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Abstract

This thesis is focused on the modelling, design and experimental demonstration for
the first time of Reconfigurable Reflective Arrayed Waveguide Grating (R-RAWG)
device. In order to build this device, that can be employed in spectrometry, a
silicon nitride platform termed CNM-VLC has been chosen since this material
allows to operate in broad range of wavelengths. This platform has the necessary
elements, but some limitations because the operation of this device had a low
performance. Therefore, a methodology has been developed and validated, which
has allowed to obtain better splitters. Also an inverted taper has been designed,
which has considerably improved the coupling of light to the chip. This has been
possible thanks to an exhaustive analysis of existing options in the literature,
that has allowed choosing the best option to make a reconfigurable mirror on the
platform without changing or adding new manufacturing steps. Reconfigurable
mirrors have been demonstrated by using feedback splitters. Furthermore, codes
have been developed to predict the behaviour of the actual device. With all the
work done, a R-RAWG has been designed by using certain considerations so that
it can operate over a broad wavelength range and the phase actuators are not in
danger of being damaged. A code has also been developed for the modelling of
the R-RAWG, which allows manufacturing imperfections to be considered, thanks
to this, a method or algorithm called DPASTOR has been developed. DPASTOR
resembles machine learning to optimise the response by just using the optical
output power. Finally, a PCB and an assembly with the chip interconnected
to it have been made and designed. Moreover, a measurement method has been
developed, which has made it possible to have a stable response and to demonstrate
a multitude of optical filter responses with the same device.






Resumen

La presente tesis se ha centrado en el modelado, diseno y demonstracién experimen-
tal por primera vez del dispositivo Reconfigurable Reflective Arrayed Waveguide
Grating (R-RAWG). Para la consecucién de este dispositivo que tiene posibili-
dades de uso en la espectrometria, una plataforma de nitruro de silicio llamada
CNM-VLC se ha usado, ya que este material permite operar en un gran ancho
de banda. Esta plataforma posee ciertas limitaciones y los elementos necesarios
para el funcionamiento de este dispositivo tenfan un performance bajo. Por ello,
se ha desarrollado y validado una metodologia que ha permitido obtener mejores
divisores. Ademas, se ha disenado un inverted taper que ha mejorado considera-
blemente el acoplo de luz al chip. Esto ha sido gracias a un exhaustivo andlisis de
opciones existentes en la literatura que también ha permitido escoger la mejor op-
cién para realizar un espejo reconfigurable en la plataforma sin cambiar ni afiadir
ningun proceso de fabricacién. Se han demostrado espejos reconfigurables gracias
a utilizar divisores 6pticos realimentados y también se ha desarrollado cédigos que
predicen el comportamiento del dispositivo experimentalmente. Con todo el tra-
bajo realizado, se ha disenado un R-RAWG para que pudiera operar en un gran
ancho de banda y que los actuadores de fase no tuvieran peligro de estropearse.
También se ha desarrollado un cédigo para el modelado del R-RAWG que permite
imitar la fabricacion de estos dispositivos y que, gracias a esto, se ha desarrollado
un método o algoritmo llamado DPASTOR, que usa algoritmos usados en machi-
ne learning, para optimizar la respuesta con tan sélo la potencia 6ptica de salida.
Finalmente, se ha disenado una PCB para poder conectar eléctricamente el chip
fotonico y se ha desarrollado un método de medida que ha permitido tener una
respuesta estable consiguiendo demostrar multitud de respuestas de filtros 6pticos
con el mismo dispositivo.






Resum

La present tesi s’ha centrat en el modelatge, disseny i demonstracié experimental
per primera vegada del dispositiu Reconfigurable Reflective Arrayed Waveguide
Grating (R-RAWG). Per a la consecucié d’aquest dispositiu que té possibilitats
dis en l'espectrometria, una plataforma de nitrur de silici anomenada CNM-
VLC s’ha usat ja que aquest material permet operar en una gran amplada de
banda. Aquesta plataforma posseeix certes limitacions i els elements necessaris per
al funcionament d’aquest dispositiu tenien un performance baix. Per aixo0, s’ha
desenvolupat i validat una metodologia que ha permés obtindre millors divisors
i també, gracies als processos de fabricacié, s’ha dissenyat un acoplador que ha
millorat considerablement 'acoble de llum al xip. Aix0 ha sigut gracies a un
exhaustiu analisis d’opcions existents en la literatura que també ha permés triar
la millor opcid per a realitzar un espill reconfigurable en la plataforma sense canviar
ni afegir cap procés de fabricacié. S’han demonstrat espills reconfigurables gracies
a utilitzar divisors realimentats i també s’ha desenvolupat codis que prediuen el
comportament del dispostiu experimentalment. Amb tot el treball realitzat, s’ha
dissenyat un R-RAWG fent ds de determinades consideracions perqué poguera
operar en una gran amplada de banda i que els actuadors de fase no tingueren
perill de desbaratar-se. També s’ha desenvolupat un codi per al modelatge del
R-RAWG que permet imitar la fabricacié d’aquests dispositius i que, gracies a
aix0, s’ha desenvolupat un metode o algorisme anomenat DPASTOR, que usa
algorismes usats en machine learning, per a optimitzar la resposta amb tan sols la
poteéncia optica d’eixida. Finalment, s’ha dissenyat una PCB per a poder connectar
electricament el xip fotonic i s’ha desenvolupat un meétode de mesura que ha permés
tindre una resposta estable aconseguint demostrar multitud de respostes de filtres
optics amb el mateix dispositiu.
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Chapter 1
Introduction

From the dawn of time, light has been man’s constant companion. Our ancestors,
the Homo sapiens, were enlightened and fascinated by the same sunlight that
illuminates us today. Then, the humans wanted to dominate the light because it
allowed them to see in the dark, which became a symbol of intelligence, purity and
progress. The appearance of J.C. Maxwell’s equations in 1873 [1] allowed to start
light’s nature searching. The light was understood as an electromagnetic wave at a
very high frequency and this interpretation of Maxwell’s formulas explained many
physical effects satisfactorily. However, with the discovery of the photoelectric
effect in 1887 [2], this theory of light was questioned by Einstein, who was able to
demonstrate this effect by taking light as a small quantum of energy in 1905 [3].
This double behaviour of light as a wave or as a particle was classically referred
to as the wave-particle duality. However, it was not until Schrédinger equation in
1925 [4], which was the concept of the wave function, that the two concepts were
fully connected for the theoretical development of photonics as we know it today
[5].

Throughout history, the generation of light and its use has been based mainly
on emulation of the sun, for illuminating. In the world of electricity, communi-
cations emerged with the electrical wire telegraph in the early twentieth century
and, since the Maxwell’s equations came along, the use of electromagnetic waves for
wireless communication for short distances began. Then Einstein suggested that
light could be generated coherently [6] by promoting the laser invention in 1960
[7], which revolutionized optical communications. Also, in those years, the term
photonics was coined as a science and then fiber optics was invented, which grad-
ually took over all communications by replacing communications with electrical
cables, which were much more inefficient in terms of consumption and bandwidth
[8].

On the other hand, in the years in which photonics came along, electronics or
the use of electrons became so specialized that it illuminated diverse components
for the processing, miniaturizing them at microscopic levels and thus microelec-



tronics was born. Microelectronics improved in many aspects such as consumption,
robustness and size compared to the classic electronics, as well as its ease of mass
production. Thus, it was possible to have the consumer electronics of the com-
mon user opening an immense market like the computers or the mobiles phones
[9]. In the photonics, it happened the same as from the electronics to the micro-
electronics, lighting the so called integrated photonics. Integrated photonic solves
problems and applications of the common optics since it allows to integrate mono-
lithically a very complex system in the same miniaturized substrate [10]. In the
beginnings of the integrated optics, the existing technologies were not sufficiently
mature and precise for the operation of the suitable circuits, especially for high
contrast platforms like the silicon photonics and the indium phosphide, in which
the low precision in manufacturing involved high propagation losses and variabil-
ity. Therefore, the platforms that became commercial products were those of very
low contrast, such as PLC [11]. After those years, initiatives emerged to pro-
mote the research and commercialization of other material platforms [12]. Thus,
in integrated photonics, as in the microelectronics industry, the development of
generic processes was promoted, which allowed the creation of a consortium where
ideas and products were developed [13]. Thanks to these initiatives and the com-
mercialization of the Photonic Integrated Circuit (PIC), such as transceivers [14],
the manufacturing processes of the different foundries have improved enormously,
opening the possibility of other products and implementations.

Throughout the years, within the integrated photonics, different devices with
specific functionalities have been developed. These devices, depending on their
functionality, can be divided into categories. These categories are:

¢ Light-guiding structures, both waveguides of all types and special crossings,
bends, spirals, etc.

o Power splitters, which divide the full spectrum of the light, whether passively
or actively, statically.

e Light couplers to the PICs, which are responsible for coupling light to the
chip, reducing losses with respect to the optical field input.

o Active and passive optical filters, which create a wavelength pattern accord-
ing to which some frequencies have higher losses.

e Light modulators, which seek to modify the amplitude and phase of the light
that passes through them with an external source.

e Light detectors, which are devices that can transform the optical power to
electrical signal.

o Amplifiers or light emitters, which are devices with a structure that allows
them to generate light or increase the optical signal.

With these basic functionalities, any system can be divided in small devices and
thus be able to develop the device that best fits the needs of that functionality
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in the system. Optical filters are one of them and these elements can be imple-
mented in different ways, such as Mach-Zehnder Interferometers (MZIs) [15], Ring
Resonators (RRs) [16], Distrubuted Bragg Reflectors (DBRs) [17], Planar Con-
cave Gratings (PCGs) or Echelle Gratings (EGs) [18], [19] or Arrayed Waveguide
Gratings (AWGs) [20]. Within these last type filters, there is a subcategory of
reconfigurable filters, whose response can be reconfigured with active tuning to
achieve the desired response. Thus, it would allow, once manufactured, to adapt
to the requirements by modifying the optical system without the need for a new
product. In the world of photonic integrated reconfiguration, there are systems
and devices that are attracting a lot of attention, such as Field Programmable
Photonics Gate array (FPPGA) [21], nano-photonic artificial intelligence [22], lin-
ear optical quantum computing [23] and Arbitrary Optical Waveform Generator
(AOWG) [24]. So the reconfigurable filters are a basic part of many of them
as well as for other applications in fields such as LIDAR, biosensing, microwave
processing, telecommunications, etc [25]-[29]. This thesis is focused on the devel-
opment and the first time experimental demonstration of a reconfigurable filter
called R-RAWG [30], which is included in AWG filters group but has a particular
configuration that will be explained in the following sections in depth.

1.1 Generic integration Technologies

To fabricate PICs, multiple material technologies are available, although, due to
its fabrication properties and its characteristics, there are mainly four that are
the most-demanded nowadays: Silica [31], Indium Phosphide (InP) [32], Silicon-
On-Insulator (SOI) [33] and Silicon Nitride (SiNx) [34]. Each technology has
its advantages and disadvantages, but depending on the characteristics that are
needed in the integrated system, one of them will stand out from the rest. First
of all, it should be noted that the Silica is not a platform that offers Multi-Project
Wafer (MPW) runs. The MPWs are periodic productions with several clients that
share the manufacturing costs of a whole wafer and thus reduce the prototype
price. The fabrication process does not change and this is the base of the de-
velopment and research on the platforms with a Process Design Kit (PDK) with
certain tested devices or building blocks. In the silica platforms, the manufac-
turing is very mature and with reduced costs so the dedicated runs are the only
way to obtain systems in this type of substrate. In addition to this, the Silica is
a low contrast platform that allows to operate in the communications band with
a great bandwidth and very repetitive devices with great performance. The main
disadvantages are that due to its low contrast, this platform only allows to make
simple systems or elements, since a radius of curvature of a few millimetres and it
does not allow for the monolithic integration of active components.

InP technology allows the use of light generation, amplification and detection
elements in the telecommunications band. Due to the manufacturing process and
the layers that are necessary, it is a platform that is considered medium index
contrast this leads to waveguides with relatively large bending radius, so the in-
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tegration is moderate. Thanks to this, it allows the monolithic integration of the
whole system in the same substrate, having the source, the system and the de-
tection in the same chip. However, it is a technology that requires a very precise
manufacturing with multiple steps having easily failures in manufacturing. Fur-
thermore, the PICs are very fragile, which makes the packaging very expensive.

Silicon Photonics’ technology emerged mainly because microelectronics circuits
are based on the processing of this type of wafers. Thanks to the already devel-
oped electronic CMOS processes, guiding, high frequency modulation and photo-
detection can be defined. There are two modalities within this type of material:
the thin silicon version and the thick silicon version. The thick silicon version
[35] has been the basis for the development of the first transceivers, since it al-
lowed to make high speed modulators with low relative losses. The thin silicon
version needed a lot of development to define low loss processes but have managed
to demonstrate multiple devices at high modulation speeds in complex systems
with low losses. In addition to this, due to its high contrast, its bending radius
is the most compact, using the smallest area when compared to other technolo-
gies. Due to its easy scaling-up production, rapid improvement in manufacturing,
repeatability, and the number of companies and research centers working on it,
it is destined to be the technology for all products based on integrated optics.
However, nowadays the main problem is that it requires external light sources and
amplifiers.

Finally, the silicon nitride technology came along a few years ago, mainly rep-
resented by the TripleX platform [36]. But the portfolio of foundries offering
open-access nitride platforms is extended to CNM-VLC, Ligentec and IMEC [37].
This material, which is also used in CMOS processes, allows operation in a wide
range of wavelengths from visible to mid-infrared. It has a moderate contrast
index and low losses have been demonstrated so there are certain systems based
on high-Q resonators for which this platform is ideal. Moreover, because it allows
operating in visible wavelength and also in mid-infrared, there is a boom of cus-
tomers and institutions that want to integrate their bio-sensors or optical sensors
in this type of platform. Thus, the silicon platforms are integrating this type of
material together with the silicon guidance to combine in the same platform both
technologies, which allows to define circuits in the silicon nitride and also in the
silicon [38].

The main purpose of this thesis is to define a device that allows to make a
wavelength filter for large wavelength range that can be used for mid-infrared
and also for visible range where the highest number of applications for the filters
is. These filters allow, among other things, spectrometry or wavelength spectrum
analysis, which is used for substance and gas detection applications. Silicone
Nitride technology is therefore ideal for this purpose.

Thanks to the collaboration between the company where this PhD was de-
veloped, VLC Photonics [39], and Centro Nacional de Microelectrénica (CNM) in
Barcelona [40], a fabrication process of 300 nm LPCVD nitride on 2.5 micron oxide
and 2 micron deposited oxide on top of the waveguides was defined. In addition, a
step to define an etching of 150 nm to make shallow waveguides, a process to make
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selective area trench in the oxide to do sensing and a process to deposit and define
metals on top of the waveguides to make heaters were defined. This stable and
standardized process has been reported previously [34] and thanks to the MPWs
defined in this technology, the cost of manufacturing can be split between different
users, having available chip sizes of 10x5 mm? and 5x5 mm?2. The final device and
all the elements of this thesis have been fabricated in this platform. The different
possible cross-sections can be shown in Fig. 1.1.

1 PECVDSI02
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251 Thermal Oxide SIO,
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Figure 1.1: Different cross-section possible in CNM-VLC platform.

1.2 Reconfigurable Spectrometers: The Recon-
figurable Reflective Arrayed Waveguide Grat-
ing (R-RAWG)

Reconfigurable filters, as explained in the introduction, are used for many appli-
cations, including spectrometry. Optical spectrometry is a technique that can be
employed to characterize elements and substances, analyzing the optical spectrum
of light transmitted or reflected through the element under analysis. There are
several commercial products but integrating it in a miniaturized photonic chip
would allow to make this device a low cost commercial element. There are several
approaches in the literature to implement this in integrated optics. As a result
of this interest, our research group developed a patent of a Reflective Arrayed
Waveguide Grating (RAWG) to implement this functionality [30]. This device,
apart from being used for spectrometry, can be reconfigured to obtain arbitrary
filter responses. Due to the intrinsic phase and amplitude errors existing in any
PIC manufacturing platform, the reconfigurability would help to recover a filter
response despite these variations in all manufactured devices. The theoretical
formalism of the device can be found detailed in [41].
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Figure 1.2: RAWG device schematic. FPR: free propagation region, PS: phase shifter,
K coupling constant, xi are reference coordinates for arrayed waveguides
and ij , oj are input and output waveguides.

As can be seen in Fig. 1.2, the device consists of a number of input and output
waveguides connected to a star coupler and this divides the optical power with a
Gaussian distribution in the waveguide array. The array has a fixed incremental
length between waveguides that sets the Free Spectral Range (FSR) of the spectral
response, and each waveguide of the array is connected to a reflective loop to
control of the amplitude and phase. This configuration allows the device to reflect
the signal and route the channels to the outputs.

Despite a detailed analysis and design of the device has been carried out,
only a passive RAWG could be characterized in the our previous work. The
main problem was that the reflectors were not well characterized and modelled.
This thesis will show the development of the necessary blocks for the R-RAWG
on the chosen silicon nitride platform as well as its characterization. Also, the
analysis, simulation and characterization of loop reflectors and, finally, a design,
characterization and demonstration of the reconfiguration of R-RAWG. In this
last section, it will be shown the points taken into account to design this device,
the algorithm developed to optimize the response and the problems and solutions
developed to characterize this device.
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1.3 Objectives

This thesis has three fundamental objectives:

1. To develop and optimize the necessary building blocks for the R-RAWG in
the CNM-VLC platform:

1.1. Couplers for PICs.
1.2. Power splitters.

2. To develop for reconfigurable loop reflectors:

2.1. Analytical model of this type of reflector.

2.2. Develop a simulation tool to predict the spectral response of the reflec-
tors.

2.3. Characterization of the designed and fabricated devices.

3. Design, manufacture and demonstrate the R-RAWG as well as its reconfig-
uration:

3.1. Detect the best design strategy of this device for its proper functioning.
3.2. To develop a simulator including the response of the reflectors.
3.3. To develop an automatic method for its optimization.

3.4. To obtain equipment and create the necessary structures and methods
to be able to characterize a complex device with many actuators.

1.4 Thesis outline

This thesis is structured in the following chapters:

e Chapter 2 studies the basic building blocks required for the R-RAWG.
The literature of different implementations and possibilities of chip coupling
has been reviewed. An edge coupler has been designed using the existing
manufacturing processes and testing their improvement. Also the literature
of different implementations for a splitter has been reviewed. A new design
flow for a splitter type has been proposed and tested for improvement.

e Chapter 3 includes the study, modeling and characterization of a mirror
reconfigurable in phase and amplitude. A literature study of integrated
reconfigurable mirrors has been conducted. Mathematical modeling has been
performed to predict the response of the characterization of these mirrors in
amplitude and phase.
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e Chapter 4 shows the design, characterization and reconfiguration of the
R-RAWG. An algorithm obtaining the desired reconfiguration only with the
optical power has been developed and validated through multiple experi-
mental realizations. Different strategies in the design were carried out to
improve its performance. Also, a measurement method and the associated
electronics were developed to ease the characterization of this circuit.

e Finally, in Chapter 5 the conclusions and considerations for future work
are presented.



Chapter 2

PIC basic building blocks:
splitters and fiber couplers

The silicon nitride platform CNM-VLC [40] is a good candidate to develop the
device proposed in this thesis, as explained in the introduction. Moreover, the
standard PDK developed in the platform offered an edge coupler with 2.5x2.5 pm?
MFD and different optical splitters. However, each edge coupler had 3 dB coupling
loss, and the splitters were highly dependent on manufacturing.

In this chapter, an analysis of the splitters has been done. This has allowed to
detect the weakness of previous designs and show a new design flow that improves
performance. Furthermore, it has been carried out an analysis of PIC couplers
showing the design and characterization of an edge coupler based on the standard
fabrication steps.

Finally, the chapter conclusions are presented together with future develop-
ments to improve the standard platform. Some parts of the following chapter
were previously published in a journal and at a conference and are reprinted here
with permission [42], [43].

2.1 Background and motivation

The basic building blocks, which achieve certain specifications, are the basis of the
standard platform PDKs. Thanks to these PDKs and their blocks, more complex
structures can be implemented without risk that, due to the bad performance of
a single block, the whole system response could be altered. Following the path of
semiconductor microelectronics [44]-[46], the photonic integration foundries have
designed and tested some basic blocks with which external customers can build
complex systems [47].

According to the existing information in the different PDKs of the manufac-
turing processes of the companies or research centers around the world in all the
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material platforms [34], [48]-[50], the basic blocks of a PDK can be divided into:

Waveguides, which are usually strip/deep and rib/shallow. The information
provided for those waveguides are: the recommended width or monomode
width, group index and effective index.

Optical splitters, which can be 50/50 or other type of splitting.

Couplers to the PICs, which can be for horizontal (edge couplers) or vertical
(grating couplers 1D, 2D) coupling.

Optical filters, such as RR, MZI, DBR.
Waveguide constructions such as crossings, transitions, bends, spirals.

Thermal active structures such as thermo-optic phase shifters or thermo-
optic switches.

Electro-optical active structures such as electro-absorption modulators or
plasma dispersion modulators.

Optical amplification or emission active structures such as SOAs, lasers, etc.
Optical detectors, such as photodetectors.

Complex structures such as AWG, EG, etc.

The R-RAWG designed in this thesis was made on the CNM-VLC platform,
which is a silicon nitride platform with metallization to make thermo-optic tuners.
The implementation of the reconfigurable reflectors has been based on splitters
and waveguides with thermo-optic phase shifters that will be seen in Chapter 3
of this thesis.

The optical couplers and splitters provided in the CNM-VLC PDK have been
improved in order to improve as much as possible the overall response of the R-
RAWG developed in this thesis.

2.2 Splitters and combiners

In photonic integrated circuits, the splitters/combiners are basic BBs to build
more complex devices and systems [51]-[55]. The functionality of these elements
is simple: splitting or combining the light at the output ports. [56].

There are four main structures to split and combine the light: Y-junctions,
Directional couplers (DC), MMI and star couplers.
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2.2.1 Implementations
Y-branch

This element is the most basic element to split and combine light. The main
characteristics are that it can be lossless, fabrication tolerant, compact and broad-
band operating [57]-[62]. By dividing the input waveguide into two waveguides,
the light is divided into two ports. The important design parameters are: the
aperture angle between outputs ports, the width of the waveguides, the transition
between the input and outputs and the splitting ratio desired. The main challenge
of this element is the fabrication of the tip that in some higher index contrast
technologies, the vertical position of the tip to the propagation of the light could
introduce reflections.

In the literature, there are different implementations intended to optimize this
element. The review of [63] shows the different approaches made in the past [64],
[65]. Several computational methods have been employed to simulate this type of
components like BPM or FDTD. Nowadays, inverse design techniques are being
employed to optimize this element, thus obtaining high performance and different
splitting ratios in broadband operation [66]—[68].

Figure 2.1: Example of Y-junction.

Directional couplers (DC)

If two optical waveguides are placed close together and the optical power is guided
through one of them, a coupling effect between the waveguides occurs due to the
propagation of the waves, thus splitting the light power in both waveguides. These
elements are called Directional couplers (DC). On the one hand, by studying this
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effect that is described by the coupled mode theory, any splitting ratio could be
obtained by changing the length of the coupling section. On the other hand, tradi-
tional designs are sensitive to the input wavelength due to the coupling effect and
to the fabrication tolerances such as the gap, width, thickness or refractive index
of the parallel waveguides that could introduce big changes in the power response
of this device. Among all, the important parameters to design these elements are:
the width, gap and length of the waveguides, the gap and length of the fan-outs
and cross-section. Recent developments in the design of this element have allowed
the obtaining of devices which are less sensitive to fabrication tolerances in broad-
band operation. Among others, the most common approaches in the literature
are bent couplers and adiabatic couplers [69]. First, bent couplers are based on
the coupling study between bent waveguides which varies their width, gap, angle
and length to obtain broadband operation and fabrication tolerance [70]. Second,
adiabatic coupling studies the propagation of the modes in the devices to obtain
the splitting desired for broadband operation and fabrication tolerance. The prob-
lem with this approach is that due to transitions, the total size of these devices is
larger compared to other approaches [70]-[73].

Figure 2.2: Example of Straight Directional Coupler.

Star couplers

The free-propagation region, more commonly referred to as star coupler, employs
the optical beam diffraction to split the light [74]. In a star coupler, the input light
is launched in a slab waveguide and it starts to expand following the Gaussian
beam propagation. If the output waveguides are placed to collect the power of the
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