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Kurzfassung

Gesundheit ist ein unverzichtbares Gut, nach dem wir alle streben, unabhéngig
von unserer Herkunft, unserem Alter oder unserer gesellschaftlichen Stellung,
da sie mafigeblich unsere Lebensqualitdt beeinflusst. Dieses Gut wird jedoch
permanent durch Bakterien, Viren, mutierte Zellen und andere Angreifer
attackiert, die sich aggressiv ausbreiten, oder still und heimlich in unseren
Korpern iiberleben, um dann immer wiederzukehren. Die moderne Medizin
macht es moglich, viele Krankheiten bereits im Keim zu bekdmpfen. Doch
dafiir sind Methoden der Frithdiagnostik nétig, die Erreger bereits erkennen,
bevor sie groferen Schaden an unserem Organismus anrichten kdnnen.
Wihrend viele Methoden eine aufwindige Bearbeitung der dem Korper
entnommenen Proben von mehreren Tagen in einem Zentrallabor
erfordert [1], ermoglicht die sogenannte patientennahe Labordiagnostik (engl.
point-of-care (POC) diagnostic) eine rasche Diagnose vor Ort [2]. Dadurch ist
im Notfall eine schnelle spezifische Behandlung des Patienten im
Krankenhaus oder beim Arzt moglich. Zusammen mit einer unkomplizierten
Probenentnahme  sind mit der  POC-Diagnostik  kostenglinstig
Langzeitiiberwachungen zu Hause bei Patienten ohne die Anwesenheit von
medizinischem Personal moglich, was bei Risikopatienten im Extremfall sogar
einen Notfall verhindern kann [3]. Aus technischer Sicht héngen die
Leistungsfahigkeit und die Praktikabilitit von POC-Ansétzen entscheidend
davon ab, ob Biosensoren einfach handhabbar sind, eine hohe Sensitivitit
aufweisen und sich kostengiinstig in groflen Stiickzahlen herstellen lassen.

In diesem Zusammenhang wurden in den letzten Jahren neue Sensorkonzepte
erforscht, die auf Lichtwellenleitern auf integrierten optischen Chips basieren
[4]-[8]. Dabei wurden verschiedenste Sensorarchitekturen bei einer Vielzahl
von Anwendungen getestet und deren Potential hinsichtlich ihrer
hochsensitiven parallelen Detektion von krankheitstypischen Biomarkern in
Korperfliissigkeiten unter Beweis gestellt [4], [5]. Ein Problem haben all diese
Ansitze jedoch gemeinsam: Das Einkoppeln von Licht in die integrierten
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photonischen Wellenleiter erfordert mechanisch prdzise und in der
Handhabung komplexe Systeme, die zu hohen Kosten fiihren oder die nur von
geschultem Personal betrieben werden koénnen [7]. Um dieses Problem zu
losen, werden erste Ansdtze verfolgt, bei denen Koppelstrukturen oder
Lichtquellen auf ein und demselben Sensorchip integriert werden [4], [9]—
[11]; allerdings wurde bislang noch keine Ldsungen présentiert, die eine
einfache Handhabung in Kombination mit einer kostengiinstigen und
serientauglichen Herstellung der Lichtquelle versprechen.

Die vorliegende Arbeit befasst sich mit der Erforschung wellenleiterbasierter
Sensorchips, die fiir die POC-Anwendung auerhalb des Labors geeignet sind.
Beim Betreiben der Sensorchips sollte Licht eingesetzt werden, das im
Wellenleitermaterial und in dem zu untersuchenden Analyten geringe
Propagationsverluste aufweist. Als Ausgangsmaterial fiir die Wellenleiter wird
Siliziumnitrid (Si3N,) verwendet [12], [13], das im Gegensatz zum iiblicheren
Silizium nicht nur im nahinfraroten, sondern auch im sichtbaren
Wellenlédngenbereich transparent ist und sich daher besonders gut zur
Untersuchung biologischer Proben eignet [14]. Damit die Sensitivitit von
unterschiedlichen Sensoransdtzen verglichen werden kann, wird ein
mathematisches Modell entwickelt, mit dem Wellenleiter in Abhidngigkeit von
ihrer Geometrie, der Materialplattform und der Wellenldnge untersucht
werden konnen. Ferner werden Ansétze erforscht, bei denen kostengiinstige
Laserquellen direkt auf dem Chip integriert werden, so dass prézise und
mechanisch anspruchsvolle Kopplungen zu externen Lichtquellen entfallen. In
diesem Zusammenhang wurden Bauteile erforscht, die Siliziumnitrid-
Wellenleiter ~ mit  lichtemittierenden  organischen = Mantelmaterialien
kombinieren. Diese im Folgenden auch als SINOH-Laser (engl. Si;N-organic
hybrid-laser) bezeichneten Bauteile lassen sich sehr kostengiinstig in grof3en
Stiickzahlen herstellen, indem die Wellenleiterstrukturen des Lasers in einem
ersten Schritt parallel mit denen des Sensors {iiber standardisierte
lithographische Prozesse strukturiert werden. In einem zweiten Schritt werden
die  Wellenleiterstrukturen, beispielsweise iber Druckverfahren, mit
organischen Mantelmaterialien kombiniert. Fiir den Betrieb werden die
SiNOH-Laser mit externen Lichtquellen, wie Leuchtdioden oder Laserdioden,
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optisch gepumpt und das Ausgangssignal der ko-integrierten Sensoren wird
mit Hilfe einer technisch einfachen Kamera ausgelesen.

In der vorliegenden Arbeit werden die optimierten Sensoren erfolgreich mit
den erforschten SINOH-Lasern auf einem Chip integriert. Die Funktionalitit
des Sensorsystems wird anhand der Detektion von Fibrinogen demonstriert.
Diese Ansitze werden in den folgenden Kapiteln naher erldutert.

Kapitel 1 gibt eine Ubersicht fiir den Einsatz von wellenleiterbasierten
Sensorchips im Gebiet der patientennahen Labordiagnostik, und die
Limitierungen derzeitiger Sensorsysteme werden aufgezeigt.

Kapitel 2 gibt eine Einfilhrung in das Design, die Fabrikation und die
Funktionsweise von nanophotonischen Bauteilen, die fiir einen Sensorchip mit
integrierter organischer Laserquelle essentiell sind.

In Kapitel 3 wird ein Sensor charakterisiert, der auf den nanophotonischen
Bauteilen, die in Kapitel 2 vorgestellt wurden, basiert. Die funktionelle
Oberflichenmodifikation der Sensorwellenleiter wird erldutert, und die fiir
erste Tests eingesetzte Fluidikkammer wird vorgestellt. Die Funktionalitit des
entwickelten Sensors wird anhand der Detektion von mehreren
Konzentrationen von Fibrinogen untersucht.

Kapitel 4 befasst sich mit der Geometrieoptimierung eines Wellenleiterdesigns
hinsichtlich hoher Sensitivitdt fiir das Anbinden von Biomolekiilen und der
Anwendbarkeit des Designs fiir reale Sensoren. Es wird ein mathematisches
Modell vorgestellt, mit dem in Kombination mit numerischen Simulationen
beliebige Wellenleiter beziiglich ihrer Sensitivitdt verglichen werden kdnnen.
Ferner werden die Siliziumplattform in Kombination mit nahinfrarotem Licht
und die Siliziumnitridplattform in Kombination mit sichtbarem Licht
detailliert fiir mehrere Wellenleitergeometrien untersucht und diskutiert. Das
zugrundeliegende Modell ist allgemein fiir wellenleiterbasierte Sensoren
einsetzbar, sodass Trends und Limitierungen fiir andere Systeme aufgezeigt
werden konnen.

vii
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Kapitel 5 demonstriert und untersucht die Erzeugung von sichtbarem
Laserlicht in SINOH-Wellenleitern, bestehend aus einem Siliziumnitridkern
und einer organischen Mantelschicht mit gelostem Laserfarbstoff. Die Laser
werden optisch mit einer externen Lichtquelle mit groem Strahldurchmesser
gepumpt, wodurch ein prizises Ausrichten des Chips entfillt. Es werden
mehrere Resonatorgeometrien theoretisch und experimentell untersucht und
ihr Einsatz in realen Anwendungen diskutiert. Bei den hier vorgestellten
SiNOH-Lasern handelt es sich um die ersten organischen Laserquellen, die
bisher auf der Siliziumnitridplattform integriert wurden.

In Kapitel 6 wird ein Sensorsystem vorgestellt, das fiir die patientennahe
Labordiagnostik geeignet ist. Dabei wird der in Kapitel 5 vorgestellten
SiNOH-Laser mit dem in Kapitel 2 und 4 entwickelten Sensor auf einem Chip
kombiniert. Die Bauteile lassen sich optisch mit einem Laserstrahl mit grofem
Durchmesser und dementsprechend geringen Justageanforderungen pumpen,
wiahrend die Ausgangssignale der Sensoren mit einer technisch einfachen
Kamera detektiert werden. Die Analytlosung wird in fluidischen Kanélen auf
dem Chip gefiihrt. Anhand der Detektion von Fibrinogen mit mehreren
Konzentrationen wird das erste Mal die Kombination eines SINOH-Lasers mit
einem wellenleiterbasierten Sensor auf der Siliziumnitridplattform
demonstriert.

Kapitel 7 fasst schlieBlich die Ergebnisse der Arbeit zusammen und bietet
einen Ausblick auf die Moglichkeiten, wellenleiterbasierte Sensorsysteme
auch fiir angrenzende Anwendungsgebiete weiterzuentwickeln.

viii



Preface

Health is an indispensable good that we all strive for, regardless of our origin,
age or social status, as it has a decisive influence on our quality of life.
Unfortunately, this essential good is permanently attacked by, e.g., bacteria,
viruses or mutated, aggressively spreading cells, which survive silently after
therapy and often unexpectedly start to spread again. Modern medicine makes
it possible to nip more and more diseases in the bud. This requires methods to
detect such harmful organisms before they can cause any, and often major,
damage to our bodies. While many detection methods require several days of
time-consuming sample processing in a central laboratory [1], point-of-care
(POC) diagnostics enable rapid on-site detection [2]. In case of emergency,
such POC diagnosis allows a specific drug treatment of the patient, both in a
clinic or in a physician's office. In addition, POC diagnostics can enable a
cost-effective long-term monitoring at the patients” home without the presence
of medical personnel. This may even prevent an emergency for high-risk
patients [3]. On a technological level, the performance and practicability of
POC-approaches crucially depends on whether biosensors are easy to handle,
whether they show a high sensitivity and whether they can be produced cost-
effectively in large quantities.

In this context new sensor concepts have been investigated in recent years that
are based on photonic waveguides on integrated optical chips [4]-[8]. The
demonstrations of different sensor architectures and their applications
combine a highly sensitive parallel detection of a large number of bio-markers
in body fluids [4], [S]. Unfortunately, these sensors have one thing in
common: the coupling of light to and from the integrated photonic waveguides
requires a mechanically precise operation unit that is expensive, that is
complex in handling and can only be operated by trained personnel [7]. First
approaches to challenge this problem include sensor chips with integrated
coupling structures or light sources [4], [9]-[11]. Until today, a promising
solution which includes a simple operation unit and a production process that
is suitable for cost-effective mass production, is still missing [15].
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This work deals with the investigation of a waveguide-based sensor chip,
which is suitable for POC-applications outside the laboratory. Typically,
silicon is used as waveguide material, but in contrast to silicon nitride, silicon
is only transparent in the near infrared wavelength range [12], [13], whereas
silicon nitride is also transparent to visible light. Since aqueous biological
samples absorb visible light much less than near-infrared light [14], silicon
nitride is chosen as the waveguide material. In order to compare the sensitivity
of sensors made of different materials, a mathematical model is developed that
can be used to investigate waveguides depending on their geometry, platform
and operating wavelength. Furthermore, approaches are examined in which
cost-effective laser sources are integrated directly on the chip so that precise
and mechanically complex alignment to external light sources is not
necessary. In this context, components combining silicon nitride waveguides
with light emitting organic cladding materials are investigated. These
components are called SiNOH laser (Si;Nj-organic hybrid laser) in the
following. The SiNOH lasers can be produced cost-effectively in large
quantities, by structuring the waveguides of the laser parallel to those of the
sensors using standardized lithographic processes in a first step. In a second
step, the waveguide structures are combined with organic cladding materials,
which are deposited, e.g., by printing. In operation, the SINOH lasers are
pumped with external light sources, such as LEDs or laser diodes, the signal of
the co-integrated sensors are detected by a technically simple camera.

In the present work, the optimized sensors were successfully integrated on a
chip together with the investigated SINOH lasers. The functionality of the
sensor system is demonstrated by the detection of fibrinogen. These
approaches are explained in more detail in the following chapters.

Chapter 1 gives a general introduction on the application of sensor chips
based on photonic waveguides. In particular, the field of POC diagnostics is
considered and the limitations of current sensor systems are shown.

Chapter 2 gives an introduction on the design, fabrication and functionality of
nanophotonic devices, which are essential for a sensor chip with an integrated
organic laser source.
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In Chapter 3 a sensor is presented that is based on the photonic devices that
are discussed in Chapter 2. The functional surface modification of the sensor
waveguides is explained and the fluidic chamber is introduced. The
functionality of the developed sensor is investigated by the detection of
several concentrations of fibrinogen.

Chapter 4 deals with the geometry optimization of a waveguide design to
obtain a high sensitivity regarding binding of biomolecules and a real-life
application of such sensors. A mathematical model is presented with which, in
combination with numerical simulations, any waveguide can be compared
with respect to its sensitivity. In this chapter, the silicon platform in
combination with near-infrared light, and the silicon nitride platform in
combination with visible light, are investigated and discussed in detail for
several waveguide geometries. This basic model can generally be used for
waveguide-based sensors, to identify trends and limitations also for other
systems.

Chapter 5 demonstrates and investigates the generation of visible laser light in
SiNOH waveguides, consisting of a silicon nitride core and organic cladding
layers with dissolved laser dye. The lasers are optically pumped with a large
spot of an external light source, which makes a precise alignment of the chip
with respect to the laser source unnecessary. Several resonator geometries are
investigated both theoretically and experimentally, and their use in real-life
applications is discussed. The SiNOH lasers introduced here are the first
organic laser sources integrated on the silicon nitride platform up to now.

Chapter 6 deals with a sensor system for laboratory diagnostics which is
suitable for application at the patient. The SiNOH laser investigated in
Chapter 5 is combined with the sensor developed and discussed in Chapters 2
and 4 on one single chip. The integrated laser is excited by a pump laser beam
that is directed at one side of the chip, while the sensor signal is detected by a
simple CCD camera. The analyte solution is led in a fluidic chamber on the
chip. Based on the detection of fibrinogen with multiple concentrations, the
combination of a SINOH laser with a sensor on the silicon nitride platform
was demonstrated for the first time.

X1



Preface

Finally, Chapter 7 summarizes the results of this work and offers an outlook
on possibilities to further develop waveguide-based sensor systems for their
use in related application areas.

Xii



Achievements of the present work

The goal of this thesis is to explore waveguide-based bio-sensor chips that
meet the requirements for point-of care applications. For the design of a
waveguide-based sensor, a quantitative model is investigated that allows
comparing the sensitivity of different waveguides on the silicon and silicon
nitride platform, and allows optimizing sensitivity to be achieved under the
given measurement conditions. For highly sensitive detection of the phase-
shift induced by the binding reactions of the target molecules, an
interferometric waveguide structure is integrated on the chip, in which one of
the waveguides is covered by a biofunctional layer. The output light intensity
can be simply measured by a digital camera. For light coupling to the
waveguides of the sensor a new class of on-chip laser sources for visible
wavelengths is investigated for the first time. Those laser sources are
efficiently co-integrated with the biosensor on the Si;N, platform using low-
cost fabrication techniques without any additional lithographic structuring.
Finally, the whole sensor system including the integrated laser is evaluated by
detection experiments of fibrinogen at multiple concentrations. The viability
of the waveguide-based bio-sensor chip is successfully demonstrated.

In the following an overview of the particular achievements is given.

Investigation of a universal sensitivity metric:

With waveguide-based biosensors, target molecules that bind to the surface of
the waveguide can be detected by the thereby induced effective refractive
index changes. By maximizing the influence of the bound molecules on the
effective refractive index of the guided mode, the sensitivity of the sensor can
be optimized. A variety of waveguide sensors was presented in the last years
but it became increasingly challenging to compare them with respect to
sensitivity, as different wavelengths, waveguide geometries and materials and
many diverse molecules for detection were employed. In this thesis, a metric
is investigated that can be used to compare the sensitivities for different
waveguide types and geometries, integration platforms and at different

Xiii
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operation wavelengths. The sensitivity metric is calculated and discussed for a
variety of waveguide types and geometries for the most common material
systems: the silicon nitride platform and the silicon platform. In addition,
universal design guidelines for sensor systems are given that allow optimizing
sensor waveguides for a given application. This work has been published in
Optics Express (OPTICA Publishing Group) [J4].

First time demonstration of Si;N4-organic hybrid (SiNOH) lasers:

In biophotonic applications, often aqueous analytes have to be analyzed.
Therefore, for waveguide-based bio-sensors, visible light is advantageous for
low propagation loss. Silicon nitride (Si;N4)-based waveguides fulfill this
demand, but the platform is so far limited to passive devices that need to be
fed by external light sources. This often requires complicated fiber-chip
coupling schemes with stringent alignment tolerances, which makes the
system expensive. In this thesis, for the first time, a new class of lasers is
investigated that combines Si;N, waveguide cores with light-emitting organic
cladding materials, called Si;Ny-organic hybrid (SiINOH) lasers. The SiNOH
lasers are operated by optical pumping from the top with low alignment
precision. The functionality of different laser geometries based on ring
structures and distributed feedback structures is theoretically investigated and
experimentally evaluated. The discussed SiNOH lasers are designed to emit at
approximately 600 nm, and the concept can be transferred to a large range of
wavelengths in the visible spectrum. The devices can be efficiently integrated
on the silicon nitride platform by cost-effective mass production. In this work
and for the first time, the SiNOH laser concept is introduced and the
successful integration of organic lasers on the silicon nitride platform is
demonstrated. These results have been published in Optics Express (OPTICA
Publishing Group) [J3].

First time demonstration of bio-sensor chip with integrated SINOH laser

Based on the first demonstration of the SiNOH lasers, an optical biosensor is
co-integrated with a SINOH laser on the same chip in the next step. The
SiNOH laser is pumped from the top. Highly parallel read-out of the optical
sensor signals is accomplished with a digital camera. The viability of this
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approach is evaluated by detecting different concentrations of fibrinogen in
phosphate-buffered saline solutions. The results demonstrate for the first time
an integrated optical circuit driven by a co-integrated low-cost organic light
source. The results have been published in Light: Science & Applications
(Nature Publishing Group) [J2].
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1 Introduction

There has always been a risk that has preoccupied everyone, regardless of
their background or social standing: Diseases can affect any of us, even if we
strive for a healthy lifestyle and stay away from harmful environments. During
the last decades, society has changed a lot, efficient medicines and therapies
have been developed, and already infants are immunized against a variety of
diseases. As a result, some diseases have been eradicated or can be treated as a
matter of routine. The advance of modern medicine led to the fact that our
society has been undergoing a demographic change: people are getting older.
All over the globe, life expectation increased by 2.5 years per decade since
1940 [16]. However, with increasing age, other types of diseases, such as
cancer, Alzheimer's or Parkinson's disease come to the fore [17]. These are
diseases, which either can be hardly cured, or whose progression can be only
retarded, and often so only if they are diagnosed at an early stage [18]. This
requires methods that detect specific markers before the pathogens cause any
major damage to our bodies. These methods imply a high sensitivity and
selectivity to the pathogens of interest and a fast result of the analysis, which
is at best performed at the point-of-care, i.e., directly during the doctor's visit
or as long-term monitoring in the patient's home. When analytic devices are
used that come in contact with bodily fluids, cross-contaminations between
samples must be avoided. As purifying is not always possible or expensive, it
is advantageous if these devices are disposable; the production of high
quantities must be cost-efficient.

In recent years, research has been conducted into a new analysis tool that
promises precisely these aforementioned properties: sensor chips based on
photonic waveguides. A variety of waveguide sensors were demonstrated in
the last two decades, based on interferometric structures [6], [19]-[22], or
resonant structures , such as ring or disk resonators and grating structures [4],
[51, [23]-[29]. Due to the large effective lengths of interaction with the
analyte, these sensor structures combine high sensitivity with small device
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footprint, and are suitable for high-density integration in massively parallel
arrays. The detection of many different kinds of viruses, DNA, excosomes,
and other small molecules was demonstrated [4]. The sensor performances
were improved by varying the sensor geometry [4], [5], [19], the waveguide
cross-section [20], [21], [27]-[33], and the read-out units [5], [34]-[36]. In
addition, many specific sensor architectures were optimized separately, and it
became increasingly challenging to compare them with respect to
performance, as different wavelengths, waveguide geometries and materials
and the most diverse molecules for detection were employed. In Chapter 4 of
this thesis and Ref. [37] a metric is defined that quantifies these influences on
the sensitivity so that different waveguide types and geometries, integration
platforms and operation wavelengths can be compared.

While the sensitivity of sensors increased immensely, the development of the
sensor systems towards point-of-care applications also progressed. There are
several approaches to built read-out instruments that are suitable for point-of
care applications, mainly sensors based on ring resonators. In 2010, a scanning
instrumentation with an array of 32 silicon ring resonators was presented [38].
For each single sensor, the light of a tuneable laser was automatically and
sequentially coupled to the input ports formed by grating couplers for each
single sensor. In 2012, Genalyte, Inc. started selling automated instruments to
the pharmaceutical industry based on his work [39]. Although these
instruments are commercially available nowadays, they are mainly used in
research laboratories and did not reach surgery or patients’ homes. In 2013, an
integrated sensor-array chip for multiplexed detection with 128 ring resonators
was demonstrated [34]. The light of a powerful tuneable laser was coupled to
the chip via a grating coupler and distributed on the chip to the sensors. The
sensors are addressed in parallel, but coupling the laser light via a grating
coupler requires a complex alignment and therefor a bulky readout unit so that
untrained personnel can use the sensor chips. The parallel readout of ring
resonators implies a powerful tuneable laser source (10 mW). A laser source
with acceptable performance is a rather bulky device, and is therefore in
contradiction to the aim of a portable device for POC applications. To solve
this challenge, the laser source can be integrated on the chip. In 2019, a sensor
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array on the silicon nitride platform with a flip-chip-mounted VCSEL emitting
at a wavelength of 850 nm [35] was presented. Although this system is very
compact, it is questionable if a high-precision assembly of discrete laser dies
can comply with the stringent cost limitations of disposable biosensors.

Typically, for the presented sensors, silicon is used as waveguide material, but
in contrast to silicon nitride, silicon is only transparent in the near infrared
wavelength range, whereas silicon nitride is also transparent to visible light. In
biological applications, aqueous analytes are typically examined, such as urine
or saliva. The absorption of light is approximately three orders of magnitude
smaller at visible wavelengths compared to near-infrared wavelengths [14].
Similarly, absorption in blood samples is low between 600 nm and 1100 nm
wavelength, which offers a good compromise between pronounced
haemoglobin absorption at shorter wavelengths and strong water absorption at
longer wavelengths [40]. Therefore, silicon nitride is chosen as the waveguide
material in this work.

On-chip light sources on the silicon nitride platform are examined only rarely
so far. For the visible wavelength range, integrated laser sources were
presented with perovskites [41], [42] or CdS/CdSe quantum dots [43] as gain
media, and were combined with passive silicon nitride waveguides. These
approaches require relatively complex manufacturing processes, including
material deposition from the gas phase and subsequent lithographic
structuring. Both techniques are rather sophisticated and suitable for long-
lasting devices, e.g., in the area of optical communications, but they are too
lavish for disposable chips used in point of-care diagnostics.

The goal of this thesis is to explore a waveguide-based sensor chip, which is
compatible with the requirements of point-of care diagnostics. Silicon nitride
is used as waveguide material, and visible light at approximately 600 nm is
used for sensor operation to meet the criteria of low absorption in aqueous
analyte solutions. A new class of integrated laser source is investigated and
adapted for sensor operation. The investigated SizNj-organic hybrid laser
(SINOH) combines an organic gain medium with passive silicon nitride
waveguides. Large scale deposition of the gain medium is possible via
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dispensing, spin coating, or inkjet-printing. The SINOH laser can be pumped
from the top with a laser diode or with light-emitting diodes (LED) without
stringent alignment tolerances. In this work, for the first time an organic laser
source is integrated on the silicon nitride platform and its performance is
investigated. To design the waveguide sensor, a study is performed to obtain a
universal metric that allows the comparison of various waveguide platforms
and geometries. This study results in design guidelines for sensor waveguides
that can be adapted to many applications. In this work, a Mach-Zehnder
interferometer is developed as a sensor element that meets the criteria of low
propagation loss and high sensitivity in combination with robustness with
respect to fabrication inaccuracies. To demonstrate the functionality of the
sensor, a waveguide bio-functionalization is developed and applied to detect
various concentrations of streptavidin as a proof of concept. For exposure of
the sensors to the analyte solution, a microfluidic chamber is designed that
allows the continuous exchange of the analyte solution on the sensor
waveguides without disturbing the on-chip laser or the light-coupling ports. In
a final experiment, the SINOH laser and the waveguide sensors are combined
on the same chip. The SiNOH laser is pumped from free space with a simple
focussing lens, whereas the sensor signal is detected with a CCD camera. In a
first evalutation step the functionality of this new on-chip sensor system is
demonstrated by detecting various concentrations of fibrinogen.

The experimental results in this work demonstrate the versatility of the device
concepts, the simple operation principle, and the compatibility with cost-
efficient mass production. The demonstrations show the viability of the
concept and represent an important milestone in the development efforts
towards high-performance practical and low-cost point-of-care systems.
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Nanophotonic waveguide (WGQG) sensors that are made from silicon or silicon
nitride (Si3N,) are highly sensitive and open a path towards parallel highly
multiplexed detection of a large variety of disease markers in bodily fluids
[15]. Most of these sensors exploiting, e.g., ring resonators or Mach-Zehnder-
interferometers (MZI), are based on single-mode (SM) WG with transverse
dimensions in the sub-micrometer regime. As a consequence, coupling of laser
light to these WG is a challenge in its own right, which is currently met by on-
chip grating couplers (GC) or by focusing the light on a facet of a WG.
However, both options require high-precision sub-pm alignment of the laser
beam and of the coupling region. This requires precise mechanical alignment,
thereby rendering the underlying read-out systems expensive, sensitive, and
difficult to use.

This work aims at exploring concepts of WG-based sensor chips that can be
used outside controlled laboratory environments. The basic approach is shown
in Figure 2.1(a). A SisNy-organic hybrid (SINOH) laser is integrated on the
sensor chip and optically pumped from the top by an external light source. The
emitted light of the SINOH laser is directly coupled to the SM output WG.
The output WG directs the light to a sensor, labeled as MZI in Figure 2.1(a).
The WG of the sensor are integrated into a microfluidic chamber for direct
contact with the analyte of interest. At the sensor output, the light is radiated
upwards via a GC. Eventually the light is captured by a camera for signal
detection. Excitation and detection are contactless, avoiding precise alignment
between the sensor chip and the pump laser or the camera. This concept
should enable simple and easy operation.

The SiNOH laser consists of a Si;N4, WG core on a silicon dioxide (SiO,) layer
that serves as the bottom cladding, Figure 2.1(b). Optical gain is provided by
an organic top cladding from poly(methyl methacrylate) (PMMA) that is
doped with an organic laser dye. The sensor WG relies on the same Si;Ny4 core
Figure 2.1(c), but lacks a top cladding such that the surface is in direct contact
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Figure 2.1: Schematic of the integrated sensor chip, consisting of a SINOH laser and a
co-integrated biosensor. (a) The SiNOH laser is optically pumped from the top by an
external pump laser. The emitted light of the SINOH laser is directly coupled to the SM
output WG and guided to the sensor, illustrated here as an MZI. The WG of the sensor are
integrated into a microfluidic chamber to get in direct contact with the analyte of interest.
At the sensor output, the light is radiated upwards via a GC, where the light is captured by a
camera for signal detection. (b),(c) The laser and the sensor WG consist of a SizNs WG
core on a SiO; bottom cladding that is supported by a silicon handle wafer. (b) The top
cladding of the laser WG consists of an organic cladding, whereas the top cladding of the
sensor WG consists of the aqueous analyte solution (c).

with the aqueous analyte solutions, e.g., saliva or urine, inside the fluidic
chamber. As a consequence, the core of the laser WG is patterned along with
the sensor WG core, and an additional lithography step is not required. The
organic top cladding of the SINOH laser can be subsequently dispensed or
printed locally. For specific detection of target analytes, the surface is
modified by attaching suitable molecules, to which the target molecules can
bind. This surface modification is called functionalization.

This chapter deals with the basic devices and materials used to form the
integrated sensor chip. The structuring process of the Si;Ns WG and
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nanophotonic devices in general is described in Section2.1. Optical
parameters of the strip WG that form the lasers and sensors are discussed in
Section 2.3, where also the design and characterization of GC is shown. The
investigation of Mach-Zehnder interferometers is discussed in Section 2.4.

2.1  Fabrication of nanophotonic waveguides and
devices

A fabrication process for nanophotonic structures is not only influenced by the
material system of the chip, but also by the form and feature sizes of the final
devices, the quality and composition of the used chemicals, and the available
specific infrastructure. The whole fabrication process of the WG chips
described here was developed and carried out at the Institute of Microstructure
Technology (IMT) at Karlsruhe Institute of Technology (KIT). The qualitative
fabrication process and a short discussion of the usability and quality of
different electron beam resists are presented in the following paragraphs. A
detailed protocol of the fabrication process can be found in Appendix A.

The used wafers (Active Business Company GmbH, Munich) consist of a
stoichiometric 200 nm-thick Si;Ny layer that was deposited via low-pressure
chemical vapor deposition (LPCVD) on a 2 um-thick amorphous SiO, layer.
The SiO, layer was deposited by chemical vapor deposition (CVD) and is
mechanically supported by a silicon layer of 500 um thickness, Figure 2.2(a).
The SiO, layer acts as a lower cladding for the structured WG. Before the
structuring, the wafer is diced into chips of (2x2) cm” size. To this end, the
surface of the wafer is covered with a protective polymer that is removed after
dicing by spray cleaning.

In the first step the WG cores are structured on the chips, Figure 2.2(a)-(d). To
this end, the negative-tone resist ARN.7520.12 (Allresist GmbH, Strausberg)
is spin-coated on the surface of the chip and subsequently exposed to an
electron beam, according to the desired layout, Figure 2.2(b), Appendix A.1.
All unexposed areas of the resist are removed by spray developing (AR 300-
47, Allresist GmbH, Strausberg), and the remaining exposed parts are used as
an etch mask according to the layout, Figure 2.2(c). The etch mask is
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transferred to the SizN4 layer with reactive ion etching, Figure 2.2(d),
Appendix A.2. Residual resist is removed with an oxygen plasma.

In a second step, the upper cladding is deposited, Appendix A.3. First, the
negative-tone electron beam resist mr-X2-P2-XP (micro resist technology
GmbH, Ulm) is spin-coated and exposed by electron-beam lithography, Figure
2.2(e). Development in a beaker is used to remove the cladding on parts of the
WG, Figure 2.2(f), and the subsequent curing with ultraviolet (UV) light
provides an enhanced chemical stability, Figure 2.2(g). In the resulting
cladding openings, functional layers are deposited on the WG cores. For the
laser parts, the gain medium is dispensed or spin coated on the chip. For the

@) B siliconnitride  [] ARN.7520.12

[] Silicon dioxide [ | mr-X2-P2-XP
B Silicon

(b)

(©)

|

Figure 2.2: Fabrication of the SisN4y WG. (a) The SizNy layer (red) is on top of a SiO;
layer (grey) that is supported by a thick Si layer (blue). (b) To structure the SizNy layer a
resist is spin coated on top of the chip (light green) and exposed by electron-beam
lithography (dark green). (c) The resist is developed and an etch mask according to the
layout remains on top of the SisN4. (d) The etch mask is transferred to the SizNy layer
with reactive ion etching, and the residual resist is removed with an oxygen plasma.
(e) The top cladding of the WG is formed by a layer of the negative resist mr-X2-P2-XP
(light ochre) which is then exposed by electron-beam lithography (dark ochre). (f) The
unexposed regions of the second resist are removed to open the cladding for functional

modifications or application of dye-doped polymers in the gain section of SINOH lasers.
(g) The resist is cured with UV light to provide a good chemical stability (orange).
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sensors, either the chip has to be incubated, or solution-based dispensing is
used to immobilize functional layers.

For the structuring of Si;N; WG, three different negative-tone electron-beam
resists have been examined to form the etch mask. The properties of all resists
are discussed in the following paragraphs.

ARN.7520.12 (Allresist GmbH, Strausberg) is an organic negative-tone resist
that has a high resolution of 28 nm for structuring with electron beam
lithography [44]. Residual resist is removed with an oxygen plasma, or with
acetone after etching. The electron-beam exposure uses a relatively high dose
of approximately 1500 uC/ em?. In Figure 2.3(a), scanning electron
microscope images of structured ARN are shown. The surface appears
smooth, and the sidewalls of the lines are steep (cannot be seen in figure
Figure 2.3(a)). In the magnified image on the right-hand side the surface
structuring of cross-linked resist can be seen.

ma-N 2403 (micro resist technology GmbH, Ulm) is an organic negative-tone
resist that has a high resolution of 50 nm [45]. Residual resist can be removed
with an oxygen plasma, or with acetone after etching. The electron-beam
exposure is done with a relatively low dose of ZZOMC/ cm?. In Figure 2.3(b),
scanning electron microscope images of an ma-N structure are shown. The
sidewalls are steep (cannot be seen in figure Figure 2.3(b)). On the surface and

(a) 0.3 ym

Figure 2.3: Scanning electron microscope images of structured electron beam resists.
(a) ARN.7520.12. The surface appears smooth and the sidewalls are steep. In the magnified
image on the right-hand side the structure of the cross-linked resist can be seen. (b) ma-
N 2403. Agglomerates appear on the edges of large structures, left-hand side picture, and
on the whole surface of small structures, right-hand side picture. In the middle of large
structures, no agglomerates are visible.
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at the sidewalls, small agglomerates with (10...50)nm diameter are visible. In
the center of large structures, left-hand side picture in Figure 2.3(b), no
agglomerates are visible; however, the edges and the complete surface of
small structures are covered with these agglomerates, right-hand side picture
of Figure 2.3(b). Further investigations showed that the density of these
agglomerates depends on the electron-beam properties, defined by beam
parameters, e.g., dose and beam diameter. It was not possible to find a set of
beam-parameters for the desired structures without agglomerates. A transfer of
the agglomerates to the Si;N, during etching can be expected.

XR-1541 (HSQ-6%, EM Resist Ltd, Prestbury) is a negative-tone resist with a
very high resolution of 10 nm [46]. The molecular structure of cross-linked
HSQ is similar to SiO,. After etching, residual HSQ can be removed with
hydrofluoric acid (HF). The etch rate of SiO, in HF is 26 times larger
compared to the etch rate of SizN4 [47]. It should be mentioned that the SiO,
bottom substrate is etched in parallel to HSQ, hence there might be
undercutting of Si;N, structures. After electron beam exposure with a dose of
1000 pC/ cm?, the resist surface is smooth and the sidewalls are steep. The
thickness of spin coated HSQ is limited to approximately 230 nm [46].
Selectivity during the Si;N, etch process is low; experiments show that the
mask is completely stripped before a relatively thin layer of 200 nm of Si;Ny is
etched. Therefore HSQ is not suitable for structuring of SizN;, WG.

2.2  Optical properties of strip waveguides

The basis of the sensors and SiNOH lasers examined in this work are strip
WG. For both, sensors and lasers, single-mode operation and large overlap of
the WG mode with the top cladding are essential for optimized performance.
During sensing experiments, changing analytes or binding of molecules to the
surface of the WG core change the refractive index of the top cladding and the
propagation constant of the guided mode. The larger the parts of the mode that
are guided in the top cladding, the larger is the change of the propagation
constant and the associated phase shift that is obtained for a given refractive
index change in the environment of the WG. Depending on the geometry of
the WG, more than one light mode (fundamental mode) can be guided. These
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higher order modes show different overlaps with the cladding material, and
thus different phase shifts for the same index change in the cladding. As a
result, read-out is more complex because the modes must be filtered. Single-
mode operation is hence preferred. In SINOH WG, gain is provided in the top
cladding due to stimulated emission. The larger the overlap of the light mode
with the top cladding is, the more gain can be provided. For the sensor chips
discussed here, the light of the SINOH laser is guided directly to the single-
mode sensor WG, therefore operation of the laser in the fundamental
transverse mode of the underlying WG is preferred.

The following Subsection 2.2.1 discusses the optical properties of sensor and
SiNOH WG. In particular, the effective refractive index, the number of guided
modes and the overlap with the top cladding are investigated. Subsection 2.2.2
discusses the SINOH WG and in particular the gain.

2.2.1 Passive sensor and SiNOH waveguides

The propagation of a plane wave with vacuum wavelength A in a
homogeneous medium with refractive index » is defined by the propagation
constant S =nk,, with vacuum propagation constant k, =2z/4 [48]. In a
dielectric WG, the light is guided by a high refractive index core which is clad
by a low refractive index medium. In this work, mainly strip WG with Si;Ny4
core and SiO, bottom cladding are used, Figure 2.4(a). The height of the WG

(a) (b) |E|/|Evnex | /5 N
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n=200nm cladding
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Figure 2.4: Waveguide geometry, materials and mode simulations. (a) The strip WG
consists of a WG core from Si3Ny, a bottom cladding of SiO» and a top cladding, which is
either water (sensor WG) or PMMA (SiNOH WG). The WG core has a fixed height of
h =200 nm and a variable width w. (b) Simulated normalized electric field magnitudes
are exemplarily shown for both the fundamental quasi-TE polarized mode (left-hand side)
and the fundamental quasi-TM polarized mode (right-hand side). The width of the
simulated WG amounts to 300 nm. For both modes, large parts of the electric field are
guided in the WG core. Smaller parts are also guided in the cladding regions.
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core is defined by the layer thickness of the initial SisN4 layer, i.e.,
h=200nm. The WG width w can be chosen freely and is only limited by the
technical constrains of the lithography process. The mode field distribution
was simulated for different WG widths. Figure 2.4(b) shows normalized
electric field magnitudes of the fundamental quasi-transverse electric (quasi-
TE) polarized mode, left-hand side, and of the fundamental quasi-transverse
magnetic (quasi-TM) polarized mode, right-hand side. A mode is called quasi-
TE, if the dominant part of the mode is TE-polarized and is named quasi-TM,
if the dominant part of the field is TM-polarized. All simulations were
performed with the commercial available software package Computer
Simulation Technology Studio Suite (CST Studio Suite, SIMULIA). Port
modes were calculated with the frequency-domain solver and a tetrahedral
mesh. For the laser WG, the top cladding consists of PMMA doped with a
laser dye. For the simulations, a pure PMMA cladding is assumed. For the
sensor WG, the top cladding consists of an aqueous analyte solution. For the
simulations, pure water is assumed. Table 2.1 lists all used materials, their
refractive indices n and their group refractive indices n, =n—4 dn/dA [48] at
room temperature and for a wavelength of 4 =600nm. Large parts of the
electric field are guided in the WG core for both polarizations. Nevertheless,
smaller parts of the electric field are also guided in the cladding regions. For
the quasi-TE mode, larger parts are guided near the sidewalls of the WG core,
whereas for quasi-TM polarized modes larger parts are guided close to the top
and the bottom of the WG core.

The field distributions of the light wave in all WG parts determine the WG
propagation constant £ which can be expressed by the effective refractive
index n, = B/k,. Figure 2.5 shows simulated effective refractive indices for
WG with PMMA top cladding npypa =1.49, Figure 2.5 (a), and with water

Table 2.1: Refractive indices n and group refractive indices n, of all used WG materials at
wavelength A = 600 nm.

Material n(4 =600 nm) ny(A =600 nm)
SisNy 2.02 [49] 2.1 [49]
Si0, 1.46 [50] 1.48 [50]
H>,O 1.33  [51] 1.35 [51]

PMMA 1.49 [52] 1.52 [52]

12
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Figure 2.5: Simulated width-dependence of the effective refractive index n. for the SizNy4
WG with water (a) or PMMA (b) as the top cladding. The WG height amounts to
h =200 nm. Effective refractive indices are depicted for quasi-TE polarization, red lines,
and quasi-TM polarization, blue lines. The fundamental modes are called TEoy and TMgy.
In addition, for each polarization the next two higher order modes are shown: TE,o, TEx
and TM,o, TM2y. (a) PMMA as a top cladding. The black horizontal line at the bottom
marks the refractive index of PMMA. If the WG width is too small, the mode is mainly
guided in PMMA and the light is eventually lost. For all modes the effective refractive
index increases for larger WG widths. For the same WG cross section and the same mode-
order quasi-TE modes have a larger n. than quasi-TM modes. Only for narrow WG cores
TEoo shows a smaller n. than TMgo. The increase is larger for quasi-TE polarized modes
compared to quasi-TM polarized modes. For WG widths smaller than 350 nm the WG is
single-moded. For WG widths larger than 350 nm also higher order modes can be guided.
(b) Water as a top cladding. The black horizontal line marks the refractive index of the
silicon dioxide bottom cladding that is larger than the water top cladding (7,6 =1.33).
The fundamental quasi-TM mode is guided for smaller WG widths than the fundamental
quasi-TE mode. For WG width larger than 450 nm not only the fundamental modes can be
guided but also higher order modes.

top cladding ny,o =1.33, Figure 2.5(b), for different WG widths. Quasi-TE
modes are depicted by red lines and quasi-TM modes with blue lines.
Different orders of modes are marked by TE,,, and TM,,,. The subscripts n and
m are positive integers and represent the number of mode zero-crossings of the
dominant transverse field component along the WG width and the WG height,
respectively. For each polarization the fundamental mode TEy, and TM,, and
the next two higher order modes TE,y, TE,; and TM,, TM,, are shown.

For all modes, n,increases for larger WG widths w, as larger parts of the
modes are confined to the WG core. Therefore, n, converges to the refractive
index of Si;Ns. Top and bottom cladding have often different refractive

13
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indices. The smaller the WG core, the larger the part of the mode that is
guided in the cladding part that has the larger refractive index. For the SINOH
WG this applies to the top cladding made from PMMA, for sensor WG this
applies to the bottom cladding consisting of silicon dioxide, Table 2.1. The
black horizontal line marks the refractive index of the part of the cladding with
larger refractive index, respectively. Towards smaller WG widths, the mode is
guided until the effective refractive index eventually reaches the highest
refractive index of the cladding region. For even smaller w the mode cannot be
guided in the WG; the mode is cut off for the given frequency. The number of
modes that can be guided in the WG depends on the wavelength, the geometry
and the difference of the refractive index between core and cladding. Here,
only w is varied. For the PMMA top cladding, the WG becomes multimoded
for widths larger than 350 nm, whereas for the water top cladding, the WG
becomes multimoded for widths larger than 450 nm.

For the PMMA top cladding and narrow WG cores with w<200nm, n, of
TEq is smaller than n_of TM. For larger WG cores this trend is inverted.
This can be explained by the WG geometry. The WG core has a fixed height
of 7#=200nm. At the intersection point of the curves the WG core has a
squared cross-section, and both, quasi-TE and quasi-TM polarized modes, are
confined approximately equally. For smaller w the quasi-TM polarized mode
is stronger confined to the core, whereas for larger w quasi-TE polarized
modes are confined stronger. For the water top cladding, this intersection point
is slightly shifted to larger WG cores. The cladding asymmetry of water and
SiO, for the WG is larger compared to the cladding asymmetry of the SINOH
WG (PMMA and Si0,), shifting the intersection point to w=250nm.

For both, the sensor and laser WG, the part of the mode that is guided in the
top cladding is of special interest. For the sensor WG, the aqueous analyte is
to be examined, and a large overlap of the light mode with the cladding leads
to large phase shifts. For the laser WG, a large confinement in the cladding,
and therefore large optical gain, in combination with low propagation loss
leads to low lasing thresholds ([48], Chapter 15). The modes can be described
with a complex vectorial electric mode field E(@w,r) and a magnetic mode
field H(w,r) that depend on the angular frequency @ and the position vector
r. If loss is neglected, the cross-sectional power of a guided mode is constant
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along the propagation direction. The overlap of the mode with a partial
volume 7 related to a unit cell with total volume V' can be described by the
confinement factor. The confinement factor has values between 0 and 1. Here,
the material in the partial volume has a constant refractive index n; and a
constant associated group index Ny =N+ On; /0. The confinement factor
represents the ratio of the mode energy in a partial volume V; related to the
energy in the total volume V of a unit cell with cross sectional area 4 and
length a [53]:

J.J-ning,i |E|2 dr
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For WG that are invariant along the propagation direction, e.g., strip WG, the
volume element is dV' =a d4.

Figure 2.6 shows the simulated F(T°§§§hddmg that is the fraction of the mode

confined to the top cladding, partial volume V; = VTOP Cladding - The confinement
factor was simulated for different WG widths w with a fixed WG height of
h =200 nm and materials as shown in Figure 2.4(a). Red dashed lines show
F(Tc(‘)’;l?laddmg for the fundamental quasi-TE mode TEq, blue dashed lines for
the fundamental quasi-TM mode TMy. Figure 2.6(a) shows the simulated
results for PMMA as a top cladding, and Figure 2.6(b) for water as a top

cladding.

For laser WG (PMMA top cladding), F(TC(?; fc)ladding decreases with larger w. For
smaller w the mode is weakly guided and most parts are confined to the top
cladding exhibiting a larger refractive index than the bottom cladding. The
wider the WG, the larger the confinement to the WG core, and the smaller the
overlap with PMMA. For w<200nm, TEg, is stronger confined to the
cladding than TM,, whereas for larger w this trend is inverted. Again, this can
be explained by the geometry of the WG core. In high and narrow WG cores,
TMy is stronger confined to the WG core, whereas in wide WG cores the

situation is the other way around.
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Figure 2.6: Simulated F%Cg;?,addmg for different WG widths. Red dashed lines show
values for the fundamental quasi-TE mode TEg, blue dashed lines for the fundamental
quasi-TM mode TMgo. (a) PMMA as top cladding. For both polarizations, FTop claddin

decreases for wider WG, as the mode becomes more confined to the WG core. For sma%l
WG widths, larger fractions of the mode are guided in the top cladding with larger
refractive index (Mpypia =1.49) compared to that of the bottom cladding (71,0, =1.46).
(b) Water as top cladding. For both polarizations T(Top Qladdmg shows a maximum. For larger
w, large parts of the mode are confined to the WG core. For smaller w, large parts of the
mode are confined to the bottom cladding that has a larger refractive index than water
M0 =1.33.

For sensor WG (water as top cladding) FTCS;' cladding 2150 decreases for larger

w, but the trend for small w is different. The refractive index of the bottom
cladding is much larger than that of water. Hence, F(T°§§§laddmg vanishes for
water cladding and small w, for which the mode is strongly confined to the
bottom cladding. For both polarizations a maximum for FTOP dladding 1S found.
For TE, the maximum is located at w=190nm and for TM,, the maximum is
located at w=160nm. The maximum F‘;;’;‘?laddl for TEq is slightly larger
than for TMy,. For WG widths w>250nm, Ty . shows almost the

Top claddmg
same values for TE, and TM,

2.2.2 Si3Nj-organic hybrid waveguides

A SizNj-organic hybrid (SINOH) WG is formed by a Si;Ny WG core with
Si0, as the bottom cladding and an organic medium as the top cladding. The
organic medium consists of a polymer with an embedded laser dye and serves
as the gain medium. The resonator is formed by the SINOH WG and can have
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2.2 Optical properties of strip waveguides

various geometries, e.g., a ring or a distributed-feedback grating. Figure 2.7(a)
shows the cross section of a strip WG along with the simulated electric field
magnitudes |E| of the fundamental quasi-TE and quasi-TM mode. Simulations
were performed with the frequency-domain solver of CST Studio Suite. When
the gain medium is pumped, the laser dyes are excited. Near the WG core,
parts of the electric field are located in the organic gain medium. The effective
modal gain g (unit cmfl) of the laser WG results from the stimulated emission
in these regions. The larger the field amplitudes in the organic gain medium
are, the more gain the mode experiences. Figure 2.6(a) shows the confinement
factor, Equation (2.1), of a WG in the organic gain medium for a strip WG
with height 7 =200nm and varying width w. The smaller the width, the larger
the confinement factor and thus the larger the effective modal gain is. Note
that the net power gain G of a resonator with round-trip length 2L also
depends on the loss coefficient & (unit cm™'), Gzexp[( g—a)2L} [54]. A
larger effective modal gain does not necessarily mean a larger net power gain.

Molecular structure of Pyrromethene 597 For the SINOH lasers, PMMA
is used as an organic cladding. The gain is provided by the organic laser dye
PM597 (Pyrromethene 597, Radiant Dyes Laser & Accessories GmbH,
Wermelskirchen) which is dissolved in PMMA with a concentration of
25umol/g. Figure 2.7(b) shows the molecular structure of PM597.
Pyrromethene 597 consists mostly of carbon and hydrogen atoms. Carbon has
six electrons that can be described by s and p orbitals. In the ground state, the
Ls orbital is occupied by two electrons, the 2s orbital is also fully occupied by

@) G === 0

Hic  CHs CH,
HiC W A { CHs
HaC AN e CHs

HaC B CHs
HC F F CHs

Figure 2.7:  Properties of SINOH WG. (a) Cross section of a strip WG with width w
and height / along with simulated electric field magnitudes ‘ﬂ of the fundamental quasi-TE
and quasi-TM mode. Large parts of the electric field propagate in the organic cladding
material. If the gain medium is pumped, these parts can cause stimulated emission.
(b) Structural formula of the laser dye PM597. Double bonds in the ring structures indicate
delocalized 7 -electrons.
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two electrons, and two (out of three) p orbitals are occupied with one electron
each. This results in the ground state configuration 1s*2s°2p” [55]. When a
carbon atom connects to other atoms via four single bonds, a process called
hybridization mixes one 2s and three 2p orbitals together to make four
equivalent sp’ hybrid orbitals in a tetrahedral arrangement around the carbon
atom, called o bonds [56]. In the ring structures of PM597, carbon atoms bind
also via double bonds to their neighbors, Figure 2.7(b). In doing so, only two p
orbitals undergo hybridization with the 2s orbital resulting in three sp orbitals
and one 2p” orbital. A double bond is formed by one sp” orbital and by one 2p
orbital of the carbon atom that connect with similar orbitals of another
molecule forming a strong o bond and a weaker 7 bond [57]. The ring
structures in PM597 show alternating double and single bonds that are called
7 -conjugated. This system allows the 7 -electrons to be delocalized over the
whole conjugated segment, e.g., the 7 -clectrons do not belong to a single
bond but to the whole 7 -conjugated system.

Absorption and emission of light. The ring structures in PM597 show
many alternating weaker z bonds and strong o bonds. The delocalized
electrons in the 7 -conjugated system allow the molecule to form different
molecular orbitals that have different energy states. These energy states are
close to each other. As more molecular orbitals are formed, the energy gap
AW between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) becomes smaller. The molecule can
absorb and emit photons by transiting between these orbitals. Typical energy
gaps AW between HOMO and LUMO for organic dyes result in photons in
the wavelength range between the near infrared and the near ultraviolet [56].

The molecular orbitals of such 7 -conjugated systems can be translated into
different electronic energy states. The energy states split into various
vibrational states. In the electronic ground state S, (HOMO) of the organic
laser dye, all valence electrons are paired (reverse spins) with a total spin
s=1/2—1/2=0.When a photon is absorbed, a valence electron can transit to a
higher electronic state S; (LUMO), its pairing partner remains in the former
state. For relaxation, there are various possibilities.

A Jablonski diagram illustrates transitions of the valence electron between
various energy states, Figure 2.8. The horizontal axis shows the spin
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multiplicity 2s+1 of the molecule; electronic states with multiplicity 1 are
called singlet states; electronic states with multiplicity 3 are called triplet
states. On the vertical axis the energy of the molecule is shown. Electronic
states Sy, S; and T, are split into several vibrational states (black lines). The
vibrational ground state for each electronic state is indicated with a thick black
line. Higher order vibrational states are indicated with thinner black lines.
Note that only the first excited electronic states are shown in Figure 2.8. There
are excited states at larger energies S,5_ . and T, . that are not relevant for
the basic absorption and emission mechanisms discussed here. Transitions
between the different states are indicated with arrows. Blue arrows are used
for photon absorption, green arrows for radiative relaxations, called emissions.
Magenta-colored dashed arrows indicate non-radiative transitions.
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Figure 2.8: Jablonski diagram for organic laser dyes. Energy states are depicted for
different spin multiplicities. Only the fundamental singlet Sy and the first excited singlet S;
and triplet T, electronic states are shown. Vibrational levels are shown as narrow black
lines, the fundamental vibrational levels are shown as thick black lines. For laser operation,
the laser dye is pumped from the S, ground state (L1) to a short-lived (fs-range) vibrational
level of the S; state (L4), blue arrow. Relaxation to the long-lived (ns-range) ground level is
fast and non-radiative, magenta dashed arrow (L3). The relaxation from L3 to a short-lived
vibrational level (L2) occurs ideally by stimulated emission, green arrow. As L4 and L2 are
short-lived they can be seen as non-occupied during laser operation and the laser dye
behaves like a four-level gain medium. Stimulated emission competes with spontaneous
emission, green arrow, and nonradiative transitions, e.g., intersystem crossings, magenta
dashed arrow. For an intersystem crossing, the molecule transits to a state with different
multiplicity. From the S, state to the triplet state T; the spin of the exited electron flips.
Therefore, the transition to the Sy state is spin forbidden. Triplet states are long-lived, and
the emission of a photon during relaxation to the S, state is known as phosphorescence,
green arrow.
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In the ground state, all valence electrons are paired and the spin multiplicity is
1, hence the ground state Sy is described as a singlet state. If a photon with
energy W, > AW is absorbed, a molecule in the ground state S, might transit
to a vibrational state of the excited singlet state S,, Figure 2.8., blue arrow.
The lifetime of higher vibrational states lies in the fs-range ([56] Chapter 1)
and the molecule relaxes to the vibrational ground state of the electronic S,
state, magenta dashed arrow. The lowest level of the S;state is a long-lived
level in the ns-range ([56] Chapter 1). From there the molecule relaxes to a
vibrational level of the S, state, either by radiating a photon, a process called
fluorescence, green arrow, or by transferring the energy via non-radiative
mechanisms to its environment, not shown in Figure 2.8. This vibrational level
has a very short lifetime in the fs-range, and the molecule relaxes to the
ground state, magenta dashed arrow. Before the molecule relaxes from the S;
level to the S, level, also stimulated emission can occur, green arrow. A
photon that is, e.g., trapped in a laser resonator, can induce the emission of
another photon with same energy, while the molecule relaxes to the S, state.
Therefore, organic laser dyes behave like four-level gain media, [56],
Chapter 1. Pumping occurs between the long-lived energy level L1 and the
short-lived energy level L4, magenta in Figure 2.8, whereas laser emission
occurs between the long-lived energy level L3 and the short-lived energy level
L2. As L4 and L2 are short-lived, they can be seen as non-occupied during
laser operation. Therefore, a population inversion occurs easily between level
3 and 2, if the laser dyes are pumped, [48] Chapter 14.

Transitions between the respective states take place with different
probabilities. The more the orbital of the target state overlaps with the orbital
of the starting state, the more likely is the transition. This probability can be
specified with wavelength (energy)-dependent transition cross sections of the
dye molecule. Before photon absorption, the dye molecule is in the electronic
ground state. The associated absorption cross section of PM597 in PMMA is
shown in Figure 2.9, green curve. The maximum of the absorption cross
section is at a wavelength of 523 nm. At this wavelength a transition is most
likely and, therefore, optical pumping of the gain medium is most efficient.

The same considerations hold for the emission transition. In this case, a
mechanism according to fluorescence may occur, for which the starting state
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Figure 2.9: Transition cross section of PM597 in PMMA. The maximum of the
absorption cross section (green curve) is at shorter wavelengths than the maximum of the
emission cross-section (red curve). Some energy of the absorbed photon is transferred to
the environment of the molecule when the molecule transits from higher excited vibrational

states to the ground state of the electronic states. For high pump efficiencies the SINOH
laser is pumped near the absorption maximum, green line (, (532 nm) = 2.56-10""% cm?).

is the vibrational ground state of the first excited electronic state. The emission
cross sections are related to the probabilities for transitions in distinct
vibrational states of the electronic ground state, Figure 2.9, red curve. The
maximum cross section is found at a wavelength of 565 nm, shifted to longer
wavelengths compared to the maximum of the absorption cross section. This
can be explained by the Stokes shift: Nonradiative transitions occur within the
excited S; level and the ground state Sy, Figure 2.8, magenta dashed arrows,
[58] Chapter 1. During this process, energy is transferred to the molecule’s
environment. When the photon transits between the electronic states, it has
less energy compared to the photon that was absorbed before. The maximum
of the emission cross section is smaller than that of the absorption cross
section. This can be explained by nonradiative transitions from the excited S,
level to the Sy level.

For the SiNOH laser, emission at large emission cross sections is expected. At
all wavelengths with absorption and emission cross sections larger than zero,
reabsorption of emitted photons is possible. These photons cannot contribute
to stimulated emission. In addition, the wavelength dependent net power gain
of the laser resonator also depends on loss. The WG geometry or the laser
resonator might suppress certain transverse or longitudinal WG modes.
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So far, only transitions between singlet states and states with the same
multiplicity were considered. For such transitions the spin of the excited
electron remains anti-parallel and is quasi-paired with the spin of the
remaining electron in the ground state. Transitions from the excited singlet
state S; to the triplet state T; compete with fluorescence and stimulated
emission. This so-called intersystem crossing occurs when flipping the spin of
the excited electron and therefore uncoupling it from the electron in the
ground state. During this mechanism, the multiplicity is changed and equals 3
for triplet states. The intersystem crossing from the T, state to the S state is
called phosphorescence, which requires a second spin flip and is therefore
spin-forbidden, [58] Chapter 1. This leads to a rather long lifetime of the T,
state in the ps-range [59]. During this duration, the ground state of the laser
dye is depleted and cannot contribute to laser emission. The probability for an
intersystem crossing from the excited singlet state S, to the triplet state T} is
rather low for PM597 [60]. The probability is strongly influenced by the
environment, e.g., by temperature [61] or medium composition [62].

Photodegradation. Generally, the lifetime of an organic laser dye is limited
by photodegradation [59]. In excited states, laser dyes can absorb photons and
can easily undergo irreversible chemical reactions with the environment which
can prohibit light emission. Especially in the long-lived triplet states the
probability of such reactions is increased [63].

A major factor that causes photodegradation is the reaction of laser dyes with
singlet oxygen [62]. If a dye molecule undergoes an intersystem crossing, it
can interact with oxygen that occurs naturally in the paramagnetic triplet state,
and singlet oxygen is formed. In a second step, this singlet oxygen can react
with dye molecules in the ground state and degrade the molecules [62]. The
probability of intersystem crossings is increased by the presence of oxygen
[62]. In addition, with higher pump intensities, also higher singlet states are
excited. For each transition, there is a possibility that the molecule undergoes
an intersystem crossing to one of the excited triplet molecules. The higher the
pump intensity is, the more molecules are trapped in the long lived triplet
states, and the more singlet oxygen is formed [63], leading to a stronger
degradation.
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2.3 Grating couplers

2.3 Grating couplers

To couple light to and from the chip, grating couplers (GC) can be used,
which diffract light coming from the top into an on-chip WG or from an on-
chip WG to an out-of-plane direction. Typically, laser light is first coupled
into a fiber, and the end face of the fiber is positioned on top of the GC. In
both cases, pm-precise alignment is needed to achieve high coupling
efficiency. The efficiency of this coupling is mainly dictated by the effective
refractive index perturbation through the grating. Figure 2.10(a) shows a top-
view schematic of a GC. At the beginning (or the end) of a WG, a periodic
grating is etched into the SizN4. The grating consists of alternating lands and
grooves. The geometry can be described by the grating period a, the gap width
d and the fill factor FF=(a —d)/a. After the grating, the WG is tapered from
the grating width to the final WG width. The laser light (vacuum wavelength
A) emitted from the fiber end-face propagates through the cladding medium
with refractive index n,, black arrow, Figure 2.10(b), and reaches the grating
with an angle of incidence 6, measured with the cladding material respect to
the surface-normal direction. In the cladding medium the light has a
propagation constant 3, =nk, =n, 27/, with vacuum propagation constant
k, . Inside the WG with effective refractive index #,, the light propagates in z-
direction with propagation constant S =nk, =n 27z/A. The laser light from
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Figure 2.10: Sketch and beam paths of a GC. (a) Sketch of a GC at cross section y = 0.
The geometry can be described by the grating period a and the gap width d.  (b) Sketch of
the GC at cross section x = 0. The incident beam, black solid line, is scattered by the grating
into the WG. Parts of the beam are transmitted to the SiO, layer and reflected at the
interface between SiO, and Si, dashed black line. Parts of the transmitted beam are
afterwards scattered by the grating into the WG.
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the fiber shall be coupled to this WG. Therefore, the component of the
propagation constant along the z-direction can be expressed as
B..=nk, sin(@). Together with the wavenumber of the grating K =27/a the
following phase matching condition results,

nk,sin(0)=nk, +mkK,

go_mA (2.2)
nsin(0)—n,

e

The integer m is called diffraction order and Equation (2.2) is only fulfilled,
for negative m. In a first step, coupling from the fiber to the WG with an
incident angle of =0 is considered. Due to symmetry, light is coupled in
both directions of the grating, along z and —z direction. Therefore, 6 larger
than 0° are preferred.

Due to reciprocity, Equation (2.2) holds for both, coupling light from the fiber
to the WG and from the WG to the fiber. For efficient coupling to and from
the WG, the period « has to be chosen in a way that only one diffraction order
m fulfils Equation (2.2) for exciting guided modes in the WG. This can be
understood by considering the inverse propagation direction. Light travels
along the WG and is radiated from the GC to the fiber. If a is chosen to be
large, more than one combination of # and m exist that fulfil Equation (2.2).
The power of the WG mode is distributed among all diffraction orders m to
the cladding. Note that Equation (2.2) also holds for radiation to the substrate.
If @ is chosen to be small, with (ﬂ —k, )/2 <K £, Equation (2.2) only holds
for m=—1 and only one beam of light is radiated to the cladding. Using a
first-order grating with m=-1 and the target incident angle of 6=10°,
600 nm wavelength, 7, =1.5 and n,=1.75, the period is calculated to
a =403nm, Equation (2.2).

For high coupling efficiency, also the thickness of the bottom SiO, layer has
to be adapted to the desired wavelength. The light beam originating from the
fiber illuminates the grating and is scattered into the WG, Figure 2.10(b), solid
black line. Parts of the beam are transmitted to the SiO, layer and reflected at
the interface between SiO, and Si, dashed black line. Parts of this beam are
then scattered at the grating into the WG and interfere with the directly
scattered beam, solid line. Depending on the thickness of the SiO, layer, the
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phase relation between the directly scattered beam and the reflected beam
changes and wavelength dependent constructive and destructive interference
occurs [64]. Considering white light and a small mode field diameter of less
than 10 um after the fiber, we expect a Gaussian spectral distribution of the
light in the WG [65]. This Gaussian transmission spectrum is superimposed by
the periodic interference pattern which is induced by the directly scattered and
the reflected beam.

For experimental optimization of the GC geometry, the period a, fill factor FF,
incident angle # and the thickness of SiO, were varied. The transmission
efficiency was measured with an in-coupling GC and an identically designed
out-coupling GC, connected through a single-mode strip WG of 2 mm length,
Figure 2.11(a). The measurement results were normalized to a back-to-back
measurement, in which the fiber from the laser was directly coupled to the
spectrometer. Therefore, the measured efficiencies include the losses of the in-
coupling and out-coupling fibers leading to the sample, of the two identically
GC, and of the strip WG in-between.

Figure 2.11(b) shows the normalized (previous section) coupling efficiency
for quasi-TE polarized modes of GC with periods of a=(390...420)nm for a
fill factor of FF = 80%, an incident angle of 4=10° and a SiO, thickness of
dSi02 =4um. For larger periods a, a shift of the transmission spectrum from
shorter towards longer wavelengths is observed. This trend can be confirmed
by Equation (2.2), with a~A. For 4 =650nm a distinct drop in efficiency
can be found for all spectra, identifying a minimum of the periodic
interference pattern of the scattered and the reflected beam. To minimize the
influence of the interference between reflected and scattered beams, a lower
thickness of dgjo, =2pm was chosen in a subsequent design. From
experimental characterization of these structures, we found a maximized
transmission efficiency for a FF of 65%, a period of ¢ =390 nm and an
incident angle of @ = 8° for quasi-TE polarized modes. Figure 2.11(c) shows
the normalized transmission efficiency 7 for five pairs of GC with optimized
geometry, colored lines. No destructive interference from directly scattered
and reflected beam can be observed. The efficiency for two subsequent GC
amounts to —17.5dB. The efficiency per GC 1is calculated to
Nape = (-8.8+0.2). The area marked with an orange dashed square is
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Figure 2.11: Experimental optimization of GC. (a) Sketch of the characterized device.
An in-coupling GC and an out-coupling GC are connected through a single-mode strip WG.
(b) Normalized efficiency of GC with a SiO; thickness of 4000 um and different periods
a=1(390...420) nm. The maximum efficiency shifts with larger periods to longer
wavelengths. At 1 =650 nm a clear drop in efficiency can be seen for all periods. At this
wavelength the transmitted beam, dashed line in Figure 2.10(b), interferes destructively
with the initial beam, solid line. (c¢) Efficiency for five optimized GC with a SiO,
thickness of 2000 um. The efficiency was measured with two GC for in and out coupling,
Subfigure (a) and normalized to the incident power of the laser. (d) Enlarged section of
efficiency at 2 =600 nm of Subfigure (c). The efficiency of five GC varies only slightly,
which shows a good reproducibility of the fabrication process.

magnified in Figure 2.11(d) for the target wavelength of 4 =600nm . For the
five different GC pairs with the same geometry, colored lines, only small
variations in efficiency can be seen, indicating the good reproducibility of the
fabricated GC.

The benefit of the presented GC is the simple fabrication with only one
lithography step that can be performed in parallel with WG fabrication at the
price of moderate coupling efficiencies. Larger coupling efficiencies for Si;Ny
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GC were shown in combination with more sophisticated fabrication
technologies. The coupling efficiency can be described as the product of
directionality and mode matching between fiber mode and the mode that is
refracted from the GC. The directionality describes the part of the WG mode
that is diffracted towards the fiber [66]. Larger directionalities can, e.g., be
achieved by including a reflective bottom layer below the SiO, substrate. For
Si3N; WG, visible light (4 =660nm) and quasi-TE polarized modes, up to
-2.4dB efficiency was shown for GC with reflective bottom layers from
AICu/TiN, and SiO, for the top and bottom cladding (between grating and
reflective layer) [67]. Without a reflective layer, these GC setups exhibit
coupling efficiencies of -4.2dB [67]. For near infrared wavelengths
(A4 =880nm), coupling efficiencies of -6.5dB [68] were found for shallow
edged GC. While these modifications in the GC design lead to higher
efficiencies, the manufacturing requires more complex processes, compared to
the GC design here presented. Specifically the manufacturing processes
include complex material deposition and additional lithographic structuring
steps, contradicting the simple design approach that is advantageous for
disposable point-of-care sensors.

2.4 Multimode interference couplers

Nanophotonic WG sensors can be used to detect target molecules in aqueous
solutions. During sensing experiments, changing analytes or binding of
molecules to the surface of the WG core change the refractive index of the top
cladding and the phase of the light. This phase shift A¢ can be recorded using
interferometric structures. A Mach-Zehnder interferometer (MZI) splits light
into a reference arm and a sensing arm. In contrast to the reference arm, the
sensing arm is in contact with the analyte. Binding molecules change the
phase of the light after the interaction length / from ¢, to ¢=¢,+A¢. The
light is combined again with P ~2+ 2c0s(A¢). Due to interference with the
light from the reference arm, phase shifts A¢ in the sensing arm can be
detected.

For splitting and combining, multimode interference couplers (MMI) can be
used. The working principle of MMI is based on self-imaging, first suggested
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by Bryngdahl in 1973 [69] for a slab WG and then explained in more detail by
Ulrich [70]. The central part of the MMI is a WG that is designed to support
several lateral modes, typically more than three, while only the fundamental
vertical mode can propagate. In this case, an input field reproduces itself in
propagation direction in single and multiple images at periodic interval lengths
[71]. Figure 2.12 shows two different MMI that can be used as combiners or
splitters: A 2 x2 MMI, Figure 2.12(a), and a 3 x3 MMI, Figure 2.12(b).
Single-mode WG are usually used as in- and outputs. These WG are placed at
specific positions x,, and x, along the width w at the beginning and the

Col 1 Col 2 Col 3 Col 4
Input MMI with Output Phase
port r port positions port g L

Figure 2.12 Two different MMI couplers with geometrical parameters and phase
relations. Labeling and phase calculations follow Ref. [73]. The input ports r are labeled in
the first column (bottom-up) and their positions are marked with «, . in column 2. The
output ports s are labeled in column 3 (top-down) and their positions along the x-axis are
marked with x_,,, in column 3. Column 2 shows sketches of the MM with length / and
width w of the multimoded region. Column 4 lists phase shifts ¢g, between input ports »
and output ports g. (a) 2 x 2 MMI combiner or splitter. (b) 3 x 3 MMI combiner or
splitter.
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ending of the multimode section, Figure 2.12. The input ports r=1,2,3, ...
are labeled bottom-up and their positions are marked with x;,,. The output
ports g =1, 2, 3, ... are labeled top-down and their positions are marked with

xout,g~

For a given input field, the power distribution and the phase relations between
the output fields of the MMI are explained in more detail in the following
sections.

Self-imaging An arbitrary input mode field
E(x,y,O) = Z_:T(x,y)exp [J(a)t - ¢ ):| with field amplitude £, angular
frequency @, and phase ¢, =3,z with propagation constant g, is fed to an
arbitrary position x to the multimoded section at position z=0. In the
multimoded section the field is expanded into m guided modes E,, with mode
numbers v =0,1,2,...m, propagation constants /3, , vacuum wavelength A and
mode excitation coefficients a,. At any position z in the multimoded section
the eigenmodes superimpose:

E(x,y.2)=) a,E,(x.y)exp(-jp,z) (2.3)

For a step-index WG and strong guiding the cladding fields can be neglected.
Thus, the effective width of the multimoded section equals approximately the
geometric width w and the effective refractive index equals approximately the
one of the WG core n;. The propagation constants £, and AfS,, =B, -5,
can be approximated by [71], [72]

_ 27n, 3 (V + 1)2 A
A 4nw?

B,

(2.4)

The coupling length L~ between the two lowest-order modes is [72]
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With Equation(2.4), Equation (2.5), and Equation (2.5) the field in the
multimoded section can be written as [71]

E(x,y,z) = zava (x,y)exp(—jﬂoz + J(ﬂo _ﬂv)z)

i viv+2)zr Y (2.6)
=Y a,E,(x,y)exp| —jfyz +j——"—2
v 3LC
For the following considerations it is useful to distinguish between odd and
even mode numbers v:

even, for v =even

+2)= ,
V(V ) {odd, for v =odd 27

and

E,(x,y), for v=even

_Ev(xyy), for v =0dd ’ (28)

Ev(—x,y)={

From Equation (2.4), it can be seen that for z=3mL. with m=1,23,... a
direct single image of the input field occurs. If m is even, ] ( By — ﬁv)3mLC is
a multiple of 2z and all modes interfere with the same relative phase
compared to the input modes. Therefore, a field distribution that is exactly the
same as the input field can be found. Figure 2.13 shows how the initial field
evolves in propagation direction z. After z=6L- an image of the input field
occurs. If m is odd and z=3L. the even modes are in phase but the odd
modes are in antiphase and ]( Bo— ﬁv)6LC is a multiple of jz. For the mode
fields —E,(x,y)=E, (—x,y) holds for odd v and E, (x,y)=E, (-x,y) for
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3 9
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Figure 2.13  General evolution of an input field £ (x, y,O) in a multimoded WG section.
At z=3L: an image of the input field occurs that is mirrored about the symmetry plane
z=0. At z=6L; adirect image of the input field occurs.

even v. As a consequence, the image of the input field is mirrored about the
symmetry plane at x =0 of the multimoded section at z=3L, Figure 2.13.

In a similar way it can be shown that two images occur at z = (3/ 2)LC and at
z=9/2 L. [71], one image is exactly an image of the incident field, whereas
the other one is mirrored about x =0 and delayed by 7/2 with respect to the
first one, Figure 2.13. More generally, it can be shown that N =1, 2, ... images
of the input field can be found at

_3mlL
v

! (29)

where N and m have no common divisor. All these images show equal field
amplitudes £/</N [71].

For splitters and couplers usually short devices are preferred. In general, short
devices are found for m =1. For special positions of the input port, only
selected even or odd modes are excited in the multimoded section, and as a
result, the length of the multimoded section can be reduced [71]. Single-
moded WG are usually used as in- and output ports, Figure 2.12. For input
ports at x,,; =—(1/6)w andx; , =(1/6)w, N-fold images occur at distances

that are three times shorter than for the general case [71], [73]:

31



2 Photonic devices, materials and fabrication technology

_Lc
N

l (2.10)

In Figure 2.12, second column, sketches of a 2 X2 MMI and a 3 x 3 MMI are
shown in Rows 1 and 2. As excitation, usually a symmetric fundamental mode
of a single-mode WG is chosen. The port positions are chosen to yield the
shortest possible device lengths /to /=L /2 for the 2 xX2 MMI and / = L., for
3 x 3 MMI, according to Equation (2.10) and Equation (2.9) with m=1.

Phase relations Multiple images of the input field occur at special z-
positions according to Equation (2.9). The phases of the images depend on the
position of the input field in x-direction, x;,, Figure 2.12, and on the position
outg Of the image. As input field, we assume that a symmetric fundamental
mode field is fed by the input WG to the multimoded section and the image is
out-coupled by the output WG. The various input and output ports are marked
with r,g=1,2,3, ... in Figure 2.12. Note that the input WG r are labeled
bottom-up and the output WG g are labeled top-down, according the
definitions in Ref. [73]. The phase relation ¢,, between an input port 7 and an

output port g can be calculated as follows, apart from a constant phase [73]:

X

¢gr=ﬂ+%(g—r)(2N—g+r) for  + g even,
. (2.11)
¢gr=m(r+g—l)(2N—r—g+l) for r + g odd.

Figure 2.12, column 4 lists calculated phase relations for the depicted MMI.

For the design of MMI, the width and length of the multimoded section and
the single-mode input and output WG were first simulated with CST Studio
Suite and the devices were then fabricated, see Subsection 2.1. In a next step,
2 x 2 MMI with fixed width w = 6 um and different lengths were combined to
Mach-Zehnder interferometers (MZI) by connecting the output ports of a first
MMI to the input ports of a second MMI via a single-mode WG, Figure
2.14(a). Light is coupled into GC, P;, Figure 2.14(a), and is then distributed to
two arms by the first 2 x 2 MMI, then again combined by the second 2 x 2
MMI and coupled from the MZI through two output ports Poy; and Py The
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2.4 Multimode interference couplers

fields from the two arms are superimposed in the second MMI. The two arms
show a difference in length of A/ =80 um. At the input at the second MMI,
this results in a phase imbalance between the fields E, and E, of
A = kgn Al ~1400rad for 600 nm wavelength in the two arms. Single-mode
WG with connected GC serve as in- and out-coupling ports of the MZI. The
out-coupled powers for port 1 and 2 are

By ~2+ 2cos(% + A¢J,
- (2.12)
Fop ~2+ Zcos(—E + A¢).

For characterizing the devices, light from a white-light source (SuperK, NKT
Photonics, Birkered) was coupled to the input port P;,. The transmitted light
was coupled from the output ports Py and Po., to a spectrometer
sequentially.

(a) (b)
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Figure 2.14: Characterization of 2 x2 and 2x3 MMIL (a),(b) Schematics of the
fabricated MZI with 2 x 2 splitters and 2 X 2 combiner (a) or 3 X 3 combiner (b). (c),(d)
Transmitted powers are detected at all output ports Pouc1, Pou2, (and Poy3) sequentially.
The maximum of the Gaussian envelope of the whole transmitted spectral powers is equal
for all ports, showing an equal distribution of the in-coupled light to all ports. The emitted
powers are shifted by 7 (¢) and by 27z/3 (d) to each other, in good agreement with
Equation (2.12) and Equation (2.13).
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The transmission spectra for the optimized device with length /=152 um are
shown in Figure 2.14(c). The transmission for both output ports was
normalized to the maximum spectral output power of P,y and is shown in
Figure 2.14(c). The spectral power P, is shown in blue whereas P,y is
shown in green. The Gaussian envelope of the whole transmission spectrum is
associated with the transmission spectrum of the GC. The maximum power of
this Gaussian envelope is the same for both, Pu,; and P.y,. The inset in
Figure 2.14(c) shows a magnification of the transmitted power near a
wavelength of A =600nm. The spectral oscillations of the transmitted
powers Poy1 and P, are shifted with respect to each other by one half of the
spectral period, in good agreement with Equation (2.12).

For the characterization of the 3 x 3 MMI, the second MMI in Figure 2.14(a)
was exchanged by a 3 x 3 MMI, Figure 2.14 (c). In Table 2.2, second column,
the length / and the width w of the optimized 3 x 3 MMI for 4 =600nm are
listed. The fields from both arms are superimposed and the output powers at
the output ports are calculated to

2
Py~ 2+ 2cos(Tﬁ + A¢j,

Py ~2+2c0s(Ad), (2.13)
Pz ~2+ 2COS(—2?7[ + A¢j.

The Gaussian envelope of the spectral output power has the same maximal
power for Pyyi, Pouwz and Pys. An enlargement near a wavelength of
A =600 nm is shown in the inset of Figure 2.14(d). The spectral oscillations
of the transmitted powers Poy.1, Pou2 and Py 3 are shifted with respect to each
other by one third of the spectral period, in good agreement with
Equation (2.13).

Geometrical parameters for optimized MMI and wavelengths of A4 =600 nm
and A =636 nmare listed in In Table 2.2.
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2.4 Multimode interference couplers

Table 2.2: Geometrical parameters of different MMI.

Wavelength Length Width

A/nm [/ pm w/pm
2x2 600 52 5
3x3 600 152.5 6
2x2 636 48 5
3x3 636 139 6
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3 Functionalization of waveguide
sensors and detecting streptavidin

Streptavidin is a protein that is obtained from the bacterium Streptomyces
avidinii. The bond between biotin, also called vitamin B, and streptavidin is
one of the strongest non-covalent bonds in nature [74]. The binding between
streptavidin and biotin is often used as a model for sensors, and also for setting
up a surface functionalization. In this chapter, a WG sensor chip is presented
and tested for the detection of various concentrations of streptavidin. Light is
coupled to and from the chip with GC that were explained in Section 2.3. For
the sensor element itself, a MZI is used that is based on the MMI shown in
Section 2.4. The architecture and the functionality of the sensor chip are
shown in the following Section 3.1. For the specific detection of streptavidin,
the WG must be functionalized. Therefore, the WG surface is modified and
biotin is immobilized at the WG surface. Streptavidin has four functional
groups, also called binding sites that specifically bind one biotin molecule
each. The investigated surface functionalization is explained in detail in
Section 3.2. For binding experiments, the chip is placed in a fluidic chamber
to direct the analyte solution towards the sensor WG. The fluidic chamber is
designed such that the input and output GC are accessible for excitation and
readout. The fluidic chamber and the readout setup are described in
Section 3.3. Finally, the performance and the results of experiments are
discussed in Section 3.4.

3.1  Sensor chip for streptavidin detection

In a sensing WG, a mode that travels along the WG in z-direction can be
driven by a monochromatic source with angular frequency @. For the WG
mode with effective refractive index n, we assume a normalized transverse
electric field E=E exp[j(a)t—gb)] with complex amplitude £ and phase
¢=pPz=kyn.z, with propagation constant S and vacuum propagation
constant k, = w/c. When biomolecules attach to the WG surface, the effective
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3 Functionalization of waveguide sensors and detecting streptavidin

refractive index n. of the mode is changed by An_, and therefore the phase is
changed to ¢ = ¢+ Ap =k, (n, + An,)z . This phase change can be detected by
interfering the output light of the sensing WG with the light obtained from a
reference WG, and by detecting the associated phase difference. To do so, the
light must be first split to propagate in two arms, the sensing and the reference
arm, and then combined again. The measured signal depends on the phase
difference A¢ between the light of the sensing and the reference arm. Mach-
Zehnder interferometers for sensing can be established with different
combiners as shown in Figure 2.12. The phase difference A¢ can be
reconstructed from the measured two or three powers from the output ports.

For biosensors, the application of an MZI was first shown by Heideman et al.
in 1992 [75]. Since then, MZI were extensively investigated [15], and
sensitivities of up to Ag =1730x27/RIU for solutions with different
refractive indices have been reported [76]. The unit of the phase shift Ag is
rad, and Ady gives the shift of the phase per (dimensionless) index change
An, =1. To emphasize this dependence the dimensionless refractive index unit
(RIU) is introduced.

Mach-Zehnder interferometers are robust with respect to mechanical stress
and temperature fluctuations as they are self-referencing: As long as sensing
and reference arm are similar in material and geometry, they will be both
affected in the same way. The resulting phase shifts in both arms will be equal
and have no impact on the measurement results, which depend on the phase
difference A¢ between reference and sensing arm. For biosensor applications
2 x 1 MMI, 2 x2 MMI, and 3 x 3 MMI are used as combiners. In addition to
the previously mentioned general advantage of self-referencing of MZI, 2 x 2
MMI and 3 x 3 MMI also allow the correction of power fluctuations in the
laser source. At each time and for each phase shift, the total power of all
output ports is constant for a fixed input power. Power fluctuations affect all
output ports equally and can be calibrated.

3 x 3 MMI have more advantages compared to 2 x 2 MMI combiners: The
phase shift between sensing and reference arm A¢ can be directly
reconstructed from the three power levels measured at the three output ports,
respectively, without any phase ambiguities within the 2n-interval.
Furthermore, the sensitivity is independent of the MZI operating point.
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3.1 Sensor chip for streptavidin detection

Fabrication inaccuracies and temperature changes can cause amplitude and
phase errors of the MMI. These errors can be also corrected by digital signal
processing with the help of a so-called Clarke transform as explained below.
In the following, the sensor concept and the advantages of a 3 x 3 MMI as a
combiner are described in more detail.

A schematic of the sensor is shown in Figure 3.1(a). The underlying MZI is
formed by a 2 x2 MMI (MMI,) as a splitter and a 3 x3 (MMI;) as a
combiner. The light is coupled via a GC to a WG and guided to one input port
of MMI,. The MMI, splits the incoming light equally to the sensing arm,
(electric field Eg) and the reference arm (electric field Ey), see Figure 3.1(a).
Both arms contain coiled-up spiral WG, which are arranged close to each
other to avoid different environmental influences on the sensing and on the
reference arm. After propagating through the two MZI arms, the two optical
signals are fed to the lower and the upper input ports of MMI;, where they are
superimposed with different phase relations, see Figure 2.12(b). The three
output signals P;, P, and P; are coupled from the chip by a GC array, Figure
3.1(a). All parts of the WG have a top cladding, except for the spiral-shaped
parts of the sensing and of the reference arm, where the top cladding is locally
removed. Via these openings, the sensing arm is exposed to the analyte (light

(a) (b)
E Es GC a;*“rzz/
GCm 1
ﬁ @‘ i P,
MMI, = MMI; Py
ERr 90 um

Figure 3.1: Mach-Zehnder interferometer as a sensor. (a) Schematic of MZI. The MZI is
formed by a 2 x 2 MMI (MMI,) splitter and a 3 x 3 MMI (MMI;) combiner. The light with
field £ is coupled to one input port of a MMI, by a GC. The MMI,: splits the light equally
to the sensing arm (Es) and the reference arm (£r). Both arms are coiled-up to compact
spirals. The fields of the two arms are input to the lower and upper ports of the MMIj;,
where they are superimposed in a way that the fields of neighboring output ports are phase-
shifted by 27/3 (120°). The three output signals are coupled from the chip by a GC array.
All parts of the WG are clad, only at the spiral shaped WG the cladding is opened.
(b) Microscope image of spiral section of the MZI. The sensing arm is exposed to the
analyte (light grey), whereas the reference arm is covered with an index-matched glue (dark

grey).
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3 Functionalization of waveguide sensors and detecting streptavidin

grey), whereas the reference arm is covered with glue that is index-matched to
water (dark grey), Figure 3.1(a) and Figure 3.1(b).

The splitter at the input (MMI,) is designed as a 2 x 2 MMI, such that the field
in the sensing arm experiences a /2 phase shift with respect to the field in
the reference arm, Figure 2.12(a). After traveling along the sensing and the
reference arm with equal geometrical lengths /, both the fields exhibit the
phase ¢ = fL. If molecules attach to the surface of the sensing WG, the field
in the sensing arm experiences an additional phase shift of A¢g=ABL. The
following fields are thus fed into the input ports of the MMI;:

j(wt+%—¢—A¢)

E
ES:;Q s

V2 3.1)
Ep _ L ior-9)

2

The fields from the sensing and the reference arm are combined in three
output ports with the phase relations given in Figure 2.12(b), [77]
2

>

1
Pl=§

Er +Eg+ exp[+j2§j

P =3|Ex +ESf (32)

2

1
P =
373

Er +Eg+ exp(—j%rj

The emitted sensor signals are radiated to a camera via GC and the camera
signals are analog-to-digital converted. To extract the phase shift A¢ from the
measured powers, it is useful to first calculate the so-called Clarke field, a
complex valued auxiliary quantity from which the phase difference can be
directly extracted. For this, the signals are Clarke transformed, leading to a
complex correlation function (Clarke “field”) s [77], [78]:
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3.2 Functionalization strategy

s=s5+]s
=2P, (B +R)+i3(R~R) (3.3)
2 * _|E|2 JA¢ 71'/2)

For a continuous variation of the phase shift in a binding experiment, A¢ can
be extracted from the measured data by unwrapping the Clarke phase arg( s ),

Ady, =Ap—7[2= unwrap(arg(s)) (3.4

In the complex plane, s describes a circle with radius |§| = |l_:?\2 in case of a
monotonously increasing phase difference Ag. The sensitivity of a sensor can
be calculated by the change of the detected (and digitally processed) signal
with the phase shift. For the sensor discussed here, the sensitivity
S33 =|d§ /dA¢| =|E|2=|§| is constant for all Ag. Due to fabrication
imperfections or temperature fluctuations, the phase relation between the three
output ports of real sensor devices can deviate from 27/3. In addition, the GC
efficiency of the ports might differ from each other. These effects lead to an
ellipsoidal deformation of the locus of s in the complex plane and to a shift of
the center of the circular locus away from the origin of the complex plane
[77]. This error can be corrected by fitting an ellipse to the measurement data
and by back transforming this ellipse to a circle that is centered about the
origin [77], [78].

3.2  Functionalization strategy

In this application, the MZI sensor structure is to be tested and a surface
functionalization for the specific detection of target molecules is to be
developed. As a test, streptavidin shall be detected as the target molecule of
the sensor. Therefore, streptavidin must bind specifically to the WG surface of
the MZI’s sensing arm. If target molecules bind to the surface of a sensing
WG, the phase in the WG shifts. At the output ports of the sensor a binding
curve can be detected, monitoring the phase shift and therefore the amount of
bound molecules as a function of time. The form of such a binding curve
strongly depends on the interaction strength between target molecule and WG
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3 Functionalization of waveguide sensors and detecting streptavidin

surface. For point-of-care applications, the concentration of a target molecule
in a complex solution is of great interest. Therefore, the surface of the WG
must be modified to specifically increase the amount of bound target
molecules while avoiding binding interaction with other molecules present in
the same solution. One possible way is to use another compound, a capture
molecule, exhibiting a high binding affinity towards the target molecule. This
second compound must be immobilized on the WG surface. In the case of
streptavidin, biotin is often used as capture molecule.

A surface functionalization for detecting streptavidin is described in detail in
the following paragraphs, a detailed protocol can be found in Appendix B. A
schematic of the surface functionalization is shown in Figure 3.2. First, on the
Si3Ny surface (red), silane molecules (green) are bound. To establish a
chemical connection between inorganic, silicon-containing surfaces (such as
Si, SiO, and SizN4) and organic compounds, silane-compounds can be used
[79]. Organosilanes are derivatives of silanes, which consist of silicon and
hydrogen. Such organosilanes can contain reactive groups that bind to
inorganic surfaces. In addition, the same organosilane can carry reactive
groups that bind to organic molecules, thereby acting as a linker between
inorganic and organic compounds. Because of these two different binding

) ¢

x // f Streptavidin
x ¥

. . . . Biotin hydrazide

l I I Glutaraldehyde

. ‘ ‘ ‘ Silane

Si3N4
Figure 3.2: Surface functionalization of Si3N4. On the Si3N, surface (red) silane molecules
(green) are bound in a first step. The bi-functional linker glutaraldehyde (black) is then
bound to the silane molecules, followed by biotin hydrazide (blue) attaching to

glutaraldehyde. For the sensor demonstration streptavidin with different concentrations is
bound to the immobilized biotin hydrazide.
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sites, such organosilanes are called bifunctional. In Figure 3.3(a), the structure
of aminopropyl(diethoxy)methylsilane (APDEMS) is shown. Because of the
amino-group (red), APDEMS is a member of aminosilanes [80]. The amino
group can bind to organic molecules. The two ethoxy groups (blue) are split
from the silane by hydrolysis in aqueous solutions and hydroxyl (OH)-groups
are bound to the silicon atom instead. The thereby formed reactive hydroxyl-
groups can bind to hydroxyl-groups on the Si;Ny surface via hydrogen bounds.
To establish a Si;N4 surface with sufficient hydroxyl groups, the SizNy is
treated with oxygen plasma whereby hydroxyl groups are formed. Heating
induces a condensation reaction and the silane is covalently bound to the
surface [81]. In this reaction, water is released, and Si binds to the Si;Ny4
surface with an oxygen atom in-between. APDEMS has two ethoxy groups.
Therefore, it can bind simultaneously to the Si;N; surface and to other
APDEMS molecules, thereby forming a polymer matrix [82].

In the next step, glutaraldehyde, black, Figure 3.2, is bound to the amino
group (red) of the organosilane. The structure is shown in Figure 3.3(b). With
a carbon chain of three (-CH,-) elements, glutaraldehyde is a rather short
cross-linker and offers thin functionalization layers. On both ends of the

(a) APDEMS (b) Glutaraldehyde (c) Biotin hydrazide
NH, H\ /O \
\
c PARN
(cHa), | LV
HiC — Si_ (CHy), c—¢
| To—cn | e M I
o C C—(cH,),— C
/ CH3 RN l ( 2)4 ~. .7
CH, H O (o]
\
CH,

Figure 3.3: Structural formula of compounds used for surface functionalization.
(a) Aminopropyl(diethoxy)methylsilan (APDEMS) has two binding sites. One side (blue)
can be hydrolysed. Afterwards the remaining molecule can bind to SizN4. On the other side
an amino group (red) provides a binding site for organic compounds. (b) Glutaraldehyde
is a cross linker with a chain of three carbon atoms and aldehyde groups on the terminal C-
atoms (blue and red). (c) For covalent binding to aldehyde groups, biotin hydrazide is
used. This derivate of biotin caries a hydrazide group at the carboxylic acid group of biotin
(blue).
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carbon chain, an aldehyde group (red and blue) can be found. One aldehyde
group binds to the amino group of the silane forming an imino group [83], by
binding C to N via a double bond.

Finally, biotin hydrazide, Figure 3.2, is bound to glutaraldehyde. Biotin itself
cannot bind directly to the aldehyde group of glutaraldehyde. Therefore, a
hydrazide group is introduced to the carboxyl group of biotin, and the
resulting derivate is called biotin hydrazide. The structure of biotin hydrazide
is shown in Figure 3.3(c). The terminal amino group of the hydrazide group
(blue) binds to the amino group (red) of the glutaraldehyde and forms a
hydrazon bond [84], establishing a double bond between the C-atom of the
former aldehyde-group and the terminal N-atom of the hydrazide group.

Biotin hydrazide serves as capture molecule to specifically bind streptavidin to
the sensor surface. For more specific applications of the sensor, such as cancer
marker detection, this functionalization can be extended with streptavidin and
a biotinylated antibody that specifically binds the cancer marker. Antibodies
are proteins that are produced in vertebrates as part of the immune system. It is
possible to bind a biotin molecule to one end of the antibody without blocking
its functionality. This biotinylated antibody can be bound to a streptavidin
molecule.

Successful functionalization of the sensor material can be proved by binding
fluorescence-labeled streptavidin to biotin hydrazide. For testing the
functionalization, a chip with unstructured Si;Ny layer is first cleaned using an
oxygen plasma. For transportation of the sample to the wet bench, the freshly
formed OH-groups are stabilized by incubating the chip in water. The water is
removed by nitrogen blowing and heating the chip to 180°C. The silane
solution is dispensed on the hot chip and incubated for 5 min at room
temperature. The chip is then spun on a spincoater for removing residual
silane solution. Heating to 180°C accelerates formation of covalent bonds
between the organosilane and Si;N,. Rinsing the chip shortly in an ethanol
bath removes excess silane molecules. Afterwards, the chip is successively
incubated in glutaraldehyde, biotin hydrazide and fluorescence-labeled
streptavidin solution. A detailed protocol can be found in Appendix B. Figure
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3.4 shows a fluorescence image of a functionalized plane SizN, surface. The
immobilized streptavidin is labeled with the organic dye Cyanine 3 (Cy3)
having an absorption maximum at 4, =550nm and an emission maximum at
A, =570nm. In the middle of the image a dark scratch can be seen that
represents a reference signal for the non-functionalized surface. The emission,
and hence the functionalization, is homogeneous apart from smaller (lighter)
defects. These defects possibly originate from surface contaminations of the
Si;Ny layer. For example, these could be particles that originate from breaking
the wafers into small chips. The regions at the top side and at the left lower
corner of the picture are slightly darker compared to the rest of the area, which
is caused by an spatially non-uniform illumination of the sample.

3.3 Demonstration setup

For binding experiments, a sensor chip is fabricated according to Section 3.1.
The sensor WG is functionalized in such a way that biotin is immobilized to
the WG surface, Section 3.2. For the experiment, the analyte needs to be
brought in contact with the sensor WG. To this end, the sensor chip is
positioned in a fluidic chamber, Figure 3.5(a), which consists of a brass plate

I

max

0

Figure 3.4: Fluorescence image of a plane SizNy layer that is functionalized with
streptavidin. The streptavidin is fluorescence-labelled with Cy3, that emits in the red
wavelength range and that absorbs in the green wavelength range. The functionalization
layer is scratched (black line) to show a not functionalized area as reference. The lower
fluorescence signal on the top and the left bottom corner are due to a spatially non-uniform
illumination in the microscope. The functionalization is homogeneous, apart from smaller
defects.
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Syringe Camera
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Figure 3.5: Demonstration setup. (a) The light of a fiber-coupled laser exposes a GC
that feeds a single-mode WG, which guides the light to the sensor. The sensor signal is
coupled from the chip by a GC and focussed on a CCD camera by a lens (not shown). The
liquid analyte is pumped by a syringe through the fluidics chamber that is formed by the
chip surface and a PMMA lid with a PDMS seal in between. The volumetric flow rate is
0.6mls”. (b)Fluidic chamber. The chip is positioned on a brass plate and the PMMA lid
with the PDMS seal is screwed to the brass plate in such a way, that only the WG sensor is
covered, while all GC are freely accessible.

for thermal conductivity, and a PMMA lid with a polydimenthylsiloxan
PDMS seal. After placing the chip between the brass plate and the PDMS seal,
the PMMA lid is screwed onto the brass plate. Thereby, a fluidic chamber is
formed between the chip surface and the PMMA lid with the PDMS seal in-
between, where only the sensor itself is covered by the fluidic chamber. The
GC, which are used for coupling light to and from the on-chip WG, are not
covered. On top of the PMMA seal is an inlet and an outlet for the liquid
analyte solution. The analyte is pumped through the chamber by a motor-
controlled syringe. The volumetric flow rate is 0.6 ml s™.

A schematic of the read-out system is illustrated in Figure 3.5(b). The light of
a fiber-coupled laser (continuous wave, 635nm, Velocity TLB-6700,
Newport) is coupled to the input GC on the chip. The GC feeds a single-mode
WG which guides the light to the sensor. The sensor output signal is coupled
from the chip by a second GC. A lens focuses the light on a CCD camera. For
signal processing, 40x30 pixel per output GC are repeatedly exposed for
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100 ms. The liquid analyte is pumped by a motor-driven syringe through the
fluidic. A Peltier element for temperature control is placed beneath the brass
plate.

3.4 Detecting streptavidin

With the sensor system, the detection of six different concentrations of
streptavidin, solved in phosphate-buffered saline solution (PBS), is tested.
First, the fluidic chamber is flushed with PBS that serves as a reference
solution, Figure 3.6(a). Second, streptavidin solutions with different
concentrations C; 4= (25...500)nmol/L are sequentially pumped through the
fluidic chamber. Binding of streptavidin to the WG surface leads to a
concentration dependent equilibrium between bound and unbound
streptavidin. If this equilibrium is disturbed, e.g., by a change of
concentration, after a certain time (response time of the sensor) a new
equilibrium is achieved. After each streptavidin solution, the chamber is
flushed with PBS, to remove unbound streptavidin from the WG surface.
During this process, the powers Py, P,, P;, that are transmitted through the
three output GC, are continuously detected. For data analysis, the sum of the
intensity values of a region on the camera sensor for each GC is recorded. The
background of the sensor signals of the three output GC is subtracted, then the
signals are normalized to the total signal power P=F + P, + B for each point
in time. Finally each signal is normalized to its maximum signal power that
was detected during the whole experiment.

Figure 3.6(b) and Figure 3.6(c) show exemplarily the transmitted powers P,
P, and P; and the transformed and calibrated Clarke field, Equation (3.3), for
the binding curve of streptavidin in PBS with a concentration of
C; =50 nmol/L. First, the chamber is flushed with PBS, orange. Then, the
streptavidin solution is pumped through the chamber. Finally, the chamber is
flushed with PBS again. When streptavidin molecules bind to the WG surface,
the power changes at all output ports. During the flushing with PBS at the
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Figure 3.6: Data evaluation and results for the detection of streptavidin. (a) Binding
curve for six concentrations of streptavidin in PBS (blue). The unwrapped phase shifts with
each concentration of streptavidin, and it saturates to a level that is specific for the
equilibrium for each concentration. Between filling the chamber with the solutions having
different concentrations of streptavidin, the chamber is flushed with PBS (yellow). During
PBS injection, the phase is constant. (b) Transmitted signals for the binding curve of
streptavidin in PBS with C3 =50nMol . The 3 x 3 MMI induces a phase difference of 120°
for the fields at the three output ports and therefore also shifts the signals P;,3. While
streptavidin solution is pumped through the chamber, the phase for all three ports shifts.
When the streptavidin molecules bound to the WG surface are in equilibrium with the
streptavidin molecules in solution, the phase stops shifting. Flushing with PBS removes
unbound streptavidin molecules. (c) Calibrated Clarke field, Equation (3.3). The three
output signals P » 3, see Subfigure (a), are transformed to a Clarke field and transformed to
a unit circle in the complex s-plane. (d) The total phase shift for each concentration is
found by comparing the PBS level after binding equilibrium for each concentration with the
PBS level during the first minutes (blue circles). A Hill curve, Equation (3.5), is fit to the
data points (blue line). The sensor starts saturating for concentrations larger than
150 nmol/L. An experiment with another similar sensor shows slightly different total
phase shifts (red).
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3.4 Detecting streptavidin

beginning no phase shift is detected. The signals in Figure 3.6(b) are Clarke-
transformed according to Equation (3.3) and calibrated to a unit circle in the
complex s-plane. The resulting corrected Clarke field is plotted in the complex
s-plane in Figure 3.6(c). For the whole time series the complex-valued Clarke
field is calculated and the phase is unwrapped, Equation (3.4), see Figure
3.6(a). The phase shifts with each injection of streptavidin solution, and
saturates to a level that is specific for the equilibrium for each concentration.
During PBS flushing the phase is constant. The small dips during the flushing
are caused by pressure changes during the change of syringes, Figure 3.5(a).
Flushing with PBS shows no significant drop in the phase shift, therefore no
dissociation can be found for the measured time periods. This can be
explained by the rather low dissociation constant that is expected for the
biotin-streptavidin complex, rendering the strong bond irreversible.
Dissociation constants for the binding between biotin and streptavidin are in
the range of K, ~10™* mol/L [85].

The total phase shift Ag,, for each concentration is found by comparing the
phase after streptavidin injections with the phase inside the first minutes of the
whole experiment during flushing the chamber with PBS. Figure 3.6(d) shows
the total phase shift for each concentration C (blue circles). The total phase
shift Ag,, linearly depends on concentrations between 25pmol/L and
75umol/L. At larger concentrations (C >100 nmol/L) only small changes
of the phase can be seen for increasing concentrations. The total phase shift
saturates for large concentrations at Ady ., =20.5rad. This saturation is
caused by the limited available binding sites on the WG surface. When all
binding sites of the immobilized biotin molecules are occupied, no further
molecules can bind, and no further phase shift can be detected for increasing
concentrations of streptavidin.

The trend of the total phase shift as a function of concentration follows a so-
called Hill curve. A Hill curve describes the binding dynamic between macro
molecules: An important property of macromolecules with more than one
similar molecular subunit is that the binding affinity can change with the
concentration of already bound molecules. This behavior is called
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3 Functionalization of waveguide sensors and detecting streptavidin

cooperativity. The Hill coefficient n describes the cooperativity of the binding
mechanism. If n > 1, the cooperativity is positive. The binding affinity is low
for low analyte concentrations but increases with increasing analyte
concentrations. If n <1, the cooperativity is negative. Then, the binding
affinity is large for low analyte concentrations and decreases for increasing
concentrations [86].

With the dissociation constant Ky, the concentration C, the Hill coefficient n
and the saturation phase shift Ay ..., the total phase shift can be described
by the Hill curve [87]:

Apo = K, (3.5)

For the experimental data shown, the Hill fit shows a slightly sigmoidal trend
that indicates a positive cooperativity. The Hill coefficient amounts to
n=22+0.2. The dissociation constant is calculated to be
Ky=4x 101 £5.23x1071 mol/L and is therefore smaller (stronger binding)
than in Ref. [85] with K, ~10™"* mol/L .

To test the reproducibility of the functionalization, the experiment was
repeated with a fresh sensor chip. The resulting total shifts are plotted in
Figure 3.6(d), red circles. The phase shifts differ slightly from the shifts of the
first experiment (blue data points) but show a similar trend. A possible reason
for this variance could be that the silanization step during the functionalization
procedure is sensitive towards environmental conditions, which were not
entirely controlled. Slightly changing environmental conditions, e.g.,
temperature or humidity, can cause changes of the thickness of the silane
layer. For a more reproducible surface functionalization must be performed in
a controlled atmosphere, e.g., a climate chamber.

50



4 Surface sensing with integrated
optical waveguides

This chapter discusses the surface sensitivity of silicon and silicon nitride
waveguides. It defines a sensitivity metric that can be used to broadly compare
the surface sensitivity for arbitrary waveguide geometries, materials and
wavelengths. Note that two authors contributed equally to this publication.
The initial ansatz and scope as well as the concluding evaluation,
interpretation and discussion were performed jointly by all authors. For the
development of the methods and results, the focus of the author of this thesis
was on the simulations while the focus of Johannes Milvich was on the
analytical mathematical model. All authors contributed to the preparation of
the manuscript. This chapter is taken from [J4] which is published in Optics
Express. In order to fit the structure and layout of this document, it was
adapted accordingly.
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Waveguide-based biochemical sensors exploit detection of target molecules
that bind specifically to a functionalized waveguide surface. For optimum
sensitivity, the waveguide should be designed to mediate maximum influence
of the surface layer on the effective refractive index of the guided mode. In
this paper, we define a surface sensitivity metric which quantifies this impact
and which allows to broadly compare different waveguide types and
integration platforms. Focusing on silicon nitride and silicon-on-insulator
(SOI) as the most common material systems, we systematically analyze and
optimize a variety of waveguide types, comprising simple strips, slot and
double slot structures, as well as sub-wavelength gratings (SWG). Comparing
the highest achievable surface sensitivities, we provide universal design
guidelines and physically interpret the observed trends and limitations. Our
findings allow to select the appropriate WG platform and to optimize
sensitivity for a given measurement task.

4.1 Introduction

Waveguide-based optical sensors are used in a variety of applications such as
label-free detection of chemical or biological analytes that specifically bind to
functionalized waveguide (WQG) surfaces [6], [8], [20], [21], [23], [24], [30],
[34], [88], [89]. Such sensors exhibit large potential for miniaturization and
cost-efficient mass production, utilizing established photonic integration
platforms such as silicon or silicon nitride. Sensor schemes are most
commonly based on interferometers, e.g., in Mach-Zehnder and Young
configuration [6], [20]-[22], [24], or on resonant devices, such as ring, disk
and Bragg resonators [8], [20], [23]-[26], [30], [89]-[91], [27], [28], [31],
which can be further enhanced by exploiting the Vernier effect [29]. Enabling
large effective interaction lengths with the analyte, these sensor structures
combine high sensitivity with small device footprint and lend themselves to
high-density integration into massively parallel arrays.
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4.1 Introduction

The sensor principle relies on an optical WG, guiding a mode which
significantly extends into the cladding medium that surrounds the WG core.
The interaction between the optical mode field and the varying surface layer
properties alters the effective refractive index by An.and thus the optical
phase shift accumulated during propagation. The strength of this effect is
expressed by the so-called surface sensitivity, which, in combination with the
effective-index sensitivity from the phase measurement of the underlying
resonator or interferometer, determines the overall sensitivity. Proper
optimization of the WG towards high surface sensitivities is hence key for
realizing high-performance sensors.

Over the last years, various approaches for optimizing special types of WG
were published, both for surface sensing [20], [21], [27]-[33], and for
detection of bulk refractive index changes in the WG cladding (homogeneous
sensing) [8], [23], [24], [30], [89], [90], [22], [25]-[29], [31]-[33], [91], [92],
[93] However, these investigations are often limited to specific WG types and
geometries on certain material platforms, such as silicon [8], [20], [23], [24],
[89], [90], [28], [32], [93] silicon nitride (SizNg) [20]-[22], [31], [92] and
polymers [22], [32]. It is hence impossible to broadly compare the highest
achievable surface sensitivities across different WG types and integration
platforms. Moreover, most sensitivity analyses consider only a specific type of
surface layer with prescribed refractive index.

In this paper, we define a universal surface sensitivity which is broadly
applicable to layers of different thicknesses and refractive indices. Focusing
on SizNy and Si as the most common integration platforms, we systematically
analyze a wide variety of WG types, comprising simple strip WG, slot and
double slot WG, as well as sub-wavelength grating (SWG) WG. For each of
these WG types, we identify the optimum geometry for both TE and TM
polarization, and we compare the highest achievable surface sensitivities,
taking into account implementation limitations that are associated with state-
of-the art fabrication technologies. The focus of our analysis is on WG types
that can be reliably mass-produced by optical lithography and single-etch
structuring of WG on solid substrate layers. Note that even higher sensitivities
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can be achieved by more sophisticated WG concepts comprising ultra-small
features [94] or suspended WG sections [95]. These schemes, however,
require dedicated fabrication processes which are not yet accessible through
scalable foundry processes. Exploiting the scalability of Maxwell’s equations
with respect to refractive index and geometry, we derive and physically
explain general trends and design rules to corroborate the numerical results.
Our findings can be used as design guidelines to select the appropriate WG
platform and to optimize sensitivity for a given measurement task.

4.2 Scope

4.2.1 Basic sensing principle: Wave propagation and
effective refractive index

For illustrating the basic sensing principle, we regard homogeneous sensing
with a waveguide core embedded in an infinitely extended cladding medium.
First, we define a few quantities: The propagation of monochromatic plane
waves with vacuum wavelength 4 in a homogenous medium is determined by
the propagation constant S =nk, (refractive index n, vacuum propagation
constant k, =27/A). Dielectric WG consist of a high-refractive index core
(n..) and a low-refractive index cladding medium (n,,). For integrated
optical WG made from silicon or silicon nitride, the core is usually supported
by a buried oxide layer (BOX, bottom cladding) with refractive index gy .
The evanescent parts of the WG mode, which are essential for the sensing
process, extend into the cladding region. The actual field distribution in the
various materials determines the WG propagation constant [, which can be
expressed by an effective refractive index n, = B/k. If the refractive index of
the WG cladding changes, § and hence n, are modified, which impacts the
phase shift ¢ =—BL =—n_k,L accumulated over a propagation length L. Due
to the large optical frequencies, a change of n, is measured with high
accuracy. For a given WG length L, the measured phase shift can be referred
to a change An,of the effective index, which finally allows to sense a change
of the cladding index. The larger An, becomes for a certain cladding index
change, the more sensitive the device becomes.
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Figure 4.1: Essential design elements for maximizing surface sensitivity. For each
combination of (a) material platform, (b) WG type and (c) polarization, the optimum
(d) geometry can be determined, observing reasonable technological constraints.

(c) Polarization

4.2.2 Parameters for WG-based sensing

Numerous parameters determine how sensitive An, reacts on a cladding index
change An,,. Figure 4.1 summarizes the essential design elements for a WG:
The material platform, the WG type, the polarization, and the WG geometry.

Platform Common integration platforms for optical sensors rely on a layer
stack of a silicon (Si) or silicon nitride (Si;N4) device layer on a several
micrometer thick BOX (SiO,) as a bottom cladding, mechanically supported
by a Si substrate. WG are structured in the device layer, and the BOX
thickness is chosen to avoid leakage into the high-refractive index silicon
substrate as well as to optimize grating coupler efficiency.

While Si WG are operated in the near infrared (NIR), Si;N, WG are suitable
for operation across the whole visible (VIS) and NIR spectrum. As the target
media for biosensors are usually provided in the form of aqueous solutions,
sensor operation at VIS wavelengths is much less impaired by water
absorption than in the NIR. However, a large wavelength allows relaxed WG
fabrication accuracies, and reduces scattering loss due to WG roughness. In
this paper, we thus consider Si WG operated at NIR telecom wavelengths
around 1550 nm, where low-cost laser sources are readily available, as well as
Si;N, WG operated at 600 nm as an example of low-wavelength sensors,
Figure 4.1(a).
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Waveguide type For both integration platforms, we study four typical WG
types, denoted as strip, slot, double slot and subwavelength grating (SWQG)
WG, Figure 4.1(b). The last three types require significantly smaller feature
sizes than the strip WG and thus lead to more challenging fabrication
processes. We concentrate on single-mode WG, combining stable operation
with high surface sensitivity.

Polarization We study the fundamental mode of both (quasi-)TE and
(quasi-) TM polarization, Figure 4.1(c). The term (quasi-)TE refers to the case
where the dominant transverse electric field component is oriented parallel to
the substrate. Similarly, (quasi-)TM denotes a configuration in which the
dominant transverse magnetic field component is parallel to the substrate. For
the TE polarization, an enhancement of the electric field £ exists at the WG
sidewalls because the normal component D, =g’ (x)E,(x) of the
displacement must be continuous, while for TM polarization this field
enhancement is to be seen at the top and at the bottom WG surfaces.

Geometry For all combinations of platform, WG type and polarization, we
study the impact of the WG geometry in terms of height, width, and length
(SWG only) of WG features, Figure 4.1(d). Three standard device layer
heights/ of 220 nm, 250 nm and 340 nm are considered for Si WG structured
on silicon-on-insulator (SOI) wafers. Wafers for structuring Si;N, WG are
available with a maximum Si3;N, thickness of several hundred nanometers, if
stoichiometric growth is important, and we therefore consider typical WG
heights 4 of 200 nm, 300 nm and 400 nm. For all WG types, we vary the
overall width w in steps of 10 nm. For slot and double-slot WG, we
additionally vary the slot width wy, in four steps. For SWG WG, we vary the
period a and the spacing d,,, between the WG elements, which can also be
quantified by the fill factor FF=(a —d,,,)/a. We chose a minimum feature
size of 80nmto meet commercial technological conditions.

In the following, we define the surface sensitivity as a quantitative metric and
maximize it by varying the various WG parameters. Given a certain sensor
application, this data set allows to find the optimum design for a WG-based
sensor.
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4.3 Methods

4.3.1 Sensitivity of waveguide surfaces with respect to
attached molecules

In WG-based sensing, two basic approaches are commonly used, which are
compared in Figure 4.2. For so-called homogeneous sensing, a bare WG core
is exposed to a typically aqueous homogeneous target medium with refractive
index n,,, Figure 4.2(a). For surface sensing, a WG core is functionalized
such that target molecules from an aqueous solution can bind to the core
forming a surface layer with effective thickness f;; and refractive index ng; ,
Figure 4.2(b).

For homogeneous sensing, a change in n, causes a change An,of the
effective index. This change is the stronger the more the mode optical field
extends into the target medium. Homogeneous sensing is usually unspecific,

(a) (b)

Aqueous Aqueous Target
target medium solution o~ /molecules
ny; variable ny fixed ng; fixed
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Figure 4.2: Plain and functionalized strip WG on a buried silicon oxide (BOX) layer.
(a) Homogeneous sensing. The aqueous target medium with refractive index ny,; forms the
homogeneous cladding of the WG core. A variation of #y leads to a change in the
effective refractive index of a guided mode. (b) Surface sensing. The refractive index 7y,
of the aqueous cladding solution remains constant. Target objects such as molecules, cells,
vesicles or other corpuscules attach to the WG core, often mediated by a specific surface
functionalization. The effect on the wave propagation is modelled with a surface layer (SL)
having a refractive index ng and an effective layer thickness f7g; . The effective layer
thickness takes into account the size of the target objects as well as the ratio of occupied
binding sites.
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i.e., An, cannot be traced back to a specific substance in the target medium if
it is unknown which constituent is actually changing.

For surface sensing, the refractive index ny, of the aqueous solution remains
essentially fixed, while the molecules, bound to the surface layer, influence
the optical mode. By functionalizing the WG surface with dedicated capture
agents, surface sensing can be used for specific detection of certain target
analytes. The change An_is the stronger, the more the optical field is
concentrated within the surface layer. The definition of an effective layer
thickness #; accounts for a possibly inhomogeneous distribution of target
molecules within the surface layer. With biological samples this effective
thickness is in the nanometer range, and ng; is typically around 1.5.

For the remainder of this paper, we concentrate on surface sensing, offering a
wide variety of applications. We are hence interested in the detailed influence
of the surface layer on the electric and magnetic field distribution.

Figure 4.3 and Figure 4.4 show the simulated electric field magnitudes of the
fundamental quasi-TE mode of strip, slot and double slot WG, and for
subwavelength grating WG, respectively. Details on the simulation parameters
can be found in Section 4.7. White contours mark the surface layer where

molecules bind, leading to a change of the local refractive index.

[E|
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Figure 4.3: Simulated electric field magnitudes of the fundamental quasi-TE mode in
different WG geometries with height 7 and total width w. White contours mark the
surface layer on the WG core. The larger the field strength in this region is, the larger the
surface sensitivity becomes. The surface layer is disregarded for the field calculation.
(a) Strip WG. The surface layer experiences only moderate field strengths. (b) Slot WG.
A large field strength is located in the surface layers of the slot. (¢) Double slot WG. The

field strength in each of the two slots is smaller than for a single slot, but the relevant
surface layer area has doubled.
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A higher field concentration in these regions increases the surface sensitivity.
While in a typical strip WG, Figure 4.3(a), a large portion of the power is
located inside the WG core, slot and double slot WG concentrate the power
between the rails, Figure 4.3(b) and Figure 4.3(c). This means that the surface
layer experiences higher field strengths in slotted WG, leading to a larger An,
compared to a strip WG. SWG WG are composed of a multitude of individual
WG elements, thus increasing the surface layer area per unit length of the WG.
Figure 4.4(a) shows a section of a SWG WG with three periods along the
propagation axis (pink arrow). For determining the surface sensitivity, a 3D
elementary cell has to be simulated using periodic boundary conditions in the
axial direction [96]. The three coloured planes mark the cross sections where
the field distributions of Figure 4.4(b)-(d) are plotted. In Figure 4.4(c), high
field strengths (red regions) are located at the vertical edges of the blocks.
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Figure 4.4: Section of a subwavelength grating (SWG) WG and simulated electric field
magnitudes of the fundamental quasi-TE mode. Compared to a strip WG, the surface layer
area per unit length of the WG is increased.  (a) Schematic of a SWG WG with width w,
height /, period a and gap size d,,, . The pink arrow marks the direction of propagation.
Specific cross-sections z = 0, y = 0, x = 0 are indicated with colored planes. Front, Top and
Side mark the associated views. (b)-(d) Electric field magnitudes. White contours mark
the surface layers on the WG core, which are disregarded for the field calculation. The
larger the field strength in this region and the larger the surface, the bigger the surface
sensitivity becomes. (b) Front view at z = 0. The surface layer experiences only moderate
field strengths. (c¢) Top view at y=0. Large field strengths (red areas) occur at the
vertical edges of the blocks. (d) Side view at x = 0. Moderate field strengths are found at
surfaces z = const.
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4.3.2 Surface sensitivity and field perturbation approach

In the following, we define the surface sensitivity S®*P as a quality metric for
quantifying which WG design leads to the potentially highest overall sensor
sensitivity. In order to obtain S®*™) for a specific WG with a specific surface
layer, a full simulation of the WG with and without the surface layer would be
required. This would include various combinations of surface layer properties
like layer refractive index ng; and layer thickness 7g; and thus requires a
multitude of high-resolution simulations to resolve the surface layer with a
thickness in the range of a few nanometers. Exploring the whole parameter
space as discussed in Section 2 and Figure 4.2 would hence be a time-
consuming and probably unrealistic endeavour.

To overcome this problem we use a perturbation approach. To this end, we
perform a single finite-element method (FEM) simulation of a bare WG for
each WG geometry, store the resulting fields and compute the influence of an
additional surface layer using a field interaction factor. This technique is only
valid for small perturbations, i.e., the modal field does not change significantly
with the surface layer, and hence the effective refractive index n, changes
only slightly, too. In our case, binding events of molecules change the
refractive index of a surface layer of thickness 7g; from ny, to ng , where ng;
is the refractive index of the attached molecules and n,, denotes the
background refractive index of the solution. The conditions for the
perturbation approach hold, if either the thickness is small — then the refractive
index change ng; -n,, can be larger — or if ng; -n,, is small, in which case #g;
can be larger.

We will first consider the general case of a z-variant SWG WG. According to
Equation (4.14) and Equation (4.15) in Section 4.9, the local perturbation in
the surface layer can be translated into a change An™"Dof the effective
refractive index via the field interaction factor I'g; (#g; ),
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Note that the field interaction factor I'g (75 ) in Equation (4.1) is different
from the intensity-related field confinement factor T\ =W, /W , because
it describes also slow-light propagation, see Equation (4.10). For computing
I'g; (tg1.), we simulate the fields of a unit cell for a bare SWG WG without
surface layers, and integrate |E|2 over the fictitious surface layer volume Vg
within that unit cell of length a. The result is proportional to the electric
energy Wy in the surface layer per unit cell, Equations (4.7) and
Equation (4.10) for i=SL, normalized to the cross-sectional power P of
Equation (4.5). The integral in the denominator extends over the entire (x,y)-
plane.

For z-invariant WG such as strip, slot, or double slot structures, Equation (4.1)
can be simplified by exploiting the fact that the integral over |E|2 is invariant
along z. Simplifying the volume integral in the numerator, we obtain

ny [[ [Bfd4

_ L Ast (4.2)
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for the special case of z-invariant WG. We use Equation (4.2) to analyze
I (z51) for a set of widely different silicon strip WG geometries, operated in
quasi-TE polarization, see in Figure 4.5(a) “Perturbation”. As a comparison,
we extract the numerically exact values T§™ (1, ) = An{>" 5™ J(ng. —nyy)
(urtsim)- o btained by FEM simulations of quasi-TE fields that include
the actual surface layers, and plot them in Figure 4.5(a) with a dashed line

from An,
“Simulation”. The agreement is very good except for large surface layer

thicknesses ts; on narrow and high WG. In this case the majority of the field is
contained within the surface layers, violating the assumption of a small field
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Figure 4.5: Validation of perturbation model and definition of surface sensitivity g

for a set of widely different silicon strip WG geometries propagating quasi-TE fields, see
legend. (a) Field interaction factor Iy in surface layer of thickness#g . For each
geometry, we compare I'y computed with a perturbation approach (based on a single
FEM simulation without a surface layer) with ngim)obtained from numerically exact
calculations (FEM simulations with different surface layers). For small #g; the agreement
is very good. For large fg; (marked by —) and ng; = my,, the field interaction factor I'qy
approaches I'y;and thus the homogeneous sensitivity ), (b) The surface sensitivity
st — arg, /otse allows an easy comparison of different WG, irrespective of the
actual surface layer 'ﬁ%gﬁerties.

perturbation. The electric field outside the core decays approximately
exponentially. For a penetration depth much larger than ¢ , the decay of the
field magnitude and of the power within the surface layer can be approximated
by a linear function. As a consequence, I'g; in Figure 4.5(a) exhibits a region
where it depends linearly on #; .

We now want to define a sensing sensitivity which is — in the framework of
the perturbation approach — independent of the surface layer thickness. This
can be achieved by looking at the derivative 6(An§urﬁ ) /OtSL at tg =0.
Because ng; influences the result, we define the surface sensitivity as the
derivative of the field interaction factor with respect to the surface layer
thickness,

62



4.4 Results
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Within the framework of the perturbation approach, the surface sensitivity
s is independent of both the thickness and the refractive index of the
surface layer, thus providing a universal guideline for a sensor design. To
confirm this, we calculate the derivatives o'y, /dtg; for the same WG types
as used in Figure 4.5(a), and plot them semi-logarithmically in Figure 4.5(b) in
arange g =(1...350)nm. We see that oI'; /Org; is constant for very small
Ae(r) =g, - Ag,(r), owing to the approximately linear dependence of I'y; on
tg in this region. We extrapolate the curve to zg; =0, where the computation
fails due to the finite spatial discretization. In Figure 4.5(b) these extrapolated
values are marked with filled circles and denoted by S®P, see
Equation Equation (4.2) and Equation (4.3). Note that a WG design for best

homogeneous ~ sensitivity S®™ =Ty, ~lim [, is not necessarily

1 —00
optimum when it comes to surface sensing, seeS ]Equation (4.16) in Section 4.9
for rigorous definition of S®°™  This can be inferred by comparing "™ of
the two top strip WG in Figure 4.5(a) (blue and red arrows) to the
corresponding S of the same WG in Figure 4.5(b) (blue and red dots at
tg. =0): A larger homogeneous sensitivity does not lead to a difference in
surface sensitivity. In sensing applications, the desired measurement quantity
is the effective surface layer thickness 7 . From a measurement of An, and
for known bulk refractive indices ng; and An(r)<<n(r), iy, can be inferred
from Equation (4.3). A proper choice of the WG then maximizes S and
therefore the measurement sensitivity for #g .

4.4 Results

We extract the surface sensitivity S according to Section 3.2 for all kinds
of WG outlined in Section 2.2. For each TE- or TM-operated WG core in
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Si3N, or alternatively in Si, a few typical values of heights /, slot widths wy,,
periods a and fill factors FFare considered. For each combination of these
parameters, the total WG width w (see Figure 4.3) is then optimized to obtain
optimum surface sensitivity S(();Lt‘rf). To this end, the WG width is swept with a
step size of 10 nm. The range of wwas chosen to maintain single-mode
operation and to avoid substrate leakage for a BOX thickness of 2pum. The
following WG surface sensitivity analysis relates to Si;N4 cores operated in

the VIS (Section 4.1) as well as to Si cores operated in the NIR (Section 4.2).

4.4.1 Silicon nitride - VIS

For SizNy strip WG operated at a vacuum wavelength of 600 nm, Figure 4.6(a)
displays the surface sensitivity S as a function of the WG width w for
three different WG heights # and for both polarizations. Surface sensitivity
generally benefits from large electric field strengths in the region of the
surface layer as indicated in Figure 4.3. Within their single-mode range, each
WG shows a maximum S(()thm at a distinct width w, , marked by e for TE
and by A for TM. Any deviation from this optimum width w,, reduces the
interaction factor of the mode field with the surface layers, e.g., by
concentrating the modal field to the WG core in the case of large w, or by
spreading the mode field over a wider cladding region for small w. In the
second case, a large portion of the modal field propagates in the BOX, where
it cannot contribute to sensing. In Figure 4.6(b), the extracted w,, (green, left
vertical axis) and the corresponding Sé;‘;rﬂ (magenta, right vertical axis) are
plotted as a function of the WG height /. The largest S(();‘frﬂ are found for
large 7 and small w for both polarizations, with TE operation being more
sensitive than TM operation. In the TE case, the two sides of the WG exploit
the field enhancement, and only a small portion of the mode propagates in the
BOX, see Section 5.2 for a more detailed discussion.

We apply the same procedure to TE-operated Si;N, slot and double slot WG
and plot the results in Figure 4.7. As for the strip WG, the sensitivity increases
for higher WG. Decreasing WG width first leads to increasing sensitivity,
which drops again as the width becomes too small and the mode extends far
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Figure 4.6: Optimization of SisNy strip WG. (a) Surface layer sensitivity S U of SisN,
strip WG for three standard heights / as a function of WG width w in TE and TM operation.
For decreasing WG width, the sensitivity first increases to its maximum value and then drops.
The drop is caused by the fact that the mode extends far into the cladding or is even lost to the

substrate for very small WG widths. The optimum sensitivities S‘ﬂ;‘:m at the corresponding

optimum widths w,, are marked by dots and triangles. (b) Comparison of optimum WG
width (green, left axis) and optimized surface sensitivity (magenta, right axis) as a function of
WG height. High and narrow WG (blue markers) are most sensitive.

into the cladding, Figure 4.7(a). Smaller slot widths increase the field strength
in the slot, Figure 4.7(b). This, together with the growth of the total core
surface as compared to a strip WG, increases S©“P. The slot WG behaves
like two strip WG if wy, > w,,; . In this case, each of the strips carries half
the power of the slot WG and both the optimum rail width and the optimum
sensitivity converge to those of a single optimum strip WG, see top light green
line (=) and light magenta line () in Figure 4.7(b). The double slot WG
behaves like three separate strip WG if wy,, > w,,; . In this case, each strip
carries one third of the power of the slot WG. As before, both the optimum rail
width and the optimum sensitivity converge to those of a single optimum strip
WG, see top light green line (~0) and light magenta line () in Figure 4.7(c)
and in Figure 4.7(d).
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(a) Slot waveguide, TE (b) Optimized slot, TE
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Figure 4.7: %timization of Si strip, slot and double slot WG.  (a) Surface layer
sensitivity S for Si strip WG with three standard heights / as a function of WG width
w in TE and TM operation. For decreasing WG width, the sensitivity first increases to its
maximum value and then drops. The drop is caused by the fact that the mode extends far
into the cladding or is even lost to the substrate for very small WG widths. The optimum
sensitivities S4™ at the corresponding optimum widths 1w, are marked by dots and
triangles in (a) and compared in (b). For TE polarization, high and narrow WG yield the
best results. For TM, no pronounced sensitivity gain is observed for higher WG.
(¢),(d) Optimized geometries for slot and double slot Si WG. The sensitivity increases for
smaller slot widths and higher WG, the fabrication of which is limited by technological
constraints. The light solid lines indicate the limits for wy, — o (light green and light
magenta), which correspond to the case of individual strip WG as shown in (b). Compared
to SizNy, operated in the VIS, the Si rails, operated in the NIR, are typically 100 nm wider
while the sensitivity is slightly larger.
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4.4.2 Silicon - NIR

For silicon WG operated in the NIR at A=1550nm, we apply the same
technique as described in Section 4.1 for extracting the optimized widths
E(t,r):E(r)ej“’tand sensitivities S(Ef)‘fﬂ. In Figure 4.8(a) we display the
surface sensitivity S of a strip WG with different heights 4 and
polarizations as a function of the strip width w. As for Si;N, strip WG, Figure
4.8(a), we see a sensitivity maximum within the range of single-mode
operation. The TE sensitivity exhibits a pronounced maximum when varying
the WG width, whereas the maximum of the TM sensitivity is much less
pronounced, Figure 4.8(a).

We extract the optimum sensitivity and find that, similar to SizN,, the TE
sensitivity can be optimized by choosing a high WG with a narrow width,
while the optimum TM sensitivity depends only weakly on the WG height,
Figure 4.8(b). This is in contrast to the findings for the Si;N,WG, Figure
4.6(a) and Figure 4.6(b). We attribute this to the fact that the refractive index
of Si is significantly larger than that of Si;N4 and hence the asymmetry
introduced by the underlying BOX is less significant for the case of Si WG.
Consequently, for the WG heights /# under consideration and for small w, the
TM modal field does not extend into the BOX as strongly as for the Si3;N,
WG. Regarding Si slot and double slot WG, Figure 4.8(c) and Figure 4.8(d),
the trends for optimum WG parameters are similar to those of Si;Ny; WG,
Figure 4.7, and thus the same conclusions as in Section 4.1 can be drawn.

For achieving better sensitivities, completely different WG structures in form
of sub-wavelength gratings (SWGQG) were proposed [26], [33], [89], see Figure
4.4. For a systematic comparison to strip and slot WG, we calculate and
optimize the surface sensitivities of SWG WG, see Figure 4.9. Figure 4.9(a),
left y-axis, shows the results obtained from two exemplary families of TE-
operated SWG, which share the same period a, but differ in height #, and
feature three different fill factors (50%, 60%, 70%, differing in opacity). For
the smaller WG height (£=220nm, black lines) the sensitivity does not
depend strongly on the WG width. Strip and slotted WG show a fast decrease
of sensitivity for widths larger than w,y, since the fields become smaller at the
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Figure 4.8: Orgtimization of Si strip, slot and double slot WG.  (a) Surface layer
sensitivity S for Si strip WG with three standard heights /4 as a function of WG width w
in TE and TM operation. For decreasing WG width, the sensitivity first increases to its
maximum value and then drops. The drop is caused by the fact that the mode extends far
into the cladding or is even lost to the substrate for very small WG widths. The optimum
sensitivities S(‘)f,‘:m at the corresponding optimum widths w,, are marked by dots and
triangles in (a) and compared in (b). For TE polarization, high and narrow WG yield the
best results. For TM, no pronounced sensitivity gain is observed for higher WG.
(¢),(d) Optimized geometries for slot and double slot Si WG. The sensitivity increases for
smaller slot widths and higher WG, the fabrication of which is limited by technological
constraints. The light solid lines indicate the limits for wy, — o (light green and light
magenta), which correspond to the case of individual strip WG as shown in (b). Compared
to Si3Ny, operated in the VIS, the Si rails, operated in the NIR, are typically 100 nm wider
while the sensitivity is slightly larger.

sensitive side walls and upper surfaces and are more confined to the core. This
effect is less pronounced in the SWG WG, since the sensitive surface in
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(b) Optimized SWG, TE
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Figure 4.9: Optimization of Si sub-wavelength grating (SWG) WG. (a) Sensitivity of
two SWG WG families with different heights, but common period ¢ = 300 nm as a function
of WG width w for varying fill factors FF. Black lines with various shadings stand for a
WG height of # =220 nm. In this case, the sensitivity does not change significantly with w.
For higher SWG WG (4 =300 nm, blue lines), the sensitivity traces do not exhibit an
optimum before entering into the so-called slow-light regime, where the sensitivity is
dominated by a largely increased effective group index n, (dotted lines for two different
heights for FF = 50%). For these traces, we choose the inflection points (blue crosses) to
define reasonable sensor designs that are not subject to the impairments associated with
slow-light operation. Note that this does not represent an optimum in a strict mathematical
sense. (b) Overview of optimized SWG WG sensitivities and geometries outside the
slow-light regime for different heights, periods, and fill factors. As a trend, the sensitivity
increases for high WG and small gap size d,,, =a(1-FF). Sensitivities obtained from
inflection points at the transition to slow-light operation are again marked by blue crosses.
Note that the traces for FF = 70% and a = 200 nm or a =250 nm do not appear in the plot
since the associated gap sizes are below the minimum feature size of 80 nm.

between the individual blocks are still experiencing high field strengths. The
maximum sensitivity shifts to smaller w, when the FF increases. This is to be
expected: If the FF becomes larger, the effective refractive index increases and
the modal field is stronger confined to the SWG “core”. For a sufficient
influence of the analyte, the field must then extend into the SWG “cladding”,
which is achieved by decreasing the WG width.

Interestingly, for higher SWG WG (h=340nm, blue lines), no optimum
sensitivity within the observed range of wis found. Instead, the sensitivity
increases strongly for larger FF and wider WG. This increase is caused by a
decrease of the group velocity: Larger FF and increased w lead to an increase
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of the Bragg wavelength associated with the SWG structure. Once the Bragg
wavelength comes close to the operation wavelength of the sensor, the device
enters the so-called slow-light regime [96], which is characterized by a greatly
reduced group velocity and a greatly increased effective group index 7, .

This leads to strong interaction of the guided mode with the surface layer and
hence to a sharp increase of the sensitivity even though the field confinement
1 of the surface layer does not significantly increase, see Section 4.9,
Equation (4.7). Note, however, that operation in the slow-light regime strongly
increases the detrimental impact of environmental influences and fabrication
tolerances [97] on mode propagation. Amongst others, the sensitivity and the
optical propagation loss can vary significantly, such that reproducible device
properties and hence a reliable sensor read-out are difficult to obtain in
practice. This susceptibility to tiny changes can be seen exemplarily for the
sensitivity of WG operating in the slow-light regime, Figure 4.9(a), which is
why we exclude them from the following discussion. For sensitivity traces
entering into the slow-light regime without showing a pronounced maximum
in Figure 4.9(a), we choose the inflection points (blue crosses) to define
reasonable sensor designs that are not subject to the impairments associated
with slow-light operation without being optimum in a strict mathematical
sense. Note that there is no distinct transition from “normal” SWG operation
to the slow-light regime and that a strict classification is therefore difficult.
The choice of the inflection point is motivated by the fact that it marks the

width at which the influence of the increased effective group index n,, starts

dominating over the impact of the field confinement factor I,

Equation (4.10) in Section 4.9, and dotted lines for two different heights for
FF=50%, see Figure 4.9(a).

The optimal sensitivities of the SWG WG and those obtained for the transition
to the slow-light regime are summarized Figure 4.9(b), indicating again a
general sensitivity increase with WG height. Sensitivities obtained from
inflection points at the transition to slow-light operation are marked by blue
crosses. As a trend, E(r) increases for small d,,, = a(1-FF).
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4.4.3 Comparison of optimized sensitivities

As a summary of the last two subsections, we compare the sensitivities for the
Si3Ny platform in the VIS (A = 600 nm) and for the Si platform in the NIR
(A=1550nm). In Figure 4.10, we display the optimized surface layer
sensitivities S(()i,‘t"f) of four WG types (strip, slot, double slot, SWG) with
optimized widths w,, and three different heights 4 for each platform. The
left (right) panel shows the results for TE (TM) polarization. Three SWG
positions are empty because either the gap size is below the minimum feature
size of 80 nm, or because the structures do not support a well-guided WG
mode (“poor waveguiding”).

Generally, WG operated in TE polarization tend to be more sensitive than
their TM-operated counterparts. Taking into account technological constraints
such as a minimum feature size, the sensitivity of sophisticated WG designs
can be increased by approximately a factor of 2 compared to a simple
optimized strip WG. Moreover, slotted WG exhibit higher surface sensitivities
than strip and SWG WG. Generally, the silicon platform exhibits higher
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Figure 4.10: Comparison of the optimized sensitivity for the SizN4 platform in the VIS
(4 =600 nm) and for the Si platform in the NIR (1 = 1550 nm). We consider four WG types
with three standard heights, operated in TE and TM polarization. Sensitivity can be
increased by higher WG cores, by using Si rather than SizNy4, and by TE-operation instead
of TM. The three more advanced WG types (slot, double slot and SWG) offer an
enhancement of up to a factor of 2 compared to TE strip WG, coming at the cost of a more
complex fabrication process. Some SWG WG are excluded because either the gap size is
below 80 nm (“small feature size”), or because the structures do not support a well-guided
WG mode (“poor waveguiding”). Typical slot, double slot and SWG WG do not benefit
from TM operation.
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sensitivities than the silicon nitride platform, which can be attributed to the
fact that a higher index contrast leads to a smaller penetration depth into the
WG cladding and hence to a stronger interaction with a thin surface layer.
Larger WG heights tend to be generally better. For the silicon photonic
platform, a sensitivity improvement of a factor of 4 can be achieved by using
optimum double slot WG operating in TE polarization instead of non-
optimum standard strip WG featuring, e.g., WG dimensions of
wx h =450%220nm? for TM operation. A detailed physical explanation of
these trends is given in Section 5.2.

4.5 Discussion

For a better understanding of the trends summarized in Figure 4.10, we first
discuss in Subsection 4.5.1 the influence of the cladding asymmetry and we
introduce universal scaling laws of Maxwell’s equations that allow to
generalize the findings to other wavelengths and material platforms.
Subsequently, Subsection 4.5.2 explains in detail the trends when varying
platform, operating wavelength, polarization, and WG geometry. Subsection
4.5.3 discusses our results in view of an overall sensor performance, including
the impact of mode loss and analyte delivery as well as a practical instruction
on finding global sensitivity optima.

4.5.1 Physical interpretation - Cladding asymmetry and
scaling laws

Cladding asymmetry We consider WG cores that are supported by a SiO,
substrate (BOX) and are surrounded by an aqueous medium. Since the
refractive index of SiO, is larger than that of water, the cladding of the WG is
asymmetric. It is hence impossible to increase the interaction of the guided
light with the functionalized surface of the WG core by simply indefinitely
reducing the core dimensions. Any attempt to do so will predominantly
increase the fraction of the mode fields in the BOX, which do not contribute to
sensing, and therefore decrease the fraction in the surface layer, leading to a
decrease of surface sensitivity.
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Scaling laws According to Section 4.10, Table 4.1, line (1), scaling the
geometry of a WG by o, while simultancously scaling the operating
frequency by o, =1/c, leads to a simple geometrical scaling of the
eigenfunctions of the electric and magnetic fields by a factor of o, . This
effect has no impact on the homogeneous sensitivity, since the relative portion
of the mode fields in the cladding medium remains the same. However, the
surface sensitivity Equation (4.3) as defined by a derivative with respect to the
layer thickness t; scales by 1/o, . The optimum surface sensitivity of a WG
with fixed RI profile hence scales proportionally to frequency and requires an
inverse scaling of the geometry.

Furthermore, scaling the refractive index profile of a WG by o, while
simultaneously scaling the operating frequency by o, =1/o, does not change
the distributions of the electric and the magnetic field. Note, however, that the
ratio of the electric-field eigenfunction E(r) and the magnetic field
eigenfunction H(r) must be scaled by a factor of 1/c, , see Equation (4.19)
and the corresponding discussion. In total, this leaves the sensitivity
unchanged, see Section 4.10, Table 4.1, line (2). The optimum surface
sensitivity of a WG with fixed geometry does not change for a scaling of the RI
profile along with an inverse scaling of the frequency.

4.5.2 Trends for increased surface sensitivity

High index-contrast platform The surface sensitivity is maximized by an
increased field concentration at the core surface which is in contact with the
analyte-delivering aqueous medium. For a given wavelength, the surface
sensitivity tends to increase if the refractive index ratio n . /ny, between
core and cladding is increased. This is caused by the fact that the enhancement
of surface-normal electric-field components is proportional to the square
(Peore /Tt )2 of the index ratio. Similarly, the surface sensitivity increases
when the refractive index profile is scaled up by a factor of o,> 1 while the
geometry is scaled down by o,=1/c, to maintain the same operating
frequency, see Section 4.10, Table 4.1, line (4).
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Short operating wavelength For a given platform, higher surface
sensitivities can be achieved with shorter wavelengths. The geometry of the
WG has to be chosen guided by the scaling law in Section 4.10, Table 4.1,
line (1). A SizNs WG operated in the VIS will achieve a higher optimized
surface sensitivity than an up-scaled SizN; WG operated in the NIR. When
comparing optimized Si;N4; WG operated in the VIS with Si WG in the NIR,
we see similar sensitivities, see Figure 4.10. This is due to a combination of
scaling the operating frequency along with WG geometry and an increase of
the index contrast, which have contrary effects on the surface sensitivity that
partially cancel each other. However, optimized WG in the high index-
contrast Si platform will be as good as or better than those in the Si;N,
platform, as the limitation caused by the cladding asymmetry is more severe
for lower core refractive indices.

TE polarization The TE-mode sensitivity generally outperforms that of the
TM-mode. For high index-contrast WG as considered in this work, the surface
sensitivity is dominated by regions exhibiting a large field enhancement due to
field discontinuities at the core-cladding interface. In the case of strip WG and
of vertical-slot WG, TE mode operation exploits more of these surfaces
showing a field enhancement compared to TM mode operation, where the
interface to the bottom oxide cladding (BOX) does not contribute to the
sensitivity.

It has to be noted that in typical telecom applications, WG with large widths
and small heights are used (e.g. wxh=450x220 nm?). These established WG
geometries are often directly transferred to sensing applications. For these WG
and for improper choices of WG widths exceeding 400 nm, the TM-polarized
mode may exhibit higher sensitivity than the TE, see Figure 4.8(a). However,
under the assumption that the width w is chosen properly, TE-polarized modes
exhibit optimized sensitivities. If an application demands Si WG operated with
TM polarized light, SWG WG are best, see Figure 4.10.

Enlarged surface Larger core surfaces can generally lead to higher
sensitivities. This is exploited by slot, double slot and SWG WG, which
introduce additional sensor surfaces compared to strip WG. For slot and
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double slot WG operated in TE polarization, these additional surfaces lead to
an enhancement of the dominant transvers electric-field component and can
hence further increase surface sensitivity, see Figure 4.3. For SWG WG, the
enhancement at the additional surfaces between the blocks affects the weaker
longitudinal electric-field component, Figure 4.4. The sensitivity gain of SWG
WG is hence smaller than that of slot and double slot WG and depends only
weakly on the polarization.

Narrow waveguides Optimized sensing WG have a narrower core than
typical routing WG designed for low-loss light transport. Narrow WG increase
the sensitivity for both TE and TM polarization. When narrowing the WG, the
sensitive area of the surface layer remains essentially constant for TE
polarization, but the surface field strength initially increases. For very small
WG widths, the modal field expands into the cladding and the field interaction
with the surface layer decreases, hence reducing surface sensitivity. For TM
polarization, an additional effect comes into play: When reducing the WG
width, the top surface, containing high field strengths due to the field
discontinuity, becomes smaller, while the overall field strengths at the core
surface become more dominant as the mode expands into the cladding. This
interplay leads to a less pronounced optimum with respect to the WG width
than for TE polarization, see Figure 4.6(a) and Figure 4.8(a).

High waveguides Higher WG cores outperform thinner WG cores. Higher
WG cores reduce the relative portion of the fields located in the BOX
(cladding asymmetry). Since this area does not contribute to sensing, less field
strength in the BOX leads to larger sensitivities. In addition, and especially for
the TE mode, higher WG cores enlarge the sensitive sidewall regions that are
subject to field enhancement.

Small slot widths and gap sizes Smaller slot widths and gap sizes generally
increase the sensitivity. For slot WG, the sensitivity gain for TE is more
pronounced than for TM polarization.
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4.5.3 Overall sensor system performance and the impact of
mode loss

It is important to note that, when implementing these WG into functional
sensors, the overall system performance will also depend on additional aspects
that are outside the scope of our current analysis. One of the most important
aspects is the propagation loss of the optical mode: Adsorption of target
molecules to the WG surface is usually measured by recording the phase shift
accumulated over a certain propagation length L. In technical
implementations of sensors, the phase measurement accuracy depends on the
precision with which amplitudes can be measured in an interference setup.
This precision and ultimately the detection limit of the sensor system
decreases with increasing propagation losses, which, like the sensitivity,
depends on WG platform, type, polarization and geometry. A rigorous system
optimization would ideally have to take into account all these effects to
account for mutual trade-offs and to find a global optimum of the WG design.
This, however, would require a quantitative relationship between the WG
geometry and the associated power propagation loss exp(«L) characterized
by the loss constant «, which is impossible to state in a general and reliable
manner across different integration platforms.

For finding optima for the overall system sensitivity S for a specific sensor
implementation, we need to know three dependencies: The surface sensitivity
§eu) a5 a function of the WG geometry, provided in this paper, the WG loss
constant a as a function of the WG geometry, which must be experimentally
determined for the specific WG type and technology, and the influence of this
loss on the effective-index sensitivity H(r‘/ag),E(r'/O'g), which translates
Anésurf) into a measurable output signal, e.g., a current ([6], [23], [98]). If the
linewidth of the light source is neglected, the overall system sensitivity can be
expressed by the product of the surface sensitivity and the effective-index
sensitivity

Sy =SS (). (4.4)

sys
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The results presented in this paper can hence serve both as guidelines for
identifying and selecting promising WG designs and as quantitative measures
to determine the overall system sensitivity S once the technology-dependent
loss constant « and the architecture-specific relationship S, (o) are known.

Another aspect that may influence the overall performance of practical sensors
is the analyte delivery to the sensor surface. In this context, narrow gaps or
other high aspect-ratio voids tend to have less exchange with the surrounding
liquid or might even not be accessible to large target objects such as cells or
cellular vesicles. In these cases, simple strip WG geometries might exhibit
advantages in comparison to more complex concepts featuring narrow strips
and slots.

4.6 Summary

We have performed a comparative study of different WG types for application
in label-free detection of chemical or biological analytes that specifically bind
to functionalized WG surfaces. To this end, we have introduced the so-called
surface sensitivity S©"T) as a general quality metric that is broadly applicable
to surface layers of different thicknesses and refractive indices. This metric
allows to optimize the WG design and to compare the fundamentally
achievable sensor performances across different WG types and integration
platforms. We specify optimized WG designs along with the corresponding
surface sensitivities for the most common WG parameter combinations. We
also introduce and explain a computationally efficient recipe for applying the
methodology to additional WG types that are not covered by our current study.

The following key findings result from our study: First, sensitivity trends can
be explained by the interplay of a cladding asymmetry, the scaling laws of
Maxwell’s equations and the effect of field enhancement. Second, WG with
optimum surface sensitivities are typically high and narrow, are fabricated on
high-index contrast platforms and operated in TE polarization. Third, the
surface sensitivity of highly sophisticated WG such as slot, double slot or sub-
wavelength grating exceeds that of optimized strip WG by a factor of 2, and

71



4 Surface sensing with integrated optical waveguides

that of standard telecom strip WG by a factor of 4 if realistic feature size
constraints are observed.

4.7  Simulation parameters and mesh
considerations

[This section was published as Appendix A of [J4]]

In the following, we describe the relevant parameters used for the simulation,
which are performed with CST (Computer Simulation Technology GmbH)
Microwave Studio. Modal fields of the WG are calculated in the frequency
domain. Simulation boundaries in the cross section are perfectly absorbing.
The computational mesh is tetrahedral, and an ultra-fine mesh is required
around the WG core to obtain accurate field data within the surface layers.
The field interaction factor I'; is well-described by a linear approximation
for #; smaller than the penetration depth, see Figure 4.5(a). The surface
sensitivity S can be reliably extracted from the derivative aI'; /d1g; at
g =0 by a linear extrapolation of data within the first 10 nm, see Figure
4.5(b). We have found that a mesh size of < 3 nm around the WG core region
is sufficient. The choice of the mesh size in the cladding region was left to the
program. The simulation area had a total size of 4 um x 4 um, where the
bottom half of the simulation region was occupied by the 2 um thick BOX.
For WG significantly narrower thanw,,,, the WG mode is not well-confined
to the core anymore, and much larger simulation windows are required. These
results were omitted from the discussion, but lie at non-practical WG
geometries far away from any sensitivity optimum (Figure 4.6). The refractive
indices were assumed to be ng; =3.48, ny,o =133, ngo, =1.44 for NIR
light and ng; \, =2.01, M0 = 1.33, ngjo, =1.46 for VIS light.
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4.8 TM simulations WG geometries

[This section was published as Appendix B of [J4]]
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Figure 4.11: Simulated electric field magnitudes of the fundamental quasi-TM mode in
different WG types with height /# and total width w. White contours mark the surface
layer on the WG core, which is disregarded for the field calculation. Surface sensitivity
generally benefits from large electric field strengths in the region of the surface layer.
(a) Strip WG. Large portion of the fields is lost to the non-sensitive interface between
core and BOX. (b),(¢) Slot WG and double slot WG. In contrast to the TE-Mode
(Figure 4.3) there is no enhancement of the electrical field in the slot. The surface layer at
the top of the core and in the slot experiences only moderate field strengths.

4.9 Propagation and sensitivity in waveguides

[This section was published as Appendix C of [J4]]

In the following discussion we assume a positive time dependence exp(jer).
The complex vectorial electric mode field E(w,r) and magnetic mode field
H(w,r) depend on angular frequency @ and position vector r. We assume
dispersive dielectric and non-magnetic materials which could be periodic
along z with a period a. The propagation constant is f and the effective
refractive index is n, = /k,, k,=c/c. Within each region, all refractive
indices and all other parameters of the material are assumed to be constant.
The various regions are denoted by a subscript i .

Cross-sectional power, stored energy, and field confinement factor The
cross-sectional power P associated with a guided mode is constant along the
propagation direction z (unit vector e,) if losses are neglected. This is true
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even if the WG geometry varies periodically in the direction of propagation, as
in the case of SWG WG. The cross-sectional power is expressed by the real
part of the time-averaged complex Poynting vector in the direction of
propagation, integrated over the WG cross-section 4 with d4=dxdy,

= 1[[Re(ExH")-e,dd. (4.5)
A

The time-averaged stored energy per unit length is obtained by an integration
of the modal electric and magnetic energy densities over a unit cell volume
[53]. The expression can be simplified with the help of the space-dependent
material ~ group index n,=n+wdon/0w and with the identity
J.J._[ £0&; |E|2dV=H_[ ,uo,ur|H|2 dV [53], where, for non-magnetic materials,
4. =1. This leads to

el = m ( (&4, ( ))|E|2+%(Coﬂoﬂr(‘0))|lejdV

= J.ﬂagonng |E|2 dr.

(4.6)

Note that in this relation, " is a length-related energy density with unit J/m
and denotes the ratio of stored energy within a WG section, e.g., a unit cell,
and the length of the section, e.g., the unit cell length a. For z-invariant WG,
the volume element is simply dV' =ad4.

The field confinement factor T°®™ represents the ratio of the mode energy
in a partial volume 7, related to the energy in the total volume V' of a unit cell,

m g, [E dV

chll
Fl(conf) J.J.J. | | VVlcell Zrl(conf) -1
nny |E dv

4.7)

Inside any partial volume V; the refractive indices n; and the associated group
refractive index n,; are constant.
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Variation theorem, effective group index, and field interaction factor
The influence of small perturbations on the propagation constant Af can be
examined by extending a variation theorem [[53], Equation (2.2.73)] for
dielectric WG,

AP :—Iﬂ (A(a’gog )|E] +Alep,)H| )dV (4.8)

where A(weye,) and A(wyy,) denote the perturbations. If we introduce only a
frequency perturbation Aw at a fixed dielectric profile, we find that the
effective group index n,, =cdf/do=n, +wdn,/de is proportional to the

ratio of the total energy W per unit cell length, and the power P,

1 fJ.J.J.nn [E[dV

Do Zoj Re(ExH ) e, dd P 9

neg =

Here, Z,=1/(s)c) is the free-space wave impedance. Combining
Equation (4.7) and Equation (4.9) we define the field interaction factor
[ =ne, / Ny, -l“l(c"“f) of a certain WG region denoted by subscript 7,

ey
—_F¢ nf 1 ~
fi= ngi 1“(00 - Zo HRe(ExH )-e, a4’ Meg _Zring,[' (4.10)
A

Note that the definition of T'; =n, /n, -T{") {5 equivalent to the definition
of T'; = An,/An; as the ratio of a local refractive index change An; in region i
and the associated change An, of the effective modal index n,, see next
section. The effective group index can be expressed by a sum of the partial
field interaction factors I'; multiplied with the respective material group
indices. The field interaction factor is determined by the relative mode energy
(¢ in region i and by the time the mode dwells in that region, expressed
by the effective modal group index n,, , which can be larger than »n, ;. This is
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exploited in slow-light applications. For this case the field interaction factor
can become larger than one.

Dielectric profile perturbation and definition of sensitivities If the 3D
refractive index profile n(r)with r=(x,y,z) of a WG is changed by a small
amount An(r) << n(r), the associated change of the propagation constant Af
can be calculated with the perturbation approach, Equation (4.8). A small
refractive index change An(r) corresponds to a change As(r) =g, -Ag,.(r) in
electric permeability, where [99]:

A, (1) = (n(r) + An(r))* —n*(r) = 2n(r)An(r) (4.11)

Typical index differences are in the order of An=0.1...0.2, which justifies the
approximation in Equation (4.11). For homogeneous sensing, only the
refractive index of the aqueous cladding medium (partial volume i =M ) in the
volume 7, changes by An,,, see Figure 4.2(a),

Apthom) _ Any inside VM’
0 else
(4.12)
2nyAny,  1nside V,
Agr(hom) — M="M M.
0 else

For surface sensing, we consider a thin surface layer (partial volume i =SL)

of refractive index An"")

around the WG core, which locally replaces the
aqueous medium with refractive index n,,;. The refractive index change is
confined to and constant within the surface layer volume 7, of thickness 7 ,

see Figure 4.2(b),

A _ ng —nyy inside Vg
0 else’

.. (4.13)
Ag(surf) _ 2nM (nSL - nM) inside VSL .
' 0 else
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We introduce the perturbations defined by Equation (4.11)-Equations (4.13) at
a fixed frequency into the general variation theorem of Equation(4.8). Since
the permittivity perturbation is limited to ¥g; in the case of surface sensing,
the change of the propagation constant AS*"™ can be expressed as

[0
< e el av

[l av

0 L VsL _ An(surf)
Z, ﬂRe(ExH )-e,dd
A
= ko[ An™™.

. (4.14)

Similarly, for homogeneous sensing, the permittivity perturbation is limited to
Vyi» the change of the propagation constant Ag®"™
Equation (4.14) by replacing the superscript “(surf)” by “(hom)” and by

is obtained from

integrating over V), instead of Vg, . A direct link between Af and the field
interaction factor I' Equation (4.10) is observed. For a sensor it is important
how the effective modal index n, changes with respect to the local refractive
index perturbation An. For surface (homogeneous) sensing, we have

Angsurf) _ FSLAn(surf)’ Anéhom) =1—~MAn(hom). (4.15)

For our sensitivity analyses, we calculate the field interaction factors for a WG
by numerically calculated mode fields. We directly define the homogeneous
sensitivity S®°™to be identical with the corresponding field interaction factor
I'y, measuring the impact of the refractive index perturbation An,, within
|E'(r)|/|H'(r)| :1/0'Il -|E(r)|/|H(r)| on the effective modal index n,. We
further define the surface sensitivity S®'™as the derivative of the field
interaction factorT'g; (surface layer volume Fg; ) with respect to the surface
layer thickness ¢ ,
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h
glhom) _ Ty = Ané om) ,
Any

goud _ sl 1 0 ppfsurd (+16)

- - ( )
Otgy, g1 =0 (ngp. —nyp) Oty 'SL=0

4.10 Scaling laws of Maxwell’s equations

[This section was published as Appendix D of [J4]]

We consider dielectric media, which are assumed to be lossless, isotropic,
linear and non—magnetic at the (angular) frequencies @ =2mn f of interest. The
vacuum speed of light is denoted by c. The (real) relative permittivity £,.(r) is
linked to the refractive index n by &, = n?, Reshaping Maxwell’s equations
for harmonic solutions of the form E(z,r)=E(r)e’”and H(s,r)=H(r)e'”,
we find the wave equations for the magnetic and electric fields [100],

1 o’
(curl o) curlj H(r)= C—ZH(r),
| o (4.17)
( o) curl curlj E(r)= C—ZE(r).

Equation (4.17), together with boundary conditions, defines an eigenvalue
problem, where w is the angular eigenfrequency and H(r) and E(r)are the
corresponding eigenfunctions of the wave equations.

Scaling the geometry. If the geometry of the WG is scaled by a factor o, >0
, le, r'=rog,, &/'(r) =gr(r/0'g) and curl’=cur1/ag, the magnetic field
equation Equation (4.17) can be expressed as

’ !2 ’
curl’ ! curl’ [H r :w—zH r s a)’zﬂ. (4.18)
g’ O, c O, o

84



4.10 Scaling laws of Maxwell’s equations

An equivalent equation holds for the electric field. For the scaled WG, we find
the same eigenfunctions H(r'/ag),E(r'/O'g) as in Equation (4.17); we only
have to scale the argument r=r'/c 2 together with the associated angular
eigenfrequency o'=wo,, witho,, =1/c, [101].

Scaling the refractive index. If we know the solutions for a WG with
dielectric structure &,(r) :nz(r), and we look for the results of a WG with
& '(r):n'2 (r), where the refractive index is scaled everywhere with a real
constant o, according to n'(r)=n(r)o,and & '(r)= s(r)ai, we find for the
magnetic field equation

2
[curl ! curlJH(r) = a)—zﬂ(r) , &= @ (4.19)
&g'(r) c o

!
n

The eigenfunctions H(r) remain unchanged, but the associated angular
eigenfrequencies are scaled tow'=wo, witho, =1/c, [101]. The electric
field equation can be formulated equivalently. Note that the relative ratio of
the electric-field eigenfunction E(r) and the magnetic field eigenfunction
H(r) must be scaled by a factor of 1/ o, to still satisfy the Maxwell’s curl
equations that link the electric to the magnetic field and vice versa,

[E/(r)|/|H(r)| =1/ o, -[E@)|/|H(r)|.

Scaling the geometry and the refractive indices. If we scale both the
geometry ~ with o, and  the refractive indices witho,, e.g.
r'=ro,, & '(l')=8r(l‘/0'g)~0'§ and curl':curl/o-g, we find for the magnetic
field equation

r /2 ’
curl’——curl’ H(r—}“’—zH(r—j, w=—2 (4.20)
&'(r") o c o 0n0,

The eigenfunction H(r'/o) remains unchanged with scaled arguments, and the
associated angular eigenfrequencies are scaled to &' =wo, with

o, =1/(c,0,). The electric field equation can be written equivalently. Note

that the relative ratio of the electric-field eigenfunction E(r) and the magnetic
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field eigenfunction H(r) must be scaled by a factor of 1/o, to still satisfy the

Maxwell’s curl equations that link the electric to the magnetic field and vice

versa, [E'(r)|/JH'(0)] = (1/ o, )-[BCo)/H(r)]

If the frequency @ remains unchanged, the geometry and the refractive indices
must scale inversely with o, =1/0,, so that the eigenfunction H(r'/o)
remains unchanged. The relative ratio of the electric-field eigenfunction E(r)
and the magnetic field eifenfunction H(r) must again be scaled by a factor of

o, to [E@)/|H®)]|=(1/0, ) [E@)|/HE).

Impact on homogeneous and surface sensing. For comparison of Si;N, WG
in the VIS and Si WG in the NIR, we are especially interested in the impact of
simultaneously scaling the refractive indices, the geometry and the frequency
on the homogeneous sensitivity S (hom) _ I'yy and the surface sensitivity
SEU) =8I, /dts . The different scaling operations and results are
summarized in Table 3.1.

In the case of scaling the geometry and accordingly the frequency with
remaining refractive indices, the numerical value of the ratio of the integrals in
I'g, remains constant, see Equation (4.10), and therefore the homogeneous
sensitivity remains unchanged, S®™°™ =™ However, due to the scaled
surface layer thickness g, '= oz, , the surface sensitivity scales according to
SCUr = o, Jotg =S [o, = §®g, . see Table 4.1, line (1).

In the case of scaling the refractive indices and accordingly the frequency with
remaining geometry, the numerical value of the ratio of the integrals in T'g;
remains constant, as the ratio of the eigenfunctions scales with
|E'(r)| / |H’(r)| = (1/ O'n)-|E(l‘)| / |H(r)| Therefore the homogeneous and surface
sensitivity do not change, see Table 4.1, line (2).

If the geometry and the refractive index of the WG is scaled, the frequency
must be scaled accordingly, with o, =1/(c,0,). Under the premises of the
scaled ratio of the eigenfunctions, the numerical value of the ratio of the
integrals in 'y, remains constant, and therefore S scales with 1/o, due to
the scaled surface layer thickness f; '= o, , see Table 4.1, line (3).
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In the case of scaling the refractive indices with constant frequency, the
geometry has to be scaled according to o, =1/, in order to keep the
eigenfunctions but with scaled ratio. The homogeneous sensitivity is again not
changing, while the surface sensitivity scales with o,0, =1/0, , see Table 4.1,
line (4).

Table 4.1: Impact of scaling the frequency, geometry and refractive index on the
homogeneous and surface sensitivities.

Geometry  Refr. Index Frequency  Scaling law Hom. Surf.
sensitivity  sensitivity

r 7' @ S(hom), S(surf),

h iy
ro, n o, o, =1/O'g gthom) S6 f)/o-g (1)
r no, wo, o, =1/c, gthom gsur) )
ro, no, wo, o =Y(oop)  S"" se /o, (3)
ro, no, ) o, =1/o, gthom) s /o (4)
[end of paper [J4]]
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5 Lasing in SisNs-organic hybrid
(SiINOH) waveguides

This chapter shows the principle of a SINOH laser and discusses spiral laser
resonators and resonators with distributed feedback. This chapter is taken from
[J3] which is published in Optics Express. The initial ansatz and scope as well
as the concluding evaluation, interpretation and discussion were performed
jointly by D. Kohler, C. Koos and W. Freude. D. Kohler developed the
SiNOH lasers and conceived the experiments. The experiments were
performed by D. Kohler and I. Allegro. D. Kohler and S. F. Wondimu
investigated the gain medium. L. Hahn supported the fabrication of the
SiNOH lasers, which were designed by D. Kohler. D. Kohler, C. Koos and
W. Freude prepared the manuscript. In order to fit the structure and layout of
this document, it was adapted accordingly.

[start of paper [J3]]

This article is licensed under a
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Optics Express, Vol. 28, No. 4, 19885-19906 (2020)
DOI: 10.1364/0OE.381572

Daria Kohler,"? | Isabel Allegro,2 Sentayehu Fetene Wondimu,'? Lothar
Hahn,” Wolfgang Freude,' and Christian Koos,'”

"Karlsruhe Institute of Technology, Institute of Photonics and Quantum
Electronics, 76131 Karlsruhe, Germany
ZKarlsruhe Institute of Technology, Institute of Microstructure Technology

76344 Eggenstein-Leopoldshafen, Germany

Silicon nitride (SizN4) waveguides offer low-loss wave propagation over a
wide spectral range including visible wavelengths and lend themselves to
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photonic integrated circuits for bio-photonic applications. The Si;N4 device
portfolio, however, is so far limited to passive devices that need to be fed by
external light sources. This often requires delicate and costly fiber-chip
coupling schemes that are subject to stringent alignment tolerances. In this
paper, we present and investigate a class of lasers that combine Si;Ny
waveguides with light-emitting organic cladding materials in a hybrid
approach. These Si;Ny-organic hybrid (SiNOH) lasers are operated by optical
pumping from the top with low alignment precision. We theoretically and
experimentally investigate different SINOH laser concepts based on spiral-
shaped ring resonators and distributed feedback (DFB) resonators. While our
devices are designed for an emission wavelength of approximately 600 nm,
the SINOH laser concept can be transferred to a large range of wavelengths in
the visible spectrum. The devices are amenable to cost-efficient mass
production and have the potential to address a wide range of applications in
bio-photonics and point-of-care diagnostics.

5.1 Introduction

Integrated sensors based on optical waveguides (WG) have an enormous
potential in bio-photonics and in biomedical diagnostics, especially when it
comes to multiplexed and highly sensitive detection of a wide variety of target
molecules [15], [19]. For bio-photonic applications, operation in the visible
wavelength range is particularly interesting due to the low absorption in
aqueous solutions, which allows for large interaction lengths in refractive-
index sensors [102] enables low-background absorption spectroscopy with
large dynamic range [103], or is instrumental to living-cell imaging via WG-
based total internal reflection fluorescence (TIRF) microscopy [104].
Specifically, absorption in typical aqueous analytes, such as urine or saliva, is
approximately three orders of magnitude smaller at visible (VIS) wavelengths
of, e.g., 600nm than at near-infrared (NIR) wavelengths of, e.g.,
1550 nm [14]. Similarly, blood analysis in photonic sensors largely relies on
the so-called therapeutic window between 600 nm and 1100 nm which offers a
good compromise between pronounced hemoglobin absorption at shorter
wavelengths and strong water absorption at longer wavelengths [40].
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In this context, silicon nitride (SizN4) has emerged as a highly attractive
integration platform for WG-based sensors, offering low-loss propagation over
a wide spectral range from VIS to NIR wavelengths [9], [105]-[107]. Silicon
nitride WG feature a high refractive-index contrast between the core
(ngin,=2.02 @ A=600nm [49]) and the silicon dioxide cladding
(ngi0,=1.46 @ A =600 nm [50]) or aqueous analyte
(nH20 =1.33 @ 4 =600 nm [51]) and are therefore perfectly suited for densely
integrated sensor arrays with small footprint and low analyte consumption.
Moreover, Si;Ns-based photonic integrated circuits (PIC) can be efficiently
fabricated in large quantities using mature wafer-scale processes that exploit
the CMOS technology base and that are accessible through a world-wide
ecosystem of photonic foundries [106], [107]. This opens a path towards cost-
efficient mass production of highly functional sensor chips for one-time use in
point-of-care diagnostics.

However, despite its various advantages, the basic SizNy4 integration platform
is so far limited to passive building blocks. Silicon nitride PIC hence have to
rely either on external light sources that are coupled to the optical sensor chip
[102], [108], [109], or on a hybrid integration of light-emitting materials in
combination with passive SizNy, WG [15], [110], [111]. Light supplied by
external sources requires delicate fiber-chip coupling schemes that are subject
to stringent mechanical tolerances, and the associated complexity is
prohibitive for low-cost disposable sensors. Moreover, grating couplers, which
are the mainstay for fiber-chip coupling in silicon photonics, suffer from low
refractive-index contrast when realized on the Si;Ny platform. This leads to
low grating strength, poor directionality, and low coupling efficiencies [112].
These challenges can be overcome by on-chip light sources. Previous
demonstrations of visible-light sources on the SizNy4 platform comprise DFB
resonators with CdS/CdSe quantum dots [113] as the gain material. Further
investigations concentrated on ring and disk resonators that are vertically
coupled to SizNy WG cores and that contain perovskites [41], [42] or
CdS/CdSe quantum dots [43] light-as emitting material. However, these
approaches require comparatively complex manufacturing processes,
including material deposition from the gas phase and subsequent lithographic
structuring. For disposable point-of-care sensors, highly scalable low-cost
fabrication techniques for light sources would be advantageous.
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In this paper we expand on our previous demonstrations [114] of a new class
of laser sources that can be efficiently integrated on the Si;N4 platform using
low-cost fabrication techniques without any additional lithographic
structuring. The devices rely on a hybrid approach that combines
nanophotonic SizNs WG cores with dye-doped organic cladding materials
which can be optically pumped by an external laser or a light-emitting diode
(LED) without any high-precision alignment of the pump spot and without any
mechanical contact to the chip. The dye-doped organic cladding can be
efficiently deposited on the wafer by spin coating, by local dispensing, or by
inkjet printing. An appropriate choice of laser dyes and cavity designs would
allow to integrate a multitude Si;Ny-organic hybrid (SiNOH) lasers with
various emission wavelengths across the VIS and NIR spectral ranges on a
common substrate. In our work, we develop a theoretical model of SINOH
lasers for spiral-shaped ring resonators and for distributed-feedback (DFB)
resonators, and we experimentally demonstrate lasing in both structure types.
In combination with simple camera read-out schemes, our concept shows a
route towards disposable sensor chips for highly multiplexed detection of a
wide range of analytes in point-of-care diagnostics. During the preparation of
this manuscript, the concept of SINOH lasers [54], [114] was independently
demonstrated by another group [115], [116] using second-order DFB
structures that are amenable to production with relaxed lithography resolution
requirements. These experiments prove the viability of the concept and
demonstrate its transferability to different photonic integration platforms.

5.2  SizNj-organic hybrid device concept and
design considerations

The basic concept of Si;Ny-organic hybrid (SiNOH) lasers [71] is illustrated in
Figure 5.1. The SiNOH lasers are optically pumped from the top by an
external light source, see Figure 5.1(a). High-precision alignment of the pump
spot is not required, and the scheme lends itself to integration of laser arrays
with individually defined emission wavelengths A, ,. The SINOH laser light
is emitted directly into Si;N, single-mode WG and can be efficiently coupled
to a subsequent sensor array, here illustrated as Mach-Zehnder
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Figure 5.1: Basic concept of integrated SizNs-organic hybrid (SiNOH) lasers.
(a) SiNOH lasers feeding an array of waveguide-based sensors. The lasers are optically
pumped from the top by an external light source illuminating an extended spot, without
any need for high-precision mechanical alignment. Laser light is emitted directly into the
Si3Ny single-mode WG and can hence be efficiently coupled to an array of on-chip sensors,
here illustrated as Mach-Zehnder interferometers. The light from the sensor output is
radiated to the top by grating couplers and captured by a camera. (b) SiNOH laser with
spiral-shaped resonator. The active WG consists of a SisN4 core with a dye-doped organic
cladding as a gain medium. An appropriate resonator design in combination with a suitable
gain medium allows to realize various emission wavelengths 4., on the same chip. The
ring resonator is coiled up into a double spiral and coupled evanescently to a single-mode
output WG. (¢) SiNOH laser with distributed-feedback (DFB) resonator, formed by a
strip WG with periodic sidewall corrugations.
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interferometers. At the sensor outputs, light is radiated into free space via
grating couplers and captured by a camera. This concept allows for contact-
less excitation and readout of large-scale sensor arrays on technically simple
low-cost optical sensor chips.

5.2.1 Device concept

The active SINOH WG have a Si;Ny core on top of a silicon dioxide bottom
cladding, see Figure 5.1(b) and Figure 5.1(c). Optical gain is provided by an
organic top cladding that is doped with a light-emitting dye. By appropriate
choice of the gain medium and of the device design, various emission
wavelengths A, , can be realized on the same chip. These devices can be
pumped with a single light source such as an LED. SiNOH lasers of different
wavelengths can be realized by either choosing individual gain materials or by
combining a single broadband gain material with different resonator designs.
On the silicon platform, we have previously demonstrated similar concepts for
on-chip lasers emitting in the NIR [117].

In our experiments, we investigate two laser resonator types: A spiral-shaped
ring resonator, Figure 5.1(b), and a distributed-feedback (DFB) structure,
Figure 5.1(c). The ring resonator is coiled up into a long double spiral and is
coupled evanescently to a single-mode output WG, Figure 5.1(b). Compared
to the DFB laser, the double spiral covers a much larger chip area and hence
offers a better overlap with a moderately focused pump beam that leads to
relaxed alignment tolerances. The DFB resonator is formed by a straight strip
WG with sidewall corrugations, Figure 5.1(c). The footprint of the DFB
resonator is small such that many SiNOH lasers can be pumped
simultaneously with one pump beam. The DFB structure supports lasing in
basically two longitudinal modes spectrally located at both edges of the Bragg
stop-band. Asymmetries or a quarter-wavelength defect reduce the number of
lasing modes to one. Pump efficiency, threshold and spectral properties
depend strongly on the modal gain and on the loss of the respective laser types
- this is discussed in more detail in the following subsections. For the devices
shown in this work, we use first-order Bragg gratings with a period of
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approximately 170 nm, which requires comparatively high lithography
resolution. It has recently been demonstrated that SINOH DFB lasers can also
be realized with second-order gratings [115], [116], having grating periods of
more than 350 nm. Such structures are amenable to high-throughput mass
fabrication using, e.g., 248 nm deep-UV lithography.

5.2.2 Gain and loss in SINOH WG

The power of the oscillating laser mode depends on the SINOH WG loss and
on the efficiency with which the pump is coupled to the active WG region.
Within the resonator, the waves experience a net power gain of
G= exp[( g —a)ZL] for one round-trip of length 2L, where g and « denote
the effective modal power gain and loss coefficients (unit cm™!) of the laser
cavity. In the case of a ring resonator, 2L denotes the ring perimeter, while for
the case of a DFB laser L represents the geometrical resonator length.

The gain of the laser resonator results from the interaction of the evanescent
parts of the WG mode with the dye molecules in the organic top cladding,
which are optically excited by the pump light. The simulated electric field
magnitudes |E| of the quasi-TE and quasi-TM modes in the cross-section of a
strip WG are shown in Figure 5.2(a) and Figure 5.2(b), respectively. Figure
5.2(d)-2(e) display the field distribution of a DFB mode at the upper and the
lower edge of the stop-band. Note that the terms “upper” and “lower” refer to
optical frequency or photon energy and not to wavelength.

Gain and loss in ring resonators For ring resonators, the optical loss of the
laser cavity is caused by attenuation of the mode when propagating along the
ring, and by the power output coupling ‘Kr‘z to the bus WG [30]. The net
round-trip power gain and the net modal gain at threshold is therefore

G=e(gth7a)2L(1—|Kr|2)=1, (gth_a)sz_ln(1_|Kr|2) (5.1

Gain and loss in DFB resonators For DFB lasers, the resonator mode can
be described by two counter-propagating waves. The grating couples these
waves with a coupling factorx. In the following, we assume the coupling
factor to be real-valued, xk € R, i.e., the propagating mode only experiences a
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Figure 5.2: Waveguide (WG) and resonator concepts of SiNOH lasers. (a),(b) Strip WG
used for ring-resonator SiNOH lasers: The graph shows the WG cross section (width w,
height ) along with the simulated electric field magnitudes |E| of the fundamental quasi-TE
mode (a) and the fundamental quasi-TM mode (b). (¢) Ring-resonator cavity: Schematic
power transmission between the input and the output of the straight bus WG (black solid
line) as a function of the vacuum wavelength A. Lasing occurs at the resonances (red dashed
line) marked by notches in the transmission. For the devices used in this publication, the
ring-resonator WG are coiled up to form spirals, see Figure 5.1(b).
(d),(e) Distributed-feedback (DFB) structures: Top view of corrugated strip WG (width w,
height /4, corrugation period a, and corrugation depth d), along with the simulated electric
field magnitudes |E| of the DFB mode at the upper band edge with larger photon energy
and short-wavelength resonance Ay, (d) as well as at the lower band edge with smaller
photon energy and long-wavelength resonance 4, (e). All mode fields are plotted in the
plane y = /2. (f) DFB resonator: Schematic power transmission between the input and the
output of the corrugated section (black solid line) as a function of the vacuum wavelength
L. For a DFB grating without phase shift, lasing occurs at the upper or lower edge of the
stop-band (red dashed lines).

periodic perturbation of the refractive index, but not of the modal gain [31].
This assumption is based on the observation that the periodic sidewall
corrugation does not affect the penetration depth of the evanescent field into
the cladding to a substantial degree. For low gain, %( g—a)<< Kk , the first-
order resonances of a DFB laser are at the stop-band edges, and the net modal
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threshold power gain g, can be approximated by [[118], Equations. (29) and
(6)]

2
T
(g _a)Lzz(Ej (52)

5.2.3 Design considerations

For lasers operated in sensor applications, the important characteristics are the
spectrum, the polarization, the threshold, and the output power. These
parameters are defined by the resonator, the properties of the laser gain
medium, and the pump.

Spectrum and polarization As a gain medium, we use the organic dye
Pyrromethene (PM597) dispersed in a poly(methyl methacrylate) (PMMA)
matrix, see Figure 5.2(d) for the associated emission and the absorption cross
sections. The material offers a predominantly inhomogeneously broadened
gain spectrum [119], which allows for simultaneous lasing of multiple
longitudinal cavity modes. Note that the spectral characteristics of the modal
gain of a SINOH WG may differ from that of the dye emission cross section
due to the wavelength-dependence of the modal overlap with the active
cladding. In our devices, we observe lasing mostly around 600 nm, while the
emission cross section peaks at around 570 nm. With a ring-shaped laser
resonator, the emission spectrum of the organic laser dye is longitudinally
filtered according to the comb-shaped eigenmode spectrum, having a free
spectral wavelength range FSR :,13 /(ne,gL) centered at the operating
wavelength 4,, Figure 5.2(c). In addition to the fundamental TE and TM
mode, Figure 5.2(b), transverse modes of higher order can propagate if the
WG is sufficiently wide (w=400nm). For the ring resonator, we find one set
of longitudinal modes for each transverse mode in each polarization. The
number of lasing modes can be reduced with additional filters, see Section
5.4.2.
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For a DFB laser, the analysis of the spectral emission characteristics relies on
coupled-mode theory [120]. Assuming a DFB grating period a, the refractive
index modulation along the WG can be described by an effective index

modulation n(z)=n,,, +An, sin(2fB5z), having an amplitude An, and an

e,av

average effective refractive index n,, . The propagation constant is
Pg =2mn,,, [Ap at the Bragg wavelength Ag =2n,,,

of the grating for weak coupling can then be approximated given by [120]

a. The coupling strength

7 An,

p (5.3)

A sketch of a transmission spectrum of a DFB structure and its associated
stop-band can be seen in Figure 5.2(f), black line. The transmission stop-band
is centered at the Bragg wavelength Ag =2n, ,.a, and the bandwidth AA of the

stop-band, Figure 5.2(f), for a first-order Bragg grating is given by [120]

2 2
I

Ad=lB K‘2+? (5.4)
Tn,,

Note that, in a DFB laser without any phase shift, laser emission occurs at the
stop-band edges, rather than in the center of the stop-band at A, see Figure
5.2(f), red dashed line. If a quarter-wavelength shift is included at the center of
the Bragg-grating section, i.e., if a defect is introduced in the periodic
structure, the emission wavelength can also be within the stop-band of the
DFB structure. As with the ring resonator, we find one set of longitudinal
modes for each transverse mode in each polarization.

Laser threshold and output power The independent estimation for the net
gain at threshold, Equation (5.1) and Equation (5.2), can only be applied to
laser modes in media with inhomogeneously broadened gain spectrum, in
which longitudinal modes do not compete for gain. For the organic gain
medium used in our devices, the overall gain spectrum is predominantly
inhomogeneously broadened, whereas homogeneous broadening only plays a
role within very small wavelength ranges [32,33]. Within the ranges of
homogeneous broadening, longitudinal modes compete for gain, and the mode
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with the largest net gain finally starts to oscillate. The more modes are
competing, the higher the threshold for the dominant mode becomes. The two
lasing modes of DFB lasers without quarter-wavelength shift are separated
sufficiently so that no competition occurs. In contrast to that, the modes of
ring resonators with large diameters and hence small FSR are subject to gain
competition, and the lasing thresholds are therefore higher. Introducing an
additional longitudinal mode filter reduces the number of longitudinal modes
inside the homogeneous linewidth and decreases the pump threshold. Note
that gain competition can also occur for modes of different polarizations, e.g.,
if TE-polarized and TM-polarized modes have a strong spatial overlap inside
the gain medium, Figure 5.2(a) and Figure 5.2(b).

A high differential quantum efficiency 7, of the laser is important for a high
output power. This is particularly important for lasers based on organic dyes,
for which higher pump powers lead to a faster degradation, e.g., due to photo-
oxidation, and thus reduce the lifetime of the device. The ratio of induced
emission and total emission, comprising induced and spontaneous emission, is
denoted as 7,,,. The spontaneous emission depends on the total number of
modes inside the emission spectrum of the material and therefore increases
with the overall volume of the pumped region. The differential efficiency 7, is
obtained by the product of 7, , and the probability that an emitted photon is
coupled out of the laser cavity. This probability can be quantified by the total
photon lifetime 7, in the resonator, ;' = 7' + 7', including resonator losses

"« and outcoupling loss 75!

Ta
outcoupling only. The differential quantum efficiency is then given by [[121],

Equation (3.151)]

, where ¢ is the lifetime due to

_ Vg
T4 _nindm (5.5

Low propagation loss « requires a low threshold modal gain g,
Equation (5.1) and Equation (5.2), and leads to a high quantum efficiency for
a given outcoupling, Equation (5.5). Note that the ratio 7, of induced
emission and total emission increases itself with 7, . As a consequence, the
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outcoupling has to be optimized for extracting the maximum power from the
resonator. A small active volume with a small number of modes, which can
accept spontaneous emission, results in a larger 7, , than a larger active
volume, if the overall emission is the same.

5.3 Device fabrication

The SiNOH laser WG are fabricated with only one lithographical step. The
WG cores are structured in a 200 nm thick stochiometric Si;N, layer, which is
deposited via low-pressure chemical vapor deposition (LPCVD) on top of a
2 um thick silicon dioxide layer mechanically supported by a silicon wafer. As
etch mask, we use a negative-tone resist structured by electron-beam
lithography and spray developing. Dry etching with a mixture of SF4 and
CHF; is used to transfer the structure of the mask to the Si;N4 layer. An
oxygen plasma etching step follows and removes the etch mask. After
structuring the WG cores, a 800 nm thick layer of PMMA with dispersed laser
dye Pyrromethene 597 (PM597, Radiant Dyes Laser & Accessories GmbH) is
globally deposited onto the chips by spin coating to act as an active cladding.
For a local deposition the gain material can be dispensed [27] or structured
with electron beam or UV lithography [35]. The concentration of the dye
within the PMMA matrix material is 25umol/g and was optimized previously
in investigations of polymer goblet lasers [35].

For characterization, the chips are cleaved on one side to provide access to the
facet of the bus WG. Details of fabricated devices are shown in Figure 5.3(a)
shows a scanning electron microscopy (SEM) image of the Si;Ns WG cores
that belong to a spiral laser with ring-resonator mode filter. To improve the
pump efficiency, the ring-resonator WG is coiled up densely to form a double
spiral WG with a minimal curvature radius of 40 um in the center. Figure
5.3(b) displays a part of a DFB strip WG with sidewall corrugations.
Figure 5.3(c) shows a cross-section of the SisNy WG core embedded in the
dye-doped PMMA cladding.
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Figure 5.3: SEM images of the SizNy WG with spectra of the absorption and emission
cross sections of the organic dye, dispersed in the PMMA cladding. (a) Spiral resonator:
To improve the overlap with the pump, the ring resonator WG is coiled up densely to form
a double spiral with a minimal curvature radius of 40 um in the center. (b) DFB
resonator: Corrugated WG with width w, corrugation depth d, and period a. (c) Cross-
section of the SizsNg WG core clad with PMMA and Pyrromethene (PM597). (d) Emission
and absorption cross-sections of PM597 embedded in a PMMA matrix. The material is
pumped by a laser, emitting near the absorption maximum of PM597 in PMMA, green line
(64 (532 nm) = 2.56:10""° cm?). The emission of the SINOH laser is near 600 nm, red bar
(6¢ (600 nm) = 0.56-10"" cm?). The laser emission is redshifted from the wavelength of
maximum emission cross section at approximately 570 nm due to re-absorption of emitted
photons by dye molecules in the ground state.

For light emission, the structures must be optically pumped. Figure 5.3(d)
shows the wavelength-dependent absorption and emission cross sections of
PM597 dispersed in PMMA. The pump wavelength is chosen near the
absorption maximum, Figure 5.3(d), green vertical line, and the emission of
the SiINOH laser appears near 600nm, indicated by a red bar, red-shifted from
the maximum of the emission cross section of the laser dye at approximately
570 nm. This may be explained by the fact that re-absorption of emitted
photons through the dye molecules in the ground state is stronger at 570 nm
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than at 600 nm and by a general concentration-dependence of the emission
wavelength of dye lasers [36]. Emission wavelengths of approximately 600
nm have also been observed in other experiments that rely on PM597 as gain
material [35,37].

5.4 Characterization and demonstration of lasing

In the following, we first introduce the experimental setup used to investigate
our devices. We then discuss the results obtained for spiral and DFB laser. A
comparative discussion of the two device types follows in Section 5.5.

5.4.1 Characterization setup

The experimental setup is shown in Figure 5.4. The SiNOH lasers are pumped
from the top by a frequency-doubled Nd:YLF pulsed laser (CL523,
CrystalLaser) at a wavelength of 523 nm, a pulse duration of 20 ns, and a

Pump laser, A2 plate P, Energy
meter

523nm, pulsed BS
mm | |\ =

Alignment <> L;

laser
PMlensed C P,L,

fiber

(@)
S [
GC SiNOH O H O
laser Spectrometer

Figure 5.4: Experimental setup for characterizing SINOH lasers. The devices are pumped
via a free-space beam from a pulsed laser which is focused onto the chip by a lens L. The
energy of the pump pulsed impinging on the SINOH devices is varied by rotating a half-
wave (M/2) plate with respect to a fixed linear polarizer P. A beam splitter BS transmits
half of the pump emission to a pulse energy meter. The SINOH laser emission is coupled
from the chip by a lensed polarization-maintaining (PM) fiber. A collimator C and a
refocusing lens L, are used to couple the light to a spectrometer. A rotatable linear polarizer
P, can be inserted in the collimated portion of the beam for selecting the proper polarization
of the lasing modes. The position of the lensed fiber is adjusted with the help of an auxiliary
alignment laser at 635 nm, which is coupled to the bus WG (spiral laser) or to the
corrugated WG (DFB laser) through a grating coupler (GC). The same grating coupler is
used for measuring the transmission of the DFB structures.

102



5.4 Characterization and demonstration of lasing

repetition rate of 20 Hz, Figure 5.4. Pulsed operation with a rather low
repetition rate was chosen to ensure relaxation of dyes in excited triplet states
between subsequent pulses. The lifetime of these triplet states is typically in
the microsecond range, thereby preventing operation of dye lasers at high
repetition rates or in continuous wave (cw) mode [38,39]. The pulse energy is
varied by a half-wave (1/2) plate and a subsequent polarizer P, and a beam
splitter BS is used to transmit half of the pump energy to an energy meter. The
pump light is focused on the chip by a lens L;. The SiNOH laser light is
coupled from the chip edge with a polarization-maintaining (PM) lensed fiber.
A collimator C and a refocusing lens L, are used to couple the emitted light to
a spectrometer (Shamrock 500i, Andor, 60 pm resolution, 2 s integration
time). An optional rotatable linear polarizer P, is inserted between the fiber
collimator and the refocusing lens for selecting the proper polarization of the
lasing mode. An auxiliary alignment laser and a grating coupler help in
actively adjusting the lensed fiber to the output WG of the SINOH laser. For
the DFB structures, we also measure the transmission by coupling the light of
a white-light source (SuperK, NKT Photonics) to the chip via the grating
coupler and by capturing the transmitted light at the output with the lensed
fiber which is connected to the spectrometer.

All experiments reported in the following were conducted at room
temperature. However, we expect that SINOH lasers can be operated at other
temperature ranges as well. Previous experiments using also PM597-doped
PMMA as a gain material have shown that lasing is still possible at
temperatures of 65°C [35]. This should be sufficient for biophotonic
experiments, which are usually conducted at room temperature or at body
temperatures around 37°C. Cooling organic dyes to below 0 °C can even
improve the emission performance [40].

5.4.2 Lasers based on spiral-shaped ring resonators

The ring resonator has a perimeter of 2L = 17.5 mm and consists of a densely
packed double spiral for optimally filling the pump spot area, see Figure 5.5(a)
- Figure 5.5(c) for a sketch of the device layout. The pump beam has a
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Gaussian profile with a full-width half-maximum spot size of 200 um. The
curvature of the spiral-shaped WG is limited to provide a minimum bending
radius of 40 um, thereby keeping the associated loss sufficiently low. To
achieve low propagation loss for the fundamental TE and TM modes, the WG
width is chosen to be 500 nm, leading to two guided modes for each
polarization at a wavelength of 600 nm. The multimode (MM) sections are
indicated by black lines in Figure 5.5(a) Figure 5.5(c). Measuring the
transmission of the straight MM WG sections using an undoped PMMA
cladding without laser dye, we find a propagation loss of 5 dB/cm. This is
much lower than the loss of 7 dB/cm found for narrower, 300 nm-wide single-
moded WG with undoped PMMA cladding. We believe that these losses can
be further reduced by optimized fabrication processes. To suppress laser
oscillation of higher order transverse modes in the MM devices, we use short
single-mode WG sections, indicated as orange lines in Figure 5.5(a) - Figure
5.5(c), which are inserted in the center of the spiral and as a loop in the
coupling section between spiral and straight bus WG. As a consequence, we
find significantly reduced lasing thresholds for lasers with MM WG in the
spiral section as compared to their single-mode counterparts — despite the
slightly reduced overlap of the guided light with the active cladding in the
MM WG. Note that significantly smaller propagation losses could be achieved
by optimized fabrication processes, which should allow for further reductions
of the lasing threshold.

In a first step of our device characterization, we measure the lasing threshold
of the double spiral laser with a simple loop at the outer end of the spiral WG,
Figure 5.5(a). In this experiment, the whole spiral WG is pumped with a beam
having a Gaussian intensity distribution, see green spot in Figure 5.5(a). This
pump spot overlaps only partially with the spiral WG such that much of the
pump energy remains unused. Figure 5.5(d) shows the normalized lasing
spectrum for a pump pulse energy of 715 nJ, recorded with an integration time
of 2 s of the CCD camera in the spectrometer.
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Figure 5.5: Characterization of spiral SINOH lasers using different mode filters and pump
spot sizes. (a)-(c¢) Resonator geometries and pump spots (green). A transverse mode filter
(orange) is implemented by tapering down the multimode spiral-shaped resonator WG from
500 nm width to 300 nm for single-mode propagation. (b),(¢c) A ring resonator with a
round-trip propagation loss of 1 dB (4 dB /cm, Q = 5x10%) acts as a longitudinal mode filter
at the outer end of the double spiral and reduces the number of lasing modes in the spiral
resonator. A pump spot size of the order of the spiral diameter leads to a waste of pump
energy that is absorbed outside the overlap region with the spiral WG, see Subfigures
(a),(b). Focusing the pump spot to an area with high WG density, Subfigure (c¢), decreases
the threshold. (d)-(f) Emission spectra. Since the spectrometer used for recording the
emission spectra is not calibrated, we report the output power with respect to a common
reference power Py. Note that the scaling of the vertical axis in Subfigure (d) differs from
that in Subfigures (e) and (f). If a small ring resonator is used as a longitudinal mode filter
at the outer end of the double spiral, its FSR determines the lasing lines. (g)-(i) Laser
output power as a function of the total pump pulse energy W (lower horizontal axis) and of
the effective pump pulse energy Wes that is absorbed in the overlap region of the respective
pump spot with the spiral WG (upper horizontal axes). The threshold energies Wy, refer to
the total pump pulse energy, i.e., to the lower axes. In Subfigure (g), the scaling of the axes
differs from the scaling in Subfigures (h) and (i). We find that introducing the additional
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ring filter as spectrally selective feedback, Subfigure (h), decreases the pump threshold
by a factor of 6 compared to the case without ring filter, Subfigure (g). Using a focused
pump spot that leads to an enhanced overlap with the spiral WG, Subfigure (i), we can
achieve a further reduction of the threshold by a factor of 1.5 along with an increase of
the differential quantum efficiency, to be seen by the steeper slope of the laser
characteristic as compared to Subfigure (h).

The FSR of the spiral-shaped ring is estimated to be FSRspir = 10 pm, which
corresponds to 8.3 GHz and cannot be resolved by the spectrometer
(resolution 60 pm). The recorded spectra are not very stable — lasing occurs
only in a small range (590 nm to 610 nm) of the spontaneous emission
spectrum of the laser dye, and the center of the lasing spectrum changes from
integration interval to integration interval. We attribute this to mode
competition, possibly in combination with temperature-induced phase
fluctuations of mode patterns in the multi-mode spiral WG. Note that the
spectrometer used for recording the emission spectra is not calibrated and
indicates only relative power levels P/R with respect to an unknown
reference power PR,. This reference power is the same for all measurements
reported in the subsequent experiment, such that relative power levels P/PR,
may be compared across different measurements. For quantifying the
input/output power characteristics of our devices, we sum up the powers in all
spectral lines and depict the calculated normalized output power P/R, as a
function of the pump pulse energy W, Figure 5.5(g). Despite the unstable
lasing spectrum, no significant fluctuation of the total emitted power is
observed which supports the idea of mode competition. We find a laser
threshold of 312 nJ, corresponding to a pump fluence of approximately
400uJ / cm? for the area occupied by the spiral WG.

In a next step, we investigate a spiral laser, where the outer ends of the double
spiral are optically connected through a small ring resonator, Figure 5.5(b).
This ring resonator has a free spectral range of FSRgjy, = 660 pm (540 GHz)
and is used as longitudinal mode filter. We again use a Gaussian pump spot
covering the entire spiral WG, having the same overlap with the spiral WG as
in the previous experiment. Figure 5(¢) shows the lasing spectrum for a pump
pulse energy of 87 nJ. Lasing occurs for the fundamental TM mode (blue) and
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for the fundamental TE mode (red). The emission lines are spaced by
multiples of FSRgins The spectrum differs greatly from Figure 5.5(d) and is
stable from integration interval to integration interval. We attribute this to the
fact that the homogeneous linewidth of the dye is comparable to or smaller
than FSRgiy, such that different longitudinal modes do not compete for gain.
As a consequence, the pump energy at threshold, Figure 5.5(h), is smaller than
for the case of modes competing for gain as in Figure 5.5(a), Figure 5.5(d) and
Figure 5.5(h) shows further that TM-polarized lasing modes have lower
thresholds (53 nJ) than TE-polarized modes (60 nJ), corresponding to pump
fluences of 56uJ / cm? (TM) and 65uJ / cm? (TE) at the laser-active area of
the spiral, respectively. This is attributed to the fact that TM-polarized modes
transport a larger fraction (0.2) of cross-sectional power in the gain medium
outside the WG core than the TE modes (0.17). In addition, the loss for a TM-
polarized mode (high electric field strengths at the smooth upper surface) is
smaller than for a TE-polarized mode (high electric field strengths at the rough
sidewalls). Moreover, the differential quantum efficiency increases
signifycantly when introducing the filter ring resonator. This can be seen by
comparing the slopes in Figure 5.5(g) and Figure 5.5(h) (note the different
scales on the vertical axes). To understand this result, it is important to note
that the power coupling factor between the loop and the straight outcoupling
WG in in Figure 5.5(a) is the same as the power coupling factor between the
ring and the straight outcoupling WG in in Figure 5.5(b). However, the
resonant power enhancement in the filter ring leads to an effective increase of
power coupled from the spiral to the straight output WG, thereby causing a
significant reduction of the outcoupling photon lifetime 7, of the laser cavity.
Since both structures in Figure 5.5(a) and Figure 5.5(b) feature the same
propagation losses in the spiral and hence the same photon lifetime =, a
reduction of 7, leads to an increase of the differential quantum efficiency 7,,
see Equation (5.5).

The threshold of the spiral laser can be further decreased by increasing the
overlap of the pump spot with the spiral WG. One way to achieve this is to
focus the pump spot to an area with densely spaced WG, Figure 5.5(c), green
spot, such that a larger fraction of pump light is absorbed in the vicinity of the
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SisN, WG. The emission spectrum obtained with the focused pump spot,
Figure 5.5(f), shows similar properties as the one obtained by pumping the
entire spiral with a large pump spot, Figure 5.5(e). At the same time, the
focused pump spot allows to reduce the overall pump pulse energy at the
lasing threshold, Figure 5.5(i). Specifically, we obtain a threshold pump pulse
energy of 46 nJ and 35 nJ for the TE and the TM mode, respectively, and the
corresponding fluences amount to 1095uJ / cm? and 980uJ / cm?. This is a
reduction by a factor of 1.5 as compared to the case of the large pump spot,
see Figure 5.5(h). For a fair comparison of different pump spot geometries, we
define an effective pump pulse energy W that is absorbed in the overlap
region of the pump spot and the spiral WG, see upper horizontal axes in
Figure 5.5(g), Figure 5.5(h), and Figure 5.5(i). The area of the spiral was
modeled as a ring with a width of 50 um and an inner radius of 80 um for the
densely spaced WG regions. The S-shaped bend in the middle of the spiral is
neglected since it does not play a significant role.

Comparing Figure 5.5(h) and Figure 5.5(i), we find that the effective pump
pulse energy W is the same for both cases, and is in accordance with Figure
5.5(d), indicating that the re-absorption in the unpumped regions is small.
However, the differential quantum efficiency is larger for the focused pump
beam, because the active volume is smaller and 7, , is therefore larger, see
text after Equation (5.5).

We also estimate the total output power levels that can be achieved with the
current devices. To this end, we use a spiral laser according to Figure 5.5(b),
and we exchange the spectrometer with the pulse energy meter, see Figure 5.5.
For a pump pulse energy of W =4uJ, we measure an emitted pulse energy of
80 pJ at the fiber output. This corresponds to an on-chip pulse energy of
approximately 1 nJ when accounting for a fiber-chip coupling loss of the order
of 9 dB and for an on-chip propagation loss of 2 dB in the 3 mm-long passive
WG between the laser and the chip edge. For a pulse duration of
approximately 20 ns, this corresponds to a pulse peak power of the order of
50 mW. Clearly, the average power is much lower and amounts to
approximately 20 nW for the 20 Hz pulse repetition frequency used in our
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experiment. We believe that the output power of our SINOH lasers can be
greatly improved by optimized device design, material composition, and
fabrication processes. In addition, the average power can be increased by
using higher pulse repetition rates — probably in combination with shorter
pulse durations to keep the photodegradation low, see Section 5.5.

While the gain spectrum of the dyes in the active organic cladding is
predominantly subject to inhomogeneous gain broadening, homogeneous
broadening might play a role as well [32,33]. This can also be observed from
the emission spectra of the SiNOH spiral lasers: The filter ring in Figure
5.5(b) and Figure 5.5(c) has a free spectral range of FSR =0.6 nm. When
pumping the full ring, Figure 5.5(b), laser emission occurs only for cavity
modes that are spaced by at least two FSR, see corresponding spectrum in
Figure 5.5(e). On the other hand, when pumping only a part of the ring, Figure
5.5(c), cavity modes spaced by one FSR may oscillate, but exhibit a strong
imbalance in emitted power. We attribute both findings to gain competition
within a partially homogeneously broadened gain spectrum, where the
bandwidth of the homogeneous broadening is of the order of 0.6 nm,
corresponding to one FSR.

5.4.3 Distributed-feedback laser

Sidewall corrugations of a WG can couple counter-propagating WG modes
and thereby establish a distributed feedback (DFB) resonator, Figure 5.6(a).
The DFB structure is defined by its length L, width w, corrugation depth d,
and corrugation period a. The number of periods is denoted by m, the
feedback strength is «, Equation (5.3), and the separation of the lowest-order
lasing modes is A4, Equation (5.4). The active medium of the DFB laser is
pumped from the top with an elliptical pump spot that fully illuminates the
DFB WG. Figure 5.6(b), black line, shows the typical transmission spectrum
of a passive DFB resonator measured by coupling the light of a super-
continuum laser (SuperK Versa, NKT Photonics GmbH) to the GC and by
detecting the transmitted light with the spectrometer Figure 5.6. The resolution
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Figure 5.6: Transmission spectra and threshold characteristics of DFB resonators with
various geometries. (a) Schematic of a DFB section with length L, corrugation depth d,
period a, and width w along with the parameters used in Subfigures 4.6(b)-(e).
(b) Normalized transmission spectrum of the DFB WG (black line, RWB =260 pm) and
normalized lasing spectrum (red line, RBW = 60 pm) of a DFB laser above threshold. The
lasing modes are located at the edges of the stop-band which are blurred in the measured
transmission spectrum because of the rather coarse resolution of the spectrometer. The
dominant laser mode occurs at the low-frequency stop-band edge TEi, i.e., at higher
wavelengths, whereas the lasing mode at the upper stop-band edge TE,, (higher frequency,
lower wavelength) has much less power. (c¢) Laser characteristics: The dominant laser
mode TE,, at the lower stop-band edge starts lasing for lower pump pulse energies
(® Wino=32nl, left vertical axis) than the weak mode TE,, at the upper stop-band edge
(0,Winup =41 nJ, right axis). The horizontal upper axis gives effective pump pulse energy
W, defined by the fraction of the pump pulse energy that is absorbed in the overlap region
with the DFB structure. Since the spectrometer used for recording the emission spectra is
not calibrated, we report the output power with respect to a common reference power P,.
(d) Normalized transmission spectrum of the DFB WG for TE (red lines) and TM
polarization (blue lines) for different corrugation depths d. A larger corrugation depth d
leads to a larger stop-band width AA. For the same corrugation depth d, A\ is larger for TM
than for TE polarization. (e) Threshold pump pulse energies for different coupling
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strengths «L for TE and TM polarization. The pump pulse energy W refers to the effective
pulse energy that is absorbed in the vicinity of the DFB WG structure. The laser threshold
decreases for larger kL. For TM polarization, we observe smaller thresholds than for TE
polarization. This can be explained by the larger overlap of the TM mode with the gain
medium and by the smaller propagation loss compared to the TE mode.

bandwidth (RBW) has been chosen to rather high RBW =260 pm because the
super- continuum source is limited in power spectral density. As a
consequence, the transmission maxima expected at the band edges cannot be
resolved. The emission spectrum of the pumped resonator is depicted in the
same figure by a red line and shows two lasing modes TE,, and TE,, having a
spectral distance of AA=1.2nm. The dominant mode occurs at the lower
bandgap edge for lower photon energies, TE,,, whereas the lasing mode TE,,
at the upper high-photon energy bandgap edge is less pronounced. Note that
when pumping the laser, the induced gain and the higher temperature lead to a
blue shift of the DFB stop-band as compared to the cold resonator. For better
visualization, this was compensated by blue-shifting the measured
transmission spectrum by 0.2 nm in Figure 5.6(b).

The laser output powers R, and £, for the two lasing modes in Figure 5.6(b)
was measured as a function of the pump pulse energy W, Figure 5.6(c). In the
investigated device, the dominant laser mode of Figure 5.6(b), filled red
circles, starts lasing for lower pump pulse energies Wy, |, =32nJ than the less

pronounced one with W, - =41nJ, open red circles. The differential quantum

h,u;
efficiency according to qulation (5.5) is larger for the TE,, mode than for the
TE,, mode. Note that this behavior was not systematic, and that we also
observed DFB lasers or pump conditions in which the laser emission at the
lower stop-band edge was equal to or stronger than the emission at the upper
edge. We attribute this observation to slight imbalances in the net gain of the
two modes that may be caused by, e.g., different overlaps with the gain
material, by differences in scattering losses due to rough wave WG surfaces,
or by frequency-dependent external feedback originating from the remote
waveg WG facets. As both modes are amplified, the homogeneous line
broadening of the dye must be smaller than the spectral separation of the DFB
resonator modes.
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Figure 5.6(d) shows transmission spectra for TE (red lines) and TM modes
(blue lines) of DFB resonators with different corrugation depths d but
otherwise same geometries. The center wavelengths of the stop-bands for TE
modes are red-shifted by 16 nm ...18 nm from those of the TM-polarized
modes, which is caused by the slightly higher effective index seen by the TE
modes as compared to the TM modes. At the same time, we observe a red-
shift of the stop-bands for increasing depths d. This red-shift is slightly
stronger for the TE-polarized modes than for their TM-polarized counterparts.
This can be explained by the following consideration: Changing the
corrugation depth does not only change the coupling strength «, but also the

average WG width w,,, =w+d/2. This leads to an increase of the average

,av
effective refractive index n,,, seen by the guided modes, and this increase is
stronger for TE polarization than for TM. As a consequence, the center
wavelength Ag =2n, ,,a increases stronger for TE than for TM modes. We
also find that the bandwidth AA of the stop-band is slightly larger for TM-
polarized modes than for TE polarized modes for the same corrugation depth

d, which means that the grating strength is larger for TM modes.

The threshold pump pulse energies measured for devices with different
coupling strengths « and different lengths L = ma are shown in Figure 5.6(e),
where TM polarization is indicated by blue circles and TE polarization by red
circles. For better comparison of the threshold pump energies we consider
again only the effective pump pulse energy Wy, ¢ that is absorbed in the
vicinity of the DFB resonator, i.e., within a rectangular region that comprises
the DFB WG and as well as a 600 nm-wide strip to each side of the WG. In
this graph, the coupling strength x was obtained from simulations of
homogeneous WG with widths w and w+ d , which provides the effective-
index difference An, and the coupling strength x according to Equation (5.3).
For comparing the experimental results to the theory developed in [31], we
also plot dashed and solid reference lines in Figure 5.6(e). These lines are
obtained by assuming that the gain at threshold is proportional to the
associated pump pulse energy, Wy, . o< gy, L .
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In the low-gain regime, i.e., in the right-hand part of the diagram (g, < x),
we use Equation (5.3). to derive a model function. For simplicity, we assume
that the gain at threshold is mainly dictated by the finite feedback of the DFB
structure while the impact of the propagation loss @ can be neglected, i.e.,
al <2(x/ KL)2 even in the low-gain regime. This leads to a model function
of the form W, ¢ =C(7z'/KL)2, where the scaling factor C is used as a fit
parameter. The associated sections of the reference curves in the right-hand
part of Figure 5.6(e) are drawn as solid lines. For the high-gain regime,
g4, > «, Ref. [31] only provides a numerical solution [31, Fig. 8], which we
plot into the left-hand part of Figure 5.6(e) as solid lines using the scaling
factor C obtained from the low-gain regime. A dashed spline connects the two
partial curves.

Even though the measured data points in Figure 5.6(¢) are subject to
substantial variations, they follow the overall trend obtained from the
reference lines. The laser threshold decreases for larger xL, and the threshold
is smaller for TM polarization than for TE polarization. This can be explained
by the larger overlap of the TM-polarized mode with the gain medium
compared to the TE-polarized mode. In addition, the propagation loss is
expected to be smaller for TM-polarized modes as large field strengths are
located at the smooth upper surface of the WG core, whereas TE-polarized
modes interact stronger with the rather rough sidewalls of the WG core. Low
thresholds of Wy, . <0.3nJ are reached with total coupling strengths xL >15
. The pump fluences on the resonator at threshold are 40J / cm?...60p) / cm?.
Note that, when designing DFB lasers, decreasing the threshold by increasing
kL is only effective to a certain extent. At very large values of xL, the
optical feedback is very strong, and the outcoupling rate 7z' becomes small

1

compared to the overall resonator loss rate 7z, , thereby reducing the

differential quantum efficiency according to Equation (5.5).

To achieve single-mode lasing, DFB lasers with a quarter-wave shift
(DFB,,,) at z = L/2 were investigated, see Figure 5.7(a). The optical quarter-
wave (1/4) shift in the center of the Bragg grating corresponds to a spatial
shift of the z-dependent width modulation by half the grating period, i.e., by
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a/2 . This leads to laser emission at the Bragg wavelength A, supported by a
lasing mode that is spatially confined to the region of the phase shift and that
decays exponentially towards both ends of the grating. Figure 5.7(b), black
line, shows the transmission spectrum of a passive DFB,,, resonator with the
parameters given in Figure 5.7(a), which leads to xL=3.4. Also here, the
transmission spectrum was measured using a rather high RBW of 260 pm to
cope with the limited output power of the super-continuum source.

The emission spectrum of the pumped resonator is depicted in the same figure,
red line, recorded with a RBW of 60 pm. From a Lorentzian fit, we calculate
the full-width half-maximum of the lasing emission to be FWHM =230 pm
(190 GHz). Although there is no characteristic transmission peak at A, in the
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Figure 5.7: Transmission spectrum and threshold of a DFB; laser. (a) Schematic of a
DFB section with quarter-wave (A/4) shift at z=L/2, total length L, corrugation depth d,
period a, and width w. The quarter-wave (A/4) shift corresponds to a geometrical shift by
a/2 and leads to lasing at the Bragg wavelength. Parameters for Subfigures 4.7(b),(c) are
listed in the table on the right. (b) Normalized transmission spectrum (black line,
RBW =210 pm) and laser emission (blue line, RBW = 60 pm) for a TM-polarized mode.
The lasing mode is located at Ag in the middle of the stop-band. The expected transmission
peak at Ag cannot be seen, due to a non-negligible background and due to limited
spectrometer resolution and low emission power of the whit-light source used for the
measurement. (¢) Laser characteristics: The TM laser mode starts lasing for pump pulse
energies Wy =33 nlJ. The horizontal upper axis shows the fraction of the pump pulse
energy Wy that is absorbed in the overlap region with the DFB,4 structure. The output
power is again specified with respect to a common reference power Py.
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middle of the transmission stop-band, a laser mode emerges at A,. We
attribute the missing transmission peak to the non-negligible background in
the transmission measurement and to the limited spectral resolution, which
was again dictated by the limited emission power of the white-light source.
The laser output power was measured as a function of the overall and the
effective pump pulse energy W and W.gy, respectively, Figure 5.7(c). The
effective pump pulse energy . refers again to the pulse energy absorbed in
the vicinity of the DFB resonator, i.e., within a rectangular region that
comprises the DFG WG and a 600 nm-wide strip to each side of the WG.

We find a threshold of } =33nJ (Wi, =0.07nJ), which is comparable to
the threshold of the DFB gratings with large xL in Figure 5.6(d). The
threshold pump fluence at the resonator is 64uJ / cm?.

5.5 Comparative discussion

Based on our analysis of the different SINOH laser concepts we compare the
properties that are crucial for applications in bio-sensors. Important
requirements are the spectral properties of the emitted light, the on-chip
footprint, as well as robustness and tolerance with respect to fabrication
inaccuracies. These aspects are discussed in the following section.

Spectral properties of emitted light For the spiral resonators, the number
of modes is mainly defined by the FSR of the feedback filter ring, the spectral
distribution of the net gain, and the bandwidth of the homogeneous line
broadening. In our experiments, we found that lasing occurs within a 15 nm
bandwidth centered at approximately 600 nm. The number of modes within
the bandwidth can be controlled by the radius of the feedback filter ring.
Increasing the FSR to obtain lasing in a single longitudinal mode is not always
possible because smaller radii of the feedback ring filter can lead to higher
losses due to radiation and therefore to higher thresholds. Moreover, the exact
emission wavelength might sensitively depend on the temperature of the
feedback ring filter. For spiral lasers, lasing can occur simultaneously in TE
and TM polarization.
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For the DFB resonator, single-mode emission can be achieved over a large
spectral range, limited by the gain spectrum of the dye. By carefully choosing
the period of the grating, the polarization can be controlled. In some cases,
two modes can be amplified at both boundaries of the stop-band, but usually
one mode is dominant. For DFB,,, lasers, only one mode at the Bragg
wavelength oscillates. Similar to the DFB lasers, the mode can be chosen in a
large spectral range by varying the period of the grating. For both DFB and
DFB,,, lasers, emission usually occurs in one polarization only.

Device lifetime Generally, the device lifetime of organic lasers is limited by
photodegradation of the dyes [38]. However, this did not represent a practical
limitation in our experiments — we could test the SINOH devices for several
hours, i.e., with more than 100 000 pump pulses, while still retaining at least
50 % of the initial emission power. These findings are in line with recently
published results on similar devices [28] and should permit operation of
SiNOH lasers in disposable point-of-care devices. Note that the pump pulse
duration used in our experiments amounts to 20 ns and is thus significantly
longer than the fluorescence lifetime of the dyes, which is approximately 5 ns
[41]. Using shorter pump pulses might hence allow to further improve the
device lifetime [38,39].

We also observe an increase of the degradation rate if the pump spot is
focused to a smaller area as in the scheme depicted in Figure 5.4(b). This can
be explained by considering the photodegradation mechanism in more detail:
When photons are absorbed, the dye molecules are transferred from a singlet
ground state to a singlet excited state, which has a lifetime in the nanosecond
range [42]. With a certain probability, such a singlet excited state can undergo
an intersystem crossing to a triplet excited state, which requires another
intersystem crossing to relax to the singlet ground state and which thus has a
rather long lifetime in the microsecond range [42]. Photodegradation can
either directly result from a chemical reaction of excited triplet-state dyes with
their molecular environment [43] or can be indirectly caused through
generation of highly reactive singlet oxygen molecules during one of the
intersystem crossings [44]. Focusing the pump to a smaller cross section has
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two effects on this mechanism: First, the length of the active WG sections
within the pump spot is smaller, such that laser operation requires a higher
density of excited single-state dyes to compensate the cavity losses. Second, a
higher photon density may also lead to further transitions from the first excited
singlet states to higher singlet states, from where the transition to a triplet state
is more likely [44]. We believe that a systematic investigation of these effects
can lead to additional approaches to increase the device lifetime.

Footprint and overlap with pump spot The larger the overlap of the laser
WG with the pump spot, the more energy can be transferred to the SINOH
laser. For spiral lasers, good overlap with a circular pump spot can be
achieved and can be further increased by focusing the pump light to an area
with densely spaced WG or by using alternative pump spot shapes such as
rings. Generally, spiral lasers have larger on-chip footprint than other devices.

For the DFB and the DFB,,, laser, the overlap with a circular pump spot is
much smaller than that for the spiral, but its size may be increased by using,
e.g., a cylindrical lens that generates a line-shaped focus. The devices offer
small on-chip footprint and lend themselves to integration in arrays which can
be excitated by one large pump spot.

Robustness and tolerance to fabrication inaccuracies Within the limited
set of approximately 50 devices investigated for the current study, we found
the reliability of spiral lasers to be higher than that of DFB and DFB, ,
lasers, especially when the devices are coupled to additional on-chip photonic
circuits. This could be caused by optical feedback, which might have a higher
impact on DFB and DFB,, lasers than on spirals, or by a higher sensitivity
of the DFB gratings with respect to fabrication inaccuracies. These aspects
require further investigation.

5.6 Summary

We demonstrate and investigate hybrid organic dye lasers emitting at 600 nm
wavelength that can be monolithically integrated on the silicon nitride (SizNg)
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platform. The SizNy-organic hybrid (SiNOH) lasers are operated by optical
pumping from the top with relaxed alignment precision of the pump spot with
respect to the on-chip structures. SINOH lasers can be fabricated in a single
lithography step by structuring the silicon nitride waveguides together with
other devices on the same chip, and by subsequently dispensing or spin
coating the organic gain medium on top of the WG cores.

In our proof-of-concept study, we investigate two different laser geometries,
spiral-shaped ring resonators and DFB resonators, and compare our
experimental findings with theoretical models. All investigated SINOH lasers
offer acceptable threshold fluences of 40uJ / cm?...70u] / cm? with vast room
for further improvement. We also provide a comparative discussion of the
different device concepts. To the best of our knowledge, our experiments
represent the first demonstration of SiINOH spiral lasers and of SINOH DFB-
lasers with first-order gratings. By using different dyes and by adapting the
resonator design, SINOH lasers should be able to address the entire visible
wavelength range. We expect that the versatility of the device concepts, the
simple operation principle and the compatibility with cost-efficient mass
fabrication will make the SiNOH lasers a highly attractive option for
applications in bio-photonics and point-of-care diagnostics.

[end of paper [J3]]
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6 Biophotonic sensors with integrated
SisNs-organic hybrid (SiNOH) lasers

This chapter shows the first WG-based sensor system that comprises a MZI-
based biosensor and a co-integrated SiNOH laser. The functionality is
demonstrated by detecting various concentrations of fibrinogen. Furthermore,
the sensitivity and operation in point-of-care applications is discussed. The
experiments were conceived by D. Kohler.,, K. Lénge., and C. Koos.
D. Kohler developed the SiNOH laser and performed the experiments.
L. Hahn supported the fabrication of the Si;N, waveguide structures, which
were conceived and designed by D. Kohler., J. Milvich., and G. Schindler.
A. Hofmann developed the processes for local dispensing of the passivation
layers on the reference arm of the sensor. D. Kohler, W. Freude., and C. Koos
prepared the manuscript. This chapter is taken from [J2] which is published in
Optics Express. In order to fit the structure and layout of this document, it was
adapted accordingly.

[start of paper [J2]]
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Early and efficient disease diagnosis with low-cost point-of-care devices is
gaining importance for personalized medicine and public health protection.
Within this context, waveguide-(WG)-based optical biosensors on the silicon
nitride (SizN4) platform represent a particularly promising option, offering
highly sensitive detection of indicative biomarkers in multiplexed sensor
arrays operated by light in the visible wavelength range. However, while
passive SizNy-based photonic circuits lend themselves to highly scalable mass
production, the integration of low-cost light sources remains a challenge. In
this paper, we demonstrate optical biosensors that combine Si;N, sensor
circuits with hybrid on-chip organic lasers. These SizNj-organic hybrid
(SINOH) lasers rely on a dye-doped cladding material that are deposited on
top of a passive WG and that are optically pumped by an external light source.
Fabrication of the devices is simple: The underlying Si;N4, WG are structured
in a single lithography step, and the organic gain medium is subsequently
applied by dispensing, spin-coating, or ink-jet printing processes. A highly
parallel read-out of the optical sensor signals is accomplished with a simple
camera. In our proof-of-concept experiment, we demonstrate the viability of
the approach by detecting different concentrations of fibrinogen in phosphate-
buffered saline solutions with a sensor-length (L-)-related sensitivity of
S/L=0.16 rad/(nM mm) . To our knowledge, this is the first demonstration
of an integrated optical circuit driven by a co-integrated low-cost organic light
source. We expect that the versatility of the device concept, the simple
operation principle, and the compatibility with cost-efficient mass production
will make the concept a highly attractive option for applications in bio-
photonics and point-of-care diagnostics.
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6.1 Introduction

Integrated sensors based on optical waveguides (WG) exhibit an enormous
application potential in bio-photonics and medical diagnostics, especially
when it comes to multiplexed, highly sensitive detection of a wide variety of
target molecules [4], [19]. In bio-photonic applications, the visible (VIS,
A=400nm ... 700 nm) and  short-wavelength  near-infrared  (NIR,
A=700nm ... 1100 nm) spectral ranges are of particular interest [40], offering
a low absorption [14] and hence permitting large interaction lengths of the
guided light with analytes in mostly aqueous solutions [102], [103]. Within
this context, silicon nitride (Si3N4) has emerged as a powerful integration
platform for WG-based sensor systems [122]. Its advantages are the low
propagation loss over the wide spectral range between 400 nm and 2.3 pm [9],
[105]-[107] in addition to the high refractive-index contrast between the SizNy4
WG core (nSi3N4: 2.01 @ 4 =600 nm [49]) and the silicon dioxide cladding (
Nsio,=1.46 @ 4 =600 nm [50]). Moreover, Si3sNy-based photonic integrated
circuits (PICs) can be efficiently fabricated in large quantities using mature
wafer-scale processes that offer high yield and are that accessible through a
worldwide ecosystem of photonic foundries [9], [105]. This opens a path
towards cost-efficient mass production of highly functional sensor chips for
one-time use in point-of-care diagnostics.

However, with a few exceptions in the mid-infrared wavelength range [123],
biosensors on the Si;Ny integration platform remain limited to mainly passive
circuits and usually rely on external light sources coupled to the chip [24],
[102], [109], [124]. This requires delicate fibre-chip coupling schemes that are
subject to stringent mechanical tolerances, which conflicts with the demand
for technically simple low-cost sensor systems for point-of-care diagnostics.
Cointegration of sensor circuits with on-chip lasers might represent an
alternative, but all demonstrations have so far been limited to NIR sources that
are first realized on a separate substrate and that are then flip-chip mounted
onto passive SizNy PICs in a dedicated assembly step [35]. This involves serial
assembly processes and thus mitigates most of the scalability advantages of
highly parallel wafer-level mass fabrication. It is hence uncertain whether
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high-precision assembly of discrete laser dies could comply with the stringent
cost limitations of disposable biosensors.

In this paper, we demonstrate a Siz;N4 biosensor monolithically co-integrated
with a low-cost hybrid laser source operating at visible wavelengths. The laser
relies on the concept of SizNs-organic hybrid (SiNOH) integration and
combines passive SisNys WG cores with dye-doped organic cladding materials
[54], [114]-[116], [125]. The devices are technically simple and can be
efficiently realized by wafer-level printing techniques. SINOH lasers may
either be optically pumped by an external laser or a light-emitting diode
(LED) without any high-precision alignment of the pump spot or physical
contact with the chip. In a proof-of-concept experiment, we demonstrate the
viability of the sensor system by detecting different concentrations of
fibrinogen in an aqueous buffer solution. To our knowledge, this is the first
demonstration of a Si;N4 photonic integrated circuit driven by an on-chip laser
source emitting at visible wavelengths.

6.2 Results

6.2.1 Concept

The concept of a Si;Ny-based biosensor with co-integrated SINOH lasers is
shown in Figure 6.1(a). For robust handling purposes in point-of-care
applications, the sensor chip is placed in a cartridge (black) containing
windows for optical pumping and readout. The sensor comprises a
microfluidic chamber with in- and outlets for the liquid analyte solution. The
chamber is formed by the chip surface, the cartridge lid, and an elastic seal
(blue) between the chip surface and the lid. The SiNOH lasers are pumped
from the top by an external light source with a large spot size such that high-
precision alignment of the chip with respect to the pump beam is not needed.
The generated laser light is coupled with a Si;N, single-mode WG and guided
to an array of on-chip sensors. The output light is radiated through the read-
out window by grating couplers and captured by a camera. Optical pumping
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(a)  External In- and outlet for To camera
pump liquid analyte
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Figure 6.1: Concept of the SizN4-based biosensor with co-integrated lasers. (a) The SizNy
chip combines a SiNOH laser array with an array of sensors, illustrated as Mach-Zehnder
interferometers (MZI), and is placed in a cartridge (black) containing windows for optical
pumping and readout. The sensor comprises a microfluidic chamber with an in- and outlet
for the liquid analyte solution, which is formed by the chip surface, the cartridge lid, and an
elastic seal (blue) between the chip surface and lid acting as the chamber sidewalls. The
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integrated SINOH lasers are pumped by an external light source with a large pump spot size
such that high-precision alignment is not needed. The light originating from the sensor
output is radiated from the chip to a read-out camera by grating couplers. (b) Simplified
schematic of the MZI-based sensor. Each MZI contains one sensing and one reference arm.
The sensing arms are functionalized with individual antibodies AB1, AB2, and AB3 that
bind specific target molecules M1, M2, and M3, respectively, to the WG surfaces.

and read-out offer the advantage that no physical contact with the chip is
required and thus greatly simplifies the handling of the devices — a key aspect
in point-of-care applications. Figure 6.1(b) shows a simplified schematic of
the sensor section, consisting of three Mach-Zehnder interferometers (MZlIs)
with one sensing arm and one reference arm each. The sensing arms are
functionalized with individual antibodies AB1, AB2, and AB3 that bind
specific target molecules M1, M2, and M3, respectively, to the WG surface.
The reference arms are not functionalized.

6.2.2 Proof-of-concept system

To demonstrate the viability of the sensor concept shown in Figure 6.1, we
realized a proof-of-principle demonstrator that combines an on-chip SINOH
laser with an MZI-based biosensor in a microfluidic chamber. The layout of
the underlying Si;N4 chip is shown in Figure 6.2(a). The MZI is placed
between the SiNOH laser and the grating coupler (GC) array. The laser is
sufficiently far from the GC array to avoid any optical cross-talk by stray light
originating from the pump laser.

The SiNOH laser relies on a passive Siz;N4s WG, which is embedded into a
light-emitting cladding that can be optically pumped (Inset of Figure 6.2(a)).
Details of the SINOH laser have been presented in an earlier publication [54].
In our experiments, the cladding consisted of 800-nm-thick
polymethylmethacrylate (PMMA) doped with an organic dye. This cladding
can be deposited via simple wafer-level dispensing or ink-jet printing
processes. The SINOH laser cavity is realized as an open-ended spiral-shaped
SizN, WG with a distance of 1.5 um between neighbouring turns
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Figure 6.2: Fabricated demonstrator chip, combining a SiNOH laser with an MZI-based
biosensor. (a) The SiNOH laser cavity is an open-ended spiral WG that is evanescently
coupled to a ring resonator, which feeds the input WG of the MZI-based sensor circuit.
Resonant coupling of the counter-propagating modes in the ring leads to narrowband
frequency-selective back-reflection from the outer end of the spiral. Broadband optical
feedback from the inner end of the spiral is provided by reflection from the open WG end
at the centre in combination with roughness-induced backscattering along the 20-mm-long
spiral WG. The cladding window of the SiINOH laser (magenta) is filled with dye-doped
PMMA acting as an organic gain material. The inset shows a typical cross-section (width
w and height 4) of a SINOH WG along with the simulated electric field magnitudes |]q of
the fundamental quasi-TE mode. The sensor MZI is formed by a 2 x2 MMI splitter
(MMI,) and a 3 x 3 MMI combiner (MMI3), of which only two input ports are used. The
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splitter distributes the light originating from the SINOH laser equally to the two spiral-
shaped arms. The sensing arm (white) is exposed to the analyte solution, while the
reference arm (dark grey) is passivated by a cover material. The three output signals of
MMI; are coupled from the chip by a GC array and recorded by a camera (not shown).
(b) Light-microscopy image of a SiNOH laser cavity without cladding. The spiral is
densely coiled up with a 1.5-pm distance between neighbouring WG, see Inset 1. The
waveguides are subject to a certain sidewall roughness in the form of vertical grooves, see
Inset 2. This roughness may lead to loss and to a resonantly enhanced coupling of the
counter propagating modes in the ring resonator. (c¢) Spiral-shaped WG in the MZI arms.
For passivation purposes, the reference arm is covered with a low-index glue that is
approximately index-matched to the aqueous analyte solution applied to the sensing arm.

(Figure 6.2(b)). The spiral WG is evanescently coupled to a ring resonator,
where the resonant coupling of counter-propagating modes leads to frequency-
selective optical feedback. The ring resonator also feeds the output WG, thus
yielding an MZI-based sensor circuit. The overall footprint of the SINOH laser
amounts to less than 0.3 x 0.3 mm? — much smaller than the microfluidic
structures required for the handling of the analyte, which typically extend over
several millimetres. Note that the concept of combining passive inorganic WG
structures with functional organic cladding materials has previously been
exploited in silicon photonic circuits operated in the near-infrared wavelength
range. This silicon-organic hybrid (SOH) integration concept lends itself to
electro-optic modulators with a record-high efficiency [126] and to low-cost
on-chip laser sources [117].

The sensor circuit itself consists of a 2 x 2 multimode interference coupler
(MMLI,) that splits the incoming light into the two spiral-shaped arms of the
MZI (Figure 6.2(a) and Figure 6.2(c)). The sensing arm (white) is exposed to
the analyte, while the reference arm (dark grey) is covered by a protective
layer (Figure 6.2(c)). The sensing and reference arms exhibit the same
geometrical length, i.e., L = 1.8 mm. The output fields of the sensing arm ( £g
) and the reference arm ( £y ) are fed to the two input ports of a 3 x 3 MMI
(MMI;). The three output signals propagate to a GC array, which radiates the
light to the top. The MMI and GC are designed for operation under quasi-TE
polarization, for which the horizontal component (x-component) of the optical
mode field dominates (please refer to the inset of Figure 6.2(a)).
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6.2.3 On-chip SiNOH laser

The SiNOH laser design is slightly different from that of the devices
presented in our former publications [54], [114] (Section 5.4.2). Specifically,
we found that due to the high gain provided by the dye-doped organic
cladding material, lasing was possible even for cavities with fairly low Q-
factors. We exploit this fact by replacing the closed spiral cavity used in Ref.
[54] (Section 5.4.2) with an open spiral, which does not require a large S-turn
at the centre and hence allows us to greatly increase the overlap with the
Gaussian pump spot. This becomes more obvious when comparing the area
fill factor of the open SiNOH laser spiral shown in Figure 6.2(b) to the sensor
spirals in the MZI arms shown in Figure 6.2(c). The open laser spiral is
densely coiled with a distance of 1.5 um between the neighbouring WG and
fills a circular area with a 100-um radius. It is pumped with a Gaussian spot
(green) exhibiting a full-width half-maximum of 160 pm. The slightly
multimoded (MM) spiral WG reveals a width of 500 nm that is tapered down
to 300 nm to allow single-mode coupling to a ring resonator with a radius of
40 um and a free spectral range of FSR =0.66nm (540 GHz). To avoid gain
competition between the various lasing modes, the FSR was deliberately
chosen to slightly exceed the bandwidth of the homogeneous gain broadening
that was previously estimated to be on the order of 0.6 nm [54] (Chapter 5). It
should be noted that the FSR must not be chosen unnecessarily large to ensure
that all dye molecules emit into a spectrally sufficiently close lasing mode.
This leads to polychromatic laser emission — a feature that must be considered
when designing the sensor coupled to the SiNOH laser. Within the ring,
resonantly enhanced coupling of the counter-propagating modes leads to
single-mode frequency-selective reflection of light back into the spiral. This
coupling arises from the surface roughness of the WG ring (as shown in
Figure 6.2(b)). Moreover, broadband optical feedback is provided from the
inner end of the spiral through reflection from the open WG end at the centre,
possibly in combination with the roughness-induced backscattering along the
18-mm-long spiral WG. We also measured the propagation loss of the SizNy
WG in the SiNOH cavity, which, for an undoped PMMA cladding, amounted
to approximately 5dB/cm for the 500-nm-wide multimode spiral WG and to
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approximately 7dB/cm for the narrower 300-nm-wide single-mode WG. A
more detailed discussion of the optical feedback in the SiNOH laser cavity
has been provided in Supplementary Note 1.

In the first step, we characterize the SiNOH lasers without attached
biosensors, see Figure 6.3. Figure 6.3(a) shows the associated test structure
with two output grating couplers GC1 and GC2. The device is optically
pumped by a frequency-doubled Nd:YLF pulsed laser (CL523, Crystalaser,
Reno, USA) with an emission wavelength of 523 nm, a pulse duration of 20
ns, and a repetition rate of 20 Hz. Within the single-mode (SM) ring
resonator, the clockwise-propagating mode is predominantly excited, but it
also experiences resonantly enhanced coupling to the counter-clockwise-
propagating mode because of structural imperfections such as sidewall, see
Inset 2 of Figure 6.3(b). This is confirmed by comparing the output power
found at GC1 and GC2, see Figure 6.3(b). The top row shows the colour-
coded intensity distribution of the light radiated from GC1 and GC2 as
recorded by a camera. The bottom row shows cross-sectional intensity plots
along the main axes of the grating couplers, i.e., at x = 0. The emission from
GC2 is approximately three times as high as the emission from GClI,
indicating that the clockwise-propagation mode is predominantly excited but
experiences substantial coupling to its clockwise-propagating counterpart.

For a further investigation, we captured the light from GC2 with a single-
mode fibre and connected it to a spectrometer with a resolution bandwidth of
60 pm and an integration time of 2s. Figure 6.3(c) shows the emission
spectrum at a pump-pulse energy of W =93 nJ. The spectrum is normalized to
the highest peak and shows three dominant quasi-TE-polarized lines within
the recorded spectral range of 10 nm. The peak power of the emitted laser
pulse is on the order of 100 mW, which is twice as high as that of previously
demonstrated SiNOH lasers [54] (Section 5.4.2). This improvement was
achieved by using open-spiral cavities, which do not require a large S-turn at
the centre and thus provide a better overlap with the pump spot than their
closed-spiral counterparts used in our previous demonstration. The

normalized average output power P/P,,.

vs. the pump-pulse energy W is
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Figure 6.3: Characterization of SINOH laser. (a) SiNOH laser geometry: A multimode
WG (MM, black, w = 500 nm) embedded in the gain medium is coiled into a spiral with an
outer diameter of 200 pm. The arrangement offers a large overlap of the spiral WG with the
Gaussian pump spot exhibiting a full-width half-maximum of 160 um (green). The MM
WG is tapered down to a single-mode (SM) WG subject to w =300 nm (orange), which is
evanescently coupled to a SM ring resonator (Q = 5x10%). The ring resonator is coupled to
the SM output WG that guides the light to GC 1 and GC 2, which are both optimized for
quasi-TE polarization. (b) Colour-coded intensity of the SINOH laser light emitted from
GC 1 and GC 2 (upper row) along with a cross-section of the emission profile along the
line of x = 0 (bottom row). The emission from the GC is recorded by a CCD camera (three-
fold magnification) and normalized to the maximum detected power intensity /m.x measured
at GC 2. By comparing these plots, we find that the clockwise-propagating power in the
ring is three times as high as the counter-clockwise-propagating power, which provides
feedback into the pumped spiral. (¢) Normalized emission spectrum of the SINOH laser
recorded under quasi-TE-polarization at GC 2 (resolution bandwidth: 60 pm; integration
time: 2 s). Three dominant lasing modes are shown.  (d) Normalized laser output power
as a function of the pump pulse energy . We find a lasing threshold of Wy, = 34 nJ.

shown in Figure 6.3(d). At each pump-pulse energy level, the output power is
measured by integrating the spectrum, as shown in Figure 6.3(c), over all
wavelengths. We find a clear lasing threshold with a threshold pump-pulse
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energy of Wy, =34 nJ. We also investigated the output power emitted from
GC1 as a function of the pump-pulse energy, observing that the lasing
threshold is essentially the same as that extracted from GC2, see Appendix C,
Figure C.2. This confirms the notion that the emission at GCI results from
resonant coupling of counter-propagating modes in the ring. By investigating
the output spectra of GC2 for different pump-pulse energies, we find that the
three lasing modes exhibit distinct thresholds with no indication of gain
competition, see Appendix C, Figure C.1. Further details on the SINOH spiral
laser and the emission characteristics are contained in Supplementary Note 1.

6.2.4 MzZl-based sensors and polychromatic laser sources

MZI-based sensors offer the general advantage that they are robust with
respect to mechanical stress and temperature fluctuations, in particular when
the sensing and reference arm rely on WG which feature identical or very
similar cross-sections and which are placed in close vicinity to each other.
Temperature fluctuations in the chip will then affect both MZI arms in the
same way, without any impact on the measurement result, which only depends
on the phase difference at the output of the two arms. In general, 2 x 1 MMI,
2x2 MMI or 3 x3 MMI may be used as power combiners in MZI-based
biosensors. MZI based on 2 x 2 MMI and 3 x 3 MMI allow for correction of
laser-power fluctuations, which affects all output signals equally. This is in
contrast to structures involving 2 x 1 MMI, for which a phase shift in the
sensor arm is indistinguishable from a power fluctuation in the light source.
Compared to 2x2 MMI, 3x3 MMI offers several additional sensing
advantages. First, the difference A@ of the phase shifts in the two MZI arms
can be directly reconstructed from the power levels P, Pg, and Pc measured
at the three output ports A, B, and C, respectively, without any phase
ambiguities within the usual 2n-interval. Second, appropriate signal
processing allows achieving a sensitivity that is independent of the MZI
operating point. Moreover, fabrication inaccuracies and temperature
influences causing amplitude and phase errors of the MMI can be corrected by
digital signal processing (DSP). In the following paragraphs, these advantages
are explained in more detail.
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As discussed in the previous section, polychromatic emission is a distinct
feature of SINOH lasers that is closely related to the gain medium. This aspect
must be considered when describing the interplay of the light source with the
sensor. In the following, we assume a polychromatic source with M spectral
lines with optical angular frequencies @, (m=12,...,M) and complex
amplitudes Em, see Supplementary Note 3 for additional details. We represent
the optical power of each spectral line by the squared magnitude of the
respective complex field amplitude E , and the total power is Nglven as the
sum of the powers of the individual components, P . . Z| |
Appendix C.2.2, Equation (C.7). Within the SizNy; MZI WG?=Wwe assume
propagation along the z-direction with propagation constant /3, . The resulting
fields associated with an individual spectral component are hence represented
by E, E exp[ o, t=B,z ] with z being the propagation distance along
the WG, and the overall complex field is the superposition of E = z S En-
The physical electric field is obtained by calculating the real part, i.e.,
E(r,t)= Re[[_?(r,t)} )

At the input of the MZI, the electric field is split by the 2 x 2 MMI into equal
portions in the sensing and reference WG, Appendix C.2 for a detailed
mathematical description of the MZI operated by monochromatic and
polychromatic sources, respectively. Splitting of the field in the 2 x 2 MMI
leads to a phase shift of -7/2 in the field in the reference arm with respect to
the field in the sensing arm. For simplicity, we assume that the reference and
measurement arms exhibit equal geometrical lengths L. The effective index of
the reference arm is denoted as n, g and is assumed to remain constant during
the sensing experiments since the reference arm is completely embedded into
a passivation layer to isolate the Si;Ns-based WG from the analyte. Regarding
the sensing arm, the effective index in the absence of any analyte molecules is
denoted as n,g. If the sensor is exposed to the analyte, adsorption of target
molecules leads to a change An,g in the effective refractive index. At the
input of the 3 x 3 MMI combiner, the electric field £y in the reference arm
can thus be written as
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=M o S
mo1N2 (6.1)
¢R,m = _ﬂR,mL = _kO,mne,R,mL’ kO,m =0y /c .

M .
Em Ot +dR =72
R = 2 = ( ; )

The electric field Eg in the sensing arm is

Es- i & . j(a)mt+¢s)m+A¢S’m)’
2
¢s,m = —ﬂs,mL = _kO,mne,S,mL’ (6.2)
Ads = —DPs L = —ko At s L -

The 3 x 3 MMI combiner at the output of the MZI leads to a superposition of
the fields Eg and Ep with realtive phase shifts of 27/3, 0, and —27/3 at the
ports A, B, and C, respectively [73]. The associated output powers Pa, Pg and
Pc, respectively, are detected at the respective GCs, Figure 6.2(a), analogue-
to-digital converted, and numerically processed by applying a Clarke
transform, see Appendix C.2.2 for a more detailed mathematical description.

This leads to a correlation function, which we refer to as the Clarke field s,
(771, [78],
Spaty = % + 35 =2(EsEr )
M 5
- ] A¢S,m +7[/2+ ¢S,m_¢R,m
:Z{Em e[ ( )}} (6.3)
=1

=2P (P +P)+V3(B—Fy).

For a monochromatic light source (M =1), as shown in Figure 6.4,
Equation (6.3) can be simplified, see Supplementary Note 2,

Smono = 8 T8 = 2EgEg = |E|2 oL Ads+7/ 2+ )]
(6.4)
2
|§mono| = |E| =P urce-
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Figure 6.4: Calculated complex Clarke fields |E| of an MZI with 3 x 3 MMI combiner at
the output for different light sources. (a),(c),(e) Normalized emission spectrum for a
monochromatic laser line, Subfigure (a), for a polychromatic laser with equally spaced
lines of equal powers, Subfigure (¢), and for a SINOH laser with three monochromatic
lasing lines located at different wavelengths and exhibiting different powers, Subfigure (e).
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(b),(d),(f) Clarke fields s calculated from the three output powers of the 3 x 3 MMI
according to Equation (6.3) and plotted in the complex s-plane. The geometrical lengths
of the sensing and reference arms amount to L = 1.8 mm, and the effective refractive index
difference An.g varies between 0 and 5x107° RIU. We assume a wavelength of 600 nm.
(b) For the monochromatic laser, Subfigure (a), S,,, describes a circle with radius
‘ gmono‘ = Fyource » centred at the origin.  (d) For the polychromatic laser, Subfigure (¢), the
magnitude |5, | decreases with increasing Anes, and ‘s qy| describes a spiral.  (f) For the
SiNOH laser described in Figure 3.3, the magnitude ESiNOH‘ decreases with increasing
An.s, as shown in Subfigure (f), but the decrease is smaller than for the case of ‘ Spoty| - 10
real experiments, non-ideal MMI and GC could lead to an elliptical deformation of the
otherwise circular or spiral-shaped locus of the corresponding Clarke field s in the
complex plane. This can be compensated by transforming the ellipse back into a circle with
a unity radius [77], [78].

Note that we have assumed a lossless sensor circuit to simplify our analysis. In
case of a lossy device, the power R, in Equation (6.4) has to be
accordingly reduced, but this does not have any consequences for the
subsequent considerations. In the monochromatic case, the phase shift
between the sensing and reference arms can be determined from the total
phase A¢ of the complex Clarke field according to Equation (5.4),

Ap=Ags+7/2+(d — k)

6.5
=—%[A"e,s +("e,s —ne’R)}L+7z’/2. (6-5)

The phase A¢ hence changes with An,s. For a sufficiently slow continuous
variation in the phase shift during a binding experiment, A@ can be extracted
from the measured data by unwrapping the Clarke phase arg(

£IIlOIl() ) >

A= unwrap (arg(Syon0 ) (6.6)

For polychromatic light sources, we find that a relationship similar to
Equation (6.6) can be adopted to extract the phase shift A@ from the
associated Clarke field s,y
the source is smaller than the free spectral range of the generally unbalanced

MZI, see Appendix C.2.2 for details,

provided that the maximum frequency span of
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c

|0, — | < A Vim, Angg=Anggs+ (”e,g,s - neagaR) (6.7)

c.g

where the centre frequency e, is given by the average of all emission

. M
frequencies ,,, and @, = zm:l ,, [M .

The sensor sensitivity is defined by the magnitude of the derivative of the
complex Clarke field s with respect to the phase shift Ag:

ds

SClarke = d_A¢

=|£|’ se {gmonoﬁgpo]y} (68)

For an ideal MZI operated by a monochromatic laser, the sensitzivity remains
constant for all phase shifts A¢, SClark§=|d§m0n0/dA¢|=|EA| , and 8,000
describes a circle with radius [syon| =|E] = Powee in the complex s -plane
when changing An, g and A¢, as shown in Figure 6.4(a) and Figure 6.4(b),
respectively. In contrast to this, real devices are subject to fabrication
imperfections and temperature fluctuations, leading to deviations of the
relative shifts at the three optical output ports of the 3 x 3 MMI from the ideal
value of 27/3. In addition, the GC efficiencies of the three output ports might
differ from each other. These effects lead to an elliptical deformation of the
locus of s in the complex plane and to a shift of the centre away from the
origin § =0 [77]. This error is generally corrected by fitting an ellipse to
measured data and by transforming this ellipse back to a circle with a unity
radius centred at the origin [77], [78]. In the following analysis, we assume
that this correction has been performed, and we thus consider the case of an
ideal sensor circuit.

While the amplitude of the Clarke field ;00| for a monochromatic laser line
remains constant with increasing An,g, the amplitude of the Clarke field

|§poly for polychromatic lines may depend on An,g~An.,g, see
Appendix C.2.2, Equation (C.9). For simplicity, we assume a light source with
M >1 equidistant laser lines within a maximum spectral range A®,,, , all

exhibiting equal field amplitudes Em =E, as shown in Figure 6.4(c). In this
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case, an approximation is possible; please refer to Appendix C.2.2, Equation
(C.20),

: ax
=2|E —|E|2M 2
|§poly T A|=SER|TE Ane gL
T;‘ Omax
(Ang, L (6.9)
sin =A@ ax
2c
= Psource Ane,gL
TAa)max
c

|§poly and hence the sensitivity
SClarke =|§p01y| decrease with increasing An,,, especially for large sensor arm
lengths L. Figure 6.4(d) shows the Clarke field s,

for M =25 monochromatic equidistant laser lines centred at 600 nm, which

Equation (6.9) indicates that the magnitude
in the complex s -plane

are separated by an FSR =0.66nm (540 GHz) and exhibit equal powers, see
Figure 6.4(c). The geometrical length of the MZI arms amounts to L =1.8
mm, and the effective group refractive index An,,g varies between 0 and
5x10°RIU, leading to a phase shift A¢ between 0 and 100 rad.

We also perform a sensitivity analysis using the specific spectral
characteristics measured for our SINOH lasers. For these devices, we expect a
lasing spectrum with several monochromatic lines exhibiting different powers
within a maximal spectral range of Aw,, =27x10THz (AA=15nm) [54]
(Section 5.4.2). As an example, Figure 6.3(c) shows the spectrum of three
dominant lines in the spectral range of A4 =10nm, which is approximated by
three monochromatic lines in Figure 6.4(e). The electric fields are calculated
by using Equation (C.8) and Equation (C.9) in Appendix C.2.2. Equation (C.3)
in Appendix C.2.1 and Equation (C.10) in Appendix C.2.2 can then be used to
calculate the corresponding complex Clarke field sq;op . Compared to

b

S,
|—poly
Figure 6.4(d), the magnitude |§SiNOH| of the Clarke field decreases less with

increasing An as shown in Figure 6.4(f), and the same is true for the

g’
sensitivity.
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In the experiment described in the next section, we adopt an MZI with a
sensor arm length of L =1.8mm. For a worst-case estimate of the sensitivity
degradation, we assume a polychromatic source as in Figure 6.4(c) and
Equation (6.9) with equidistant spectral lines spread over a spectral range of
15nm. This leads to a minimum amplitude of the Clarke field

|§poly = O.85|§mono|, i.e., a maximum degradation of the sensitivity of 15%. We
hence conclude that for mm-scale sensor lengths, the polychromatic emission
of SiNOH lasers should not lead to a notable degradation of the sensor

performance.

6.2.5 Experimental sensor-system demonstration

To demonstrate the viability of sensor systems based on SiNOH light sources,
we perform a proof-of-concept experiment, see Figure 6.5 for the associated
setup. Pump light generated by a frequency-doubled Nd:YLF pulsed laser
(CL523, CrystalLaser) with an emission wavelength of 523 nm, a pulse
duration of 20 ns, and a repetition rate of 20 Hz is focused on the SINOH laser
by a lens L;. The pulse energy is varied by a half-wave (1/2) and a
subsequent polarizer P. The SINOH laser is coupled to an on-chip WG that
guides the light to the MZI-based interferometric sensor, which contains a
3 x 3 MMI at the output, see Figure 6.2(a). At the output of the MMI, the light
is radiated to the top by an array of GCs. A long-pass filter F' suppresses any
stray light from the pump laser, and a subsequent lens L, focuses the light on a
CCD camera (Stingray, Allied Vision) with a 3-fold magnification. Images are
continuously recorded at an exposure time of 7= 2 s. The intensity radiated by
each GC is detected by summing the grey-scale values of a 30 x 40-pixel area
around the corresponding intensity maximum of the camera. In the sensing
experiment, the liquid analyte solution is pumped by a syringe through the
fluidic chamber, which is formed by the chip surface and the PMMA lid with
a PDMS seal in between. To attain a constant volumetric flow rate, the syringe
is emptied using a stepper motor. In the subsequent sensing experiments, the
SiNOH laser is driven with a pump pulse energy of W =500nJ. The sensor
arm has a length of L=1.8 mm.
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Figure 6.5: Schematic of the experimental setup. The SiNOH laser is pumped with a
free-space beam from a pulsed laser, which is focused by lens L;. The pulse energy is
varied by rotating a half-wave (4/2) plate with respect to a fixed linear polarizer P. The
SiNOH laser is coupled to an on-chip WG (red) that guides the light to the interferometric
sensor, please refer to Figure 6.2(a) for a top view of the sensor chip. At the sensor output,
light is radiated to an approximately surface-normal direction of the chip by a GC array. A
long-pass filter F is used to suppress any stray light from the pump laser. A subsequent lens
L, focuses the light on a CCD camera. The liquid analyte is pumped by a syringe through
the fluidic chamber that is formed by the chip surface and the PMMA lid with a PDMS seal
in between. The volumetric flow rate is 0.6mL/s .

SiNOH

laser Sensor GC

For the proof-of-concept demonstration, we detected the adsorption of
fibrinogen onto the surface of the Siz;Ns WG. This rather simple binding
experiment allows us to investigate the performance of the sensor system
without any impairment caused by complex media or complicated binding
mechanisms. For our experiment, we prepared mixtures of four different
concentrations (17nM, 52nM, 87nM, and 121 nM) of fibrinogen in
phosphate-buffered saline solution (PBS). We then pumped these solutions
sequentially through the fluidic chamber at a volumetric flow rate of 0.6mL/s,
starting with the lowest concentration of 17 nM and ending with the highest
concentration of 121 nM. Figure 6.6(a) shows the measured binding curve
(green line), i.e., the detected phase shift A@ as a function of time. The white
areas mark the periods during which the different fibrinogen solutions were
pumped through the chamber. At the beginning of the experiment and after
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Figure 6.6: Demonstration of a sensor with SINOH lasers as light sources, used for
detection of fibrinogen dissolved in a phosphate-buffered saline (PBS) solution.
(a) Binding curve, indicating the measured phase shift s as a function of time. During the
time intervals marked in white, PBS solutions with fibrinogen concentrations of 17 nM,
52 nM, 87 nM, and 121 nM are injected into the fluidic chamber. After each injection of a
certain solution, pure PBS is used to flush the chamber during the time intervals indicated
in yellow. For each concentration, the phase converges to a constant value when binding
equilibrium is reached. (b) Locus-corrected complex Clarke field s for the various
detection times in the complex s -plane. More details of the locus correction are provided
in Appendix C.3. (c) Phase shift Ag vs. fibrinogen concentration: The phase shift for
each concentration is calculated from the average phase measured during the subsequent
PBS flushing period. As a reference A¢ =0 for the phase shift, we use the average phase
measured during an initial PBS flushing period (marked in yellow) in the first eight minutes
of the experiment. The phase shift Ag increases linearly with the concentration, leading to
a sensitivity of S =0.28rad/nM .
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6 Biophotonic sensors with integrated Si3N4-organic hybrid (SINOH) lasers

each fibrinogen injection, the chamber was flushed with PBS for several
minutes, as indicated by the yellow areas in Figure 6.6(a). PBS flushing
removed any unbound molecules from the WG surface.

Before calculating the Clarke fields, the raw power levels emitted from the
different GCs were extracted from the recorded images by summing the grey-
scale values of the respective 30 x 40 pixel areas as described above. To
extract the phase shift A@, we first removed the background offset of the three
signals such that the resulting power levels PA, PB and PC were zero for
destructive interference at ports A, B, and C, respectively. In the next step, the
three port powers are normalized to the total power P=P, +Py+F.
measured at the respective time instant,

A

P, ==, Xe A,B,C .
X P+ B+ F { } (6.10)

The normalized dimensionless power quantities P, , Fg, and /- are then
used to calculate the Clarke field according to Equation (6.3). Note that the
power normalization according to Equation (6.10) removes the impact of
laser-power fluctuations, which affect the numerator and the denominator in
the same way. The phase shift, which is calculated from the normalized power
quantities according to Equation (6.3), should thus be robust with respect to
laser intensity noise. The Clarke field obtained from Equation (6.3) is then
corrected by fitting a centred ellipse, see Section 3C, which is then
transformed to a unity-radius circle [77], [78]. Figure 6.6(b) shows the locus-
corrected Clarke field s for the various detection times in the complex s -
plane. To extract the binding curve, we calculate the phase shift Ad by
unwrapping the time-dependent phase of the Clarke field s in analogy to
Equation (6.6). Figure 6.6(a) shows the phase shifts measured over the
duration of the experiment. Note that for the MZI-based sensors used in this
experiment, the MMI couplers were already optimized for uniform power
splitting ratios and phase shifts, such that the impact of the locus correction is
rather small, see Appendix C.3 for a more detailed discussion. It should also
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be noted that the temporal evolution of the binding curve shown in Figure
6.6(a) is dictated by the binding dynamics of the fibrinogen to the WG surface,
in particular by the mobility of the target molecules in the analyte solution and
by the binding affinity to the sensor surface, while camera-based acquisition
system would have allowed to track much faster changes in the phase shift.

We further investigated the sensitivity of our sensor. As a reference, we use
the average phase shift measured during the first eight minutes of the
experiment, in which the sensor is exposed to the PBS only. This reference
phase is subtracted from all subsequently measured phase values. At each
concentration, the flow of fibrinogen solution is maintained until equilibrium
is reached, indicated by a steady value of the phase shift. Our observation of
an equilibrium is in line with previous experiments of the concentration-
dependent binding of fibrinogen onto silicon-nitride surfaces [127]. Note that
the fibrinogen remains on the WG surface, even when flushing the chamber
with the PBS. This observation cannot be explained by the rather simple
binding model according to Langmuir [128] but is in line with the
experimental observations in Ref. [127]. We attribute this phenomenon to the
high adsorption affinity of fibrinogen to the surface of the Si;N, WG. Figure
6.6(c) shows the average phase shifts measured during PBS flushing after each
fibrinogen injection interval as a function of the fibrinogen concentration.
From the linear increase of the phase shift A¢ with increasing concentration
AC, we calculate a sensitivity of S=0.28rad/nM . For the 1.8-mm-long
sensor arm, this leads to a length-related sensitivity of
S/L=A¢/(L AC)=0.16rad/(mmnM). Based on the standard deviation
oag=0.21ad of the binding curve when the sensor is exposed to the PBS
only, Appendix C.3, we calculate the Ilimit of detection to be
LoD =30,,/S=2.14nM.

To our knowledge, our experiments represent the first demonstration of a WG-
based sensor circuit on the SizN, platform driven by an on-chip laser source
emitting at visible wavelengths. Previously demonstrated Si;N4-based sensor
circuits with co-integrated light sources were either limited to mid-infrared
wavelengths emitted by epitaxially grown quantum cascade lasers [123] or
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relied on external light sources such as vertical-cavity surface-emitting lasers
(VCSELs) that emit at near-infrared wavelengths and that are flip-chip
mounted to the underlying SizN, substrate [35]. In comparison to these
approaches, the SINOH concept stands out due to its amenability to highly
scalable mass fabrication by wafer-level printing of organic dye materials onto
passive Si;N4 photonic integrated circuits.

6.3 Discussion

We demonstrate an integrated sensor system with on-chip SiNOH lasers on the
Si;Ny platform. The sensor is operated by optically pumping the SiNOH lasers
from the top with relaxed alignment precision and by detecting the sensor
signal with a CCD camera. The whole chip can be fabricated in a single
lithography step, and the gain medium of the SiNOH laser can be easily
deposited by wafer-level dispensing or printing processes. In a proof-of-
concept demonstration, we used this sensor system to detect different
concentrations of fibrinogen dissolved in a phosphate-buffered saline solution
(PBS). We  determined a  sensor-length-related  sensitivity  of
§=0.16 rad/(nM mm).

To our knowledge, this is the first demonstration of an integrated optical
circuit driven by a co-integrated low-cost organic light source. We expect that
the versatility of the device concept, the simple operating principle, and the
compatibility with cost-efficient mass fabrication will make integrated sensors
containing SiNOH lasers a highly attraequctive option for applications in bio-
photonics and point-of-care diagnostics.

Sensitivity limitations and improvements

In the fibrinogen sensing experiment presented in this work, we estimate a
detection limit of LoD =2.14nM. Note, however, that this concentration-
related detection limit is largely dictated by the specific binding experiment,
in particular by the molecular mass of the analyte and by its binding affinity
to the WG surface, such that a comparison to other sensing experiments is
difficult. To benchmark the sensitivity of our sensor system with respect to
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the state of the art, we also estimate the limit of detection for homogeneous
sensing LoDy, i.e., for detection of a global refractive-index change in the
liquid cladding that homogenously covers the sensor WG. To this end, we
first calculate the length-related sensitivity of our SizNs WG for such
homogeneous sensing experiments, which amounts to
Shom/L =1450 rad/(RIU mm). While this value compares well to the value
of 1620 rad/(RIU mm) reported in other sensing experiments with SizNy
waveguides [129], further improvements can be achieved by using advanced
designs of the sensor WG, exploiting, e.g., slot structures or subwavelength
gratings (SWG) [37], [130] (Chapter 4). Using again the standard deviation of
the phase measurement, o, =0.2rad, we determine a limit of detection of
LoDy, =2.29x107*RIU, which may now be compared to that of other
demonstrations of WG-based sensors. For meaningful benchmarking, we
focus our comparison on experiments that also rely on Si;N4-based MZI
sensors operated at visible wavelengths up to approximately 850 nm. In this
wavelength range, there are several reports on actual sensing experiments
[127], [129], [131], [132], among which Ref. [132] reports a detection limit of
LoD, =7x10°RIU. This is 30-fold better than our result. Note, however,
that this detection limit was achieved with a sensing WG of length L =15
mm, which is more than eight-fold larger than the 1.8-mm length applied in
our example. In addition, the experiment reported in Ref. [132] relied on a
benchtop-type helium-neon (HeNe) laser with a typical output power in the
milliwatt range. This is more than four orders of magnitude higher than the
average power of 40 nW estimated for our SINOH lasers based on the 100-
mW on-chip pulse peak power and a duty cycle of 4x107. There is hence
much room for further improvement of the limit of detection, e.g., by
increasing the pulse repetition frequency and hence the output power of the
SiNOH laser, see subsequent section. In addition, further improvements of the
sensor are possible, by mitigating, e.g., the impact of thermal drift by using
reference and sensor WG that are perfectly matched with respect to their
thermal characteristics. Note that the propagation losses of our current Siz;Ny4
WG are still comparatively high, ranging from 5dB/cm to 7dB/cm,
depending on the WG width. Low propagation losses ranging from
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0.5dB/cm to 2.5dB/cm, as reported for comparable WG [9], could lead to
further improvements in the performance of both the laser and the sensor.
Based on these estimations, we believe that the performance of visible-
wavelength SINOH-driven MZI sensors could be enhanced to match that of
benchtop-type laboratory systems.

Towards compact portable sensor systems for point-of-care applications
An essential part of the sensor system that requires further elaboration for
technically viable point-of-care operation is the pump source. Our current
demonstration relies on a bulky benchtop-type Nd:YLF laser, emitting pulses
with an energy of 500 nJ at a rather low repetition rate of 20 Hz. The pulse
length amounts to 20 ns, leading to a low duty cycle of 4x1077 and an
accordingly low average output power, which requires a long integration
interval of 2 s for the readout camera. In a point-of-care system, this bulky
solid-state laser may be replaced by a compact high-power laser diode,
emitting at 520 nm with a CW output power of, e.g., 900 mW [133], [134].
Under pulsed operation, these diodes could provide pump pulse energies
typically ranging from 120 nJ to 130 nJ, which is still above the lasing
threshold from 30 nJ to 40 nJ of the current devices. Moreover, the repetition
rates can be greatly increased to, e.g., to 1 kHz, such that the system could be
operated at approximately 10 times higher optical powers and hence greatly
improved signal-to-noise power ratios (SNRs). Note that a repetition rate of
1 kHz is still low enough to allow for relaxation of excited triplet-state dye
molecules with typical lifetimes on the order of tens of microseconds [59],
[135] between subsequent pulses. It should also be noted that the design of the
laser cavity and the pumping scheme could be further optimized, thereby
offering even higher output powers and lower thresholds, which might
eventually be compatible with pump-power levels offered by light-emitting
diodes (LEDs). On the receiver side, signal readout and data analysis may rely
on compact highly sensitive cameras for visible wavelengths and on compact
powerful processors, both of which are readily available on the market.

Regarding the degradation of the laser dye, the current lifetime of at least two
hours permits extended measurements even at high power levels. In the case

144



6.3 Discussion

of slow binding processes, the sensor does not have to be continuously
operated as was done in our current experiment but may be periodically
turned on and off to further increase the lifetime. This operation mode also
leads to reduced power consumption and might allow for battery operation of
the entire sensor system. Moreover, the lifetime of organic laser dyes may be
greatly improved by hermetic encapsulation layers [59], possibly in
combination with oxygen quenchers [136].

Another important aspect is the sample preparation and functionalization of
the WG surface to enable specific binding of target molecules. Ideally, the
system could be operated without any additional sample pretreatment.
Massively parallel detection through an array of differently functionalized
devices in combination with advanced data analysis might help to improve the
specificity of the sensor. Detection of target molecules without pretreatment
has, e.g., been demonstrated with saliva [137] and urine [138]. For complex
analyte solutions such as blood, where pretreatment is hitherto unavoidable,
compact equipment for point-of-care applications such as portable centrifuges
has been demonstrated [139] and commercialized [140] in recent years.

Summary

We demonstrate an integrated sensor system with on-chip SiNOH lasers on
the SizNy4 platform. The sensor is operated by optically pumping the SINOH
lasers from the top with relaxed alignment precision and by detecting the
sensor signal with a CCD camera. The whole chip can be fabricated in a
single lithography step, and the gain medium of the SINOH laser can be easily
deposited by wafer-level dispensing or printing processes. In a proof-of-
concept demonstration, we used this sensor system to detect different
concentrations of fibrinogen dissolved in a phosphate-buffered saline solution
(PBS). We determined a  sensor-length-related  sensitivity  of
§'=0.16 rad/(nM mm).

To our knowledge, this is the first demonstration of an integrated optical
circuit driven by a co-integrated low-cost organic light source. We expect that
the versatility of the device concept, the simple operating principle, and the
compatibility with cost-efficient mass fabrication will make integrated sensors
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containing SiNOH lasers a highly attractive option for applications in bio-
photonics and point-of-care diagnostics.

6.4 Materials and Methods

Fabrication of the Si;N, waveguides and SiNOH lasers

The SizN; WG of both the SiNOH laser and sensor circuit are jointly
fabricated in a single lithographic step. The WG cores are structured in a 200-
nm-thick Si;Nys layer on top of a 2-pum-thick silicon dioxide layer
mechanically supported by a silicon wafer. A negative-tone resist structured
via electron-beam lithography and spray development is used as a mask for
dry etching of the SizN, layer with a mixture of SFs and CHF;. An oxygen
plasma etching step is applied to remove the etch mask. After structuring the
WG cores, a negative-tone photoresist mrX (mr-X2-P2-XP, Micro Resist
Technology, Berlin, Germany) is spin coated and exposed by e-beam
lithography to act as a cladding that covers the optical WG except for the laser
cavity and the arms of the MZI. To form the light-emitting cladding, laser dye
PM597 (Pyrromethene 597, Radiant Dyes Laser & Accessories GmbH,
Wermelskirchen, Germany) is dissolved in PMMA at a concentration of
25umol/g and then deposited onto the laser WG (Figure 6.2(a), the magenta-
coloured region). In a final step, the reference WG of the MZI is passivated by
covering it with glue (MyPolymer MY-136, Ness Ziona, Israel), which is
approximately index-matched to water, see Figure 6.2(c). Phosphate-buffered
saline solution (PBS) is used as a solvent for the analyte in the sensing arm.

[end of paper [J2]]

146



7 Summary and outlook

7.1 Summary

Waveguide based sensor chips are expected to become an essential part of
modern medical diagnostics. The operation of the sensor chips in compact and
portable readout devices in combination with cost-effective mass production
will be essential to application of such devices in powerful point-of-care
diagnostic system for patients. In this work, a new approach for waveguide-
based biosensors is presented that combines a robust geometrically optimized
sensor for label-free detection of molecules with an optically pumped, low-
cost on-chip laser source. The concept investigated by numerical modeling,
and the viability of the underlying concept is verified by proof-of concept
experiments. The main results of the work include the following aspects:

Definition of a universal sensitivity metric and design of a robust sensor:
A metric for surface sensitivity has been defined that allows a comprehensive
comparison of different waveguide types, operation wavelengths and
integration platforms. For the silicon nitride platform and visible light, and for
the silicon platform and near infrared light, the metric was calculated and
discussed for a variety of waveguide types and geometries. General findings
were discussed and a guideline for designing a waveguide sensor for different
approaches was given. Based on these findings, a sensor waveguide was
designed that meets the criteria for robust fabrication, high sensitivity, and
compatibility with a broadband laser source.

First demonstration of Si;N4-organic hybrid (SiNOH) lasers: A new class
of on-chip laser sources has been introduced that can be efficiently integrated
on the silicon nitride platform by low-cost mass production. These S;Ny-
organic hybrid (SINOH) lasers are optically pumped from the top without
stringent alignment requirements. Lasing has been demonstrated for various
resonator geometries based on ring structures and distributed feedback
structures at approximately 600 nm wavelengths. All SINOH lasers showed
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threshold fluences of 40uJ/cm?..70pJ/cm?, with vast room for further
improvement.

First demonstration of a bio sensorchip with integrated SINOH laser: The
first silicon nitride photonic integrated circuit is demonstrated that is driven by
an on-chip laser source emitting in the visible wavelength range. A spiral
SiNOH laser was combined with a Mach-Zehnder interferometer on the same
chip. The SiNOH laser was pumped with a large laser spot without the need of
a precise alignment, while the sensor signal was detected with a CCD camera.
For analyte delivery, a fluidic chamber was developed that covers the chip, but
provides access to the SiNOH lasers and the signal output ports. The
functionality of the sensor concept was demonstrated by detecting various
concentrations of fibrinogen.

7.2 Outlook

The experiments presented in this work are mainly proof-of-concept
demonstrations, and further investigations are needed to advance the concepts
to a level that allows for application in real point-of-care systems. This also
includes steps towards medically relevant applications and studies, which are
indispensable to launch real-life applications. Furthermore, the different
studies can be adapted to explore new areas of applications, e.g. in the field of
gas sensing or the combination of the SiNOH laser with other photonic
devices.

Sensor: For larger laser powers, the sensor sensitivity can be further improved
by increasing the sensor length. In addition, depending on the fabrication
technology, the waveguide geometry can be optimized for higher sensitivity,
e.g., by exploiting slot waveguides or subwavelength grating structures. A first
approach for surface functionalization is presented in this work. For use in
complex media, e.g., blood, saliva, serum or urine, the functionalization needs
to be further modified to bind target molecules on the one hand, and to prevent
the binding of other molecules in the analyte solution on the other hand.
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SiNOH laser: This work focuses mainly on the resonator geometry of the
SiNOH lasers. Further work could include the variation of the gain medium,
e.g., to shift the emission wavelengths or to make the gain medium more heat
resistant. Reduced propagation loss due to improved patterning techniques for
underlying waveguides could increase laser performance and enable pumping
of the lasers with incoherent light sources, such as light-emitting diodes
(LED). The SiNOH-laser concept can also be adapted for longer laser
lifetimes.

Integrated sensor system: Further investigations should aim at expanding the
system for multiplexed sensing in complex media, e.g., blood, saliva, serum or
urine. To this end, local functionalization of different sensors on the same chip
should be established to enable parallel detection of different target molecules.
Furthermore, the application of the sensor system is not limited to the
detection of biomolecules. By replacing the surface functionalization with a
gas sensitive cover layer, gas mixtures can be analyzed in a similar way. A
holistic mathematical model for waveguide-based sensor systems has been
developed in parallel to the activities related to this thesis [141].
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A  Silicon nitride waveguide fabrication

A.1  Etch mask

Resist deposition

e Adhesion promoter: Ti Prime (Microchemicals GmbH)
Water removal: Hotplate, 180°C, 5 min
Deposition: Spin coater, 1500 rpm/s, 3000 rpm, 60 s, open lid
Binding: Hotplate, 120°C, 2 min

e Electron beam resist: AR-N 7520.12 (340 nm, Allresist GmbH)
Deposition: Spin coater, 1000 rpm/s, 1500 rpm, 60 s, closed lid
Solvent removal: Hotplate, 85°C, 1 min

e Conductive top layer: Espacer 300HX02 (Showa Denko K. K.)
Deposition: Spin coater, 1500 rpm/s, 1500 rpm, 60 s, open lid

Electron beam exposure
e Dose: 1600 pC/cm’
e Proximity effect correction
e Beam step size: 5 nm

Development
e Remove Espacer: Spray developer, water, 120 s
e Development: Spray developer, AR 300-47 (Allresist GmbH), 50 s
o Stop development: Spray developer, water, 60 s

A.2Dry etching

Conditioning
e 20 min with etch recipe

Etching
e Reactive ion etching
e Temperature: 20°C, Pressure: 5 mT
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A Silicon nitride waveguide fabrication

e RF:50 W, ICP: 1500 W
e Gases: CHF3 (40 sccm), SF6 (7 sccm)
e Etch time: 50 s (260 nm/min)

Mask removal
e Oxygen plasma, 100 W, 10 min

A.3 Cladding layer

Resist deposition
e Electron beam resist: mr-X2-P2-XP: (2 pm, micro resist technology
GmbH)
Deposition: Spin coater, 1000 rpm/s, 1000 rpm, 60 s, open lid
Solvent removal: Hotplate, 90°C, 5 min

Electron beam exposure
e Dose: 12 pC/cm2
e Beam step size: 100 nm

Development
e Development: beaker, PGMEA, 3min
e Stop development: beaker, isopropanol, 3min

UV flood exposure
o 86%, 5 min
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B Surface functionalization

Silanization
e O2-plasma: 30 min, 100 W
e Transport in water
e Nitrogen blow
e Water removal: hotplate, 180°C, 5 min
e Incubation: 90 pl APDEMS, 2 ml Ethanol, 120 pl Ethanol, 30 min
e Spincoating: 600 rpm, 500 rpm/s, 60 s
e Hotplate: 180°C, 2 min
e Washing: ethanol, 2 min
e Hotplate: 180°C, 2 min

Cross-linker
e Incubation: 25 pl glutaraldehyde in 1975 pl PBS, 2h
e 3 x Washing: 1 ml PBS, 2 min

Biotin hydrazide
e Incubation: 0.6 mg biotin hydrazide, 200 pl DMSO, 3800ul PBS, 24 h
e 3 x Washing: 1 mL PBS, 2 min
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C Details on SizNj-organic hybrid lasers
and on Mach-Zehnder
interferometer-based sensors

C.1 Further details on the SINOH laser

[This section was published as Supplementary information Note 1 of [J2]]

The concept of our SiNOH lasers has been discussed in Chapter 5. In this
section, we provide further details of the SINOH spiral laser with open spiral,
as reported in Section 6.2.3, focusing on its operating principle, its
characterization, and the interpretation of the results.

In Section 6.2.3, we state that broadband optical feedback is provided from the
inner end of the spiral by reflection from the open waveguide (WG) end in the
center, possibly in combination with roughness-induced backscattering,
whereas coupling of light between neighboring windings of the WG spiral
does not play a significant role. This notion is based on numerical
investigations of the device. Since a simulation of the full spiral would require
prohibitive computational resources, we simplified the structure and checked
the coupling between two straight WG with the same dimensions (width
w =500 nm, height 2= 200 nm) and spacing (1.5 pm) as the spiral WG. We
determined the propagation constant g, of the symmetric and the
antisymmetric modes [, and calculated the coupling length by
A=n/|f,— B,|- In this definition, A denotes the propagation length after
which the power is completely transferred from one WG to the other. For the
fundamental quasi-TE and the fundamental quasi-TM modes, A is more than
7m, and we can therefore exclude that coupling of fundamental modes
between neighboring windings of the spiral plays a significant role. We
repeated the simulation for the next higher-order TE and TM modes, leading
to A =20 mm for quasi-TE and A =5 mm for quasi-TM polarization. This is
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comparable to the length of the spiral, which amounts to 18 mm, such that
coupling between higher-order modes might occur. Still, we expect that there
will be no significant impact on the lasing performance, since the multimode
Si3Ns WG in the spiral is tapered down to a single-mode WG towards the ring
resonator at the output. This taper will strip all higher-order modes such that
they will not see any relevant feedback at this side of the resonator. In
addition, coupling of higher-order modes in the WG towards the center of the
spiral would still be in the forward direction and should thus not lead to
enhanced feedback. Note that we use an open spiral in our experiments, rather
than a coiled-up loop, where coupling of parallel WG could indeed lead to a
frequency-selective feedback to the backward direction, see Section 5.4.2.

Based on these results, we expect that optical feedback from the spiral will be
predominantly caused by scattering at the rough WG sidewalls, and by
reflection from the open inner end of the spiral WG. This feedback will be
rather broadband — potentially with some frequency variations due to
Anderson localization [142]. In contrast to this, roughness-induced backward
scattering in the single-mode ring-resonator is resonantly enhanced by
constructive interference of light that scattered back in subsequent round-trips
of the ring, thereby building up a counter-propagating resonant mode. This
build-up will only end when an equilibrium state is reached, in which the net
power loss from the forward-propagation resonator mode to the outside of the
resonator and to its backward-propagating counterpart is exactly compensated
by the power coupled in from the outside. Due to this resonant enhancement of
backscattering, the feedback of the ring is spectrally narrowband and
concentrated to the discrete ring resonances. This effect, which has also been
reported for other Si;Ny ring resonators [143], can be nicely observed by
investigating the power emission from GC 1 and GC2 in Figure 6.3 of
Section 6.2.3.

According to this model, a spiral WG without a ring resonator should also be
able to lase, but the threshold should increase strongly, and the emission
should not be concentrated to discrete resonance frequencies that are defined
by the ring in our current device. We investigated this aspect experimentally
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by measuring the lasing characteristics of a spiral that is not coupled to a ring
resonator. Instead, the straight orange-colored WG portion in Figure 6.3(a) of
Section 6.2.3 is directly routed to the chip edge, where we would expect
broadband Fresnel reflection at the facet with a rather low power reflection
factor of a few percent. For this spiral, we found rather high threshold pump
energies in the range of 2...5uJ— much higher than the 30...40 nJ found for
the devices in 6.2.3 — along with an unstable spectrum that changes
continuously on a time scale of a few seconds. We attribute these variations to
thermal drift on the chip, which strongly impacts the emission frequencies
associated with Anderson localization. Note that the drastic increase in pump
threshold for the device without ring resonator cannot be explained by the
reduced feedback alone, but may also result from strong gain competition due
to the absence of a frequency-selective feedback. This is in good agreement
with previous observations from SiNOH lasers, see Section 5.4.2 and Section
4.2 in Ref. [54].

Regarding the fabrication of SiINOH structures, one important aspect is the
potential formation of voids or air bubbles in the organic gain medium. We
have explored this aspect in the context of our previous publication, where we
investigated cross sections of cleaved SINOH WG, see, e.g., Figure 6.3(b) of
Ref. [54] (Section 5.4.2). In these investigations, we did not find any
indication of voids or air bubbles. This is in good agreement with our
experience from silicon-organic hybrid (SOH) devices [144], where void
formation was never observed, even when cladding slot WG with slot widths
of the order of 100 nm [144]. We also measured the propagation loss of the
Si3Ny WG in the SiNOH cavity, which, for an un-doped PMMA cladding,
amounts to approximately 5 dB/cm for the 500 nm-wide multi-mode spiral
WG and to around 7 dB/cm found for narrower 300 nm-wide single-mode
WG. We attribute these losses to rough WG sidewalls, see Inset 2 of Figure
6.2(b) of Section 6.2.2, which may arise from discrete writing patterns of the
electron-beam lithography system used for defining the WG. This roughness
may also be the origin of resonantly enhanced scattering-induced coupling of
light between counter propagating modes in the reflector ring.
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We also performed investigations of the SINOH-laser emission characteristics.
Specifically, we simultanecously measured the input-output-power
characteristics for the two grating couplers GC1 and GC2, see Figure C.2. We
found that the power of the “forward” or clockwise propagating mode in the
small ring, probed through GC2, was three times as strong as the power of the
“backward” or counter-clockwise propagating mode, probed through GCI,
while the threshold observed from the two outputs is essentially the same. This
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Figure C.1: Laser characteristics extracted from clockwise and counter-clockwise
propagating modes in the reflector ring, see Figure 6.3(a) of Section 6.2.3. Normalized
laser output powers probed from the counter-clockwise propagating mode through GC 1,
blue, and from the clockwise-propagating mode through GC 2, red, both as function of the
pump-pulse energy W. We find essentially the same lasing thresholds, thereby confirming
the notion that that the clockwise and the counter-clockwise propagating modes in the
reflector ring resonator are resonantly coupled to each other.
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Figure C.2: Lasing characteristics of different spectral modes. Normalized laser output
power of the three dominant laser lines shown in Figure 6.3(c) of Subsection 6.2.3 as
functions of the pump-pulse energy . We find lasing thresholds Wy, of 25 nJ, 43 nJ, and
52 nJ with no indicating of gain competition. This is consistent with the fact that we chose
the FSR of the reflector ring slightly larger than the bandwidth of homogeneous line
broadening, that was measured in a previous publication.
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supports the notion that the emission at GC1 results from resonant coupling of
counter-propagating modes in the ring. We also investigated the spectrum
taken from GC 2 in more detail and extracted the lasing thresholds from the
three separate modes individually, Figure C.1. We find that the modes exhibit
distinct thresholds with no indication of gain competition. This is ensured by
the fact that we chose the FSR of the reflector ring slightly larger than the
bandwidth of homogeneous line broadening, that was measured in
Subsection 5.4.2.

C.2 MZI and different laser sources

C.2.1 Monochromatic sources
[This section was published as Supplementary information Note 2 of [J2]]

For the analysis of monochromatic laser sources, we assume excitation of the
sensor at an angular frequency @ and a normalized electric field
E=FE exp[ j(a)t— ﬂz)] having a complex amplitude £ and a propagation
constant f in the z-direction. We represent the optical power as the squared
magnitude of the electric field, 2. =|E|2. The electric field is split by the
2 x 2 MMI into equal portions in the sensing and the reference WG, whereby
the field in the reference arm is phase-shifted by -7/2 with respect to the field
in the sensing arm. Reference and sensing arms have equal geometrical arm
lengths L. Because the reference arm is optically isolated from the analyte by a
thick passivation layer, its refractive index n,p is constant during sensing
experiments. With the vacuum speed of light ¢, the field E at the end of the
reference arm and the associated phase shift @ can be written as

Ex :%exp[j(a)tﬂ/ﬁR -z/2)],

$p =—PrL =—kon.g L, ky = c.

(C.1)
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In the sensing arm, the effective refractive index n,g is changed by An,g
when molecules attach to the WG surface. This leads to an additional phase
shift of Ady compared to the phase ¢ without attached molecules,

>

Eg =ﬁexp[j(a)t+¢s +A¢S)},
ds = —fsL = —kon L, (C.2)
Ads = —APsL = —kohn gL .

Combination of the fields by the 3 x 3 MMI leads to a superposition of Ep
and Eg, where the field contributions from the sensing arm at the three MMI
output ports are phase-shifted by 27/3 (120°) [73],

!
n=(3)
1
Py= [gleR +Ef, (C.3)

80

The three output powers are detected, analog-to-digital converted, and
numerically processed by applying a Clarke transform. For a monochromatic

2

B

Ep + Eg eXP[Jrjz?ﬁj

2

Eg + Eg exp(—j%]

light source, this leads to a complex correlation function (Clarke “field”)
(771, [781,

§mon0

=2EsEy = |EA|2 ej[A¢S+”/2+(¢S_¢R )]
C.4
=28 — (P + Py)+ i3 (B~ Py), €4
A2
|§m0n0| = |E| = Psource'

When chanzging n.s, the Clarke field s describes a circle with radius

mono

|E| in the complex plane. The phase shift A¢ changes with An,g and

|Smonol =

is found by unwrapping the Clarke phase arg(

Smono ) >
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A(@)=Adk +7/2+(ds — o)

= unwrap(arg( Smono )) €5

For all values Ady and therefore for all index changesAn, g, the sensitivity

SClarke 1S constant and corresponds to [s,,on| »
ds A2
SClarke = d_z;r: :|§mono|:|E| (C6)

C.2.2 Polychromatic sources
[This section was published as Supplementary information Note 3 of [J2]]

To better reflect the experimental situation of an MZI-based sensor driven by
a SiNOH laser, we also investigate the sensor behavior for a polychromatic
source with m=1,2,....M lines at angular frequencies o,, and real constant
amplitudes Em Each line is represented by an expression of the form
E,=E, exp[j(wm t —,Bmz)]. The ﬁ/{clld at the input of MMI,, Figure 5.2(a) of
the main manuscript, is then E = Zm:ll_fm . The total power as measured with
a photodetector results from an average over the observation time 7, which is
large compared to the oscillation period of any two lines in the spectrum,
T 27/|w, —®,| for m=n. We again represent the optical power of the
source as the sum of the squared electric-field magnitudes of the various
components,

M
Psource = <|E|2 >T :< Z EmEn>
T

m=1,n=1

M A
:< z EmEneXp[j(a)m_wn)t_j(ﬁm_ﬂn)z}> (C7)
m=1,n=1 T

A 12
L,

>

m=1
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In these relations, <>T indicates a time average over time 7. For the analysis
of the sensor behavior, we first consider the reference arm. After propagating
through the geometrical reference arm length L, the spectral components of
the field are phase shifted by ¢, , and the total field at the end of the
reference arm amounts to

ER—ZJ_exp[ ((0 L+ PR — 7[/2)},
¢Rm_ L_ k()m eRmL kO,m:a)m/C'

For the sensing arm, we assume the same geometrical length L. In addition,
we account for the changes of the effective refractive indices n.g,, by
An,s.,,, which are caused by adsorption of molecules to the WG surface. This
leads to an additional phase shift Ag,, , such that the total field at the end of
the sensing arm can be written as

(C.8)

Eo= z N exp[ (0t + s + Aqﬁs,m)],

¢S,m = _ﬂS,mL = _kO,mne,S,mL’ (C9)
A¢S,m = _A:BS,mL = _kO,mAne,S,mL .

At the output ports of the 3 x3 MMI, the fields from the reference arm,
Equation (C.8), and from the sensing arm, Equation (C.9), are combined in
analogy to Equation (C.3). The measured output powers P, , Fyand [ result
from an average in analogy to Equation (C.7). Using Equation (C.4), we can
derive the Clarke field for a polychromatic source,

gpoly:§r+.ls'

. Mo 7/ 2+ n —Prom
=2<Es_R>T:mZ_1(|Em| S (€10)
_ M JA¢(mm)j |

(AR
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where the phase differences Ag(w,, ) of the various spectral components in
the sensor and the reference arm depend on the respective frequency ,,,

AH(@,) = Ay + 7/ 2+ (b~ b

), V/a
— m — —
= [Ane’s,m +(”e,s,m ne,ij)]L + 5

(C.11)

We expand the function A¢(w) of Equation (C.11) in a Taylor series around a
center frequency @, and keep only the linear term,

Ap(0) = AG” +A4" (0 - y),
d(Ad(w C.12
ARD = Ad(ap),  Ady” =¥ : (€12
1)
=y
As a center frequency @y, we choose the average of all emission frequencies
@,,—1 - of the polychromatic light source,

| M
wy=—) O

0 MmZ:] . (C.13)
The derivative A¢(§1) in Equation (C.12) can be expressed by the group
refractive index 7, (a))=n+a)0 (dn/da))|w:w0 at the center frequency .
With the group refractive index n,,q and n,, of the sample and the
reference arm, respectively, and the change An,, g of the group-refractive
index due to adsorption of molecules to the surface of the sensor arm, Ag"
can be written as

A¢(gl) = _|:Ane,g,S + (ne,g,S “NegR ):|£ = _Ane,g £ (C 14)
c c
The quantity An, is the group refractive index difference between the sensor
and the reference arm in the presence of an analyte. Substituting
Ap(@,) = Ag” +A4" (@,, — @,) in Equation (C.10), we can re-write the
Clarke field for the polychromatic light source,
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Spaty =5 + 5 = 2( Esg )

M
_iag” 12 g (@, —ap)
=e!™ Y E,| (C.15)
m=1
iAf(0) | 5 2 A (-0 )Ll
=eJ @0 Z Em e e.g\%m %0 .
m=1

Equation (C.14) can be simplified if An, |, —oy|L/c <1 holds, i.e., if the
frequency offset |w,, — | of the laser lines is significantly smaller than the
free spectral range c/ (Ane’gL) of the unbalanced MZI. We assume that the
interferometer is well balanced, n,, g ~ 7., , and that analyte-induced change
Ang,s of the group refractive index is small, thus leading to a large free
spectral range. In this case, the exponential in the sum of Equation (C.15) is
approximately one, and the phase of s, is determined by A¢(§0) only, i.e.,
the (narrowband) polychromatic source behaves as if it was monochromatic.
In this case, Equation (C.15) can then be re-written as

Spoty =+ 15 =2( Esky ).

— oi8d(@) f|Em|2 (C.16)
m=1

=P ejA¢(‘(’0) .

— % source

The phase change can be found by unwrapping s, as in Equation (C.5),

A(ay) = Ags o+ /2 +<¢s,0 —¢R,0)

= unwrap(arg(gpoly)). (C.17)

For a (wideband) polychromatic source, the condition An,,|@,, —wy|L/c <1
is not fulfilled, and the magnitude | §p0]y| of the Clarke field depends on the
amplitudes and on the frequency span of the monochromatic lines,
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[spay| = 4|EsE
M A 21A 2 A e, (wmfwn)£
= D |E| |E, e ‘ (C.18)
m=Il,n= '
M M m-1
= Z‘Em‘4+z Z E, ’ E, ’ 2cos(Ane’g(a)m —a)n)£).
m=1 m=2 n=1 ¢

This in contrast to the case of a monochromatic laser line, for which the
magnitude |s,.,,| of the Clarke field is constant with increasing Ag,
Equation (C.4) and Equation (C.5). Equation (C.18) can be simplified by
assuming M >1 equidistant laser lines in a maximum spectral range A@,,,, ,
and by postulating approximately equal field amplitudes Em ~ E . The phase

change differences An,, (@, —@,)L/c can then be written as

m

A
g(a)m—a)n)L/c=Ane’g%(m—n)L/c (C.19)

An,,
. |4
When %Valuating the sums in Equation (C.18), we neglect MFEJ compared to
2| £ . M m=l,y m
M. |E| and replace the sums by integrals, zmzzzn:l (1)= mzojo (-)dmdn.
This leads to

T || o = onom

Spoly
m=0n=0 ¢
An. L
sin?| —£" A,
4 2c
An. L
( 2e,g Ao, j (C.20)
c
An, L
sin’ (e’g Aa)maxj
5 2c
= })SOUTCC Ane,gL 2
2C Aa)max
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Equation (C.20) illustrates that the magnitude |§poly| decreases for increasing
An, , and therefore for increasing An,, 5. For A@,, — 0, the result for one
monochromatic line is reproduced, Equation (C.4).

C.3 3 x3 MMI, Clarke field transformation and
resolution

[This section was published as Supplementary information Note 4 of [J2]]

In our experiments, we rely on MZI with 3 x 3 MMI as power combiners at
the output. A key advantage of this approach is that phase ambiguities within
a 2m-interval can be avoided. This is possible due to the detection of three
sensor signals that have a fixed phase difference of 2a/3 (120°) with respect to
each other. The transformation of these signals to a Clarke field leads to a
locus in form of a circle in the complex plane, where the position on the curve
is well defined within a phase shift A¢ of 2m, see Equation (C.4) and
Equation (C.15). In contrast to that, MZI with 2 x 2 MMI only deliver two
perfectly complementary signals at the output. In these devices, any phase
difference A¢ leads to exactly the same output powers as its 2 -complement
2n—A¢. As a consequence, unambiguous phase extraction is possible only
within intervals of .

To illustrate the locus-correction of the complex Clarke field s used in
Chapter 6, we compare the temporal evolution of the raw, i.e., uncorrected
Clarke field to its locus-corrected counterpart, Figure C.3(a). The underlying
data was extracted from the binding experiment of 121 nM fibrinogen in
phosphate-buffered saline solution (PBS), see right-hand part of the binding
curve in Figure 6.6(a) of Subsection 6.2.5. In our experiments, the MMI
couplers were already optimized for uniform power splitting ratios and phase
shifts, such that the impact of the locus correction is rather small. As a
consequence, the binding curves extracted from the corrected and the un-
corrected data are essentially identical, see Figure C.3(b). The appreciable
fluctuations of the Clarke fields in our measurements originate from rather
low signal-to-noise power ratios (SNR) of the recorded signals. This can be
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improved by higher output powers of the SiNOH lasers, which can be
achieved by using higher pulse repetition frequencies, see Section “Towards
compact portable sensor systems for point-of-care applications” in
Section 6.3. For the current sensor implementation, we quantify the variations
of the phase shift extracted while flushing the sensor with PBS, leading to a
standard deviation of &,, =0.2rad.

1
9 »@ Uncorrected
Corrected

Im(s)
=]

E)

Z 5t PBS
< 92.5 95
Time (min)

-1 Uncorrected
0 Corrected
-1 0 1 75 85 95
Re(s) Time (min)

Figure C.3: Exemplary Clarke-field correction and binding curve. (a) Evolution of the
uncorrected (blue) and locus-corrected (green) Clarke field s in the complex s -plane for
the binding experiment of 121 nM fibrinogen, see right-hand part of the binding curve in
Figure 6.6(a) of Subsection 6.2.5. (b) Measured phase shift as a function of time for the
uncorrected (blue) and the corrected (green) binding curve. The encircled numbers in red
and black mark subsequent phases as they are indicated in Subfigure C.3(a). Inset:
Magnified portion of the corrected data (green) that were detected during flushing the
sensor with phosphate buffered saline solution (PBS). The standard deviation of the
binding curve amounts to 4 =0.20rad .
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E Glossary

E.1 List of abbreviations

POC
Si3Ny
SiNOH
LED

WG

MZI1

SM

GC

Si0
PMMA
LPCVD
CVD

uv

HF
Quasi-TE
MMI
Quasi-TM

HOMO

Point-of-care

Siliconnitride

Si;Ny-organic hybrid
Light-emitting diode
Waveguide

Mach-Zehnder interferometer
single-mode

Grating coupler

Silicon dioxide

Poly(methyl methacrylate)
Low-pressure chemical vapor deposition
Chemical vapor deposition
Ultraviolet

Hydrofluoric acid
Quasi-transverse electric
Multimode interference coupler
Quasi-transverse magnetic

Highest occupied molecular orbital
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E Glossary

LUMO
RUI
APDEMS
OH
PBS
SOI
SWG
BOX
NIR
VIS
FEM
DFB
TIRF
PIC
SEM
cw
PM
MM
RBW
SOH
DSP

VCSEL
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Lowest occupied molecular orbital
Refractive index unit
Aminopropyl(diethoxy)methylsilane
Hydroxyl

Phosphate-buffered saline solution
Silicon-on-insulator
Sub-wavelength grating

Buried oxide layer

Near infrared

Visible

Finite-element method

Distributed Feedback

Total internal reflection fluorescence
Photonic integrated circuit
Scanning electron microscope
Continuous wave
Polarization-maintaining
Multimode

Resolution bandwidth
Silicon-organic hybrid

Digital signal processing

Vertical-cavity surface-emitting laser



E.2 Symbols

SNR

E.2

Greek symbols

a

p
€o

é

rl(conf)

T.

1

A
0

Q

e ASS

Latin symbols

A

a

Signal-to-noise power ratio

Symbols

Loss constant

Propagation constant

Permittivity

Relative permittivity
Confinement factor of volume i
Field interaction factor of volume i
Vacuum wavelength

Incident angle

Vacuum permeability

Relative permeability

Scaling factor for geometry
Scaling factor for frequency
Scaling factor for refractive index
Phase

Phase shift

Angular frequency

WG cross-section

Unit cell length / period

181



E Glossary

*L oA o

S

FEM

~
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Vacuum speed of light
Concentration

Land width in a grating
Component x of displacement
Vectorial electric mode field
Component x of electric field
Electric field magnitude

Unit vector in z-direction

Fill factor

Finite-element method
Vectorial magnetic mode field
Waveguide height
Wavenumber of a grating
Dissociation constant
Vacuum propagation constant
Length

Diffraction order

Number of images in an MMI
Refractive index

Group refractive index
Effective refractive index

Effective group refractive index



E.2 Symbols

1=

T

Isp

W(cell)
AW

Won

Zy

Effective refractive index change
Poynting vector

Position vector
Homogeneous sensitivity
Surface sensitivity

System sensitivity

Optimized surface sensitivity
Singlet ground state

First excited singlet state
Clarke field

Triplet state

Spin

Thickness of surface layer
Volume

Pump pulse energy
Length-related energy density
Energy gap

Photon energy

Waveguide width

Free-space wave impedance
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