which de-
pends on ) and neither the fluctuations in temperature or refractive
index of the fluid, at least on this time scale 7. Thus, we deduced that
the uncertainty in wavelength should have been originated from the
VCSEL source (through the injection of electrical noise in the driv-
ing current) or from our method to estimate the wavelength (which
was based on a direct reading of the current during the VCSEL tun-
ing). By modifying the procedure to estimate the laser wavelength
during the scan, we reduced the noise amount by about three times,
as demonstrated in the green and red curves of Figure 4.9(a). 'The
differences in tha acquisition algorithm are explained in §B. With
this smaller uncertainty, o ~ 0.06(1) pm, and Equation (1.12) we
calculated the bulk limit of detection, LODj, obtaining the plot of
Figure 4.9(d). The best value is LOD;, = 1.6(3) x 10~¢ RIU, ob-
tained with TM polarized light on the 1 pm wide rings of sample L5
(higher refractive index contrast device), while sample L2 shows a
worse but still comparable LOD;, = 3.0(5) x 10~¢ RIU.

In conclusion, the efforts for the design and realization of a sen-
sitive and multiplexed device reached good results during this sec-
ond fabrication batch. We demonstrated reliable directional cou-
plers, with which 1 x 4 and 1 x 8 light splitters have been realized.
'The MRRs sensors proved to be highly sensitive, with LOD values
comparable to the state of the art of similar structures. In addition,
as we will show in §4.2.2, these devices have been successfully used
to detect aflatoxins in buffer solutions down to nanomolar concen-
trations. 'The room for improvements, mainly for what concerns the
optimization of the deposited thickness and the etching of the sens-
ing window, lead us to hope that even lower amount of analyte could
be detected.

'Third batch

'The decision to start a third production batch was mainly driven by
the need to converge all the technology developed so far in one final
optimized prototype of the sensor. In the design of this device we
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(a) (b)

FiGure 4.10: (a) Top-view microscope image of the 1 x 4 multi-
plexed sensor prototype. Grooves are etched at the inputs and out-
puts to allow stable bonding of fibers. (b) SEM image of the opening
window around the MRR

joined:

* fiber grooves with dimensions 135 pm x 300 pm, for stable bond-
ing of fibers;

* 1 x 4 splitters, which proved equal splitting in sample L2;

* 1000 nm width racetrack resonators with coupling length 35 pm,
with the intention to achieve a slight undercoupling regime in
water ambient;

* smaller opening windows, localized just around the sensors, to
reduce the amount of removed cladding and to better protect
the ring during the functionalization procedure.

Moreover, since the FBK unit is developing an integrated photode-
tector, the design was planned to implement some of these receivers
at the output of the sensors (unfortunately, at the time of writing, the
development of this unit is not ready yet). In Figure 4.10 we report
the top-view microscope picture and a close-up SEM picture of the
newly fabricated devices.

Since the issues with the control of the deposition thickness were
still not completely solved, FBK decided to fabricate in this batch
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three wafers with different SION nominal thickness (300, 330 and
375 nm) and refractive index ngon = 1.66. A new batch with the
higher-contrast refractive index is planned.

The results on these samples are still very preliminary. How-
ever, we can anticipate that the improved design led to the fabri-
cation of critically coupled MRRs, with an excellent loaded quality
factor @ >1.3 x 10° in liquid ambient. This result is more than four
times better with respect to what measured on sample L2. At the
same time, the bulk sensitivity is still high, with S, ~70 nm/RIU in
TE polarization and S, ~80 nm/RIU in TM polarization. We think
that, if these value will be confirmed, and if we will be able to reduce
the uncertainty of the resonance wavelength estimation down to the

limit posed by the resonance linewidth, we will reach LOD values
down to ~6 x 10~7 RIU.

4.1.4 SEM analysis

The characterization of the first two fabrication batches evidenced
anomalies between the expected and the measured performances of
the devices. The analysis conducted on several samples revealed some
information about the causes of these differences, but to gain deeper
insight in the process we needed SEM inspection of the samples.
All the SEM pictures here reported have been acquired by Alina
Samusenko and Mher Ghulinyan at the FBK facilities. With this
analysis, we could highlight two main fabrication issues: the proper
definition of the waveguide cross-section and the careful opening of
the sensing window.

Waveguide definition issues

Usually, in an experienced silicon fab, the definition of waveguides
with accurate dimensions is not a problem. However, the FBK’s
fab recently upgraded most of its machines to the production of 6
wafers, making most of the old fabrication recipes unreliable.

The first issue came from the shrinkage of the SiON material
after the annealing process. The first production batch, during which
we were not aware of the problem, produced samples with SiION
layers thinner than designed, with ¢ ~ 250nm (SEM image not
available). During the two subsequent batches the process has been
adjusted, approaching to an almost correct thickness, as shown in
Figure 4.11(a) and (b).
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(b)

{
1060 nm
1000 nm)

F1GURE 4.11: Cross-section pictures of samples (a) L3 (second batch)
and (b) BS1 (third batch) showing the issues in the correct waveg-
uide definition (expected values are reported in parentheses). The
waveguides are covered by TEOS cladding. (c) Top-view picture of
waveguides of the third batch before the cladding deposition. The
width errors are reduced to 6 %.

'The second issue, which concerns the width of the waveguides,
was due to a wrong calibration of the exposure of the photolithogra-
phy stepper. Also in this case, we can see that the issue has been
faced and finally solved almost completely. In Figure 4.11(c), the
waveguides of the last batch are inspected before the deposition of
the TEOS cladding, and appear just 60 nm larger than expected.

Sensing window opening issues

'The need to open a window in the silica cladding over the sensors re-
quire an etching step. In particular, during this process the waveguide
should not be affected. During the fabrication of the first batch we
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F1GURE 4.12: (a) Narrowing of the waveguide width on sample SM8
due to the wet BHF process of the first batch. (b),(c) Silica shoulders
remained on the edges of the waveguides on sample L3 during the
second production batch. (d) A longer BHF treatment completely
removed the silica shoulders on sample BS1 of the third batch.

opted for a wet etching, which heavily thinned the exposed waveg-
uides, as shown in Figure 4.12(a). In the next two fabrication batches,
we chose an initial RIE etching, followed by a final wet BHF step.
In Figure 4.12(b),(c), we notice that an incorrect etching, performed
during the second production batch, leaved silica shoulders at the
edges of the waveguide. In the third production batch, a longer wet
etch completely removed these shoulders, even if at the cost of a nar-
rowing in the waveguide width (Figure 4.12(d)).

Finally, we conclude by showing in Figure 4.13 the SEM picture
of a groove etched during the first DRIE test. In this case, the etching
has been exaggerated on purpose to show the high aspect-ratio that
can be achieved with this technique. We clearly see that the width of
the opening is preserved throughout the profile. The final grooves,
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Ficure 4.13: DRIE etched test groove. The high aspect ratio of the
trench is exaggerated in this test. The final grooves will be 63 um
deep.

however, will be only 63 pm deep.

4.1.5 Asymmetric Mach-Zehnder

We conclude this section about the optical characterization of the
Symphony’s photonic sensor chips with the samples designed and
fabricated by our partner team LioniX. They developed three dif-
ferent aMZIs, with sensing arm length L, ~ 3, 5 and 9cm. The
reference arm, which is covered by a silica cladding, has a length cal-
culated to produce a FSR of 0.1 nm in the transmission spectra (see
Equation (1.43)). The calculated nominal parameters are reported in
Table 4.3. Figure 4.14 shows the layout of the shortest and longest
sensors. 'The light coupling is achieved through a fiber array unit
with six single-mode fibers, enabling the simultaneous interrogation
of both sensing devices available on every chip.

On these chips we could not characterize the propagation and
bending losses of the waveguides, as in the layout there were no
dedicated structures. However, from the total insertion losses on
the longest interferometer (~ 9 cm), we can definitely conclude that
propagation losses are below 1 dB/cm (LioniX measured 0.2 dB/cm
in preliminary tests). The bending losses are negligible, as the light is
detected after passing through more than 120 90° curves. Similarly,
we did not observed detectable losses in the Y-splitter structures.

A typical transmission spectrum of an aMZI is shown in Fig-
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FicUre 4.14: Overlaid mask layout of the aMZlIs chips, showing the
shortest and longest interferometers. 'The green areas are opening
in the cladding to expose the sensor arm to the ambient. The light
coupling is achieved on the left side of the chip by using a fiber array.

ure 4.15(a). After normalization, the data can be fitted using a si-
nusoidal function, as shown from the theoretical analysis in §1.3.1,
Equation (1.43). The frequency of the fitted sine corresponds to the
FSR of the interferometric fringes, while the phase ¢ gives informa-
tions about the relative optical path length in the two sensing arms.
During the sensing experiments, the phase ¢ changes in response to
the variations of refractive index according to Equation (1.44), and
a bulk sensitivity S, can be defined as for the MRRs sensors with
Equation (1.45).

Similarly to what done for the characterization of the MRRs, to
measure the bulk sensitivity, Sp, of the aMZIs we exposed them to

Table 4.3: Computed nominal characteristics of aMZI samples de-
signed by LioniX.

Sensingarm  Coveredarm  FSR Sensitivity
length (um) length (um) (nm) (nm/RIU)
28941 32797 0.1 768
49740 53422 0.1 1320
91339 94675 0.1 2425
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Fiure 4.15: (a) Typical transmission spectrum (normalized data)
of an aMZI sensor, and corresponding sinusoidal fit. (b) Top-view
microscope picture of light scattered from an aMZI sensor.

several water-glucose solutions. In this case, we used the microfluidic
of Epigem (see §2.2.3.2), specifically designed by LioniX to fit their
samples. The drawback of this microfluidic is that the sensing cham-
ber is big, with a volume of 10l and a cross section of 1.6 mm?.
Thus, the flow rate used for these measurement is necessarily high
(15 plmin~1), in order to reach a stable signal in a reasonably short
time during the injections. We observed significant drifts in the base-
line during the measurements. These have been removed by interpo-
lating the offset recorded during the flow of the reference (blank)
solution. The measured phase shift curves and the comparison of the

bulk sensitivities are reported in Figure 4.16.

From the analysis of these data, we calculated a bulk sensitivity
Sy =44.2(5) x 103 rad/RIU and S, =77.5(5) x 10° rad/RIU, respec-
tively for the short and medium length aMZIs. We can convert these
phase sensitivities in wavelength sensitivities by using the following

relation

S(nm/RIU) =

FSR(nm) g
27

(rad/RIU) (4.2)

With a measured FSR~0.11 nm, we obtained .S, =780(10) nm/RIU
and Sy =1360(10) nm/RIU, respectively for the short and medium
length aMZIs. The experimental sensitivities agree with the simu-
lated values within 3 %.

We conclude the characterization of the aMZlIs sensors by eval-
uating their bulk LOD. Following the guidelines of the MRRs anal-
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FIGURE 4.16: (a) Phase shift curves obtained with a medium length
aMZI during the injection of the water-glucose solutions (glucose
concentration in %w/w labelled on the plot). The baseline drift has
been removed from the data. (b) Evaluation and comparison of the
bulk sensitivity S, on the medium and short length aMZlIs.
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F1cure 4.17: Typical temporal evolution of the measured phase shift
during continuous flow of reference solution, for two aMZIs of dif-
ferent length.

ysis, we chose as typical time scale the value 7 = 2min. In this
time window, we calculated the standard deviation of the phase shift
curves for the short and medium lengths sensors, respectively o =
0.044 rad and o = 0.026 rad, as can be seen from Figure 4.17. From
these values, we obtained LOD, = 3 x 10¢RIU and LOD, =
1 x 10~ RIU, for the short and medium length aMZTs.

A final comment on the limit of detection analysis: for both
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MRRs and aMZIs, and especially for the latter, the value of the LOD
is heavily influenced by the choice of the time interval 7 and, to some
extent, also from the position of this temporal window along a “flat”
signal. 'The value of the LOD, thus, makes sense only if referenced
to a specific 7, which, in our case, was chosen to be 7 = 2 min. The
choice was dictated by the duration of the transient phases during
injections. With different flow rates or different microfluidics, the
value for 7 has to be reconsidered, and the LOD accordingly.

In conclusion, both the MRRs and the aMZIs proved to be ul-
trasensitive sensors in compliance with the technical specification
imposed by the project Symphony, at least for what concerns the
bulk sensing. The higher flexibility and design control offered by the
aMZI is counterbalanced by the need for a larger sensing area, while
the appeal of the MRR’s compactness is obfuscated by the lower fab-
rication tolerance. At this stage of the project it is very difficult to
decide for a preferred platform. Thus, the most important and critical
parameter to demonstrate and measure is the specific bio-recognition
of the target molecules and its achievable LOD. 'The next sections
will cover the preliminary measurements on this regard.

4.1.6 State of the art

To asses the quality of our devices, in this section we compare the
measured characteristics of our sensor to the ones of similar devices.
For what concerns the bulk sensitivity of the MRRs sensors, we ob-
served values between 60 nm/RIU and 110 nm/RIU, depending on
the material of the core and on the polarization. In particular, the
highest sensitivity has been obtained with the higher refractive index
SiON composition (n = 1.8).

'This dependence to the core material can also be noticed in sim-
ilar reported WGM resonators. For a ring of a relatively low index
polymer (n = 1.6) and small radius (R = 45 pm), the measured bulk
sensitivity is S, = 65 nm/RIU [8], whereas a small ring in silicon-
on-insulator (SOI), with n = 3.43, can offer bulk sensitivities up to
Sp = 163 nm/RIU [99]. However, the sensitivity also depends on
geometrical factors, and in particular on the confinement factor, as
explained thoroughly in §1.2.2. By adopting ultra-thin SOI micror-
ings (thickness of 90 nm instead of the usual 220 nm), in [100], the
authors could enhance the sensitivity by more than three times, from
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38 to 133 nm/RIU, even if at the expenses of a lower quality factor,
Q =24 x 10%.

Thus, from the point of view of the sensitivity, our devices are
perfectly in line with the status of the art on microrings. However,
other WGM structures can be investigated. By developing disk res-
onators with horizontal air slots, and exploiting the well known field
enhancement in the slot region, in [101] the authors demonstrated
a sensitivity enhancement up to S, = 300nm/RIU. Presently, we
are analyzing the feasibility of obtaining a similar structure, by also
integrating a vertically coupled bus waveguide. Among other WGM
structures we have silica microsphere, which usually shows low sensi-
tivities, due to the low refractive index, and ultra-high quality factors
[102]. Conversely, resonators based on ultrathin capillaries can reach
values as high as S, = 1100 nm/RIU, obtained by exciting higher
radial order modes that shows high confinment factors in the fluid
[103].

From the point of view of the quality factor, our devices show
room for improvements. 'The propagation losses in straight SiO,N,
waveguides has been reported to be as low as 0.1dBcm™!, from
which an expected quality factor can be calculated as Q = 5 x 10° at
wavelengths of 850 nm [104]. The propagation losses that we mea-
sured were almost one order of magnitude higher, ranging from 0.6
to 1.0dB cm ™!, from which we would expect a maximum quality
factor in the range from 5 x 10° to 9 x 10°. The maximum intrinsic
measured quality factors, observed in the last production batch, was
Q = 2.3 x 10°. 'This value is satisfactory, but still not optimal. As a
comparison, the highest observed quality factor for a silica wedge mi-
croresonator has been @ = 8.75 x 10® [67], and the highest quality
factor for a microring in Si;Ny, with radius R = 100 pm, has been
Q = 3.4 x 10° [105]. SiOXNy is an alloy of these two materials, and
it is reasonable to expect comparable results, even if implying a linear
combination would be too over-simplified. Thus, efforts have to be
put in the improvement of the fabrication method, in order to reduce
the propagation losses, both of straight waveguide and bent ones.

Another important metric for comparing different structures and
technology is the FOM, as anticipated in §1.1.4. The highest FOM,,
that we observed has been

70 nm/RIU x 1.3 x 10°

FOM, = 850 nm

~ 11 x 10°/RIU  (4.3)
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which outperform the small SOI disks of [55] (FOM,, = 2 x 10° /RIU
and the photonic crystal cavity of [57] (FOM, = 8 x 10°/RIU).
Our FOM is even higher than the one of the commercial appara-
tus Maverick, from Genalyte, that is based on the structures of [99],
with a FOM, = 4.5 x 103/RIU. As an example of the impact of
different metrics, we report the case of the plasmonic gold mush-
rooms arrays. These structures are based on localized surface plas-
mon resonances (LSPR), and exhibit extremely high sensitivities, up
to Sb = 1000 nm/RIU. However, the quality factor of their reso-
nances is very low, () ~ 100, and the final FOM is reported as FOM,,
= 108 /RIU, which is also the theoretical upper limit for SPR-based
sensors [56]. Thus, from this example we immediately see that it is
very important to adopt the right metric, in order to not be misled in
the comparison.

Unfortunately, still nowadays many groups omit to report either
the quality factor or the sensitivity in their manuscripts, so that it is
not always possible to calculate the FOM. In such cases the com-
parison is based on the LOD, which is biased by the noise in the
readout system and, for this reason, not completely fair. The LOD
of our sensors (1.6 x 1076 RIU for the MRR and 1 x 10~¢ RIU for
the aMZI) compares reasonably well with many devices reported in
literature. SOI microrings usually perform in the range between
10> RIU [106] and 7 x 10~7 RIU [99]. Mach-Zehnder interfer-
ometers also performs in the order of 1076-10~7 RIU [39, 107], and
similar is the case of SPR devices [26]. Even combining SPR with
magneto-optical materials, the LOD still remains in the order of
5 x 107® RIU [108]. Outliers from this list are the silica microsphe-
res, that thanks to the high quality factors can achieve outstanding
FOM, = 150 x 103 /RIU and LOD, = 3 x 10~7 RIU [102], the
liquid-core capillary-based WGMs, that by excitation of higher or-
der modes can reach LOD,, as low as 2.8 x 10~/ RIU (and FOM,
= 70 x 10%/RIU) [109], and the resonance-splitting-sensing in sil-
ica microtoroids, that is able to distinguish (in air) single particle with
diameters down to 30 nm [36]. Unfortunately, none of these meth-
ods are easily integrable in a sensor-chip.

To summarize, Table 4.4 lists the values reported in this compari-
son. Overall, we can conclude that the sensors that we developed can
be ranked among the state-of-the-art of the competing technologies.
They are densely integrated in optical chips (on the contrary of mi-
crospheres- or microcapillary-based sensors) and show high perfor-
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Table 4.4: Comparison of the sensing performances of state-of-the-art refractometric sensors.

Bulk FOM
Technique sensitivity Quality factor ( \EGW LOD, (RIU) Reference
(nm/RIU)

Polymer ring 65 2 x 10* 8.4 x 102 5% 1075 [8]
SO ring 163 43 % 10* 4.5 x 10° 7% 107 [99]
SOI disk 21 1.3 x 10° 2 x 103 - [55]

Silica microsphere 30 5% 10° 1.5 x 10° 3x 1077 [102]
Microcapillary 570 1.2 x 10° 7 x 104 3x 1077 [109]
Slot microdisk 300 3.4 x 10* 6.6 x 103 - [101]

PhC cavity 330 3.3 x 10* 8 x 10° 105 [57]

Plasmonc gold 1000 1 x 102 1 x 102 1075 [56]
mushroom
MZI 10-6-10-7 [39, 107]
SPR 10~°-10~7 [26]
MRR L5 110 3 x 10* 4 x 10° 1.6 x 107° S¥
MRR BS3 70 1.3 x 10° 1.1 % 10 - o
aMZI 1360 1.55 x 10*° 2.5 x 10* 1% 1076 &

¢ Calculated using FSR/2 as the FWHM.
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F1cUrE 4.18: Microscope picture of a 1 x 4 multiplexed sensor of
sample L2. The light is equally split and it couples simultaneously to
all the four resonators. Reading more than one sensor at the same
time can improve the reliability of the measurements. Moreover, the
aspecific contributions given by thermal fluctuations or by bulk re-
fractive index variations can be suppressed with the use of one refer-
ence ring, yielding in a lower limit of detection.

mances, both in terms of FOM and LOD. Still, further improve-
ments can be applied, both from the point of view of fabrication and
of the readout system. In particular, one of the next activities will
be the investigation of the multiplexed sensing capabilities of our de-
vices, as for the sensor shown in Figure 4.18. With the simultaneous
reading of more than one resonator, in fact, we expect to improve
the reliability of the measurements. Moreover, the aspecific con-
tributions given by thermal fluctuations or by bulk refractive index
variations (during label-free sensing) can be suppressed with the use
of one reference ring, yielding in a lower limit of detection.

4.2 Biosensing with Aflatoxin-M1

'This section summarizes the most important results achieved in the
field of biosensing experiments during the project Symphony.
The objectives in this regard were multiple:

* develop a reliable sensing protocol;

* select a suitable functionalization procedure;

* evaluate and compare the sensing properties of MRRs and aMZIs;

* test the sensitivity of the sensors to several noise contributions
(temperature fluctuations, flow rate, fat/particles content);
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* evaluate the limits of the biosensing, in terms of selectivity,
limit of detection, detection range, re-usability of the chips.

For the moment we mainly focused on the first three objectives, but
also some aspects of the other ones have been faced.

For the experiments of this section we collaborate with our col-
leagues of the LaBSSAH group of FBK. 'They provided the con-
sumable materials and performed the functionalization on the sen-
sor’ surface (more details in §A). The optical setup was the same as
described in §2.1.3.3, while the sample delivery system is described
in §2.2.2. The target analyte was the aflatoxin AFM1.

4.2.1 Biosensing with the aMZI

'The specific biorecognition of the DNA-aptamers is a delicate bio-
logical process that requires a careful control of the physico-chemical
properties of the ambient in which this process takes place. In par-
ticular, some of the factors that influence the recognition are:

* temperature;
« pH;
* ionic strength.

Except for the temperature, the other parameters can be controlled
with a proper buffer solution. However, the choice of this buffer
should consider not only the interactions with the aptamers, but also
the interactions with the analyte and ultimately with the sensor itself.

The first experiments in this regard were aimed to highlight the
effects of few carrier solutions on our aMZlIs. Initially, we naively de-
cided to test the use of regenerated skimmed milk powder. If this test
had given good results, many of the constraints of the Symphony’s
team in charge of the filtering of the milk sample would have been
relaxed. Needless to say, this test was a complete failure, with huge
aspecific drifts and complete coverage of the sensor’ surface due to
milk content (probably proteins). Under the microscope the formed
layer appeared compact and whitish. Thus, we moved to the testing
of four different buffer compositions:

* Phosphate Buffered Solution (PBS), which is a widely used buffer.
In [110], this buffer composition was used for an immunoassay
of Aflatoxin-M1, with an antibody-based functionalization;
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s Tris(hydroxymethyl)aminomethane (Tris)-HCI, which is the buffer

suggested from the company selling the aptamers (NeoVen-
tures'). We tested the composition with and without MgCl,,
with the aim of lowering the content of salts and bulk shift;

* 2-(N-morpholino)ethanesulfonic acid (MES), for its closer pH

value in comparison to that of milk.

Details on the buffers composition are reported in §A.2. This ex-
periment was particularly designed to check if these buffers could
contribute to give aspecific signals.

We prepared the experiment by exposing a medium-length aMZI
to a continuous flow of Mi/liQ water, with a flow rate of 5 pl min—1.
We started the acquisition of the spectra and waited for the stabi-
lization of the phase signal. From this reference we injected the four
buffers, one at a time, and recorded the evolution of the phase ¢. The
obtained curves are plotted in Figure 4.19(a). We can notice that
the four buffers produce different bulk shifts, as expected from the
different concentrations and contents. More important, however, is
that the two Tris-HCI buffers did not reach a steady (flat) condition
within 8 minutes from the injection. We measured the slope of the
curves in the range between minute 3 and 6, obtaining —0.33, 1.35,
1.02 and 0.30 rad/min, respectively for PBS, Tris-HCI, Tris-HCI-
MgCl, and MES.

As explained in §1.1.2, and in particular in Equation (1.5), one
possible way to estimate the concentration of the analyte solution is
to measure and compare the initial slope of the sensorgram. For this
reason, it is important to reduce to the minimum the background
drift produced by the carrier solution (buffer). Based on this con-
sideration, we selected the MES buffer as the first choice for the
biosensing experiment.

Inspecting the curves of Figure 4.19(a), we notice that the time
to reach a stable signal after an injection takes at least 3 min, which is
comparable to the expected timescale of the biosensing binding. This
is mainly due to the big volume of the sensing chamber, which in the
case of the aMZlIs developed by LioniX is fixed to 10 ul per sens-
ing site. To alleviate the problem and reduce the uncertainty in the
initial-slope measurement, we repeated the injection of PBS plugs

while varying the flow rate. As shown in Figure 4.19(b), we found

LCompany website http: //neoventures. ca/.
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F1GURE 4.19: (a) Comparison of the signals obtained by injecting dif-
ferent buffer solutions on a medium-length aMZI. The initial (ref-
erence) liquid is Mi//iQ water, at flow rate 5 plmin~!. The slope is
evaluated between minutes 3 and 6. (b) Comparison of the stabiliza-
tion time after the injections of PBS buffers at different flow rates.

that at 15 plmin~! the signal could be considered stable after only
1 min, which is a reasonable compromise for our purposes. Faster
rates could shorten this time even more, but will consume more an-
alyte during the sensing experiments. Thus, we decided to use a flow
rate of 15 plmin~! in the following experiments with this microflu-
idic.

The next experiments were aimed at assessing the sensing prop-
erties of the aMZI with regard to the specific recognition of AFM1.
To this regard, the sensor has been functionalized with ammino-
terminated anti-Aflatoxin M1 DNA-aptamers, through the wet sila-
nization procedure described in §A. In this experiments, the carrier
solution was MES buffer (at the chosen flow rate of 15 plmin—1),
in which we injected plugs of AFM1 solutions in Dimethyl Sulfox-
ide (DMSO) and MES. The reason for the use of DMSO is that the
toxin is insoluble in water (and thus in the buffer). Therefore, AFM1
is diluted, upon purchase, in DMSO and saved in stock solutions of
12 pM concentration. From the stock, the toxin is then diluted in
MES to reach the desired concentration. The content of DMSO in
the final solution is thus proportional to the content of AFM1, and
complicates the interpretation of the sensorgrams by adding an aspe-
cific bulk-refractive-index signal during the injection/incubation of
the analyte.
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FiGURE 4.20: Sensorgrams obtained by exposing a functional-
ized medium-length aMZI to AFM1 solutions of concentrations
(a) 12nM and 6 nM and (b) 0.75 nM. 'The injection valve is actu-
ated within the shadowed regions. Before the injection of the toxin
samples, we rinsed the injection tubes with clean buffer. In (a) the
microfluidic pump produced overpressure spikes, probably because of
clogging at the sample inlet.

In Figure 4.20 we report the sensorgrams obtained by exposing a
functionalized medium-length aMZI to several toxin samples at dif-
ferent concentrations. Here we can distinguish some artefacts, im-
portant to understand the following measurements:

1. the injection valve is actuated within the shadowed regions, but
the signal is delayed because of the finite volume between the
valve and the sensor;

2. samples with higher concentrations produce higher step-like
jumps, which are related to the bulk refractive index change
produced by the DMSO content;

3. the flow of buffer or the injection of washing buffer produces
no or little drifts in time, meaning that the aspecific signal is
low;

4. the injection of target toxin produces signals with significant
drifts in time and a residual shift which remains even after the
injection.

In addition, in Figure 4.20(a) we notice few spikes during the two
analyte injections. Since normally these spikes are not present, we
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F1GuRrE 4.21: Direct comparison of the sensorgrams obtained with
the injections of AFM1 solutions, respectively at 12, 6 and 0.75 nM

concentration, and with the injection of casein at 0.75 nM.

believe that they were produced by the microfluidic pump exercising
overpressure to compensate for clogging at the sample inlet.

To better appreciate the discussed effects, we report in Figure 4.21
four overlaid sensorgrams obtained on a medium-length aMZI. In
this case, we also show the curve obtained during the injection of
casein at 0.75 nM concentration. As expected, while in the case of
AFM1 we observe drifts of signal in time, these drifts are not present
during the injection of the casein proteins. However, we can also
notice that the slope of the sensorgrams are not proportional to the
concentration of toxin. This is due to a limited reproducibility of the
measurements that will be discussed later.

Surprised by the significant drift observed during the injection of
AFM1 at 0.75 nM concentration, we investigated the specific limit of
detection, LOD g1, by reducing the amount of toxin content. This
time, we prepared a functionalized short-length aMZI and injected
solutions at 0.75, 0.37 and 0.19 nM concentration. As shown in Fig-
ure 4.22, even at these low concentrations the signal still increases
visibly during the incubation of the analyte. We measured slopes
0f 0.51, 0.21 and 0.17 rad/min, respectively for the three concentra-
tions. Also in this case, the issues in the reproducibility of the surface
preparation (regeneration protocol or repeated functionalization pro-
cesses on the same sample) leads to the impossibility of the concen-
tration estimation. However, an important point that we wanted to
highlight with this plot is the exceptionally low concentration that is
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FIGURE 4.22: Sensorgrams acquired with low-concentrated AFM1
on a short-length aMZI.

qualitatively detectable with our setup: 0.19 nM of AFM1 is equiva-
lent to a concentration of 62 ppt, which is very close to limit imposed
by the EU regulation. If this result could be confirmed and repro-
duced reliably, the constraints on the pre-concentration unit will be
solved almost completely.

After these first experiments, we could not observe clear signals
at such low concentrations any more. We deduced that the repeated
cleaning and re-functionalization processes, forced by the low num-
ber of available chips, could have affected the composition of the sen-
sor’ surface, hence preventing a good and reliable coverage with ap-
tamers. To contain this reduction of sensitivity, we need to limit the
number of re-functionalization processes. This is possible if an effec-
tive regeneration procedure is found. To optimize the sensing pro-
tocol, we started the investigation of the regeneration of the surface.
We repeated the injection of AFM1 solutions at 20 nM concentra-
tion, trying to regenerate the sensor with either MES buffer or with
the injection of a solution of sodium acetate (composition summa-
rized in §A.3). What we observed in Figure 4.23 is a good repro-
ducibility in the bulk shift, but a poor reproducibility of the slope
during the toxin incubation. We could not notice any improvement
after regeneration of the surface with Na-acetate, in comparison to
the effect of the buffer alone.
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F1GURE 4.23: (a) Full-range and (b) zoomed sensorgrams of repeated
AFM1 injections, interposed with injections of buffer or sodium ac-
etate as regenerating solutions.

From these results, we can also quantify the reproducibility of
the sensorgrams, and hence the uncertainty in the estimation of the
concentration, by looking at the distribution of the observed slopes
during AFM1 incubation. The average slope is 0.37 rad/min, with a
standard deviation of 0.12 rad/min. With this values, estimating the
concentration from a single measurement will result in relative errors
of more than 30 %.

WEe conclude this overview on the reproducibility of AFM1 bio-
recognition on aMZlIs sensor by showing the results of a tentative
calibration experiment. We injected toxins at concentration from
10 to 80nM. The obtained curves, reported in Figure 4.24, clearly
show the negative result of such approach. While the bulk shift re-
produces the DMSO content reliably, the slopes of the sensorgrams
during the incubations are not proportional to the concentrations of
AFM]1. ‘The issues on the reproducibility of the specific label-free
sensing have been faced, and mostly solved, during the investigation
on the MRRs sensors.

4.2.2 Biosensing with the MRRs

After the demonstrated “proof-of-principle” detection of aflatoxin
with the aMZlIs, we started to investigate if the same could be repli-
cated also with our developed MRRs sensors. Similarly to what
done in the first case, the chips have been functionalized with anti-
aflatoxin DNA-aptamers, and the assay has been performed in a con-
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FiGURE 4.24: Sensorgrams obtained with a medium-length aMZI
exposed to increasing toxin concentrations. (a) Full-range sensor-
grams. (b) Zoomed view on the incubation part of the sensorgrams.
'The shifts due to the bulk content of DM SO has been subtracted for
better comparison.
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F1GURE 4.25: Sensorgram obtained on a MRR sensor of sample L2.
'The injected AFM1 concentration was 25 nM.

tinuous flow of 50 mM MES bufter at pH 6.6. In this case, however,
we could use the microfluidic flow-cell of §2.2.3.1, that we specif-
ically developed to reduce to the minimum the volume of the in-
cubation chamber. As a result, we could keep a reduced flow rate
of 3 ulmin~? to obtain the same rise time upon injection of analyte
samples.

In Figure 4.25 we report the first observation of AFM1 specific
detection using a MRR sensor from sample L2 (core refractive in-
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dex ngion = 1.66) of the second production batch. The sensorgram
signal was flat during the initial rinsing with buffer. After the in-
jection of target solution at 25 nM concentration, the sensor firstly
exhibited a step-like jump due to the DMSO content, and then it
showed a linear grow due to the specific binding. We can notice that
the residual signal after the injection (AX = 10 pm) equals the total
increment, attributed to the binding of the toxin, registered between
minutes 2 and 22. This effect is an evidence of a stable binding on
the surface, which is not rinsed with the subsequent flow of buffer so-
lution. This characteristic is especially desired for sensors which are
to be operated in a complex sensing liquid, like milk or blood serum
or plasma. During the sensing, in fact, the fluid under examination
could contain various amount of non specific biomolecules, and the
tiny specific signal can be easily masked. In these cases, after the an-
alyte incubation for a fixed amount of time, it is possible to rinse the
excess of complex media and perform the measurement of residuals
in a controlled buffer.

Another conclusion that can be drawn comparing the recorded
curve to the ones calculated in Figure 1.2, is that the sensor was op-
erated far from its saturation. Despite this, repeating the experi-
ment with other AFM1 injections at the same concentration pro-
duced lower and lower slopes, corresponding to a reduction of the
specific sensitivity. Even trying to regenerate the surface with glycine
solution did not restore the original signal level. However, from this
experiment we could not distinguish if the reduced specific sensitiv-
ity was attributed to an harsh effect of the glycine solution or simply
to a poor aptamer functionalization binding strength.

To clarify the issue, we studied the effect of repeated injections
of glycine solution by performing similar specific biosensing experi-
ments on sample L5 (higher refractive index, ngion = 1.8, and bulk
sensitivity, Sy =112 nm/RIU). The composition of the regeneration
solution is reported in §A.3. In Figure 4.26, in particular, we re-
port the results of a test on the regeneration efficiency. Here, we al-
ternated the injections of toxins with injections of glycine solutions.
Our aim was to measure the total number of regenerations that could
be achieved without major effects on the capture efficiency.

If we analyse the sensorgram curves obtained during the incuba-
tion, reported in Figure 4.26(b), we can notice that the accumulated
wavelength shift AX was proportional to the concentration, as ex-
pected if the sensor was operated far from saturation, with AXA = 3
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FIGURE 4.26: (a) Sensorgrams obtained on sample L5, with the injec-
tion of two different AFM1 concentrations alternated by injections
of glycine as regeneration solution. The spikes in the signal are due
to pressure irregularities in the microfluidic flow. (b) Sensorgram
curves obtained by subtracting the bulk effect due to the presence of
DMSO. (c) Close-up of the sensorgrams on the residual shifts after
the rinsing of the sensor with buffer.
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and ~ 6 pm respectively for concentrations of 25 and 50 nM. In con-
trast, we can also notice from Figure 4.26(c) that the residual shift
after the sensor rinsing with buffer did not reflect the same propor-
tionality: the injection at the lowest concentration did not form a
stable binding with the aptamers, with a final residual AXA < 2 pm.
In this sense, the regeneration glycine solution, which followed the
first injection of 25 nM AFM1, seems to have improved the binding
strength. The two subsequent injections of 50 nM AFM]1, in fact,
produced a residual shift AX ~ 6.5 pm which coincides with the
value observed during the incubation. In that case, the sensorgrams
seemed to be reasonably reproducible.

To better compare the effects of the regeneration, in another ex-
periment on sample L2 we decided to start the injection sequence
with the glycine solution, so as to set a common initial condition for
all the successive AFM1 injections. In addition, we decided to repeat
the measurement on all the concentrations at least two times and to
randomize the injections sequence, in order to avoid systematic errors
induced by the progressive damaging of the sensor.

Figure 4.27(a) and (b) show the sensorgrams obtained on sam-
ple L2, respectively for TE and TM polarizations. As expected, the
bulk shifts were higher in the case of TM polarization, but also the
residual shifts and the slopes during the incubations were higher in
the case of TM polarized light. This was the first evidence of a con-
firmation of the FEM simulation results shown in Figure 3.8(d). In
previous experiments (not described here) similar comparisons gave
controversial results. The main reason was that the small difference in
surface sensitivity was masked by larger variations in surface prepara-
tion/conditions. The better reproducibility provided by the continu-
ous regeneration with glycine actually increased the resolution of the
binding-kinetic measurements, such that the difference in the surface
sensitivities can now be appreciated.

Figure 4.27(c) reports the binding curves of Figure 4.27(b) from
minute 3 to 21 and after the subtraction of the bulk contribution.
Figure 4.27(d) shows a zoomed-view of the residual shifts of the sen-
sorgrams after the rinsing with buffer. In both plots we can appreci-
ate the clear dependence of these signals on the toxin concentration.
In addition, the strength of the specific binding formed between an-
alyte and aptamers is such that, even after sensor rinsing, the final
level of wavelength shift AX matches the signal increment obtained
during the incubation, giving more reliability to the analysis.
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FIGURE 4.27: Sensorgrams recorded on sample L2 with (a) TE and
(b) TM polarized light. 'The dashed lines in (b) mark the time interval
for the surface binding analysis exposed in (c). (c) Specific binding
sensorgrams after the subtraction of the bulk shift induced by the
DMSO content. The dashed curves are exponential fittings for the
evaluation of the rate constants and initial slopes. (d) Zoomed view
on the residual shifts after the sensor rinsing with buffer.

Another important observation on these measurements is that,
even if at high concentration (50 nM) the sensorgrams started to
clearly show the effects of the surface saturation, we could use the
sensor repeatedly for many injections (9 AFM1 injections and 9 glycine
injections). This means that the use of glycine regenerates the surface
effectively. One of the objectives of the next measurements will be
the assessment of the total number of regenerations cycles that can
be performed on the same sensor.

We conclude this section with the estimation of the rate constants
of our binding process (1.2), and with the analysis of the specific
surface sensitivity Sapp of samples L2 and L5. The analysis started
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with the exponential fitting of the binding curves recorded between
minutes 3 and 21 from the beginning of the toxin injections. The
fitting function is

ANE) = A {1 ~exp (-i)} (4.4)

where ¢ is the time passed since the beginning of the analysed frame,
and the parameters that are extracted from the fitting are the satu-
ration level A and the time constant 7. The latter is related to the
kinetic rate constants of Equation (1.4), and can be read as

%:ka-CW-kd (4.5)

with C the analyte concentration, and where k, and k4 are the asso-
ciation and dissociation rate constants, respectively.

To determine the rate constants we plotted the obtained values of
771 as a function of the injected AFM1 concentration, as reported
in Figure 4.28. From the slope and intercept of the linear fit we
calculated k, and kq4. Table 4.5 reports their values, together with
the equilibrium dissociation constant, Kp = kq/k,. The company
selling the aptamer (NeoVentures) report the value of the dissociation
constant as i{p = 10 nM. The agreement, within the error bars, be-
tween the measured and the specified K p validates this analysis. Un-
fortunately, the company does not specify the rate constants, so that
a direct assessment of their value is not possible. Both the measured
association and dissociation rate constants, k, and kg, fall into the
typical ranges of, respectively, 103-10’ M~1s~! and 1071-107¢s~!
[111]. A comparison can be made with a DNA-aptamer developed
to detect molecules (anthracyclines) with a molecular weight simi-
lar to the one of aflatoxin. [112] measured rate constants of k, =
3.3x10*M~1s7 1 and kg = 6.5 x 10~*s71, proving a reasonable
agreement with our measurements.

The rate constants are useful to compare and optimize the time
needed to complete a bio-assay. However, they are independent from
the sensor characteristics, and for this reason they can not be used to
compare between different sensors. In addition, when the biosensor
is used far from its saturation, i.e., with low analyte concentrations,
the fitting of the time constant 7 is affected by huge uncertainties.
Therefore, calculating the analyte concentration from Equation (4.5)
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F1Gure 4.28: Dependence of the time constants 7 (obtained from
the fitted curves of Figure 4.27(c)) to the AFM1 concentration. The
slope and intercept of the linear fit are, respectively, the rate con-
stants k, and kq. The error bars of every datapoint are shown, but
are comparable to the size of the marker. The dashed lines represent
the confidence bands of the fitting.

is unreliable, and the preferred choice is the use of the initial slope
method [99]. From the fit model Equation (4.4), the initial slope can
be calculated as

Ry =— (4.6)

Even if the two parameters A and 7, individually, are fitted with
huge uncertainties, they are statistically correlated, and the fit algo-
rithm can calculate the ratio Ry with much higher accuracy, provid-
ing a reliable measurement even at low analyte concentrations. From
the comparison of Equation (1.4) and Equation (4.4) we can derive

RO = OonkaC (47)

Table 4.5: Binding kinetic constants, as calculated from the fitted
sensorgrams of Figure 4.27(c).

Association rate constant  k,  (2.3+0.3) x 10*M~Ts7!
Dissociation rate constant kg (2.8 £1.3) x 107%s71
Eq. dissociation constant Kp (124 8)nM
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Here o9 is the aptamer surface concentration and « is an effective
parameter for the sensor transfer function, summarizing the optical
properties of the sensing transduction, including the size and refrac-
tive index of the analyte (which are constants) but also the surface
sensitivity of the MRR or aMZI sensor. A comparison between dif-
ferent sensors can be obtained by comparing the initial slopes Rg
and keeping constant k, and oy, i.e., using the same functionaliza-
tion technique. Similarly, different functionalization processes can
be compared by analysing the initial slopes Ry on the same sensor,
i.e., with & constant.

In Figure 4.29(a), (b) and (c), we plotted the measured initial
slopes as a function of the AFM1 concentration, for the two sam-
ples L2 and L5 in TE and TM polarizations. The data are scarce
and affected by significant uncertainties, but clearly show increas-
ing trends. The slope of these plots is the specific surface sensitivity
Sarmi1, which equals the product Sapyv; = aooke. In Table 4.6
we summarize the values of Sapyv for the measured MRRs sensors,
while in Figure 4.29(d), we compare the same to the surface sensitivi-
ties calculated with FEM analysis in Figure 3.8(d). The experimental
data match nicely with the predicted values. As expected, we see that
the highest sensitivity is achieved by using the highest contrast SION
composition and the TM polarization of the light.

To compare these values with similar results reported in literature,
we can not use Sarmi, because of its dependence from the specific
functionalization. The parameter that is typically accepted is the sen-
sitivity to the superficial density of the bound analyte layer. We can
calculate it as

SAFMl 2 -1
sm = T 1 4.
Ss, 5ok MM 0.13(6) pm mm” pg (4.8)

where o9 = 3.5(5) x 10" mm~2 [113] is the molecular surface con-

centration of the aptamer layer, and MM = 5.45 x 1072 g is the

Table 4.6: Specific surface sensitivities, Sagmi, as calculated from
the linear fits of Figure 4.29.

Sarvi, L2TE  0.021(3) pmmin~ T nM ™!
Sarmi, L2TM  0.028(3) pmmin~! nM ™!
Sarmi, L5 TE  0.034(7) pmmin~! nM ™!
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FIGURE 4.29: Sensorgram initial slopes, Ry, as a function of the
AFM1 concentration for sample L2 in (a) TE and (b) TM polar-
izations, and for sample L5 in (c) TE polarization. The error-bars
on Ry, given by the fitting uncertainties, are smaller than the data-
point markers. Converesly, the statistical error representing the re-
producibility of the trials is much bigger, and it is reported by the
the confidence bands (dashed lines). The slope of the linear fit of the
datapoints is the specific surface sensitivity Sappmi. (d) Comparison
of the fitted specific surface sensitivities Sapmy (points) with the sur-
face sensitivities calculated with the FEM analysis in Figure 3.8(d)

(bars).
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molecular mass of AFM1. ‘This superficial mass sensitivity, com-
bined with the measured wavelength uncertainty of 0.07 pm, yields
in a superficial LODg ,,, = 2(1) pgmm~2. 'This value is quite satis-
factory, as state-of-the-art biosensors usually exhibit LOD; ,,, in the
range from 0.3 to 3 pg mm~2 [4, 63]. We should remember here that
this parameter is not completely fair, as the superficial mass sensitiv-
ity could be biased by differences in the susceptibility of the analyte.
A better choice would be the use of the superficial sensitivity, S,
defined in Equation (1.35). However, because of the difficulty in
finding tabulated values of the optical properties of the analytes, the
use of LODy ,y, is typically preferred.

In conclusion, this section §4.2 covered the detailed characteriza-
tion of two label-free biosensors, the MRR and the aMZI, from the
point of view of the specific recognition of aflatoxin in buffer solution.
In particular, we optimized the experimental conditions and protocol
to achieve a satisfactory reproducibility in the measurements. These
improvements not only could lower the LOD, that we demonstrated
to be at least as low as 0.2 nM using an aMZI sensor, but also enabled
the multiple re-use of the sensor for a total of nine times.

Despite the additional complication due to the insolubility of
AFM1 in water and the added DMSO, the correct interpretation
of the sensorgrams yields to the estimation of the rate constant k,
and kg and of the surface sensitivity of the sensors. This analysis al-
lows a direct comparison of the biosensing characteristics of different
devices, as we showed in the case of the MRRs of samples L2 and
L5, and it can also be used to compare between different functional-
ization strategies. To the best of our knowledge, this is the first time
that a direct comparison of the surface sensitivity is made between
different structures and with the simulated values. A more complete
characterization has been reported in [114], even if performed only
on a single structure and with some discrepancy between experiment
and simulation.

Due to the very low molecular weight of the AFM1, the specific
LOD, 0.2 nM, expressed in terms of mass concentration is as low as
66 pgml~1, or 66 ppt. This is a good result for a label-free biosensor.
In comparison, SPR devices typically reach limit of detection in the
order of 1ngml~! [26, 25], whereas silica microspheres can reach
10 pgml~! [32]. Similarly, nanoplasmonic SPR biosensors exhibit
LOD in the range from 10 ng ml~! to 10 pg ml~! [115], with a best
record of 1 pgml~! [116]. Our result competes also with labeled de-
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tection: in a recently published work on chemiluminescence sensing
the authors reported a LOD value of 60 pgml~! [19]. Therefore,
our devices fairly compares with state-of-the-art technologies, even
if some improvements in the optical sensor, in the functionalization
and in the sensing protocol (buffer, flow rate and temperature) can
still yield in an enhanced limit of detection. One of the future works
will be the assessment of an optimized functionalization protocol,
which can maximize the specific surface sensitivity Sapyi and min-
imize the time needed to complete a bio-assay. Another prospected
activity is the investigation of a multiplexed sensor, like the one re-
ported in Figure 4.18. The simultaneous reading of more than one
MRR should significantly improve the reliability of the sensorgram
measurements and minimize the aspecific fluctuations in the signals.

Overall, the performances demonstrated up to here are satisfac-
tory, and perfectly within the specifications of the agreement of the
Symphony project.
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Conclusions 5

The development of a highly integrated optical biosensor is expected
to significantly impact on the performances and on the throughput of
biochemical assays, with applications in the field of pharmaceutical
research, point-of-care diagnostic, food-borne pathogens screening
and safety. In this context, several technologies have appeared and
evolved in the last decades, the most famous being the SPR. This is
the principle on which several commercial apparatus are based, but
despite its maturity level other, more recently proposed, technologies
are taking-over. A quite common opinion is that the most promising
alternatives are the exploitation of highly-folded Mach-Zenhders or
of the resonant features of high-quality-factor optical cavities based
on whispering-gallery-modes.

Driven by this firm belief, in this dissertation, I described the
design, development and characterization of an integrated photonic
label-free biosensor, based on the WGMs of ring resonators or on
the new concept of spectrally-resolved aMZIs.

The theoretical chapter provided a general overview, covering the
mathematical basis of the two main building blocks of these devices,
i.e., the biorecognition reaction and the photonic sensor. For what
concerns the former, I modeled the process as a one-to-one binding,
and I studied the pseudo-first-order reaction kinetics, in order to be
able to reproduce the experimental curves (sensorgrams) and quan-
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tify the rate constants. Regarding the latter, I focused on WGMs
resonators and on MZIs. The theory provided for the MRRs is quite
general, and can be applied also to other topologies (disks, toroids,
spheres, etc.). In particular, I derived a relation to calculate the spec-
tral sensitivity, the quality factor and the FOM of a WGM, and 1
provided the tools for their efficient calculation through numerical
analysis. As a significant example, I applied these methods to as-
sess the influence of the cross-section of a wedge microresonator to
its properties for biosensing applications. This study revealed that, in
order to achieve the highest FOM, the control of the resonator thick-
ness is a primary concern and that, although the wet etching process
is necessary to obtain high quality factors, cares have to be taken to
prevent a drastic reduction of the inclination angle. A peer-reviewed
journal paper has been published on this topic [76]. This dissertation
also dealt with MZIs and, in particular, with spectrally-interrogated
aMZIs. With respect to MRRs, these devices give more flexibility
in the design of the sensors, providing a way to directly control both
their sensitivity and resolution. However, the price to pay for obtain-
ing high performances is a large sensing area. I concluded the section
by proposing an innovative device that combines the phase-sensitivity
of a MZI with the compactness of a MRR. 'The main difference of
this kind of sensor, with respect to the other two, is that its inter-
rogation can be obtained with white (broadband) light, and that a
self-stabilizing feedback control can be closed by thermally actuating
the reference ring.

In the following chapter I described my achievements in the de-
velopment of the experimental apparatus. I thoroughly detailed and
characterized every part, explaining the pros and cons of the proposed
alternatives. I realized a programmable active thermal controller,
with high accuracy and temperature stabilization resolution down to
5 mK. The controller is fundamental to suppress aspecific resonance
shifts due to temperature fluctuations. I also built and reported on
the setup for the fluid handling, which is composed by a commercial
continuous flow pump, an injection valve and a custom PDMS flow-
cell. This apparatus permits handling of bubble-free samples down to
the pul range, with a programmable control of the flow rate. The flow-
cell has been specifically designed to allow an easy alignment to the
photonic structures, even on optical chips as small as few millimeters
per side. For what concerns the optics, I realized three setups, each



suitable for a fast realtime acquisition and analysis of the transmission
spectra of MRRs or aMZlIs in a certain wavelength range. I analyzed
our photonic resonators either at wavelength of 1550 nm, or in the
VIS-NIR range (780 nm and 850 nm), with the aim of investigat-
ing alternative approaches for the development of a fully integrated
optical chip. Although few issues were highlighted, the scheme that
I proposed could measure the resonance wavelengths of modes with
moderate-to-high quality factors with a resolution below 0.1 pm, i.e.,
less than 1/200th of the resonance linewidth. This was accomplished
by acquiring oversampled transmission spectra with high SNR, and
by fitting in realtime a lorentzian function to track the peak position.

In chapter §4 I reported on the design and characterization of
our label-free biosensors. In particular, the design was realised by
myself and Dr. Romain Guider. We aimed to the realization of a
set of 1 x 4 multiplexed MRRs sensors. Taking in consideration the
limits imposed by the fabrication process, we planned solutions for
improved light coupling between

* optical fibers and waveguides,
* arms of the balanced splitters,
* bus waveguides and ring resonators.

During the design of the MRRs, I maximized the FOM, finding the
optimized ring thickness, as a function of the light polarization and
refractive index of the resonator core.

With the additional planning of several test structures, we (me,
Dr. Guider and the bachelor student Alexis Rougemond) thoroughly
characterized the propagation and bend losses of the waveguides, the
splitting ratio and the length of the directional couplers, the bulk sen-
sitivity and quality factors of the resonators, and the bulk sensitivity
of the aMZIs interferometers. In particular, for what concerns the
two kind of sensors, we obtained good results, both in terms of sensi-
tivity and limit of detection, which are comparable to state-of-the-art
sensors. It is interesting to note that the accurate design, through the
theory developed in §1 and FEM simulations, yielded optical circuits
and sensors with satisfactory performances right from the first mask
layout. In the second mask design, which has been planned to real-
ize a prototype with integrated detectors, we introduced only small
variations to compensate for fabrication issues.
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Finally, we demonstrated the effective use of our sensors for the
biodetection of Aflatoxin-M1 in controlled buffer solutions. With
the colleagues of FBK, we functionalized the surface of the MRRs
and aMZIs with anti-aflatoxin DNA-aptamers. Aim of the experi-
ments were the testing of the functionalization process and of the so-
lutions for regeneration of the surface, as well as the assessment of the
specific sensitivity and LOD of our photonic devices. With the re-
finement of the measurement protocol, we managed to obtain results
with a sufficient reproducibility, so that I could evaluate the kinetic
rate constants and the specific sensitivity Sappi. Our results are still
affected by large uncertainties, but seem to be compatible with the
ones of similar bioreceptors. Moreover, I evaluated the LOD, both
in terms of surface-deposited mass concentration and of analyte bulk
concentration. The former is in the order of 1 pg mm~2, while the
latter was observed down to 0.2 nM, which for AFM1 is equivalent
to 66 pgml~!. Both values are at the level of, or even better than,
state-of-the-art competing technologies.

The work here presented poses the basis for the successful achieve-
ment of the ambitious objectives of the Symphony project. Obvi-
ously, the photonic sensor and the surface functionalization are just
small (but fundamental) gears, that have to fit perfectly in a more
complete, and complex, device. Both aMZIs and MRRs have shown
good sensing performances, with slightly better values measured in
the former case. In my opinion, an aMZI should be preferred for ap-
plications where a low LOD is more important than space consump-
tion and multiplexing. Conversely, the MRRs have greater potentials
for dense and highly multiplexed sensors, thanks to the lower inser-
tion losses and the smaller footprints. In addition, it should be pos-
sible to realize MRRs with higher quality factors and, hence, lower
LOD values, as it appears from my calculations and from the ob-
servation of similar devices. However, major problems are presently
limiting the performances of our rings: firstly, the poor lithography
resolution and the problems encountered during the etching of the
structures (see §4.1.4), and, secondly, the uncertainty in the read-
out apparatus. For what concerns the fabrication, the problems can
be solved with the use of a higher resolution and more reproducible
lithography technique. In alternative, the roughness on the side-
walls can be reduced by adopting a wedge resonator structure, since
the technology for the realization of vertical couplings to the bus-



waveguides is now available again. For what concerns the readout, I
think that the temperature stabilization during the sample injections
and the accurate estimation of the wavelength of the laser source are
the main issues of the current apparatus.

As an outlook on the future improvements on the experimen-
tal apparatus, I think that the simultaneous measurement of two or
more multiplexed sensors will lead to the effective reduction of the
wavelength uncertainty due to bulk refractive index and temperature
variations. We are already working in this direction, and we hope to
get encouraging results soon. To further improve the accuracy of the
wavelength measurement, I am thinking of implementing an off-chip
spectrum reference with a fiber-based asymmetric Mach-Zehnder.
'The interference patter will serve as a low-finesse ethalon to resolve
small wavelength variations, and to suppress the uncertainty arising
from the fluctuations in the light source. These improvements will
be advantageous for both the MRRs and the aMZIs, but the higher
FOM of the latter will result in more evident benefits.

To conclude, I want to comment on the system integration and
scalability, in comparison to different biosensing approaches. 'The
strategy adopted by the Symphony consortium is focused on a small
number (4 to 8) of multiplexed sensor. Wondering about its scala-
bility to larger number of sensing sites, I think that different read-
out strategies should be investigated. Even if we could manage to
integrate reliably both the laser source and the photodetectors, the
number of electrical contacts will grow linearly with the number of
sensing sites, soon limiting the feasibility of a simple plug-and-play
disposable cartridge. From this perspective, I think that there are
only two foreseeable strategies:

1. 'The on-chip implementation of logic functions, to digitally
convert the measurements of the photodetectors and serialize
the communication. In this case every sensor will act as a pixel
in a linear array.

2. 'The direct access to the chip via optical links, similarly to the
strategy of prism-coupled SPR sensors or to the elegant pro-
posal of [99].

The first solution is quite involved and, to the best of my knowl-
edge, nobody has explored it yet. The second one is being explored
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by researchers at universities and companies, but it is still limited to
about a hundred of sensing sites. In comparison, labeled detection of
sandwich-type ELISA microarrays can offer more than a thousand
of sensing sites. Thus, I think that CMOS-compatible photonics has
great potentials, but it requires a seamless integration with microelec-
tronics before becoming a real breakthrough. Until the technology
will not be more mature, the strength of MZI or WGM biosensors
will not be the high throughput but the high FOM and the low
LOD. 'The objectives of the Symphony consortium are consistent
with this strategy, i.e., the development of a system for a fast and
simple (from the operator’s point-of-view) on-line detection of traces
of small molecules (aflatoxin-IM1, in this case) on a small number (4
to 8) of multiplexed sensor.



Surface bio-functionalization A

A.1 Preparation

'The functionalization of the sensor chips was performed by means of
a wet silanization of the entire chip. Figure A.1 schematically repre-
sents the steps of the functionalization protocol, which are described
as follows:

1. Surface activation, achieved through an argon plasma cleaning
at 40 W of radiofrequency power. 'This step removes the pos-
sible contaminants from the surface and exposes the hydroxyl
groups necessary to bind the organosilanes.

™
o~

B ™
™

GPTMS, amino-terminated ethanolamine
aptamer

Ficure A.1: Schematic representation of the functionalization pro-
cess.
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(b)

Ficure A.2: Pictures of two steps of the functionalization procedure.
(a) Silanization with GPTMS in anhydrous toluene. (b) Rinsing
before immobilization of the DNA-aptamers. Pictures from [83].

2. Wet silanization, accomplished in a 3-Glycidyloxypropyltri-
methoxysilane (GPTMS, >98 % from Sigma-Aldrich) at 0.01 %
v/vin anhydrous toluene (99.8 %, from Sigma-Aldrich), at 60 °C
for 10 min (see Figure A.2).

3. Deposition and immobilization of 100 pM amino-modified anti-
aflatoxin DNA aptamer, performed in 50 mM phosphate buffer
(ionic strength 300 mM) for 2 h. The NH, of the aptamer un-
dergoes an addition reaction with the epoxide group of the gly-
cidol, forming a hydroxyl group and a secondary amine, which
gives an aptamer-silane bonding.

4. Passivation with 1 mM ethanolamine, in the same buffer, for
30 min.

A.2  Sensing buffers
MES

* Composition:
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— MilliQ water,
— 50 mM 2-(N-morpholino)ethanesulfonic acid.

pH: 6.6

* Notes: same pH as milk. Very stable buffer, low bulk shift.

Tris-HCI

* Composition:

PBS

— MilliQ water,

— 10 mM Tris(hydroxymethyl)aminomethane,
— 120 mM NaCl,

- 5mM KCJ,

- 5mM MgCl,,

— HCl as needed to adjust the pH value.

pH: 7.5

Notes: buffer composition suggested by NeoVentures (the com-
pany selling the aptamers). During our experiments we re-
ported significant aspecific drifts with this buffer.

Composition:

— MilliQ water,
— 50 mM PBS mixture.

pH: 7

Notes: although this buffer provided satisfactory stable signals,
the refractive index is high. For this reason PBS gave higher
bulk aspecific signals. The pH value is close to that of milk.
'This buffer has been used successfully for immunoassay with
antibodies [110].
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A.3 Regeneration solutions
Glycine

* Composition:

— 100 mM glycine,
— HCl as needed to adjust the pH value.

* pH: 2
* Notes: up to 9 regeneration cycles have been succesfully re-
peated on a single sensor, as demonstrated in Figure 4.27.

Sodium acetate

* Composition:

- 1mM NaC,H;0, (sodium acetate),
- C,H,0, (acetic acid) as needed to adjust the pH value.

* pH: 3.7

* Notes: no sizeable regeneration effect has been observed.
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Realtime data extraction B

In this section we describe the data acquisition and analysis, in real-
time, concerning the apparatus of Figure 2.11, which has been em-
ployed both with the Sacher Lasertechnik LiON external cavity tun-
able laser at 780 nm and with the Philips U-L-M VCSEL at 850 nm.

B.1 Data acquisition

To reconstruct the transmission spectra, we simultaneously acquire
the outputs of two photodiodes (signal and normalization reference)
with a four-channels oscilloscope. The wavelength is inferred from
the signal on the third channel. During the development of our
setup, we tested two alternatives strategies for the measurement of
the wavelength.

In the first, the wavelength is calculated as a function of the direct
reading of the modulation signal

A= (V)

To be more precise, the modulation signal V' is acquired and then
fitted linearly, to reduce the noise. The fitted signal V is then fed
into the function, so that A\ = f(V'). In the case of the piezoelectric
actuator, f(*) is a linear function with slope 4 pm V1. In the case
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of the VCSEL, the function f(x) is a third-degree polynomial, as
shown in Figure 2.16(b).

In the second strategy, we just read the synchronization signal
of the sawtooth function generator, and we infer the instantaneous
modulation voltage from the time passed from the trigger (knowing
the settings of the function generator).

The advantage of first method is that we do not rely on the “ex-
pected” modulation voltage, but we directly read the value. How-
ever, as a side effect, the noise (electrical or quantization) affecting
the measurement of V' is transferred, through the fitting, to A. Con-
versely, the second case is less “robust” as it relies on the nominal
voltage applied by the function generator, but it is immune to the
electrical noise. The noise in the time estimation (jitter) is negligible
in an oscilloscope. A comparison of both methods shows that the
second configuration (trigger-based) reduces the uncertainty in the
wavelength estimation by about three times, as visible in the green
and red curves of Figure 4.9(a), with respect to the balck one.

B.2 Data analysis algorithm

For every acquired spectrum, a Matrlab script, embedded in the Las-
View code of the acquisition program, analyzes the data and extract
the signal used for the sensing. The algorithms are different, depend-
ing on the kind of photonic sensor.

B.2.1 MRRs

In the case of MRREs, the script is quite simple. These are the com-
mented steps:

1. The wavelength and the transmission ratio (the ratio of the sig-
nals of the two photodetectors is calculated within the LabView
code) are imported as column vectors and sorted for increasing
A. The sorting is not fundamental, but produces better-looking
plots (for debugging purposes).

2. The transmission is normalized to the maximum value, but a
copy of the original is saved for later use.

3. The two arrays are decimated (low-pass filtered) to reduce the
noise level. dn and do are the decimation number and order,



B.2. Data analysis algorithm

X

respectively, and are parameters that can be changed from the

LabView user interface. Typical values are 100 and 3.

. A portion of the spectrum is selected, for wavelengths delim-

ited by two external parameters, fit_start and fit_stop.

. Within this range, the resonance wavelength is coarsely esti-

mated by finding the minimum value.

. A sub-portion of the spectrum is determined, by expanding

the selection to both sides of the minimum, for a number of
datapoints determined by the external parameter n_broadening
(typically equal to 20, so that every resonance is fitted with 51
points). 'This sub-portion of the spectrum is denoted by the
lowercase x and y.

. 'The initial fitting parameters are coarsely estimated, and then

fed to the procedure 1sqcurvefit to calculate the least-square
fit to the datapoints. The function Torentz is a custom function
(reported here below) that calculates a lorentzian peak and its
jacobian (for a faster convergence of the minimization algo-
rithm).

. 'The quality factor @ and the resonance position xc are calculated

from the parameters p of the fitted lorentzian. The value top is
an auxiliary information that is used during the measurements
to track the alignment of the fibers.

'The Matlab code is here reported:

wavelength’;

[X, I] = sort(X);

Y = ratio’; % Ratio of the two photodetectors
Y = Y(I);
Yorig=Y;

Y = Y./max(Y); % Normalization to the maximum

X
Y

decimate(X,dn,do);
decimate(Y,dn,do);

Yorig = decimate(Yorig,dn,do);
Ten

length(Y);
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sel = (X>fit_start) & (X<fit_stop)
X = X(sel);
Y = Y(sel);

[ymin, i] = min(Y);
top = @;

Q= 8;

XCc = 0;

if(ymin<l)

is = i-n_broadening;
ie = i+n_broadening;

if(is>0 && ie<len)
fit_opts = optimoptions(’1sqcurvefit’,’Jacobian’,’on’);

X(is:ie);

= Y(is:ie);

p8 = [ max(y); min(y)-max(y); x(floor(end/2)); (x(end)-x(1))/2 1;

p = 1sqcurvefit(@lorentz, po, x, y,[8;-inf;x(1);eps],[1;8;x(end);inf],fit_opts);

I« x

Q= p(3)./(2*p(4));
xc = p(3);
top = mean(Yorig([l:is,ie:1en]));
end
end

function [y, J] = lorentz(p, x)
ye=p(1); A=p(2); xc=p(3); g=p(4);

den = 1./((x-xc)."2+g"2);
y = yo + (A*g"2).*den;

if nargout > 1 % two output arguments

den2 = den.”2;

if isrow(x)
J = zeros(4,1length(x))
J(1,:) = ones(size(J(1,:))); % dL/dye
J(2,:) = (g"2).*den; % dL/dR
J(3,:) = (2*A*g"2).*den2.*(x-xc); % dL/dxc

J(4,:) = (2*A*g).*den - (2*A*g"3).*den2; % dL/dg
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Ficure B.1: Comparison of the transmission spectra (a) as acquired
and (b) after the polynomial baseline correction. The fitted curves,
in red, show the difference in the fitting quality.

else
J = zeros(length(x),4);
J(:,1) = ones(size(J(:,1))); % dL/dye
J(:,2) = (g"2).*den; % dL/dA
J(:,3) = (2*A*g"2).*den2.*(x-xc); % dL/dxc
J(:,4) = (2*A*g).*den - (2*A*g"3).*den2; % dL/dg

end

end
B.2.2 aMZlIs

For what concerns the analysis of the aMZI spectra, the algorithm
is slightly more complicated by the fact that the transmission spectra
are distorted by nonlinear baselines, as shown in Figure B.1(a). A
sinusoidal fitting on the data could be achieved in any case, yielding
in large residuals. 'The algorithm here developed corrects the base-
line before calculating the fitting parameters, so that the residuals are

smaller, as depicted in Figure B.1(b).

Here we explain the details of the algorithm:

1. 'The wavelength and the transmission ratio are imported as col-
umn vectors and sorted for increasing A. The value of the wave-
length is translated by 850 nm for convenience.

2. Both arrays are decimated (low-pass filtered) by a number of
points fixed by the external parameter Ndecimate.
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3. The baseline-correction algorithm takes place, with the follow-

ing instructions:

a) 'The datapoints are divided in two sets, depending on their
¥ value: above or below the midpoint 0.5. Here we as-
sume that the variable attenuator on the reference pho-
todetector is regulated to give normalized transmission
spectra balanced around that value.

b) The upper and the bottom parts are fitted with a polyno-
mial function of order poly_order, which is an external
parameter that can be changed through the user inter-
face. Since the peaks and the valleys are more dense of
datapoints, with respect to the rising or decreasing parts
of the transmission, the fitted polynomials roughly inter-
polate the top and bottom envelope of the spectrum.

¢) 'The datapoints Y and the envelopes Yfit_up and Yfit_dn
are first scaled and then translated to yield the transmis-
sion spectrum of Figure B.1(b).

'The whole procedure is repeated two times.

. Notice that, if the frequency (which actually is the free-spectral-

range) of the sinusoid to be fitted is known (d, in the script),
the problem of finding the amplitude, the phase and the offset
of the sinusoid is actually a linear inversion problem, that can
be achieved efficiently by Mar/ab with the operator \. For this
reason two functions are defined: cfun and sumerr2. The for-
mer calculates the offset and the two amplitudes of the sine and
cosine with frequency d that fit the data ¥. The latter calculates
the sum of the squared errors.

. If the frequency is not fixed as an external parameters, a min-

imization process is performed on sumerr2 to find the best-
fitting frequency. If the frequency is fixed, this step is skipped.

. 'The offset and the two amplitudes are calculated with cfun,

and from these the amplitude and the phase of the sinusoidal
function are calculated.

Here is the script:



B.2. Data analysis algorithm

X = wavelength’;

Y = ratio’; % Ratio of the two photodetectors
[X, I] = sort(X);

Y = Y(I);

X = X-850;

if(Ndecimate~=1)
Xorig = X;
Yorig Y;
Y = decimate(Y,Ndecimate);
X = decimate(X,Ndecimate);
end

for k=1:2 % Two cycles of baseline correction
sel_1 =Y < 8.5;
sel_r=Y > 0.5

p_up = polyfit(X(sel_r),Y((sel_r)),poly_order);
p_dn = polyfit(X(sel_1),Y((sel_1)),poly_order);
Yfit_up = polyval(p_up,X);
Yfit_dn = polyval(p_dn,X);

fs = 08.6./(Yfit_up - Yfit_dn);

Y = Y.*fs;

Yfit_up = Yfit_up.*fs;

Yfit_dn = Yfit_dn.*fs;

fo = (Yfit_up + Yfit_dn)./2-8.5;
Y = Y-fo;

Yfit_up = Yfit_up-fo;

Yfit_dn = Yfit_dn-fo;

end

y=Vy;
X = X';

cfun = @(d) [ones(size(x)),sin(2*pi*d*x),cos(2*pi*d*x)]\y;
sumerr2 = @(d) sum((y-[ones(size(x)),sin(2*pi*d*x),cos(2*pi*d*x)]*cfun(d))."2);

if (fix_freq == @)
freq_opt = fminbnd(sumerr2,freq_1b,freq_ub);

153



B. REALTIME DATA EXTRACTION

else
freq_opt = fix_freq;
end

coeff = cfun(freq_opt);
ye = coeff(1)

A = norm( coeff(2:3) );
phi = atan2( coeff(3),coeff(2) );
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