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ABSTRACT

Introduction and objectives

Integrated photonics, born from the success of optical communications and driven by the limitations
of electronic interconnects, emerged as a groundbreaking technology in the 1970s. This pioneering
innovation opened the possibility of manipulating and controlling light signals on a miniature scale,
leading to the development of compact and highly efficient optical systems. Photonic integrated
circuits (PICs) enable high-speed data transmission and broad bandwidth capacity systems in a
miniaturized semiconductor chip. Silicon photonics, distinguished by its compatibility with
complementary metal-oxide-semiconductor (CMOS) fabrication processes and monolithic integration,
has become the dominant platform for PICs. Its applications extend to diverse fields such as
neuromorphic photonics, 5G-6G communications, quantum photonics, the Internet of Things, light
detection and ranging, spectrometry, and sensing. Despite the promising potential of silicon photonics
technology, challenges such as birefringence and fabrication limitations persist, impeding the
development of fundamental integrated building blocks. To address these challenges, ongoing
research is required to enhance the performance of photonic components, thereby unlocking new

applications, and enabling next-generation PICs.

The primary aim of this thesis is to design, optimize, and experimentally characterize novel
components for integrated silicon photonics, with a special focus on minimizing losses, ensuring broad
operational bandwidths, facilitating multimode operation, and maintaining robust fabrication
tolerances. Broadband operation, a critical requirement for most applications, poses a significant
challenge due to chromatic dispersion in the silicon-on-insulator (SOI) platform. To tackle this
challenge, subwavelength grating metamaterials through periodic nanostructuration has been deeply
investigated in this thesis. Specifically, the thesis endeavors to develop high-performance power and

modal management building blocks to drive forward next-generation silicon photonics applications.

Results of the research

During the development of the present thesis, significant advances have been reported in the fields
of power and modal management. In terms of power management, the primary goal of the present
thesis is to achieve efficient power splitting with ultra-broadband multimode operation and low excess
losses, essential for applications in data communication networks, sensing systems, and quantum
information processing. On the other hand, the objective for modal management is to optimize the

conversion between optical modes to mitigate signal degradation, which is particularly relevant in
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high-speed communication systems, nonlinear photonics, and quantum computing. The following

devices have been developed with these targets in mind:

A novel Y-junction architecture based on full subwavelength grating metamaterial waveguides.
This first proposed power splitter has been developed for two different lithographic resolutions
of 50 nm and 100 nm. The device exhibits a high-performance and large fabrication tolerances.
Full three-dimensional finite-difference time-domain (3D FDTD) simulations show a fundamental
mode excess loss (EL) below 0.1 dB in an ultra-broad bandwidth of 300 nm (1400 — 1700 nm)
when optimized for a fabrication resolution of 50 nm, and under 0.3 dB in a 350 nm extended
bandwidth (1350 — 1700 nm) for a 100 nm resolution. Exhaustive measurements over a 260 nm
bandwidth (1420 — 1680 nm) show fundamental transverse-electric mode (TEo) excess loss under
0.3 dB considering a high-resolution lithographic process (i.e., 50 nm) and below 0.5 dB for a
standard-resolution scenario (i.e., 100 nm). Subwavelength Y-junctions with artificially induced
errors of +10 nm further demonstrate the robustness to fabrication deviations of this design. The
proposed splitter also exhibits first-order transverse-electric mode (TE1) excess loss lower than
1.5 dB within a 170 nm bandwidth (1420 — 1590 nm) in both 50 nm and 100 nm resolution

scenarios, hence enabling multimode power splitting configurations.

The second device developed in this thesis is an achromatic splitter based on a Y-junction assisted
by SWG metamaterials. The proposed SWG-assisted device yields the broadest bandwidth
reported to date for a nanophotonic silicon power splitter. Operation over an outstanding 700 nm
bandwidth was obtained through 3D FDTD simulations, covering an extensive wavelength range
from 1300 nm to 2000 nm. The device design was optimized for both TE,; and the TE; modes, and
it also exhibits a remarkable performance for the fundamental transverse-magnetic (TMo) mode.
Specifically, 3D FDTD simulations predict minimal excess loss (< 0.2 dB) for both TE; and TE;
modes over a 700 nm bandwidth (1300 — 2000 nm), and less than 0.3 dB for the TMy mode within
the 1300 — 1800 nm wavelength range. Experimental measurements validate simulation results,
confirming low excess losses for the three modes in the 1430 — 1680 nm wavelength range along

with robust fabrication tolerances for etching errors up to +10 nm.

The third device developed in this thesis is an innovative mode converter architecture based on
two mirrored symmetric Y-junctions connected through SWG metamaterials. The geometrical
parameters of the device are further refined through an inverse design optimization algorithm,
maximizing the modal field conversion between the fundamental and second-order
transverse-electric (TEz) modes. The device, optimized through 3D FDTD, shows EL below 0.75 dB
and extinction ratio (ER) exceeding 10 dB over a broad bandwidth of 350 nm (1350 nm to
1700 nm). Furthermore, within a 150 nm wavelength range (1472-1622 nm), the ER exceeds

20 dB while EL remains below 0.3 dB. Experimental validation confirms efficient mode
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conversion, with EL as low as 0.4 dB and ER exceeding 18 dB over a broadband of 149 nm,
extending from 1471 nm to 1620 nm. To the best of our knowledge, the proposed mode converter
exhibits the broadest bandwidth experimentally ever reported experimentally for TEo - TE;

exchange.

Conclusions

The devices and results reported in this thesis represent a major breakthrough in the field of
integrated photonics, introducing pioneering building blocks enabled through subwavelength
metamaterials. These achievements not only indicate progress toward a new frontier of
high-performance on-chip applications but also hold potential for significant enhancements across
various domains: from enhancing high-capacity communication networks to applications in nonlinear

photonics, quantum computing, LIDAR, and sensing.
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RESUMEN

Introduccion y objetivos

La fotonica integrada, nacida a raiz del éxito de las comunicaciones Opticas e impulsada por las
limitaciones de las interconexiones electronicas, emergiéo como una tecnologia revolucionaria en la
década de 1970. Esta tecnologia innovadora abrid la posibilidad de manipular y controlar sefales de
luz en una escala en miniatura, permitiendo el desarrollo de sistemas Opticos compactos y muy
eficientes. Los circuitos fotonicos integrados (PIC) permiten la transmision de datos a alta velocidad
y los sistemas de gran ancho de banda en un chip semiconductor miniaturizado. distinguida por su
compatibilidad con los procesos de fabricacion de oxido de metal complementario (CMOS) vy la
integracion monolitica, se ha consolidado como la plataforma dominante para los PICs. Sus
aplicaciones se extienden a diversos campos, como la fotonica neuromorfica, las comunicaciones
5G-6G, fotdnica cuantica, el internet de las cosas, la deteccion y el alcance de la luz (LIDAR), la
espectrometria, y sensores. A pesar del prometedor potencial de la tecnologia fotonica de silicio,
todavia persisten desafios como la birrefringencia y las limitaciones de fabricacion, que impiden el
desarrollo de los componentes integrados fundamentales. Para hacer frente a estos retos, es necesario
proseguir la investigacion con el fin de incrementar el rendimiento de los componentes fotonicos,

desbloqueando asi nuevas aplicaciones y haciendo posible la proxima generacion de PICs.

El objetivo principal de esta tesis es disenar, optimizar y caracterizar experimentalmente
componentes innovadores para la fotonica de silicio integrada, con especial enfoque en minimizar las
pérdidas, garantizar anchos de banda operativos amplios, facilitar el funcionamiento multimodo y
mantener tolerancias de fabricacion robustas. Un requisito fundamental de los dispositivos fotonicos
integrados es el funcionamiento de banda ancha, lo que supone un reto importante debido a la
dispersion cromatica asociada a la plataforma de silicio sobre aislante (SOI). Para abordar este reto,
en esta tesis se han investigado en profundidad los metamateriales de rejilla de sublongitud de onda
basados en la nanoestructuracion periodica. En concreto, el objetivo de esta tesis es el desarrollo de
componentes de gestion modal y de potencia de alto rendimiento que permitan el desarrollo de

aplicaciones fotdnicas integradas de la siguiente generacion.
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Resultados de la investigacion

Durante el desarrollo de la presente tesis se han conseguido importantes logros en las tareas de

gestion de potencia y gestion modal. En cuanto a la gestion de la potencia, el objetivo principal de

esta tesis pretende conseguir una division eficiente de la potencia con un funcionamiento multimodo

de banda ultra-ancha con un bajo exceso de pérdidas, esencial para aplicaciones en redes de

comunicacion de datos, sistemas de deteccion y procesamiento cuantico de la informacion. Por otro

lado, el objetivo de la gestion modal es optimizar la conversion entre distintos modos dpticos para

mitigar la degradacion de la sefal, lo que resulta especialmente relevante en sistemas de

comunicacion de alta velocidad, fotonica no lineal y computacion cuantica. Con estos objetivos en

mente se han desarrollado los siguientes dispositivos:

Page xvi

Una novedosa arquitectura de union en Y construida a partir de guias de onda totalmente
basadas en metamateriales sublongitud de onda. Esta primera propuesta de divisor de
potencia se ha desarrollado considerando dos resoluciones litograficas diferentes: 50 nm y
100 nm. El dispositivo demuestra un alto rendimiento con grandes tolerancias de fabricacion
en un ancho de banda ultra-ancho. Las simulaciones tridimensionales utilizando el método
de diferencias finitas en el dominio del tiempo (3D FDTD) muestran una pérdida de exceso
(EL) para el modo fundamental inferior a 0.1 dB en un ancho de banda de 300 nm
(1400 — 1700 nm) cuando se optimiza para una resolucion de fabricacion de 50 nm, e
inferior a 0.3 dB en un ancho de banda extendido a 350 nm (1350 — 1700 nm) para una
resolucion de 100 nm. Tras realizar una serie de medidas exhaustivas en un ancho de banda
de 260 nm (1420 — 1680 nm), se observa una pérdida de exceso inferior a 0.3 dB para el
modo transversal eléctrico fundamental considerando un proceso litografico de alta
resolucion (es decir, 50 nm) e inferior a 0.5 dB en un escenario de resolucion estandar (es
decir, 100 nm). Las medidas de uniones en Y sublongitud de onda con errores inducidos
artificialmente de +10 nm demuestran ademas la fiabilidad de este disefio frente a
desviaciones durante la fabricacion. El divisor propuesto también presenta una EL para el
modo transversal-eléctrico de primer orden (TE,) inferior a 1.5 dB en un ancho de banda de
170 nm (1420 — 1590 nm), tanto en escenarios de resolucion de 50 nm como de 100 nm,

permitiendo asi el funcionamiento multimodo del divisor de potencia.

El segundo dispositivo que se ha desarrollado en esta tesis es un divisor de potencia
acromatico basado en una estructura de union en Y asistida por metamateriales SWG. Este
dispositivo asistido por SWG proporciona el mayor ancho de banda registrado hasta la fecha
para un divisor de potencia nanofotonico de silicio. Las simulaciones 3D FDTD han
demostrado que el dispositivo funciona en un ancho de banda de 700 nm, cubriendo el
extenso rango de longitudes de onda de 1300 nm a 2000 nm. El diseno del dispositivo se
optimizé para los modos TEo y TE4, presentando a su vez un rendimiento destacable para el
modo transversal-magnético fundamental (TMo). Especificamente, las simulaciones 3D FDTD

estiman pérdidas minimas (< 0.2 dB) para los modos TEo y TE; en un ancho de banda de
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700 nm (1300 — 2000 nm), y menos de 0.3 dB para el modo TMg en el rango de longitudes
de onda de 1300 — 1800 nm. Las medidas experimentales validan los resultados de
simulacion, confirmando pérdidas de exceso minimas para los tres modos en la banda de
longitud de onda de 1430 — 1680 nm, asi como tolerancias de fabricacion robustas para

errores de grabado de hasta +10 nm.

El tercer dispositivo desarrollado en esta tesis es una novedosa arquitectura de conversion
modal basada en dos uniones en Y simétricas enfrentadas y conectadas a través de
metamateriales SWG. Los parametros geométricos del dispositivo han sido ajustados
mediante un algoritmo de optimizacion de disefo inverso, maximizando la conversion de
campo modal entre los modos fundamental y transversal-eléctrico de segundo orden (TE;).
El dispositivo, optimizado mediante simulaciones 3D FDTD, ofrece una EL inferior a 0.75 dB
y una ratio de extincion (ER) superior a 10 dB en un amplio ancho de banda de 350 nm
(1350 nm a 1700 nm). La validacion experimental confirma la eficiente conversion de modo,
con una EL menor a 0.4 dB y una ER por encima de 18 dB en un ancho de banda de 149 nm,

que se extiende desde 1471 nm hasta 1620 nm.

Conclusiones

Los resultados obtenidos en esta tesis representan un avance importante en el campo de la fotonica

integrada, al proponer blogues de construccion pioneros gracias a los metamateriales sublongitud de

onda. Estos avances no solo suponen el avance hacia una nueva era de aplicaciones de alto

rendimiento en chip, sino que estos avances prometen mejoras significativas para diversos campos:

desde la mejora de las redes de comunicacion de alta capacidad hasta su aplicacion en la fotonica no

lineal, la

computacion cuantica, LIDAR y sistemas de sensado.
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Chapter I:

SILICON PHOTONICS OVERVIEW

The present thesis covers the design, optimization and experimental
demonstration of novel high-performance photonic integrated building blocks
based on subwavelength metamaterials. These developments have been the result
of national and international collaborations between the Spanish National
Research Council (CSIC) - Institute of Optics “Daza de Valdés” (I0) and other
renowned institutions such as the Centre for Nanoscience and Nanotechnology
(C2N), the National Research Council of Canada (NRC), the University of Malaga
(UMA), and the University of Strathclyde. In this introductory chapter, the main
insights of the thesis are presented and contextualized by discussing their

applicability and relevance for current state-of-the-art technology.

Section 1.1 provides a historical background on integrated photonics. In Section
1.2, the scientific and industrial impact of silicon photonics is addressed, revealing
its pivotal role as an enabling technology for telecom, datacom, and
next-generation applications. Section 1.3 introduces the main outcomes of this

thesis, while Section 1.4 outlines the organizational structure of the document.
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1.1. The rise of integrated photonics

1.1.1. Microelectronics: evolution and frontiers

Prior to the 1950s, the landscape of electronic components consisted of independent entities that,
in response to a potential difference, generated a flow of electric current. A revolutionary era in the
electronics industry began with the inception of the transistor in 1948. This breakthrough paved the
way for further advances in the field, most notably after the development of integrated circuits. With
millions of transistors on a single chip, integrated circuits drove the industry forward enabling the

advent of the microprocessor and the realization of modern information technology [1].

The evolution of classic microprocessors, driven by the ever-increasing transistor density following
Moore's Law [2], encountered a turning point in 2003 with the emergence of the 3 GHz clock speed
limit [3]. Despite efforts to diminish transistor size, some issues arose: processor overheating and
reduced efficiency of transistors with sizes of less than 10 nm. At this scale, insulator regions reduce
to just a few hundred atoms and hence electrons exhibit susceptibility to quantum tunnelling into
these insulators [4]. While multi-core processing provided a remedy, the need for efficient system
interconnects for parallel processing became crucial [5]. Subsequently, another challenge manifested
in the form of an electronic interconnect bottleneck, emphasizing the urgent need for high-speed
data transmission. Conventional electronic interconnections, relying on copper/dielectric assemblies,
pose challenges concerning power dissipation and signal integrity when elevated data rates are
demanded. This bottleneck made the conventional practice of data transmission from a computer
chip to either memory or another computer chip via copper wires unsustainable regardless of

proximity.

In face of the increasing complexity of circuits and demands for higher data rates in a myriad of
applications, industry has been searching for solutions. Integrated photonics emerged as a promising
alternative inspired by the success of optical communications based on optical fibers. The concept of
photonic integrated circuits (PIC) was first introduced by Stewart E. Miller in 1969 [6], thereby
establishing the roots of integrated optics. Miller acknowledged the potential of dielectric waveguides
for guiding light beams and building circuits embedded in a single substrate. This pioneering
innovation opened the possibility of manipulating and controlling light signals on a miniature scale,
leading to the development of compact and highly efficient optical systems. Integrated photonics
benefits from the inherent advantages of optical fibers, such as high-speed data transmission, broad
bandwidth capacity, and further extends these advantages to the scale of a miniaturized
semiconductor chip. PICs enable the encoding of data onto optical waves, particularly useful for
high-speed data communication and interconnected applications. Optical signals are not affected by
electromagnetic interference, whereas electrical signals in electronic circuits are vulnerable to it.
Hence, optical communication systems offer high-speed and efficient data transfer over long
distances with minimal signal degradation, enabling the transmission of large volumes of data [7],
[8]. Nowadays, optical interconnection within data centers covers distances ranging from intra-chip
connections up to 10 km, effectively overcoming the limitations of electronic interconnection [9],
[10].
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1.1.2. Integrated photonics: from fundamentals to applications

Integrated optics relies on waveguides (WGs) as foundational components, guiding light beams
within a semiconductor or dielectric material. Optical WGs operate on the principle of total internal
reflection, where light transitions from a higher refractive index medium to a lower refractive index
(An) at an angle beyond the critical angle. Figure I.1 displays a full PIC [11] in panel (a), followed by
a scanning-electron microscope (SEM) image of a routing circuit in panel (b), and a fundamental wire
WG constituent in panel (c). The WG core material has a higher refractive index (n.,.), placed over
a buried-oxide (BOX) layer and covered with the cladding material with lower refractive index (n,q)-
A high refractive index contrast enhances light confinement inside the WG and, hence, allows for
compact dimensions and large integration capability. These WGs support two different orthogonal set
of solutions of Maxwell equations, i.e., quasi transverse-electric (TE) and quasi transverse-magnetic
(TM) polarizations, characterized by the direction of the main component of the propagating electric
field. The main electric field of quasi-TE modes is oriented parallel to the chip surface, while quasi-TM

modes have most of the electric field in the component perpendicular to the chip surface. Therefore,

optical modes are defined as the different field distributions allowed, usually referred to as TE and
TM modes.

() (b) (©)

Cladding (ngaq)

Figure I.1. (a) Complete PIC [11], (b) SEM image of a circuit part, (c) and basic wire WG.

PICs consist of several fundamental building blocks that can be active or passive. Passive devices
operate without the need for an energy source and some examples are waveguides, directional
couplers, multimode interference (MMI) couplers, Mach-Zehnder interferometers, Bragg gratings, ring
resonators, to name a few. Active devices require external energy sources to operate, such as
silicon-based lasers, silicon modulators, and detectors. By combining different building blocks, it
becomes possible to perform complex on-chip optical functionalities, such as signal generation,
modulation, amplification, routing, and detection [12]. Different materials have been adopted for
the design and fabrication of PICs, each having its own particular advantages and limitations, to suit

specific academic and technological purposes [13].
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1.1.3. Materials and platforms for integrated photonics

One the most engaging material platforms for the development of integrated active components is
the compound of two IlI-V semiconductors: indium phosphide (InP). InP-based PICs can integrate both
active and passive components on a single chip. InP is particularly suitable for applications such as
long-haul telecom, optical fiber networks, and high-speed optical communication systems. However,
waveguides based on InP suffer from higher propagation losses than those based on group IV materials
[14]. Other combinations of group IlI-V such as gallium arsenide (GaAs) or indium gallium arsenide
(InGaAs) have been widely used in PICs, but their fabrication costs are elevated. Polymer-based WGs
utilize organic materials, such as polymers and copolymers, offering integration with multiple optical
components, e.g., lasers, detectors, modulators, and multiplexers [15]. Some polymer materials,
particularly those with biocompatible properties or specific surface modifications, find application in
bio-photonics for biomedical sensing or lab-on-a-chip devices [16]. Even with these advantages,
organic polymers are limited by their low refractive index contrast, which hinders the realization of
dense, compact integrated devices. A crystal with exceptional electro-optic properties is lithium
niobate (LiNbO3), providing integrated optics platforms that have been used predominantly for the
implementation of active components such as high-speed electro-optic modulators, switches, and
frequency converters. LiNbO3 exhibits strong nonlinear properties, which expands its potential
applications in nonlinear optics. Unfortunately, bulk LiNbO3 waveguides have large footprints, and
the fabrication technology is not compatible with complementary metal-oxide-semiconductor (CMOS)
technology [17], [18].

The alignment of silicon (Si) with the mature and well-established fabrication methods of CMOS
technology reinforces its position as the preferred material for integrated photonics. Silicon PICs
provide the advantage of monolithic integration with electronic components and compatibility with
fiber optics applications. Silicon photonics encompasses different fabrication platforms such as
silicon-on-insulator (SOI), silicon nitride (SiN), silica-on-silicon, germanium-on-silicon (GOS) or silicon
oxynitride (Hydex), among others. Today, the reference Si photonics platform either in technological
development or commercial adoption is the SOI platform. While Si has intrinsic limitations in light
emission and detection as a consequence of its indirect bandgap, Si photonics platforms offer the
prospect of integrating other materials. The combination of Si with other platforms to overcome their
limitations is commonly referred to as hybrid or heterogeneous integration. This approach has the
potential to yield large-scale hybrid devices, as demonstrated by the development of InP/Si lasers
[19], [20].

The potential to miniaturize and integrate optical components on a chip has opened up a realm of
possibilities for cutting-edge technologies, expanding the scope of PICs —particularly on silicon
platforms— beyond its initial focus on datacom and telecom applications. In the domain of sensing
technology, PICs play a notable role, particularly in biosensing and environmental monitoring, where
they contribute to the creation of compact and highly sensitive sensors for detecting biological or
chemical substances [21], [22]. In the field of medical imaging, PICs enable advanced techniques such
as optical coherence tomography, providing high-resolution and non-invasive imaging capabilities for

medical diagnostics [23]. Integrated photonics is also instrumental in for quantum computing, where
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PICs are leveraged to generate, manipulate, and detect quantum states of light, thus advancing the
development of quantum processors and communication systems [24], [25]. Beyond these
applications, integrated photonics finds use in light detection and ranging (LIDAR) and laser radar
systems for autonomous vehicles, environmental mapping, and surveillance [26], [27]. These diverse
applications underscore the versatility of integrated photonics in addressing technological challenges

across numerous industries.

1.2. Guiding the future: silicon photonics technology

As the electronics industry has evolved, billions of dollars and decades of research have been
devoted to studying every facet of silicon semiconductor device processing and manufacturing,
resulting in a highly mature, cost-effective, high-yield, and reliable process. Silicon, owing to its
compatibility with well-established CMOS fabrication processes, stands out as the preferred material
for the development of PICs [28], allowing for cost-effective and large-scale production [29], [30].
Moreover, silicon-based PICs allow the monolithic integration of photonic devices in close proximity
to electronic components on a single chip [31], which is essential for two main reasons. First, it
facilitates the simultaneous achievement of the required levels of performance, scalability, and
complexity in electronic-photonic (optoelectronic) systems. Second, this approach significantly
enhances system-level innovation by providing a common design environment to realize advanced
optoelectronic systems. Specific applications could thus benefit by leveraging the strengths of each

technology, electronics or photonics, to achieve optimal performance and functionality [32].

The inception of silicon photonics can be traced back to the seminal 1985 paper authored by Soref
and Larenzo [33]. In subsequent years, advancements included the demonstration of low-loss
waveguides in a thick silicon-on-insulator process in 1991-92, as well as the development of various
optical integrated devices, modulators, and photodetectors [34]. SOl platform consists of a
three-layer structure on a thick silicon substrate: a silicon layer that forms the waveguide core for
light propagation, a silicon dioxide (SiO;) BOX layer, and a top cladding layer (typically SiO;) covering
the waveguides. Two approaches to Si layer thickness are commonly used in SOI platforms: thin and
thick. Thin SOI platforms feature a device layer thickness ranging from 220 nm to 300 nm, while thick
SOl employs a waveguide core layer with a thickness on the order of a few microns. This thesis focuses
on a standard SOI platform with 220-nm-thick Si layer. Both Si and SiO; exhibit transparency bands
that initiate at wavelengths around Ag; ~ 1100 nm and Ag;,, ~ 200 nm, respectively, and extending up
to A5 ~ 8000 nm and Ag;0, ~ 3500 nm. Consequently, in this wavelength range Si photonics benefit
from the extensive knowledge and infrastructure of the fiber optics industry, as these wavelength
ranges cover the important telecom bands (i.e., O, C and L)V, up to short wavelengths of the
mid-infrared bands. Moreover, the removal of SiO; surrounding the Si core to create suspended
waveguides presents the opportunity to expand the low-loss SOI wavelength range up to around

8000 nm. This approach opens up possibilities for new applications, encompassing communication
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networks, sensing, and nonlinear systems. The SOI platform has a large refractive index difference
between the Si and the SiO;: ng; = 3.45 and ng;p, = 1.46 at 1 = 1550 nm. This high refractive index
difference strongly confines the electromagnetic field into the Si layer, enabling high-density

integration of photonic components integration with propagation losses as low as 1-2 dB/cm [35].
1.2.1. Evolution and challenges in silicon photonics

In the field of communication, which has been the essential market driver for PICs, silicon photonics
has transformed from a challenger technology in the small-scale integration —with 1-to-10
components on a PIC— to a dominant technology in recent years for intra-, and inter-datacenter
interconnects, and it is poised to become the reference technology in the next few years [34]. Silicon
photonics-based transceivers for data communication have undergone remarkable progress, evolving
from conceptualization to achieving a production scale of several million units annually. Figure I.1
provides a comprehensive overview of the technological evolution across five generations of data
transceivers [36]. This progression aims for ever denser optical integration and foresees a future peak

of innovation with the advent of 3D co-packaged optics with on-chip integrated lasers.

Pluggable optics

On-board optics

2.5D co-packaged optics

Genl” | % y N 3D co-packaged optics
/ ~
Genlll < @ Ry 3D co-packaged
tical link optics with
e Gen lll / @ ~ integrated lasers

%

» electrical links ~ z ;
) Gen IV N 2
' pluggable optical transceiver .~ disaggregated laser supply 7 e
& on-board optics module co-packaged PIC GenV

Figure 1.2. The evolution of optics through different generations and the advancement of

co-packaging technologies in data centre applications [36].

Over the past few years, wavelength division multiplexing (WDM) was the primary technology for
silicon photonic optical transceivers, using different wavelength as data channels [37]. However,
there has been a considerable development of mode division multiplexing (MDM) systems, which are
capable of increasing data transmission capacity by simultaneously transmitting multiple signals
through different optical modes within the same waveguide [38], [39]. Furthermore, recent research
advances have demonstrated on-chip hybrid platforms that integrate MDM with WDM. This innovative
combination of multiplexing technologies allows to increase the bandwidth density of on-chip optical
interconnects without scaling the number of waveguides per chip [40]. Additionally, the exploration

of multimode silicon photonics, particularly involving higher-order modes, is proving to be a valuable

(10 band: 1260 — 1360 nm, C band: 1530 — 1565 nm, and L band: 1565 — 1625 nm.
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avenue in emerging fields such as quantum information processing [41], and on-chip nonlinear
photonics [42].

As discussed upon in this section, SOI PICs allows for high-density integration and cost-effective
production [43]. These properties have boosted ultra-fast data transmission in integrated optical
transceivers and are now playing a crucial role in a wide spectrum of emerging applications such as
neuromorphic photonics [44], 5G-6G communications [45], quantum photonics [46], the Internet of
Things [47], light detection and ranging [26], spectrometry [48], and sensing [49]. In order to address
the needs of all these applications development of novel and efficient Si-integrated components is
sought. High-performance integrated building blocks are essential for maintaining signal integrity and
ensuring optimal power consumption, crucial for efficient optical signal transmission and low-power
applications. These devices are expected to offer compact sizes, low losses, robust fabrication
tolerances, and to be capable of operating over broad bandwidths for different optical modes and
polarizations. Nevertheless, the development of fundamental photonic building blocks that can meet
all these requirements is still a significant challenge. The high refractive index contrast of SOI
platform results in a high birefringence between TE- and TM- polarized modes, high thermal
dependence, chromatic dispersion, and susceptibility to fabrication deviations. In addition, available
fabrication processes are subject to resolution limitations in terms of the minimum feature sizes
(MFSs) that can be realized and can introduce small dimensional deviations from device’s nominal
designs, compromising their performance. Therefore, performance improvements in fundamental
building blocks are key to unlocking novel applications and thereby driving technological

advancements in integrated photonics.

1.3. Objectives and contributions of this thesis

The main objective of the present thesis is the design, optimization and characterization of new key
components exhibiting minimal losses, broad operational bandwidths, and multimode operation along
with robust fabrication tolerances. A key requirement for integrated photonic devices is broadband
operation, i.e., flat response over wide wavelength ranges, which is difficult to accomplish as a
consequence of the chromatic dispersion of the SOI platform. To meet all these requirements, the
original devices developed in this thesis rely on periodic nanostructuration at the subwavelength

scale, also known as subwavelength grating (SWG) metamaterials.

More specifically, the main goal of this thesis is to create novel high-performance power and modal
management building blocks that enable the evolution of next-generation applications, thereby
pushing the field of integrated photonics forward. The objective related to power management is to
achieve efficient power splitting with ultra-broadband multimode operation and low excess loss,
addressing the diverse demands of emerging applications such as data communication networks,
sensing systems, and quantum information processing. On the other hand, the aim for modal

management is to optimize the conversion between different optical modes and ensure low signal
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degradation (with emphasis on modal dispersion mitigation) to be implemented in high-speed
communication systems. To demonstrate the impact of these contributions beyond simulations,
rigorous experimental characterizations were carried out to validate the outstanding performance of
these cutting-edge building blocks. The devices were developed using a standard SOI platform with a
BOX thickness of 2 pm and a 220-nm-thick silicon layer. The visual representation in Figure |.4

provides an overview of the three building blocks conceived in this thesis.

1. Efficient power splitting based on a
full-subwavelength Y-junction

2. Achromatic subwavelength-assisted
power splitter

3. Ultra-broadband mode converter

Figure I.3. Graphical abstract showing the main devices developed in this thesis.

1.3.1. Efficient power splitting based on a full-subwavelength Y-junction

Efficient power division is a fundamental functionality in silicon photonic integrated circuits, being
3-dB optical power splitters extensively used in light distribution or as building blocks for more
intricate arrangements. Moreover, power splitters are often concatenated sequentially to build 1xN
dividers, evidencing the necessity of compact and low-loss designs that operate over large bandwidths
and have relaxed fabrication tolerances. But current state-of-the-art power-division architectures are

hampered by limited operational bandwidths, high sensitivity to fabrication errors or large footprints.

Symmetric Y-junctions, among multiple power splitting architectures, are characterized by their
theoretically polarization- and wavelength-independent spectral response along with their simple
design. However, current lithography techniques have a limited resolution leading to a minimum
feature size between the two Y-junction arms (i.e., a tip between the arms). This is particularly
restrictive in deep ultraviolet (DUV) lithography, with a substantially larger minimum feature size
compared to electron-beam (e-beam) technology. In addition, since the Y-junction tip is located at
the midpoint of the stem waveguide, coinciding with the fundamental mode power maximum,

deviations from the tip nominal design particularly penalize the fundamental mode losses.
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In this thesis, a novel Y-junction enhanced with subwavelength gratings metamaterials has been
developed for two different lithographic resolutions of 50 nm and 100 nm. The device exhibits a
high-performance and large fabrication tolerances over an ultra-wide bandwidth. Full
three-dimensional finite-difference time-domain (3D FDTD) simulations show a fundamental mode
excess loss below 0.1 dB in an ultra-broad bandwidth of 300 nm (1400 — 1700 nm) when optimized
for a fabrication resolution of 50 nm, and under 0.3 dB in a 350 nm extended bandwidth
(1350 — 1700 nm) for a 100 nm resolution. Exhaustive measurements over a 260 nm bandwidth
(1420 — 1680 nm) show fundamental transverse-electric mode (TEq) excess loss under 0.3 dB
considering a high-resolution lithographic process (i.e., 50 nm) and below 0.5dB for a
standard-resolution scenario (i.e., 100 nm). Subwavelength Y-junctions with artificially induced
errors of +10 nm further demonstrate the robustness to fabrication deviations of this design. The
proposed splitter also exhibits first-order transverse-electric mode (TE+) excess loss lower than 1.5 dB
within a 170 nm bandwidth (1420 — 1590 nm) in both 50 nm and 100 nm resolution scenarios, hence

enabling multimode power splitting configurations.

1.3.2. Achromatic subwavelength-assisted power splitter

The strong demand for high performance and ultra-broadband power splitters, especially for
multimode and dual polarization operation, is paramount for a myriad of applications. The second
device developed in this thesis is an achromatic power splitter. The proposed SWG-assisted device
yields the broadest bandwidth reported to date for a nanophotonic power divider. Operation over an
outstanding 700-nm bandwidth was obtained through 3D FDTD simulations, covering an extensive

wavelength range from 1300 nm to 2000 nm.

The device design was optimized for both TE; and the TE: modes, and it also exhibits a remarkable
performance for the fundamental transverse-magnetic (TMo) mode. Specifically, 3D FDTD simulations
predict minimal excess loss (< 0.2 dB) for both TE; and TE: modes over a 700 nm bandwidth
(1300 — 2000 nm), and less than 0.3 dB for the TMy mode within the 1300 — 1800 nm wavelength
range. Experimental measurements validate simulation results, confirming low excess losses for the
three modes in the 1430 — 1680 nm wavelength range along with robust fabrication tolerances for

etching errors up to +10 nm.

This SWG-assisted symmetric Y-junction is expected to unlock new possibilities for a myriad of
applications in both traditional and emerging areas of silicon photonics, including mode-division
multiplexing, quantum key distribution, and neural networks. Moreover, the proposed design strategy
can be applied to other high-index contrast material platforms. The operating bandwidth for TMg
could be extended with a thicker BOX layer for the SOI platform and higher-order modes could also

be potentially supported just by increasing the device’s dimensions.
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1.3.3. Ultra-broadband mode converter

The exponential growth of global Internet traffic and the rising bandwidth-hungry applications
accentuate the necessity for the telecom industry to move towards next-generation optical systems.
MDM techniques provide improved data rates by simultaneously transmitting several signals in optical
modes of different orders within a single waveguide. Multimode silicon photonics, leveraging
mode-division multiplexing technologies, offer strong prospects to increase capacity of large-scale
multiprocessing systems for on-chip optical interconnects. Moreover, these technologies have
implications not only for telecom and datacom applications but are also useful for emerging fields
such as integrated quantum and nonlinear photonics. Thus, the development of compact, low-loss

and low-crosstalk mode converters is crucial for effective on-chip mode manipulation.

The third device developed in this thesis is an innovative mode converter architecture based on two
symmetric Y-junctions in back-to-back configuration connected through SWG metamaterials. The
geometrical parameters of the design are further refined through Powell's gradient-free optimization
algorithm, maximizing the modal field conversion between the fundamental and second-order
transverse-electric (TE;) modes. The device, optimized through 3D FDTD, shows excess loss (EL) below
0.75 dB and extinction ratio (ER) exceeding 10 dB over a broad bandwidth of 350 nm (1350 nm to
1700 nm). Furthermore, within a 150 nm wavelength range (1472-1622 nm), ER exceeds 20 dB while
EL remains below 0.3 dB. Experimental validation confirms efficient mode conversion in both cases,
TEo - TE; and TE; - TEo, with EL as low as 0.4 dB and ER exceeding 18 dB over a broadband of 149 nm,
extending from 1471 nm to 1620 nm. The demonstrated mode converter is a pioneering solution in
the field, which stands out for its notable combination of increased bandwidth, efficiency, and
compact design compared to other state-of-the-art solutions. These compelling attributes underline
the device's considerable potential in ultrahigh-density MDM systems for advanced multimode optical

communication and signal processing applications.

1.4. Document organization

The structure of this thesis is organized as follows:

e Chapter | is devoted to the introduction.

e Chapter Il introduces the fundamental principles of light-wave propagation through periodic
dielectric structures, focusing on the subwavelength grating regime. The objective of this
chapter is to provide a comprehensive understanding of the essential concepts and practical
applications of SWG metamaterials, laying the basis for their implementation in the design of
the proposed devices.

e Chapter Ill presents an in-depth review of state-of-the-art power splitting and mode
conversion devices, including a complete discussion of their strengths, limitations, ongoing
advances, and current challenges.

e Chapter IV describes the design and characterization of a broadband power splitter based on
full SWG metamaterials, developed for the SOI platform. The principle of operation, design

considerations, and optimization procedures of the proposed device are explained.
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Subsequently, the fabrication process and the extensive experimental characterization are
explained.

o Chapter V presents the achromatic power splitting architecture assisted by SWG
metamaterials, for multimode and dual-polarization operation. This chapter covers
theoretical considerations, simulation results, fabrication details, and exhaustive
characterization of this innovative device.

o Chapter VI focuses on the broadband mode converter. The device design process involves a
refined gradient-free optimization method combined with SWGs. The description of the
fabrication process of the novel mode-converter device is included, and insights from both
simulated and experimental measurements are discussed.

e Chapter VII draws the conclusions obtained from this thesis and discusses future lines of

research.
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Chapter II:

LIGHT DYNAMICS IN PERIODIC

STRUCTURES

This chapter explores the fundamental nature of periodic dielectric waveguides in
integrated photonic circuits. These structures are a versatile design tool capable
of operating as optical metamaterials for an appropriate wavelength-to-period
ratio. Specifically, the emphasis is on the utilization of periodic dielectric
structures when they remain unaffected by diffractive effects, commonly referred
to as subwavelength grating metamaterials. Recognized for their tailorable optical
properties, SWG metamaterials prove themselves to be an excellent resource for
engineering photonic components, especially in those fabrication platforms
constrained by limitations in available material such as SOI.

Section 2.1 introduces the basis for understanding light behavior in wire
waveguides and, consequently, the underlying concepts of periodic waveguides. In
Section 2.2, the theoretical foundations of wave propagation along periodic
structures are described, including their inherent photonic band structure.
Building on this basis, Section 2.3 describes SWGs as uniaxial crystals to model
their response as an equivalent metamaterial. Section 2.4 discusses the different
engineering approaches of SWG metamaterials for photonic design. The chapter
concludes in Section 2.5 by summarizing the main insights derived from the

concepts presented.
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2.1. Introduction to photonic wire waveguides

This section aims to establish a solid foundation in the principles of uniform wire waveguides. The
fundamental principles describing the behavior of light's electromagnetic field in integrated photonic
wire waveguides establish the basis for approaching and understanding more advanced structures, in

particular periodic waveguides.

The macroscopic behavior of an electromagnetic field is governed by Maxwell's equations. A
conventional waveguide can be conceptualized as a dielectric medium characterized by its
non-magnetic, linear, isotropic, and non-homogeneous properties. In the absence of free charges and
under the assumption of a sinusoidal regime, the governing equations for such waveguides are as
follows [50]:

—

VxE=—jwouoH 2.1)

VxH = jwe,eE (2.2)
V-€E =0 (2.3)
V-H=0 (2.4)

The electromagnetic fields, electric (E) and magnetic (H), propagate with an angular frequency w,
in a medium with vacuum magnetic permeability u, and dielectric permittivity &,. The relative

dielectric tensor e is related to the refractive index of the material as € = n?. The vacuum

wavenumber is then given by the angular frequency and the speed of light in vacuum: k, = %

Let’s consider a monochromatic light wave propagating in the x direction within a conventional

dielectric wire waveguide, as shown in Figure Il.1(a). Because of the translational symmetry of this
WG, the expressions for the electric (E) and magnetic (Ff) fields can be separated into the transversal
(E. = E, +E,; H,=H, + H,) and longitudinal (E,; H,) components [51]. In addition, the EM field
solutions are characterized by its wavevector component in the propagation direction, k= k.x . Aset

of solutions to Maxwell's equations permits to disaggregate the field components as a function of the

transverse components, with a general form [51]:
En(x,,2) = Eppn(y,2) - e/ @ot~Fxm®) (2.5)
Hn(%,,2) = +tHyp (y,2) - /@0t Fxm) (2.6)

where m identifies the solutions with different field distribution and propagation constant k, ,,, i.e.,

the different propagating modes. The field, or harmonic solutions, F?t,m(y,z) and ﬁt‘m(y,z), are
completely determined for each mode of order m. Upon substituting these field solutions into
Maxwell’s equations, the transversal components can be expressed as functions of their longitudinal

components, and the longitudinal components can be derived. The resulting equations for the
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longitudinal components of the electric and magnetic fields, referred to as the reduced wave

equations or modal equations, are then formulated as follows [51]:

0%E, O0°E
ayzx asz = [kJ% - 6k§]Ex
0*°H, 0°H
oy T o2 = Uk —ekilH,

2.7)

(2.8)

The complex eigenvalue of thOe modal equations is the wavenumber associated to each mode,

k, = ki +jki", and is related to the effective index of the modes as k, = ko n.sr = %neff. The

real component of the eigenvalue (k1¢) corresponds to the phase variation experienced by the

propagating mode, while the imaginary component (k™) accounts for its attenuation or loss. It is

important to note that wire waveguides support two types of modes depending on the light

polarization direction, as shown in Figure Il.1. The solutions for quasi-transverse-electric modes in

wire waveguides consist of harmonic solutions where the dominant component of the electric field is

E,, with the component E, being negligible, and H,, = 0. Similarly, quasi-transverse-magnetic modes

present an electric field that is primarily polarized along the z-direction. Thus, the calculation of

propagating modes in wire waveguides entails solving the modal equations while considering the

appropriate boundary conditions that ensure the fields at the interfaces are satisfied.

N,

X

Fundamental quasi-TE mode

Fundamental quasi-TM mode

= 3

E, E./j

E,

-

E./j

Figure Il.1 Schematic representation of a wire waveguide with insets of the E, (E,) and E, components

of the fundamental quasi-TE(TM) mode supported. Graded yellow and blue colors are utilized to

indicate a m-phase difference [52].
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2.2. Light propagation in periodic dielectric media

Now consider a monochromatic light wave propagating in the positive x direction (k = k.x) of a
dielectric periodic waveguide, as shown in Figure Il.1(c). For simplicity only the electric field solutions
will be developed, the procedure being similar for the magnetic field. The periodic waveguide core
consists of different dielectric segments of a material with refractive index n.,., width W and
thickness T, spaced with a period A. The amount of core material present in a period, i.e., the length
of the core segments (a), is defined by the duty cycle (DC) as: a = DC - A. Gaston Floquet [53] and
Felix Bloch [54] set the foundations on wave propagation in periodic structures. The Floquet-Bloch
theorem introduces the solution of EM waves propagating along the periodicity direction, which can

be expressed as a Fourier series expansion:

- - . - - . 2m .
E(x,y,z) = Ex(y,z) e JFx* = < Z EF,m(y,Z)e_Jm7x>e‘kax (2.9)

m=—oo

The field profile is defined over a single period and satisfies Ez(x,y,z) = Ep(x £+ A, y,z) since the
grating structure is characterized by its periodicity in the x direction e(x,y,z) = e(x + A,y,z). The
solution for this field is the sum of an infinite series of harmonic plane waves. The series involves the
product of two components: a periodic function in the direction of propagation, with the same period
as the grating WG, and an exponential function with dependence on the direction of propagation. The

exponential function can be combined as:

[oe]

ECy )= ) Epm(y,z)e e (2.10)

m=—

where kg, = k, + mZT” is the complex Floquet-Bloch wavenumber and it can be rewritten as

ke, = ki + jkim. Similar to the propagation of a mode in a conventional photonic wire, here k% is
associated with the attenuation of the Floquet-Bloch mode, while ki¢ is related to the phase
constant. Thus, the effective index of a Floquet-Bloch mode can be denoted as:
Nefrr = k,fox = % j% =Nyt + Nt e

There are no analytical solutions for Floquet-Bloch modes in a 3D medium, but accurate numerical
methods are available for this purpose, including finite-difference time-domain or eigenmode
expansion approaches [55]. The main simulations conducted on this thesis employ the 3D FDTD
method. This approach discretizes both space and time into a grid, calculating the electric and
magnetic field values at each grid point. The method iteratively updates these values based on
Maxwell's equations and boundary conditions. Through repetitive iterations, the simulation computes

the evolution of electromagnetic fields over time in a given three-dimensional scenario.
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2.2.1. Periodicity and wavevector: photonic band structure

Similar to the conventional mode profile propagating with its respective wavenumber, Ex(y, z) can
be understood as a mode profile that propagates with wavevector k_p) = kg% along the x-axis. An
important consideration is that the Floquet-Bloch mode profile, rather than being constant in the

propagation direction, is cyclic in the periodicity direction. Therefore, for periodic waveguides it is

enough to calculate the eigenvalues for the wavevectors kj within just one period: the primitive unit

cell. This is widely known as the first Brillouin zone in solid state physics [56]. In periodic photonic
waveguides, k—,; = kg, X = (kx +m27")3? = (k, + mG)x, where G is the primitive reciprocal lattice.
The first Brillouin zone is thus delimited within the region k., € [—g ,+ g] and any other wavenumber
is equivalent under translation by a multiple of G = 27" Furthermore, the first Brillouin zone may
itself be redundant if the periodic structure presents additional symmetries, such as mirror planes.
The range —g < kg, <0 is the reverse of 0 < k., < g, then the irreducible Brillouin zone is k., €
[0,+§] [56]. The uniform wire waveguide (Figure Il.1(a)), can be considered a special case of the

Floquet-Bloch formalism for a period A — 0, so the Brillouin zone of the wavevector is unbounded
(kr, — o0). The band structure of the uniform wire waveguide is presented in Figure Il.1(b), while

Figure 11.1(d) illustrates the diverse light behaviors within a periodic structure (Figure 1l.1(c)).

(b)

Light cone

.... Propagating
modes
— Light line

kF,x
(d) Wo

W :
K=z max{ngaa o Light cone

_ Radiating
modes

__ Propagating
modes (SWG)

— Light line
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---- modes
(uniform WG)

0 i
A
ke x

Figure II.2. Illustrations of (a) a uniform wire waveguide and (c) a periodic waveguide. Note that the
cladding is omitted in panels (a) and (c) for the sake of clarity. Band diagrams of both uniform wire
and periodic WGs are plotted in panels (b) and (d), respectively. The subwavelength (blue), Bragg

(red) and radiation (green) regimes are also depicted in panel (d).
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2.2.2. Bragg regime

In periodic waveguides, there is a perturbation-induced coupling between the modes at k., = —g

and k., = g, which results in the small band gaps at the edge of the zone, as illustrated by a red

vertical line in Figure Il.1(d). Within these gaps, the light is cannot propagate along the periodic
waveguide since there are no permitted propagating k., solutions [56]. The Bragg condition offers a
straightforward explanation of this phenomenon: multiple reflections from various unit cells
collaborate to interfere destructively within the structure [57]. Consider two Floquet-Bloch modes
characterized by wave vectors kz% ,, and ki .. In order for reflection to occur without mode
conversion the mode of order m may be the same mode as m', and the phase constant of the
Floquet-Bloch mode propagating in the positive x-direction (k%4 ,,) must match the phase constant of
the backward-propagating (k;%.,, < 0) mode: ki%,, = — ki%m [58]. This condition for phase
matching is expressed as follows:

2m

re — J,re -
kF,x,m - kF,x,mr + l

2 2
= —kiSm t ZT_) 2Kk Sem = ZT (2.11)

Therefore, the Bragg regime can be expressed for each band gap of order [ as the range of

frequencies satisfying the following equality:

w, T
kBragg = T Ni,Bragg = lK (2.12)

In the frequency range corresponding to the photonic bandgap, light is prevented from propagating
through the structure and k¢, ,, remains constant. Bragg gratings find widespread application as

narrowband reflection filters for datacom [59], sensing-related systems [60], and emerging areas such

as nonlinear optics [61] and quantum photonics [57].

2.2.3. Radiation regime

The modes above the light line (ki , = k¢ - max {n.44, npox}) describe the propagation of light within
the cladding or BOX and are considered radiation modes. These modes are characterized by a
continuous spectrum, visually represented by the green cone in Figure Il.1(d). The bands located
above the bandgap and below the cladding light line, represent the leaky modes, as illustrated by the
green lines in Figure Il.1(d). Leaky modes are especially relevant for the design of fiber-chip
input/output light coupling devices, such as grating couplers that radiate a portion of the guided
Floquet-Bloch mode. In this radiation regime, the mode experiences an upward or downwards partial
diffraction (z-direction) when it is phase-matched to the radiation mode supported by the cladding.
This process is characterized by an emission angle 6, respect to the vertical axis (z-direction). The

grating equation dictates the phase matching condition for the diffracted Floquet-Bloch mode:

2w 2w
kysin(6,) = ki, = ki + T = koness + e (2.13)
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where k; is the wavenumber of the radiation mode in the cladding (k; = kon.,qq), considering only
the emission in the xz-plane for simplicity. The integer number r corresponds to the mode order. To
operate in the radiation regime described in Equation (2.13), two criteria must be met. First, the
angle 6, must be a real value. Second, only eigenvalues characterized by a negative order (r < 0) can

be emitted by the grating, as ngfs > ngqq.

e

Surface grating couplers (GCs) facilitate efficient light coupling between optical fibers and chip
waveguides. For this purpose, the optical fiber is placed above radiating grating structures on the
chip surface, as shown in Figure Il.2. A surface GC changes the out-of-plane wave vector direction of
the light to align with the in-plane waveguide direction, coupling the light into the waveguide and

acting as a mode-size converter [62], [63].

Figure 11.3. Schematic of a typical focusing grating coupler based on curved periodic structures.
2.2.4. Subwavelength regime

In the subwavelength regime, radiative and reflective effects are suppressed, and the propagation
of the Floquet-Bloch mode is lossless: k%, = 0, and hence k. ,, = k¢, [64]. This regime is illustrated
in Figure 11.1(d) below the first band gap or Bragg regime, where the Floquet-Bloch mode propagates
through the periodic waveguide.

21

kF,m = Zneff,F < kBragg(l == (2.14)

>3

Rewriting Equation (2.14) gives the condition for the period of the periodic waveguide to operate in

the subwavelength regime:

(2.15)
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Equation (2.15) labels this regime as subwavelength, referring to the significantly shorter periodicity
of the structure relative to the wavelength of light. The region where the Floquet-Bloch mode is linear
(kr, — 0) is known as deep-subwavelength regime, which will be further explained in the following
sections. Within the SWG regime, the Floquet-Bloch modes have a lower effective refractive index
compared to modes of the same order and polarization propagating in an equivalent uniform wire
waveguide with identical width and thickness. In other words, the equivalent uniform wire WG
corresponds to the case of a periodic WG in which the duty cycle is fixed at 1. Moreover, the effective
refractive index of the modes propagating in the SWG regime is higher than the refractive index of

the first Bragg regime:

nl:l,Bragg < neff,F.m < neff,m (216)

As mentioned above, it is important to note that the value n.¢fr,, is influenced not only by the
grating period but also by the duty cycle. This can be interpreted as follows: as more silicon is present
in a period (DC — 1), n.¢f ., increases and converges toward n.(,, . Conversely, when there is less
silicon in a period (DC — 0), the value of n,r decreases, approaching n,_; g,q4,- Thus, in the
subwavelength regime, the grating WG behaves as a new uniform material (referred to as
metamaterial through this thesis) with a refractive index (n.,) lower than the refractive index of the

core material: n.q < Ngope-

2.3. Subwavelength grating metamaterials

The optical properties of SWG gratings described in the previous section hold remarkable potential
for the implementation of metamaterials. The term "metamaterial” is defined in the literature as an
artificial medium that exhibits properties different from those available in natural materials [64].
Subwavelength gratings inherently behave as engineered metamaterials, as they are nanostructures
which exhibit unique and tailored properties that are not intrinsic to their individual components.
The effective optical properties of the SWG metamaterial are influenced by both the constituent
materials and the specific topology of the nanostructures [65]. By precisely designing grating WGs at
the subwavelength scale, a wide range of refractive indices can be synthesized as well as controlling
light dispersion and anisotropy. To fully harness the design advantages offered by subwavelength
nanostructures, it is important to understand the conditions under which they behave as equivalent
uniform materials and to characterize the properties of these metamaterials. In the following section

a mathematical model to describe the optical properties of periodic SWG waveguides is introduced.

2.3.1. SWGs as uniaxial crystal

Uniaxial crystals are anisotropic materials with a single optical axis, which means that light travels
through the crystal with different velocities in each direction [66]. The periodic waveguide in
Figure 11.1(c) can be conceived as a "slice” of an infinite laminar material as shown in Figure Il.3(a)

[67]. In the subwavelength regime, this layered structure acts according to an equivalent
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homogeneous anisotropic material, i.e., as a uniaxial crystal (Figure Il.3(b)). Thus, the SWG
waveguide can be effectively modeled as a homogeneous waveguide made of the equivalent uniaxial

crystal material (see Figure I1.3(c)).

Figure I.4. (a) Infinite laminar medium composed of alternating layers of the waveguide core and
cladding material. (b) Equivalent uniform anisotropic material in the subwavelength regime.

(c) Metamaterial model of the periodic structure.

Let’s consider a monochromatic plane wave that propagates in the x-y plane with a wave vector k_p)
forming an angle 6 relative to the x-axis, as depicted in Figure I.3(a). The electric field solution can

be expressed using the Floquet-Bloch theorem (Equation (2.9)) as:
E(x,y) = Ex(x)e Jkrxxe=Jkryy (2.17)

Note that here EF only depends on x since the laminar material extends infinitely through y and z
directions. The wavenumbers in the x and y directions are related to the wavenumber as
kp, = kpcos(8) and kg, = kpsin(6). Equation (2.17) can be rewritten and simplified by
considering the electric field distribution within each homogeneous layer as a sum of an incident
plane wave and a reflected plane wave, as proposed by Yeh in [68]. Hence, a Floquet-Bloch mode in

the n-th core layer is given by:
E(x, y) = [(b(()ﬂe‘jkgore(x‘"/l) + b(()_)ejkgorE(x_nA))e—jkx Tl/l]e—ij,y y (2.18)

Using Equation (2.18) in the modal or dispersion equation to obtain the relation between k,, k, and

kg, results in:

cos(kp, A) = cos(kSa)cos (kS (A — a)) — Asin(k$o a)sin(kS9 (A — a)), (2.19)

where ko = J (koNgore)? — k2

7, and kgt = J (koneiqa)? — ki, are the wavenumbers of the core

and cladding in the periodicity direction (x-direction), respectively. The factor A is a term dependent

on polarization as well as core and cladding materials:
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TE 2 ngore k;lad nglad k;ore '
1 k;ore k;lad
ATM = E k}(élad + k;are (2.21 )

In the deep-subwavelength limit, i.e., A < A, it is satisfied that k, A < 1 and hence, k{°a « 1
and k£ (A — a) « 1. Under this approximation, Equation (2.19) can be reduced for each polarization
to [67]:

k2 k2 kZ zcos?(0)  kZ,gsin?(6)
Fx Fy _ RETE F.TE = S,TE (2.22)

2 2 2 2

2 2

kiy kiy Kkprwm
2 2

nj n n

= ki 1m (2.23)

Equations (2.21) and (2.22) are the dispersion relations of TE and TM plane waves propagating along
the xy plane of a uniaxial anisotropic crystal. For this crystal, n, and n, are the ordinary and
extraordinary indices of refraction, respectively. The electric field of TE-polarized light lies within
the xy-plane, whereas for TM polarization the electric field is orthogonal to the periodicity (i.e., in
the z-direction). In other words, a plane wave propagating through a laminar periodic structure in the
deep-subwavelength regime propagates as if it were a homogeneous uniaxial crystal described by the

diagonal permittivity tensor:

n2 0 0
e=n,*=[0 nf 0 (2.24)
0 0 nf

Moreover, the metamaterial properties are found to be independent of both period and wavelength

in this regime, allowing to simplify the permittivity tensor components to Rytov’s equations [69]:

n{ =DC nZ,. + (1 — DOk, (2.25)
pDC  (1-DO\ !
n? = ( —+ ( _ )) (2.26)
Ncore Nclad

As Rytov’s equations intuitively imply, a high duty cycle corresponds to permittivity tensor
components closely aligned with n?,,., while a low duty cycle aligns with components approximating
n?,4. This principle is fundamental to leveraging subwavelength materials for refractive index

engineering.

An improved method to model the equivalent metamaterial in the full subwavelength regime was
proposed in [67]: the slab model. This model incorporated the WG core thickness in the calculation

to obtain the permittivity tensor, describing the complete subwavelength regime. Initially, the
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calculation involves determining the effective indices for the 2D periodic slab waveguide, considering
mode propagation along the y- and the x-axis. The plane waves propagating along these two axes
exhibit effective refractive indices n.¢r, and n.sr,. To translate these effective indices into
refractive indices, one must compute the equivalent homogeneous slab that generates these modes.
Subsequently, an isotropic 2D slab waveguide considering different refractive indices of the core

material (n., = \/nZ, . +2n%,;,) is solved, yielding a mapping function. Then mapping the effective

eqy

indices n.s, and n.f,, to the equivalent refractive indices n,,, and n the permittivity tensor of

eq.y’

the equivalent metamaterial is:

nggx O 0
e=nt=| 0 nZ, O (2.27)
0 0 nZyy

Here, the parameters n.,, and n,,, are analogous to n, and n; in the deep-subwavelength regime

approximation, respectively. Henceforth, the terms n,,, and n.,, are used instead of n, and n,.

eqy

2.4. Subwavelength metamaterials for nanophotonic device design

SWG metamaterials have been successfully applied to the design of a wide variety of
high-performance devices [65]. Three fundamental properties of SWG metamaterials are typically
exploited for the design of high-performance photonic devices: refractive index, dispersion, and
anisotropy engineering. As detailed in the following sub-sections, the selection of the engineering

technique depends on the specific purpose and application of each device.

Nevertheless, regardless of the particular engineering technique, there are several practical
considerations involved in the design of subwavelength metamaterials. The first consideration is the
choice of an appropriate period. Smaller periods result in n.,, and n.,, values nearly wavelength
independent but requires smaller feature sizes that can be more difficult to fabricate. For example,
for an SWG with silicon core (ng; = 3.476) and silicon dioxide BOX and cladding (ng;, = 1.444) operating
at a wavelength of 1, = 1550 nm, a commonly used period is A= 200 nm. These period values adhere
to the MFS achievable with certain technologies, such as electron-beam lithography (see Annex A) if
a duty cycle between 25% and 75% is considered, since the MFS would be 50 nm in the worst case.
The second consideration arises when small duty cycles are employed, resulting in smaller equivalent
rates for the metamaterial. Consequently, this leads to weak waveguide guidance, raising a potential
risk of leakage loss towards the silicon substrate [70]. The final considerations only apply to wide SWG
waveguides with tight mode confinement. In such scenarios, a few nanometers of jitter in the
placement of each grating segment may introduce significant transmission losses [71] as the jitter

disturbs the periodicity on which the propagation of the Floquet-Bloch mode is based.
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2.4.1. Refractive index engineering

As discussed in the previous section, one of the key functionalities of SWG waveguides lies in their
ability to manipulate the refractive index of the equivalent metamaterial. According to Equations
(2.25) and (2.26), it is possible to synthesize the equivalent refractive indices n.,, and n.,, by
modifying the geometrical parameters of the grating. Refractive index engineering achieves a broad
spectrum of refractive index values, ranging from those of the core to the cladding materials.
Controlling the refractive index profile of the equivalent metamaterial waveguide provides the means
to manipulate the confinement properties of guided modes within the waveguide. This additional
degree of freedom in the design introduces flexibility and addresses a notable limitation in integrated
optics: the fixed values of the refractive indices of the material platforms. This control over the
refractive index is essential for optimizing the performance of photonic devices [72], [73], which is

highly desirable for building sophisticated microphotonic circuits.

To visually illustrate refractive index engineering, Figure Il.5 shows two SWG waveguides,
characterized by DC; = a,/A in panel (a) and DC, = a,/A in panel (c), where DC, > DC,. Their
respective equivalent metamaterials with refractive indices n.,; and n.,, are included in
Figure 11.5(b) and (d), respectively. The insets in panels (b) and (d) provide a closer look at the
fundamental TE mode (|Ey| field profile) within each metamaterial structure. From the insets, it can

be easily seen that TEo mode is more confined in the structure with higher DC, since n.q, > n.q ;.

@ A ) N TE| )
X X

WU, el

‘

=1 si ] Sio, 1 Metamaterial 1 B SiO,
(4 y d y
© M @ X TE| (=]
X X
o A
' W] nm
0
= Si ] Sio, [ Metamaterial 2 W] SiO,

Figure 11.5. Schematic representations of SWG waveguides with (a) low duty cycle and (c) high duty
cycle. Their corresponding equivalent metamaterial models are shown in panels (b) and (d),
respectively. For a waveguide of W = 500 nm and thickness 220 nm, the fundamental TE mode |Ey|

field profile is included in the insets for (b) n.,; = 2.5 and (d) n.,, = 3.2.

The high index contrast of the SOI platform enables strong modal confinement within the WGs,
critical for dense integration of on-chip devices and low propagation losses. However, the
confinement of optical modes can limit the interaction between light and adjacent materials, which
is desired for certain optical functionalities. Refractive index-engineered SOl waveguides based on
SWG provide a solution by accomplishing both robust mode confinement and substantial light-matter
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interaction. For instance, light-matter interaction plays a fundamental role in integrated photonic
sensors, which commonly depend on the evanescent field [74] of a propagating mode extends into
the cladding, enabling the detection of variations in this material. Therefore, variations in the
cladding induce changes in the n,, of the equivalent metamaterial. This can be quantified through
different methods, including a power difference in the context of a Mach-Zehnder interferometers

(MZIs) [75] or a shift in the resonance wavelength for ring resonators [76].
2.4.2. Dispersion engineering

The chromatic dispersion of SWG metamaterial waveguides, representing the variation of the
effective index of the Floquet-Bloch mode with wavelength, is governed by the wavelength-to-pitch
ratio of the periodic structure. Within the SWG regime, two zones with qualitatively different
dispersion behavior can be identified, as illustrated in Figure Il.1(d). First, the deep subwavelength
regime, where chromatic dispersion is negligible and n,;, » remains nearly constant. In this regime,
the major source of dispersion arises from the dispersion of its constituent materials. Second, the
region where the Floquet-Bloch mode transitions toward the Bragg regime and chromatic dispersion
becomes noticeable, starting to contribute to the overall dispersion characteristics. As k, increases,

the slope of the n.s» curve experiences a rapid increase, leading the SWG to exhibit characteristics

resembling a material with substantial and tunable chromatic dispersion [73].

Dispersion engineering is a powerful tool for the realization of integrated photonic devices with
broad operational bandwidths. By engineering the structural parameters of the SWG,
dispersion-dependent design parameters can be achieved to have an ultra-flat profile over a wide
range of wavelengths. The analysis presented in [77], which examines a multimode SWG interference
structure as a case study, provides a comprehensive overview of dispersion engineering principles.
The analysis investigates a SWG multimode-interference structure as a case study and delves into the
dispersion equation of a broad anisotropic metamaterial waveguide, with a particular focus on TE
polarization. The parameters n,, , and n.,, of Equation (2.27), which are analogous to n, and n;, can
be used in Equation (2.22) for an improved description. The propagation wavenumber for the m-th
order mode, using a first order Taylor expansion in Equation (2.22) and assuming paraxiality (i.e.,

k,m < ko), can be approximated as follows [77]:

kJZ, 21 ﬂka,
kym = Neq,y ko — =MNegy\ 5 (2.28)

2 - 2
2kongq x A 4mng,

Assuming that the guided modes are well confined in the metamaterial WG, the lateral component

y of the wavevector is given by [78]:

A (2.29)
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In this context, the effective width W, = W +% /ngq — n?,,, considers the lateral penetration depth

of each mode field. The effective refractive index for that Floquet-Bloch mode can be obtained as

A k. m, and the dispersion is calculated by its variability with the wavelength:

n =—
effFm — 5o

2
Meffrm = Neqy ~ mz;#fgx (2.30)

By judiciously engineering the values of n.,, and n.,,, a value of n,r,, independent of the

wavelength can be achieved. Dispersion engineering has been successfully applied to different
nanophotonic components, providing unprecedented broadband devices, including waveguides [79],
phase shifters [80], beam splitters [77], [81], and focusing grating couplers [82], to name a few.
Furthermore, it has also been employed to demonstrate the phenomenon of slow light in SWG

waveguides, i.e., periodic WGs with a significantly reduced group velocity of light [83].
2.4.3. Anisotropy engineering

The inherent high index contrast of the SOI platform, combined with the prevalent use of waveguides
with non-square rectangular cross sections, leads to different light propagation behaviors for TE and
TM polarizations. This effect is formally identified as birefringence and is quantified by the expression
B = njf; —nlf;, where n[. and nl¢; are the effective indices of the TE and TM modes, respectively.
Novel SWG metamaterial topologies provide extra degrees of freedom to adjust the refractive index
allows the index difference between nlf, and nlf; to be decreased, facilitating birefringence
management. Examples of polarization management devices based on such SWG structures include
polarization filters [84], polarization beam splitters [85], [86], rotators[87], [88], and splitter-rotators
[89], [90]. Two main advanced SWG topologies have been successfully demonstrated for anisotropy
engineering: tilted SWGs [91] and bricked SWGs [92].

2.4.3.1. Tilted subwavelength gratings

Equations (2.22) and (2.23) reveal that for a TM plane wave, the magnitude of the ky 1\ vector is
practically independent of the incident angle 8 since its electric field is oriented in z-direction.
However, a TE plane wave (xy-plane polarized) is strongly dependent on 6 because the electric field
orientation changes from perpendicular to parallel to the core segment interfaces. Hence, the
wavenumber of a TE plane wave varies between kg 1g(8 = 0) = n., ko and kp1e(6 = 90) = n,q,k,
when the direction of propagation shifts from x to y. Therefore, tilting the silicon segments primarily
affects the TE (in-plane) modes, with minimal impact on the TM (out-of-plane) modes, as illustrated
in Figure 11.5(a). When tilting the segments in the SWG waveguide, the period along the propagation
direction (A, ) is given by A, = A/cos(0). Extending the equivalence between a periodic structure and
a uniaxial crystal, the tilted SWG waveguide can be modelled as a uniform waveguide, as shown in
Figure 11.5(b). The tilt of SWG segments is expressed by a rotation of the permittivity tensor, losing

its diagonality in the new nondiagonal tensor [91]:
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ﬁeq,x (9) ﬁeq,xy (9) 0

€0) =T 1(O) e T(O) = |lgry(0) TEq,(6) 0 (2.31)
0 0 Mgz

The rotation matrix in the xy plane is T(6). The elements of the tensor ¢ are calculated from the
tensor components of the non-tilted SWG as [91]:

Mg (8) = nZy, sin?(0) +nZ, . cos?(6) (2.32)
Mgy (0) = nZ,, cos*(0) + nZ, , sin?(6) (2.33)
712, 4, (0) = (nZ, . — nZ,,) cos(6) sin() (2.34)

M5q.(0) =nZ,, (2.35)

The component 7Z,,(6) of the tensor remains invariant when tilting the SWG structure. This

property allows direct control of the modal birefringence by simply adjusting the tilt angle at a
constant duty cycle.

2.4.3.2. Bricked subwavelength gratings

For a brick SWG waveguide as depicted in Figure Il.5(c), the SWG silicon segments are also
subdivided periodically along the y-axis, characterized by a period A,,. The resulting silicon bricks are
alternately translated in the x-direction a specific distance Ax. The permittivity tensor e(4x)
characterizes the behavior of this bricked periodic structure as a uniform anisotropic medium as a

function on the normalized translation Ax = Ax/A, as [92]:

N2, (4x) 0 0
e(dx) = 0 n2,,(4x) 0 (2.36)
0 0 n2, ,(4x)

The component of the permittivity tensor nZ, , is independent of the block translation, and nZ, , (4x)

and nZ, ,(4x) are expressed by [92]:

2 (@) = —TeayTlax (2.37)

eqx (A + B cos(2mAx))?
n2,,(x) = (A + B cos(2mAx))? (239)
nZ, ,(@%) = n,, )
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Here A and B are derived from the boundary conditions of Ax = 0 and Ax = 0.5 and are defined as

A= 0.5(Mgqy + NegyNeqr) and B = 0.5(gq, — /NegyNeqr)- Comparable to tilted SWG

metamaterials, a diverse range of birefringence can be achieved for a fixed period and duty cycle by

properly adjusting the translation of the structure.

@ (b)
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Figure 1l.6. Schematic representations of (a) tilted SWG waveguides and (b) its equivalent

metamaterial; (c) bricked SWG waveguides and (d) its equivalent metamaterial.

2.5. Conclusions

In less than two decades since its inception, SWG metamaterials have witnessed a meteoric rise
thanks to their inherent properties and the additional degrees of freedom they offer for the design of
photonic components. Manipulation of refractive index, dispersion, and anisotropy within SWG
metamaterials has opened the door to the creation of devices with properties that are challenging or
beyond the reach of conventional wire or rib waveguides. Their successful implementation in the
development of ultra-broadband, low-loss, and fabrication-tolerant building blocks, along with their
ability to create polarization management devices, has established SWG metamaterials as an

indispensable tool in the design of state-of-the-art silicon photonic devices [67], [93].

Given the rapid evolution of SWG nanostructures, interest arises in exploiting optimization
algorithms to explore the vast design space of these metamaterials further efficiently. This places
the spotlight on the use of both gradient-free algorithms, based on heuristics such as genetic
optimization or direct search, and gradient algorithms, such as the adjoint method. The use of
advanced optimization strategies constitutes the cornerstone of the advancement of these
breakthrough metamaterials, enabling them to unleash their full potential and, consequently, shaping

the future landscape of PICs.

This thesis exploits the innate potential of SWG metamaterials to generate innovative,
high-performance Si photonic devices. The results obtained in the field of SWG metamaterial

engineering include the realization of a broadband power divider conceived for the first two TE modes
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as well as the successful development of a dual-polarized, multimode achromatic power divider. In
addition, a novel architecture for efficient and broadband mode conversion is introduced through the

synergic application of a gradient-free optimization algorithm and the concepts of SWG

metamaterials.
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Chapter III:

STATE-OF-THE-ART POWER AND

MODAL MANAGEMENT DEVICES

Chapter Il offers a thorough exploration of power and modal management
nanophotonic devices in the state of the art, examining the diverse structures used
for these purposes and the underlying physics governing their operation. In
addition, the chapter provides an overview of inverse design optimization
techniques and highlights their potential for optimizing device structures to

achieve superior performance suitable for next-generation on-chip applications.

Section 3.1 provides an overview of the role of nanophotonic power splitting and
mode conversion devices in both emerging and mature on-chip applications. Next,
Section 3.2 delves into passive power splitting architectures, presenting the
principal structures used for this task in contemporary designs, along with their
operating principles. Similarly, Section 3.3 discusses mode converters and their
impact on multimode integrated photonics, describing the basic physical principles
underlying their realization, as well as their advantages and limitations. The
chapter concludes with Section 3.4, which examines device performance
enhancement through inverse design optimization techniques. This section
describes the principles and methods of inverse design optimization and its
relevance to photonics, providing valuable insights into optimizing device

structures tailored for next-generation on-chip.
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3.1. Introduction

The intrinsic high refractive index contrast of the SOl platform has not only enabled to minimize
propagation losses but has also concurrently allowed high-density integration, thereby unlocking the
potential for ultra-high-speed data transmission[43], [94]. Beyond its traditional role in telecom and
datacom, the unique characteristics of the SOI platform have expanded and revolutionized the
landscape of Si photonics. As a result, the potential to realize diverse emerging cutting-edge
applications with far-reaching implications on a single silicon chip has ushered in a new era for
photonics integration. Some of these applications include neuromorphic photonics [44],
5G-6G communications [45], quantum photonics [41], [46], the Internet of Things [47], LIDAR [26],
spectrometry [48], sensing [49], optical processors [42], and on-chip nonlinear photonics [95], [96].

To effectively integrate the aforementioned functionalities into on-chip photonic circuits, it is
imperative to develop fundamental building blocks that exhibit minimal losses across broad
operational bandwidths, support multiple modes and polarizations, and demonstrate relaxed
fabrication tolerances. Despite the impressive progress accomplished in the field of Si photonics, it
still remains a significant challenge to meet all of these high-performance requirements
simultaneously, especially when involving multiple optical modes or polarization. These challenges
mostly arise from the inherent characteristics of dispersion and birefringence, which are strongly

related to the high refractive index contrast of the SOI platform.

During the upcoming sections, a comprehensive review of fundamental silicon photonics building
blocks is conducted, focused on power splitting and modal management components. This review
covers multiple device architectures, discusses design considerations for each structure in relation to
their principle of operation, and provides a close look at their advantages and limitations. This
approach aims to (i) provide an understanding of the main operation principles and their associated
design complexities, (ii) provide a comprehensive view of the related state of the art in order to
enable a comparison framework for our own developments, and (iii) identify possible optimization

strategies that can be exploited by incorporating subwavelength metamaterials.

3.2. Passive power division architectures

Power splitters stand as indispensable components within virtually every photonic circuit, as they
perform fundamental signal handling tasks that are critical to the overall circuit functionality. These
essential components are pivotal for controlling the distribution and routing of optical signals in
general PICs, as well as for the design of more intricate topologies, such as those within complex
large-scale optical networks [97]. Notably, several key on-chip structures heavily depend on power
splitters, in particular on 3-dB power splitters. For example, Mach-Zehnder interferometer
modulators [98] and multiplexing/demultiplexing systems [99], [100] use power splitters to divide and
combine the light, which is a crucial task directly involved in both processes. Other optical devices
such as switches [101] or phased arrays [102], [103] benefit from the capabilities of splitters for

routing, redirecting and, hence, controlling signal paths. Therefore, power splitters are critical to
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provide the flexibility and scalability required to meet the demands of contemporary data

transmission systems.

In order to successfully address the ever-increasing data transmission demands, power splitters that
operate over ultra-broad bandwidths and support multiple spatial eigenmodes are required.
Performance requirements are especially stringent when used in applications such as mode-division
multiplexing [100], quantum key distribution [46], and neural networks [104]. Moreover, the
development of polarization-independent power splitters is of particular interest to achieve
cost-effective and compact transceivers [105], in line with the requisites for high-capacity and
low-latency of 5G and next-generation networks [106]. The high-performance of optical power
splitters, particularly in terms of losses, operational bandwidth and fabrication robustness, is of

utmost importance to ensure the integrity of high-speed optical signals [103].

Numerous power splitting architectures have been proposed in recent years. These architectures
can be primarily categorized, based on their operational principles, into multimode interference
structures, directional couplers, adiabatic couplers, inverse design structures, and Y-junctions. Each
type represents a distinctive power-splitting design paradigm, offering its own advantages and

limitations that will be further discussed hereafter.
3.2.1. Multimode interference structures

Multimode interference devices consist of a multimode waveguide as central structure with multiple
input and output access waveguides, usually single-mode, to launch and recover light from the
multimode region. Depending on the number of inputs (N) and the number of outputs (M), these
devices are defined as NxM MMI couplers. That is, in a typical 1x2 configuration, light is inserted into

a single input port and the power is divided between the two output ports.

MMI devices exploit the self-imaging effect discovered by Talbot [107], where an input field profile
is reproduced in single or multiple images periodically along the propagation direction of the light.
Ulrich found self-image formation in multimode waveguide [108], and his results constitute the basis
for the subsequent contributions of Soldano [78] towards the development of the first MMI devices.
The conclusions reached by Soldano can be summarized as follows: high index contrast waveguides
where the light propagates through the waveguide core and penetrates the cladding minimally,

manifest Q@ multiple images of the input field at certain positions related to the beat length L, [109]:

A

L) = o) = 110y )

(3.1)

Where n,¢r, and n,, ; are the effective indices of the fundamental and the first-order modes (TEo
and TE4) of the multimode waveguide of width W,,,,;, respectively. In a conventional MMI, under the
paraxial approximation and considering a two-dimensional (xy plane) approach, the beat length is

given by [77]:
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4w,
L, () = 31 NeffMmI (3.2)

In the multimode region, the 2D effective index of the multimode waveguide is n¢s yy; and the
effective width taking into account the penetration of well-confined optical modes into the cladding
is W, (Equation (2.29)) [78]. IV, is assumed to be identical for all modes and invariant with wavelength.
The usual configurations for MMIs as power splitters are 1xN and 2xN, i.e., 1 or 2 inputs and N output
waveguides. As an example, in 1xN configuration, the first single image appears at x; = 3’2—” and Q
multiple images of the input field are reproduced at distances in the direction of propagation of

X, = ?—Q”, as illustrated in Figure Ill.1 [110]. Therefore, a 1x2 MMI power splitter can be designed by

q

selecting a multimode region length of L, = x, = 3L,./8.

Figure Ill.1. Schematic representations of a 1x2 MMI power splitter [110].

MMI devices offer numerous advantages, e.g. relatively small size and robust fabrication tolerances,
thus ensuring their highly efficiency in applications such as mode multiplexing [100] and polarization
splitting [111]. But despite their remarkable characteristics, the operating bandwidth of these devices
is limited by the dispersive properties of SOl materials. Since the beat length is inversely proportional
to the wavelength, the position of the self-images of each spectral component is different, resulting
in performance degradation away from the central design wavelength. To reduce sensitivity to
fabrication imperfections and overcome wavelength-dependence, various optimized solutions have
been put forth, with the most relevant devices described in [77], [112], [113]. In the approach of Nair
et al. [112], the multimode region was carefully designed to control the evolution of the optical field
achieving a dual-polarization operation over a broad bandwidth of 400 nm. The splitter designed by
Hassan et al. [113] entailed an increase in the waveguide core thickness, from the standard 220 nm

to 340 nm, thereby achieving polarization-insensitive operation with low losses.

The broadest bandwidth demonstrated for a MMI structure was obtained by Halir et al. in [77],
showing low losses in a wavelength range covering 500 nm. The key strategy to achieve a flat response
for their 2x2 MMI power splitter involved leveraging the anisotropy of SWGs and using dispersion
engineering to accomplish a wavelength-independent beating length. In their proposed design, shown

in Figure Ill.2, the effective refractive index for the mth mode within the SWG metamaterial can be
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approximated to Equation (2.30) [77]: neff_F_mzneq_y—mzﬁ. Using this expression into
e Neq,x

Equation (3.1), the beat length of the SWG metamaterial results in:
AW2 n?
LSW6 (1) =~ e _€ax (3.3)
31 Meqy
Halir et al. [77] demonstrates that through a careful selection of the SWG geometric parameters, it
is possible to tailor the ratio nZ, ,/n.,, to be directly proportional to A. Therefore, L3V do not depend

on the wavelength, mitigating the dispersive effects of conventional MMIs in SOI platform.

(1) WAl
y
20>x S Wumi

o lw,

Lvmi L
Figure lll.2. Schematic representation of the 2x2 MMI power splitter engineered through SWG

metamaterials proposed in [77].
3.2.2. Coupling structures

When two or more waveguides are situated in close proximity to each other, a phenomenon known
as evanescent coupling enables power transfer between them. This interaction occurs for a certain
distance of interaction, often referred to as the coupling length or interaction length. The concept
of evanescent coupling was first formally addressed by Marcatili in 1969 [114], later refined in 1986
[115]. The principle of evanescent coupling involves transferring optical power between different
waveguides through the evanescent field, that is, the part of the electromagnetic fields that
exponentially decays beyond the waveguide core. Considering two parallel waveguides with the same
width and thickness, the power in the first waveguides (WG1) is totally coupled to the second
waveguide (WG2) at a certain distance of interaction. Therefore, at any arbitrary position, the
fraction of the power coupled from WG1 to WG2 is dependent on the length of the interaction region

between the waveguides and their separation.

There are two main optical coupling structures that depend on periodic evanescent coupling
between parallel waveguides, albeit with distinct design principles, which will be further discussed

in the next subsections.
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3.2.2.1. Directional couplers

Let’s consider two waveguides that are laid out physically close to each other. By treating both
waveguides as a single composite waveguide structure, a comprehensive analysis of the guided modes
is allowed. The field expressions therein adhere to Maxwell's equations and fulfill all boundary
conditions pertinent to the composite structure. The resulting modes, referred to as the supermodes
of the composite waveguide, accurately depict the electromagnetic behavior within the structure. If
the two waveguides are identical (i.e., same shape, width, and thickness), the normal mode fields
exhibit either symmetric or antisymmetric profiles with respect to the centerline of the composite
structure (dash-dot-dash line in Figure Ill.3). Figures 1ll.3(a) and 3(b) illustrate the field distributions
of the two lowest-order symmetric and antisymmetric supermodes of two equal coupled waveguides,

respectively. The symmetric supermode E;, with effective index Nesr,s, and antisymmetric supermode

E, with effective index Nesr.a- The expression of the total propagating field (E;, along the x direction)

can be expressed as the addition of each supermode field [116]:

- - _2r - _2m
ET(xJ y: Z) = ES(y: Z)e / 4 neff.sx + EAS(y' Z)e / 1 Tteff.A% (3.4)
(@) (b)
Neiaq Nelad
- - WGZ ncore
........... - i NN et |
WG1 Neore WG2 Neore > WG1 Neore
Z‘E Z!\
X y -E.; X y -EA
(c) ®=0 (d) d=1
Neiga Neyag

Figure 1ll.3. Schematic of directional coupler supermodes for (a) symmetric and (b) antisymmetric
supermode field distributions. The total field of the modal overlap is presented in purple for different
phase shifts between the supermodes: (c) ¢ =0, (d) ¢ =m.

If two supermodes of equal power are considered, the phase shift difference between them, denoted
as ¢ = 27" (neff,S - neff,A), will establish where power is localized in the composite waveguide

structure. When the two supermodes are in phase (¢ = 0) the power becomes localized in WG1, as
depicted in Figure 11l.3(c). Conversely, if the two supermodes are in counter phase, ¢ = m, the power
is localized in WG2, as shown in Figure I11.3(c). The minimal interaction length required for a complete
power crossover between the two waveguides is referred to as the coupling length (L;). L. is as a
quantitative measure of interaction or coupling strength and can be determined using the equation

provided by reference [12].
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A
2(n, ff.S @ —n, ff.A (@)

Le(A) = (3.5)
Then, complete power crossover occurs at discrete locations which are odd integer multiples of
Let xc = (2n+ 1)L, . In the case where the two waveguides are not identical, the fields do not exhibit
symmetric or antisymmetric behavior and the subscripts S and A lack physical significance. The
extensive mathematical development for the analysis of non-identical waveguides can be found in

the referenced literature [117], as it exceeds the scope of this thesis.

Directional couplers can be easily designed to split power into different ratios, such as 90:10, 60:40,
or 50:50, by readily modifying their interaction length. In particular, directional power splitters can
achieve equal power division (commonly known as the 3 dB configuration) by setting an interaction
length of Lc/2, as shown in Figure Ill.4 [118]. Looking into Equation (3.5), it is easy to see that
directional couplers suffer from the same bandwidth limitation as MMIs structures and exhibit high
sensitivity to fabrication errors. Nonetheless, these devices have demonstrated remarkable results in

applications including mode conversion [119], mode multiplexing [120] and biosensing [121].

Figure 1ll.4. Schematic of a 3-dB directional coupler power splitter [118].

In order to address the wavelength dependency inherent in conventional directional coupler
splitters, multiple solutions have been proposed using geometric design strategies. Bent directional
couplers use curved waveguides within the coupling region [122], while asymmetric directional
couplers feature waveguides with distinct cross-sectional shapes and dimensions [123], allowing for
tailored light coupling behaviors. In [124], Gupta et al. utilize shallow-etched coupling waveguides,
that is, the waveguides within the power coupling region are partially etched and present a rib
waveguide structure in this area. These design enhancements contribute to polarization-insensitive

responses, although with operational bandwidths typically not exceeding 100 nm.

Directional couplers have been effectively demonstrated using SWG metamaterials [81], [125],
[126]. Ye and Dai [126] presented a compact broadband 2x2 3-dB power splitter by utilizing an

SWG-assisted asymmetric directional coupler, illustrated in Figure Ill.5(a). Their splitter achieves an
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operational bandwidth of 300 nm in simulations and experimentally validated 200 nm with subdecibel
loss for the TEp mode. The straight coupling region of the device integrates SWG metamaterials to
engineer mode dispersion, thereby increasing the operational bandwidth of the device. Specifically,
the SWG region, that can be seen in Figure Il1.5(b), reduces the effective index contrast of the optical
waveguides. The use of SWG in their design results in improved coupling strength and a shorter

coupling length.

@)

Figure 1ll.5. (a) Schematic of the 3-dB SWG-assisted asymmetric directional coupler demonstrated in

[126] with (b) an inset of the SWG coupling region.
3.2.2.2. Adiabatic couplers

Adiabatic couplers rely on the gradual transition of the guided mode characteristics as the
waveguide geometry changes, referred to as mode evolution. This evolution occurs adiabatically,
without significant mode coupling or radiation loss. These structures use tapered waveguides to
ensure smooth and adiabatic transitions. The key physics involved include the conservation of energy
and the avoidance of abrupt transitions. As the waveguide geometry varies, such as in tapering or
bending, the mode adapts to these changes by redistributing its energy. This process relies on a slow
variation of the waveguide parameters compared to the characteristic wavelength of the guided
mode. If the changes occur too rapidly, non-adiabatic transitions may lead to energy loss or mode
conversion. Achieving adiabatic mode evolution is essential for efficient light confinement and

propagation in integrated optical devices.

The main difference between adiabatic and directional couplers lies in their approach to achieving
efficient power transfer and mode preservation. Adiabatic couplers operation is based on the
evolution of a single normal mode, driven by the gradual change in the device shape over distance,
rather than the interference between two modes. These couplers are inherently low-loss,
polarization-insensitive, and tolerant to fabrication imperfections. However, adiabatic operation
usually requires an increased device length, typically greater than 100 pym [127], [128]. Recent
advances have led to the development of compact adiabatic couplers that employ linear tapered
profiles. For instance, the splitter proposed by Wang et al. in [129] has just a 5 pm length with a
30 nm MFS, beyond the DUV lithography limit of state-of-the-art silicon photonics foundries. In [130],
Ozcan et al. device achieve minimal measured losses within a 100 nm bandwidth for a compact

14-um-long device.

Significant achievements have been made using SWG metamaterials for the development of compact
and broadband adiabatic couplers. An interesting approach was reported in [131] by Yun et al., using
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SWG-assisted strip waveguides with a narrow central strip waveguide flanked by wide symmetric
subwavelength fins. These waveguides are engineered to present higher refractive indices than
conventional SWG waveguides but significantly lower refractive indices than conventional strip/rib
waveguides. This design facilitates a compact configuration with a total length of 35 pm and achieves
a broad measured bandwidth of 185 nm. A SEM image of the fabricated device is depicted in
Figure lll.6(a). Recently, in the study by Hu et al. [132], another significant achievement was
presented: a 3-dB directional coupler using trapezoidal SWGs and a reversely tapered wire waveguide,
specifically designed for TEo mode operation. This coupler, shown in the SEM image of Figure Ill.6(b),
exhibited minimal measured losses over a bandwidth of 270 nm and a total length of 24.4 pm. The
design of this coupler consists of a trapezoidal SWG waveguide coupled to an inversely tapered wire
waveguide. The narrow part of the trapezoidal subwavelength segments is gradually reduced to adjust
the coupling strength between the two waveguides. This variation of the coupling strength along the
propagation direction decreases wavelength sensitivity, expanding the operational bandwidth of the
device.

TUEUTUV RN R IRy

,,.,;;...--n,--,n,n,un »

WTTTTITTITT e

—TAAAAAAAPAARAPARAARARRA AP A
2 pym
——

Figure Ill.6. SEM images of the fabricated 3-dB SWG adiabatic couplers proposed in (a) Ref. [131] and
(b) Ref. [132].

3.2.3. Y-junctions

Y-junctions receive their name from their peculiar "Y" topology and consist of a stem waveguide that
branches into two or more diverging arms. Y-junctions are one of the most widespread components
in photonic systems, providing multiple functionalities including beam splitting and modal conversion.
Their structure can have symmetric or antisymmetric characteristics, depending on their particular
application. The functionality of asymmetric and symmetric Y-junctions, as well as their ability to
split multiple modes at the junction, is highly dependent on the number of modes supported by the
stem waveguide [133]. As will be discussed later in this section, this consideration has a major impact

on the operating principles and performance characteristics of Y-junction devices.
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3.2.3.1. Asymmetric Y-junctions

The asymmetric configuration [134] of Y-junctions is characterized by having arm waveguides with
different widths. To understand the operation of asymmetric Y-junctions, let's consider the scenario
where a single-mode stem waveguide (port 1) splits into two arm waveguides, one wider (port 2) and

the other narrower (port 3). Considering TE polarization, an input TEo mode travels through the stem

@

waveguide with an effective index n,., ,

and, upon reaching the junction, it transitions to the TEq

mode of the wider arm with an effective index nfff)f'o. This transition occurs because ni})ﬁo is closer

to the index of the wide arm than to the index of the narrow arm

(3) @ (2 @ 3)

(Merro): [Mefro = Terrol < IMefro = Mefrol- This index-matching principle also determines the

behavior of asymmetric Y-junctions with a multimode stem waveguide: each mode in the stem
exhibits a strong preference for the arm that supports a mode with a similar effective index to that
of the stem mode. The mode-sorting for an asymmetric Y-junction with a multimode stem waveguide
that supports the three lowest-order TE modes and single-mode arm waveguides is illustrated in

Figure lll.7. It is important to note that as the mode order increases, its effective index decreases

@ ® (1)
eff,0 eff,1 eff,2°

of the fundamental mode in the wider arm is higher than the index in the narrower arm:

(2) 3) 4)
eff,0 eff,0 eff,0°

the TEy mode of the wider arm, while the TE; mode of the stem transforms into the TE; mode of the

compared to modes of lower order: n >n >n On the other hand, the effective index

n >n >n Hence, in this specific example, the TE; mode of the stem transitions into

middle arm, and the TE; mode of the stem converts into the TEo mode of the narrower arm.

Although less prevalent than their symmetric counterparts, asymmetric Y-junctions have found
applications in diverse areas such as mode converters and multiplexers [135], and as variable power

splitters [136], among others.

TEO’ ng}f,o

TE,, ng}f,z

z
b4

TE,, ng}f,o

Figure Ill.7. Schematic of an asymmetric Y-junction configuration with a multimode stem supporting
the three lowest-order TE modes. Each mode profile (|Ey|) is shown in insets, and its evolution into

the corresponding arm waveguide according to the index-matching principle is represented.
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3.2.3.2. Symmetric Y-junctions

In symmetric configuration, the Y-junction comprise a stem waveguide that branches into two
diverging arm waveguides of equal width and their main function is power splitting [133]. The typical
symmetric Y-junction configuration to develop 3-dB power splitter comprises two output arms of
equal width, with a given angle between the branching arms (20). An ideal adiabatic transition in
symmetric Y-junctions minimizes losses and ensures a polarization- and wavelength-independent
spectral response for supported modes. This adiabaticity is only possible when the angle 6 is small

enough to achieve a smooth transition [137].

For a symmetric Y-junction with a multimode stem waveguide of width W, each spatial mode
exhibits specific behavior. Consider a symmetric Y junction supporting both fundamental and first
order modes in the stem waveguide, as shown in Figure Ill.8. The power distribution of the
fundamental mode is equally divided into two in-phase fundamental modes, one on each output arm,
as a consequence of the symmetry of the device. Similarly, for the first-order mode, the power is
evenly distributed between the fundamental modes of the output arms, but the relative phase

between them (¢) is 7.

When analyzing symmetric Y-junctions that support higher-order modes beyond the first-order
mode, it is crucial to consider their optical mode evolution and conversion properties [137], [138],
[139]. To facilitate this analysis, Y-junctions are treated as a two-dimensional planar layer

configuration, as shown in Figure IlI.9.

Figure I1.8. Schematic of a symmetric Y-junction configuration with a multimode stem supporting
the two lowest-order TE modes. Each mode profile (|Ey|) is shown in insets, and its evolution with the

corresponding phase difference (A@). The cladding has been omitted for clarity.

Raquel Ferndndez de Cabo Page 41



The input stem section is structured as a typical slab waveguide (see Figure I11.9), comprising three
dielectric layers with different refractive indices arranged as cladding - core - cladding
(Neiad - Neore - Neiaq)- Similarly, the output arm waveguides in a conventional double-arm Y-junction
feature a  five-layer = symmetric  structure:  cladding - core - cladding - core - cladding
(Ne1ad - Neore - Netad - Meore - Meraa)- IN this approach, the separation between the arm waveguides (2d)

is a function of the distance to the junction tip (x;): d = x;tan(6).

Figure I1.9. Symmetric Y-junction representation as a 2D dielectric layer structure.

When the modal transition at the stem-arms interface is not perfectly adiabatic, such as for angle
values not sufficiently small, these devices induce modal conversion. This means that a portion of the
power from the mode of order m is converted into the mode of order m’. Mode conversions are limited
to either even-to-even or odd-to-odd modes because of the intrinsic symmetry of these devices [140].
The calculated overlap integral at the interface between the stem and arm waveguides, which
includes the incident and transmitted fields, determines the amount of power conversion between
modes [137]:

i t
1 kymk,
!

ct =
T Wty Kl gy + KL

J Em(Ey ) dy (3.6)

The quantification of transmitted power between the input mode of order m into the output mode
of order m’ is contingent upon the branching angle and the difference between its wave vectors in
the propagation direction (k,) in the three-layer (k}c_m) and five-layer (k£ ,,,) guided wave mode. The
incident field (E.) corresponds to that present in a typical three-layer slab waveguide. Then, the field

transmitted to the output branching arms waveguides can be approximated by [137]:

EL(y) = B(A)E, (y, d)e(T1e050 [5 elx)ax") g (—jtexlyisine) (3.7)
The electric field E,(y, d) is the corresponding guided-TE mode in a symmetric five-layer waveguide
and B(d) is a normalizing factor.

If the modal transition at the junction is completely adiabatic, the behavior of symmetric Y-junction
for high-order modes can be described as follows. When an input mode of order m propagates through

the stem, it splits at the junction into the two modes of order m/2 of each arm when m is even, and
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into the two modes of order (m — 1)/2 of each arm when m is odd. The relationship between the
output modes in the arms is determined by changes in modal symmetry at the stem-arms transition.
When an even mode in the stem transitions to two even modes at the arms, the resulting output
modes are in phase. In contrast, if an even mode in the stem transitions into two odd modes at the
arms, the two output modes have a m phase difference between them. Likewise, when an odd mode
in the stem transitions to two odd modes at the arms, the resulting output modes are in phase;
whereas if an odd mode in the stem transitions into two even at the arms, the two output modes have

a  phase difference between them.

To visualize this behavior, Figure Ill.10 displays a symmetric Y-junction operating for the first
four-order modes. The operation for TEy (blue) and TE: (yellow) modes remains consistent with the
explanation provided in Figure 111.8. In the case of TE; (purple) and TE; (green) modes injected through
the stem waveguide, they produce two anti-phase TE; and two in-phase TE; modes at the arms,

respectively.

Figure Ill.10. Schematic and principle of operation of a multimode symmetric Y-junction for a

four-mode stem waveguide.

In ideal Y-junction structures, the tip between the arm waveguides gradually widens from zero
spacing. This is challenging given the MFS limitations of current fabrication technologies, yielding an
imperfect tip [141]. This constraint on MFS results in significant losses for even modes, as the
maximum of their power profile is aligned with the junction tip. Conversely, this effect is negligible
for odd modes, as they present a zero-power profile at the stem waveguide center. Different
optimized solutions have been proposed to mitigate the impact of the MFS at the tip, ranging from
tapered and slotted waveguides [130], [142], [143], [144], inverse design algorithms [141], [145], and
photonic crystals [146], [147].

Despite the plethora of power splitter architectures proposed to date, performance improvements
are still sought after. In particular, there is still the need for a low-loss compact device for multiple

modes over an ultra-broad bandwidth along with relaxed fabrication tolerances.
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3.3. Mode conversion architectures

Mode converters are key components in multimode photonic systems, enabling the transformation
of a given spatial mode into any other desired mode and vice versa. The conversion between two

modes can be mathematically described by the following mode-coupling equations [35]:

0A

— a — jKabBej(kx,a —Kxp)x (3.8)
0B )
_a :ijaAe](kx,b —Kx,a)x (3,9)

where A and B are the amplitudes of waveguide modes of order a and b, respectively. The
propagation constants of the two modes are k, , and k, ,. The coupling coefficients representing the

power exchange are k,, and k;, from mode a to b and from b to a, respectively.

Mode conversion is an indispensable function for multimode silicon photonic systems, which is a
powerful approach for the development of both emerging and established fields. For example, modal
manipulation enabled by mode converters is useful to advance practical applications, including
on-chip nonlinear photonics [42], [95], [96] and quantum information processing [41], [148]. In MDM
systems, mode converters are essential at both transmitting and receiving ends [149]. MDM techniques
allow for the simultaneous transmission of multiple signals through different-order optical modes
within a single waveguide. Some studies have also explored strategies that combine WDM with

broadband MDM systems for on-chip and off-chip high-bandwidth-density interconnects [40].

Considering this wide range of potential applications, broadband, low-loss, low-crosstalk and
compact sizes are critical specifications for mode converters. Four main types of mode converters
have been proposed, each employing different designs based on their respective operation principle:
phase matching, beam shaping, constructive interference of coherent scattering and induced gradient
phase [35].

3.3.1. Phase matching

In the context of mode converters, phase matching is a crucial concept that involves aligning the
effective indices of modes with different orders. To further understand this phenomenon, consider
the transition of a mode from a narrower waveguide to a wider one. This transition induces a shift in
the effective refractive index of the mode, caused by the change in geometric dimensions and possible
variations in material properties between the waveguides. In certain configurations, the effective
refractive index of the mode in the narrower waveguide matches the effective refractive index of
another mode within the wider waveguide, allowing mode conversion. This statement implies that
the energy carried by the mode in the narrower waveguide can be effectively transferred to the mode
in the wider waveguide. Phase matching is not only dependent on the dimensions of the waveguides

but is also affected by variables such as wavelength, polarization, and material properties. Hence,
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careful design strategies and optimization techniques are critical for achieving efficient mode

conversion by satisfying phase-matching conditions.

In [150], [151], Dai et al. proposed a mode (de)multiplexer comprising mode converter structures,
based on adiabatic asymmetric directional couplers, at the input and output waveguides. The mode
conversion structure transforms the fundamental mode in the narrow input/output waveguide of
width W,(x) into the ith-order mode of the multimode bus waveguide of width W,(x) over a
bandwidth of ~90 nm. Figure 111.11 shows the design of Dai’s mode converter structure for the specific

scenario of TEo-to-TE4 conversion.

Figure Ill.11. Schematic and principle of operation for TEo-to-TE; conversion of the device proposed
in [150].

Mode conversion between the TM fundamental mode and first-order TE modes, based on the
phase-matching technique, was proposed in [152] using adiabatic tapers. This device yields robust
fabrication tolerances and a broad bandwidth, at the expense of a total length of almost 300 pm to
satisfy the adiabaticity criterion. Mode converters based on adiabatic couplers possess the advantage
of high performance and scalability of the number of channels, at the cost of stringent precision
requirement on the coupling length and coupling strength, as well as a relatively long conversion
length. Other mode conversion approaches that rely on the phase-matching condition have been
proposed, such as directional grating couplers [153] and contra-directional grating-assisted couplers
[154]. An adiabatic directional coupler based on SWGs was also introduced in [155] to achieve a
TEo-to-TE+2 mode converter with losses below 1.5 dB across a 75 nm bandwidth, while also benefiting
from relaxed fabrication tolerances. Although these approaches allow for the realization of compact
devices, their bandwidths are typically limited to a few nanometers owing to their resonant coupling

nature.
3.3.2. Beam shaping

Beam shaping is a versatile method for manipulating the mode order in multimode systems, involving

the combination of optical modes from separate waveguide branches, each with its own phase, to

Raquel Ferndndez de Cabo Page 45



form the desired mode in a multimode bus waveguide. Careful control of mode evolution within each
branching waveguide, including modifications to phase relationships and power distribution among
the branches, is necessary to achieve mode-order conversion between the different supported modes.
The practical implementation of this method requires precise design of the geometry, dimensions,
and refractive indices of the branching waveguides to control mode evolution and interference

patterns.

For instance, the mode order converter proposed in [156] consists of a waveguide-based
Mach-Zehnder interferometer, as depicted in Figure I1l.12. It comprises two single-mode waveguide
arms with an optical path difference denoted by A@. In a TEo-to-TEs mode conversion scenario, the
input waveguide only supports the fundamental mode while the output waveguide is a multimode
optical waveguide capable of accommodating both TE; and TE; modes. The device is dependent on
the optical path difference, which is inversely proportional to the wavelength, and thus exhibits a

limited operational bandwidth.

Figure I11.12. Schematic and principle of operation for TEo-to-TEs conversion of the device proposed
in [156].

Differential waveguides in an MZI structure can provide a broad bandwidth, as shown in [157], but
at the cost of compactness. The work in [158] introduces a mode conversion device that transforms
the fundamental mode into higher order modes for TM polarization. The device, shown in
Figure 111.13(a), uses asymmetric graded index structures, which rely on the refractive index variations
of two distinct asymmetric gradient profiles implemented through periodic structures commonly
known as photonic crystals. While this technology allows for more compact device designs, simulated
transmission efficiency is only about 80%. As mentioned in the previous section (3.2.3.1), asymmetric
Y-junctions can be used for mode conversion, also referred to as mode sorting in these devices. The
study in [159] showcased aggregate bandwidths of 20 Gb/s and 60 Gb/s for on-chip links employing
MDM and MDM-WDM, respectively, using asymmetric Y-junctions as illustrated in Figure I11.13(b), with

measured power penalties below 0.7 dB.
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Figure 1ll.13. Schematic and principle of operation for TEo-to-TE1 conversion of the device proposed
n (a) [158] (b) and the MDM system demonstrated in [159].

3.3.3. Constructive interference of coherent scattering

Mode conversion based on the constructive interference of coherent scattering lies in the
transformation of an input mode into multiple high-order modes. These modes interact within a
multimode interference region, resulting in a distinct mode profile at the output of the interference
area. This method was first implemented in MMI couplers with conversion lengths of several hundred
microns [160]. Recently, a two-mode converter and (de)multiplexer based on a SWG-MMI, a symmetric
Y-junction and a 90° phase shifter was demonstrated in [100], as shown in Figure lll.14. This device
combines the previous method of beam shaping with constructive interference of coherent scattering.
Coherent scattering occurs within the MMI, while the Y-junction is used for power distribution, acting
as the beam-shaping component. Gonzalez-Andrade et al. achieved simulated operational bandwidth

of 300 nm, shortening the length of the MMI structure to tens of microns [100].

2x2 SWG-MMI 90° Phase Y-junction

" Shifter
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Figure 1ll.14. Schematic and principle of operation of the two-mode converter and (de)multiplexer

> Y

based on a SWG-MMI, a symmetric Y-junction and a 90- phase shifter, proposed in [100].

Nevertheless, the total channel capacity is limited by the number of output ports in the MMI coupler,
analogous to branching waveguide mode converters. Alternative approaches based on engineered
waveguide structures have been proposed to achieve mode conversion over very short distances,
typically only a few microns. These include the introduction of defects into photonic crystal

waveguides [161] and the use of computer-designed nanostructures based on inverse design
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algorithms [162]. Despite being the most compact devices reported to date, these structures typically
involve reduced MFSs that require high-precision fabrication techniques, making them less attractive

for practical applications.
3.3.4. Induced gradient phase

Mode conversion in a waveguide can also be accomplished by perturbing its refractive index, causing
a phase imbalance in the propagating light. This perturbation, which can be achieved by methods
such as introducing defects, changing the material composition, or modifying the waveguide
geometry, induces a phase gradient. Metasurfaces or metamaterials, for example, can introduce this
phase gradient, resulting in a non-uniform phase distribution along the waveguide length to drive

mode conversion between two specific modes.

The device reported in [163] utilizes a graded index co-directional grating coupler. This coupler has
a periodic variation in refractive index along the propagation direction and a graded index profile
along the transverse direction. These design elements enable the realization of a 20-pm-long mode
converter. In [164], two compact mode converters are engineered for the exchange between
TEo-to-TE+ and TEo-to-TE; modes through the utilization of silicon metamaterial structures, illustrated
in Figure Il1.15(a) and (b), respectively. The fabricated devices demonstrate measured losses ranging
from 0.2 to 0.3 dB across a wavelength span of 87 nm. In [165], TEo-to-TE; and TEo-to-TE; mode
converters have also been proposed and experimentally demonstrated all-dielectric metasurface
structure with tilted SWGs, represented in Figure 111.15(c) and (d), respectively.

A (c)
- 7 .
(0TI
A (d)
. 7 -
oo nne

L TUCT T St

Figure Il1.15. Schematic of the mode converter structures proposed for TEq-to-TEs operation in (a)

and (c), and TEo-to-TE; operation in (b) and (d). The designs from [164] are illustrated in panels
(a)-(b), while (c)-(d) depict the configurations from [165].

Mode converters based on this principle are compact and can efficiently exchange power between
different modes over broad wavelength ranges with robust fabrication tolerances. This method has
the potential to provide high quality mode conversion, and thus it is recently attracting research

interest.
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3.4. Enhancing device performance: Inverse design optimization

The development of novel devices has traditionally relied on the theoretical study of the underlying
physics to create structures that yield suitable responses. The design parameter space is explored
sequentially, typically by computing performance metrics. However, this approach faces
computational limitations and is only effective for structures involving small sets of design
parameters. The escalating demands for high-performance nanophotonic devices impose severe
challenges on conventional design approaches. Devices integrating metamaterials [65], [166] or
subject to topological engineering [141] often present multiple reciprocal design parameters,
hindering sequential exploration and requiring simultaneous multi-parameter optimizations.
Optimization through inverse design offers unprecedented opportunities to push the boundaries of
device performance and functionality for integrated photonics. Inverse design methods first establish
the desired performance metrics for the device, then iteratively optimize the device structure. By
leveraging computational algorithms and optimization strategies, inverse design approaches enable

the development of novel device topologies tailored to address specific performance objectives.

The inverse design process adopts a function-based approach to optimize a figure of merit (FOM)
associated with the target physical response. An iterative optimization algorithm is then used to
minimize or maximize the FOM. This results in the design structure corresponding to the optimal
physical response. Thus, inverse design methods provide devices with a high degree of freedom in
their optimization, facilitating the realization of nanophotonic devices with high-performance and
ultra-compact dimensions. Inverse design automates the design of nanophotonic devices by initially
assuming a structure without the need for physical principles, thus reducing the need for human
intervention. However, the quality of the initial structure and the selection of variable parameters
are decisive for algorithmic convergence and optimization effectiveness. These elements significantly
affect the overall efficiency of the optimization process and the achievement of the desired
performance criteria. Therefore, the role of the designer is still pivotal for the best exploitation of

inverse design methods.

Optimization algorithms are fundamental in the inverse design process and can be categorized into
three main groups: heuristic optimization algorithms, gradient-based algorithms, and deep

learning [167].

e Heuristic optimization algorithms employ approximation strategies inspired by natural

phenomena, human intuition, or problem-specific knowledge to efficiently navigate large
solution spaces and find satisfactory solutions. These algorithms use heuristics to guide the
search for solutions, but do not guarantee optimality. They are often preferred for handling
real-world problems characterized by high-dimensional, nonlinear, or noisy objective functions.
These techniques include direct binary search [168], genetic algorithms [141], [145], [169], and

particle swarm optimization algorithms [145], [169].
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e Gradient-based optimization algorithms, such as the adjoint method [170], transform the

inverse design problem into an abstract mathematical problem. In this approach, optimization
parameters and the mapping between these parameters and the distribution of dielectric
constants in the design region are determined. The FOM derivative represents the device
performance with respect to the optimization parameters and is obtained using methods like
the adjoint analysis. Finally, the optimal distribution of dielectric constants in the design region
is computed using methods such as the steepest descent method [171]. Gradient-based
optimization algorithms can be divided into three categories: shape optimization [170],

topology optimization [172] and objective-first [173].

e Deep learning employs nonlinear models and machine learning techniques to gradually
transform low-level design into high-level structures through multilayer processing. When
machine learning techniques are applied to an initial noisy set of optimized designs, instead of
finding a singular optimized solution, a lower dimensional design subspace containing
high-performance designs is revealed [174]. The detailed analysis of this region, which includes
all conceivable high-performance designs, elucidates their performance, structural variations,
and constraints. Such a comprehensive understanding of the design space allows for the

recognition of optimal designs tailored to specific application requirements.

Inverse design optimized structures present promising prospects for broadband and compact
devices. For example, in [175] Wang et al. used a direct Y-junction design as initial structure for an
inverse design optimization, achieving an ultra-broadband power splitter with low losses. However,
in this study, part of the structure is automatically generated by the algorithm, resulting in mosaic
patterns with small MFSs, as illustrated in Figure Ill.16. This mosaic pattern is derived through
topology optimization, a methodology that conceptualizes the design space as a bitmap. In this bitmap
representation, each pixel undergoes iterative updates in the direction of gradient descent until the
gradients diminish to a sufficiently small magnitude. Nevertheless, these complex patterns pose a
challenge for high-resolution fabrication processes and impact performance under fabrication errors.
Therefore, it is still desirable to control the geometric parameters modified by the algorithm

according to certain design constraints.

1
curved waveguide|
and DBS region '

coupling
region

Figure lll.16. Schematic of the Y-junction power splitter proposed in [175] using inverse design

algorithms.
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Chapter IV:

EFFICIENT POWER SPLITTING
BASED ON A
FULL-SUBWAVELENGTH

Y-JUNCTION

This chapter introduces a novel power splitter engineered through SWG
metamaterials to achieve an ultra-broad bandwidth for the SOI platform. The
developed splitter architecture is based on a dual-mode symmetric Y-junction
comprising SWG waveguides in both stem and arms waveguides. This design
strategy effectively reduces mode confinement around the junction tip to mitigate
fundamental mode loss. Section 4.1 provides a critical review of the strengths and
limitations of current Y-junction power splitters. Section 4.2 describes the
principle of operation, design, and optimization strategy, including simulation
results. Experimental measurements of the fabricated power splitter are detailed
in Section 4.3. Finally, section 4.4 offers a comprehensive discussion of the
obtained results.

4.1. Introduction

4.2. Principle of operation and device design

4.3. Fabrication and experimental characterization

4.4. Conclusions
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4.1. Introduction

As further discussed in the preceding chapter, 3-dB optical power splitters serve as pivotal
components that are extensively used in different systems for light distribution or as fundamental
components to construct more intricate optical structures. Therefore, there is a strong demand for
power splitters characterized by low loss, compactness, and relaxed fabrication tolerances while
operating over broad spectral ranges for multiple optical modes. Diverse power division architectures
have been reported based, among others, on symmetric Y-junctions [141], [142], MMI couplers
[112], [176], inverse tapers [177], adiabatic tapers [129], directional and adiabatic couplers
[122], [123], [178], slot waveguides [144] and photonic crystal [146], [179].

Symmetric Y-junctions are one of the most popular solutions available because of their
polarization- and wavelength-independent operation besides their intuitive design. However, these
splitters tend to suffer from significant radiation losses at the junction tip for fundamental modes,
especially as the tilt angle between the two branching arms increases [180]. This resulting radiation
loss hence depends on the operating mode and can be ascribed to two main mechanisms. The first
mechanism relates to the wavefront inclination as the mode in the stem waveguide propagates
through the junction, resulting from gradual tilting in the propagation direction. The second
mechanism involves changes in the mode profile along the branching. Radiation loss for odd modes is
generally lower compared to even modes. This discrepancy arises because odd modes exhibit a
zero-power field profile at the midpoint of the stem waveguide, whereas even modes have maximum
power field profile in this region. For instance, the TE; mode presents a field profile characterized by
a single lobe in the center of the stem waveguide, which then transitions into a two-lobe distribution
with one lobe extending to each arm waveguide. In contrast, the field profile of the TE; mode has
two lobes, with a zero-field value at the center of the stem waveguide that naturally separate into
two lobes within the arms [181]. Note that the loss mechanism related to the wavefront inclination
is predominantly influenced by the tilt angle, while the mechanism related to the mode profile change
is sensitive to the sharpness of the junction tip, a parameter constrained by the resolution of the
fabrication processes. This contributes to further increase radiation loss and introduces additional
back reflections, particularly affecting the fundamental mode as its field profile is maximum at the
center of the stem waveguide and aligns with the abrupt tip at the junction. There are numerous
optimized Y-junction design approaches proposed to circumvent the effect of MFS at the tip, including
tapered and slotted waveguides [142], [178], or particle swarm optimization algorithms [144].

Nevertheless, ultra-broadband, low-loss and fabrication-tolerant solutions are still sought after.

SWG metamaterials are a powerful design tool to enhance the performance of photonic devices [64],
[166], [182], as explained in detail in Chapter Il. In particular, SWG engineering has been successfully
applied to several power splitters such as asymmetric directional couplers [126], three-guide
directional couplers [183], inverse tapers [184], slot adiabatic waveguides [185], MMI devices [77],
and Y-junctions [186]. This chapter presents a novel power splitting architecture based on a
dual-mode Y-junction engineered with subwavelength metamaterials to effectively reduce mode
confinement around the junction tip, mitigating fundamental mode loss penalty caused by MFS
limitations [187], [188].
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Two different resolution scenarios have been taken into account for the optimization of the
SWG Y-junction. First, with an MFS of 100 nm, corresponding to current deep-UV fabrication process
(dry lithography) [189], [190]. The second scenario is considered for high-resolution e-beam
lithography and emerging processes in photonic foundries like immersion lithography, both with an
MFS of 50 nm [191]. Full 3D FDTD simulations show negligible fundamental mode excess losses within
an ultra-broad bandwidth in excess of 300 nm for both MFS scenarios [187]. Extensive experimental
characterization yields measured TE; mode excess loss (ELyg,) of less than 0.3 dB within the
1420 — 1680 nm wavelength range and exhibits excess loss for TE1 mode (ELrg,) lower than 1.5 dB
within a 170 nm bandwidth (1420 — 1590 nm) considering a resolution scenario with MFS of 100 nm
[188].

4.2. Principle of operation and device design

Consider a conventional symmetric Y-junction as shown in Figure IV.1(a) as a reference model. The
device consists of an input multimode stem waveguide that supports both TE, and TE; modes,
characterized by a width W, and length L,. The design features two single-mode output arm
waveguides with an S-bend shape to reduce the branching angle at the junction and minimize losses
due to wavefront tilt mismatch. Each arm has a width W = W, /2, length L, and are finally separated
by a distance H,. An adiabatic taper of length L, is also included to adapt the stem waveguide to the
width of both arms at the junction (W, = 2W + H,,;). When the tilt angle between the two arms is
small enough to consider an adiabatic transition [133], the input TEy; mode injected at the stem is
divided into two in-phase TE; modes at the output arms due to the symmetry of the device. Upon
injection of the TE1 mode, the power is again equally distributed and converted into two TE; modes
at the output arms, but with a = phase difference (¢) between them. A gap of width H, is considered
between the two arm waveguides at the junction tip to account for the MFS resolution of the

fabrication process.

Figure IV.1(b) presents the schematic of the proposed device, which operates analogously to a
conventional symmetric Y-junction but incorporates SWG metamaterials in both input and output
waveguides. The SWG region plays a crucial role in reducing the modal confinement of the TEo; mode,
thereby minimizing radiation losses at the junction. Furthermore, the use of subwavelength structures
circumvents the need of a junction tip, allowing us to define geometrical parameters (A, DC and H,f)
with values above the considered MFS. As in its conventional counterpart, the power distribution of
the fundamental mode in the SWG Y-junction is equally divided into two in-phase fundamental modes,
one on each output arm. For the first-order mode, the power is evenly distributed between the

fundamental modes of the output arms, but the relative phase between them (Ag) is «.
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Figure IV.1. Schematic of (a) a conventional symmetric Y-junction and (b) SWG Y-junction. This pair

of devices operate for TEy and TE; modes.

For the sake of comparison, the same arm offset (H,;;), arm width (W) and final separation (H,)
are preserved identical as in its conventional counterpart. The input strip waveguide of length L; and
width W evolves into an SWG waveguide of length L. through an adiabatic taper (length L).
Adiabatic tapers, each with a length denoted as L,,, are also implemented on both arms to ensure a
smooth transition from the SWG structure into the strip output waveguides. In order to minimize mode
effective index mismatch at the junction, different duty cycles are defined for the stem and arms
waveguides: DC; = ag/Aand DC, = a,/A, respectively. Here, as represents the length of the silicon
segments in the stem, and a, denotes the length of the silicon segments in the arms, considering a

constant period A.
4.2.1. Optimization process

Both the reference conventional Y-junction and the proposed SWG splitter were optimized for an
SOI platform with a core waveguide thickness of 220 nm and top and buried silicon dioxide layers.
The device was simulated using a commercial 3D FDTD solver [192] for two distinct fabrication
processes, each designed with MFSs of 100 nm and 50 nm. Therefore, the parameter H,;, is modified
accordingly to each MFS scenario. Both Y-junctions’ arms are designed for compatibility with
conventional interconnect waveguides with a width of W = 500 nm. A grating period of A = 220 nm is

selected to avoid radiation and Bragg regimes and ensure subwavelength propagation within the
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wavelength range of interest, spanning from 1300 nm to 1700 nm. Table 1 lists the remaining

geometric design parameters for both conventional and SWG Y-junctions.

Table 1. Conventional and SWG Y-junction geometrical parameters.

Design Parameter Symbol Value [pm]
. W .

SWG and conventional Arm vY]dth . 05

Y-iunctions Arm final separation H, 1.5

] Arm length L 12.3

. Stem waveguide width Wo 1.0
Conventional

Y-iunction Taper length Ls 13.0

] Stem waveguide length L: 4.0

Input strip width Ws 1.2

Input strip length L 2.0

SWG Y-junction Input SWG taper L 10.0

Output SWG taper Lto 6.0

Central SWG section Lc 13.0

Once the geometry of input and output waveguides is defined, the main design challenge is to
optimize the SWG geometry of both the stem and the arms. First, the width of the SWG stem
waveguide was optimized to prevent weak confinement of the Floquet-Bloch TE; mode, which would
result in TE1 mode radiation and leakage towards the silicon substrate under the BOX layer. The
performance of TE1 mode splitting could be improved by selecting a wider SWG stem waveguide width.
However, this improvement for TE: comes at the expense of increased confinement of the
Floquet-Bloch TEy; mode, resulting in higher excess losses for the fundamental mode. Figure V.2 shows
the effective index of the Floquet-Bloch TE1 mode (n.s,) supported by the SWG stem waveguide as
a function of the waveguide width. The effective index of the Floquet-Bloch TE, mode (n.f)
supported by the arms is also shown with a dotted blue line. As a compromise between ELg, and

EL;g,, @ width of the SWG stem waveguide of W, = 1200 nm was selected.

1.7 T T T T T T T

Mefr 1
..... neff,o (W =500 nm)

1.65

1.6

Dess

1.55

1.5 L} | 1 1 |

1000 1050 1100 1150 1200 1250 1300 1350 1400
W (nm)
Figure IV.2. Effective index of the Floquet-Bloch TE; mode for different widths of the SWG stem

waveguide. The effective index of the Floquet-Bloch TE; mode within a 500-nm-wide SWG waveguide

at a wavelength of 1550 nm is represented with a dotted blue line.
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Mode-matching at the interface between the stem and the arms waveguides was further optimized
by judiciously adjusting the duty cycle on each side of the junction. For this purpose, the EL was
swept for different DC, values while keeping a constant DCs of 50% (see Figure IV.3). Two additional
restrictions were considered. Firstly, the chosen DC, value must not violate the MFS. Secondly, the
selected DC, may not necessarily ensure the minimum value for both E L, and EL;g, simultaneously.
For the MFS of 100 nm, DC, is set to 55% to ensure a separation between the silicon segments
(1 — DC, - A) of 99 nm and minimum EL for TE; mode (see Figure IV.3(a)). For the MFS of 50 nm, the
optimal loss balance for both TEy and TEs modes was achieved with a DC, = 60% (see Figure IV.3(b)).
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=) =)
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w 1y}
0.5 1 0.5} 1
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0.4 045 0.5 0.55 0.6 0.65 0.7 0.4 0.45 0.5 0.55 0.6 0.65 0.7
DCA DCA

Figure IV.3. Calculated excess loss of the SWG Y-junction for variable DC,, for (a) MFS = 100 nm and
(b) MFS = 50 nm, maintaining DCs = 50% at a wavelength of 1550 nm.

4.2.2. Simulation results

Simulated excess loss comparison between the optimized SWG Y-junction (solid line) and its
conventional counterpart (dashed line) is shown in Figure IV.4, with ELyg, in blue and E Lz, in yellow.
To simplify the notation, herein EL2}FS will be used to represent the excess loss of both conventional
(D = Conv) and SWG (D = SWG) splitters operating for TEp (m = 0) or TE; (m = 1) modes

considering the two MFS values, which can be either 100 nm or 50 nm. For the SWG Y-junction,
Figure 1V.4(a) showcases the results considering the MFS of 100 nm, demonstrating ELy. "% as low
as 0.3dB in a 350 nm bandwidth (1350 — 1700 nm) and EL:%."*°°under 0.45dB in a 300 nm
wavelength range (1300 — 1600 nm). A significant reduction for EL;g, is achieved across the full
simulated bandwidth of 300 nm. Particularly, at the nominal design wavelength of 1550 nm, the
reduction is notable, dropping from 0.99 dB for the conventional Y-junction to 0.12 dB for the
SWG Y-junction. Considering the MFS of 50 nm (Figure 1V.4(b)), the SWG device exhibits an excellent
performance in a broad bandwidth of 300 nm, with EL3%5° below 0.1 dB for a wavelength range
from 1400 nm to 1700 nm, and under 0.3 dB for TE1 mode in a 1300 — 1600 nm spectrum. In terms of

overall performance, EL}%we>° decreased 0.35 dB in a 250 nm bandwidth (1350 — 1600 nm) relative

to the conventional splitter, while EL3%.*° experiences only a marginal increment.
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Figure IV.4. Simulated excess loss for TEy (blue) and TE; (yellow) modes of the SWG Y-junction (solid
lines) compared to the conventional Y-junction (dashed lines): (a) MFS = 100 nm, optimized

SWG Y-junction with DC, = 55%; (b) MFS = 50 nm, optimized SWG Y-junction with DC, = 60%.

The sum of both TEo and TE4 EL values is significantly reduced for the proposed SWG device compared
to its conventional counterpart. Therefore, the SWG Y-junction ensures consistent performance for
both modes for the two 100 nm and 50 nm MFS designs. This enhanced performance is maintained
over a broad bandwidth of 300 nm (1300 — 1600 nm), with the figure of merit ELyqe "% + Lypy %
under 0.5 dB for the SWG device under the most stringent MFS design. It is noteworthy that the
performance of the conventional Y-junction deteriorates rapidly as the MFS becomes more restrictive,

with ELSR"10 + 15977190 reaching up to 1.5 dB within the simulated wavelength range.

In order to evaluate the consequences of under- and over-etching effects during fabrication, the
entire device was resized by incorporating the corresponding deviation to the length and width of the
silicon segments, since fabrication errors are absolute variations of the waveguide dimensions as
shown in Figure IV.5. As such, a;’ = a5 + Adand a,” = a, + AS are the lengths of the silicon
segments at the stem and the arms of the SWG Y-junction, and the width of the stem and the arms

are Wy’ = W + Adand W,” = W + A§, respectively.
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Figure IV.5. Redimensioning of the device to account for under-etching and over-etching deviations

during fabrication process.

3D FDTD simulations on the SWG Y-junction tolerance to etching errors of A6 = + 10 nm and
AS =+ 20 nm from the nominal design were performed, as illustrated in Figure IV.6. For both MFS
values of 100 nm (Figure IV.6(a)) and 50 nm (Figure IV.6(b)), the SWG Y-junction performance
degradation is observed predominantly for the TE1 mode when A¢ is negative, i.e. for over-etching
errors. The observed behavior for over-etching errors stems from a decrease in dimensions, which
significantly deconfines the TE; mode within the stem waveguide. This leads to weak guidance and
consequently mode radiation. By contrast, the TE; mode exhibits robust tolerances, particularly for
the MFS = 50 nm. Simulations also confirmed that the effect of temperature changes on device

performance were negligible for variations of +10 K for either mode (TEo or TE+), and for the two MFS

designs.
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Figure IV.6. Tolerances to fabrication errors of 45 = + 10, + 20 nm for TE, (solid lines) and TE (dashed
lines) modes for the SWG Y-junction with (a) MFS = 100 nm and (b) MFS = 50 nm.

4.3. Fabrication and experimental characterization

The device was fabricated using electron-beam lithography in a commercial foundry [191]. The SOI
wafer comprises a silicon layer thickness of 220 nm and a 2-uym-thick BOX. The mask pattern was
defined by exposing the resist to a 100 keV e-beam lithography system, followed by an anisotropic
reactive ion etching process that transfers the pattern to the Si layer. A SiO; cladding with a thickness
of 2.2 ym was deposited by chemical vapor deposition. Finally, a deep etch process was applied to

smooth the chip facets, enabling efficient fiber-chip edge coupling by using high-efficiency broadband
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SWG edge couplers [193]. A more in-depth description of the fabrication method can be found in

Annex A.

Experimental characterization was carried out using two tunable lasers to sweep the wavelength
range from 1420 — 1680 nm, fully covering the S, C, L and U telecom bands, and partially the E-band.
A schematic of the setup is shown in Figure IV.7. Polarization at the chip input was controlled through
a three-paddle fiber polarizer followed by a linear polarizer, a half-wave plate and a polarization
maintaining (PM) lensed optical fiber. The PM lensed optical fiber was mounted on a micropositioning
stage and attached to a fiber rotator to direct its output linearly polarized light onto the chip plane.
When the linearly polarized light is aligned along the y-direction, it excites TE polarization on the
chip waveguides (see Figure IV.7 axis). Conversely, rotating the linearly polarized light to the
z-direction allows to excite TM polarization in the chip waveguides. The chip is placed on a holder
capable of precise movement within the xy-plane. Output light from the chip is collected using a 40x
achromatic microscope objective and filtered through a Glan-laser calcite polarizer mounted on
another micropositioning stage. Precise positioning stages facilitated alignment of the chip
waveguides with the PM fiber and the microscope objective. A broadband dielectric mirror, mounted
on a folding frame, enables the redirection of the polarized light beam to either an infrared camera
or a germanium photodetector. The photodetector has an operating wavelength range from 0.78 pm
to 1.8 pm and is connected to a digital power meter. Moreover, a free-space polarimeter can be
placed before the photodetector to verify the polarization state in the entire wavelength range
(1420 — 1680 nm).

-

. Tunable laser

. Optical fiber

. Three-paddle polarizer
. Linear polarizer

. Half-wave plate

. Polarization maintining
lensed fiber

7. Fiber rotator
8. Micropositioners

9. Chip
10. 40x Objective
11. Glan-laser polarizer
12. Fliping mirror
13. Removable polarimeter
14. Germanium photodetector
15. Digital power meter

16. Infrered camera
X _’ 17. Computer

oNUT A WN

Figure IV.7. Schematic of the measurement setup used to characterize the fabricated devices.
4.3.1. Fundamental transverse-electric mode

4.3.1.1. Proof-of-concept characterization

For a first proof-of-concept characterization, the device was fabricated in a multi-project wafer

fabrication run at a commercial foundry. Figure 1V.8 shows SEM images of the fabricated devices prior
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to upper cladding deposition. Figure IV.8(a) shows an SEM image of the SWG Y-junction with an MFS
of 100 nm, with a more detailed view of the tip in Figure IV.8(b). Figures IV.8(c) and (d), following
the previous arrangement, provide SEM images of the splitter with MFS of 50 nm. Detailed SEM image
analysis reveals a slight over-etching, with deviations below A§ < -10 nm in SWG segments of both
arms and stem. A Mach-Zehnder interferometer comprising two SWG Y-junctions was used to evaluate

the power splitter performance.

(b) 110nm 121 nm
a =

1100 nm

Figure IV.8. Scanning electron microscope images of (a) the complete SWG Y-junction and (b) a
detailed view of the junction tip for an MFS of 100 nm. SEM images of (c) the entire device and (d)

the junction tip for an MFS of 50 nm.

Figure IV.9 shows the spectral response of the MZI structure including two SWG Y-junction
considering an MFS = 50 nm. The difference between the transmittance of the measured MZI
transmittance maxima (Py57) and a reference structure (P,.;) allowed us to estimate the excess loss
due to the two SWG Y-junction: 2EL = 10 - log,, (Pyi$i"/Prer). The reference structure contains a
sequence of waveguides with the same length, width and number of bends as the MZI structure. In
order to conduct a conservative evaluation of the device’s performance, the reference waveguide

with the highest power transmission among those available, as shown in Figure IV.9, was used for

qee— T
% -20 ll

Wavelength (nm)

Figure IV.9. Measured power transmittance of the MZI structure, which includes two SWG Y-junctions
with an MFS of 50 nm, alongside reference waveguides. Note that the discontinuity at 1505 nm results

from the laser change during the wavelength scan.
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Two conventional Y-junctions with MFS of 100 nm and 50 nm were also characterized in the
1420 — 1680 nm range to compare the performance of the SWG Y-junction with that of the
conventional counterpart. The measured loss E Ly, is shown in Figure IV.10(a) for an MFS = 100 nm
and (b) for an MFS = 50 nm. The fabricated SWG Y-junction shows EL5»c"*°° under 0.72 dB over the
full bandwidth of 260 nm (1420 — 1680 nm) and is further reduced below 0.5 dB in a 210 nm
bandwidth (1470 — 1680 nm). For the MFS = 50 nm, EL;%<*° decreases to less than 0.4 dB for the
entire measured wavelength range, and under 0.22 dB in a 195 nm bandwidth (1485 — 1680 nm), as
plotted in Figure IV.10(b).

(a) 2 T T T
—SWG
——Conventional
158 - - -Simulated SWG 1
- - -Simulated Conventional

10420 1485 1550 1615 1680
Wavelength (nm)
(b) 2 T T T
—SWG
—— Conventional
.51 - - -Simulated SWG T
=) - - =Simulated Conventional
Z
E 1F -

0
1420 1485 1550 1615 1680
Wavelength (nm)

Figure IV.10. Measured EL for the TE; mode for the SWG (blue) and the conventional (orange)
Y-junctions for (a) an MFS = 100 nm and (b) an MFS = 50 nm. Simulation results are also included for

reference in all cases (dashed lines).

The proof-of-concept experimental evaluation demonstrates a substantial performance
improvement for the SWG device over its conventional counterpart in both MFS scenarios, especially
for the 100 nm MFS design. The conventional Y-junction exhibits high EL across the entire measured
spectrum, stronger deterioration observed for shorter wavelengths. This phenomenon occurs because
the optical mode is more confined within the waveguide at shorter wavelengths, thus increasing its
sensitivity to the effect of the tip MFS, producing power radiation. These measurements reinforce the
potential of SWG technology to overcome the constraints imposed by fabrication resolution

limitations.
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4.3.1.2. Extended characterization using cascaded structures

Following the success of the proof of concept, a second round of multi-project wafer chips were
fabricated in the same foundry for an extended characterization of the device excess losses associated
with both TEo and TE; modes and analysis of fabrication tolerances. In this second round, the chip
included cascaded structures with increasing numbers of concatenated Y-junctions. Specifically,
configurations of 1x2 (stage 1), 1x4 (stage 2), 1x8 (stage 3), and 1x16 (stage 4) divisions were utilized
for this purpose. The SEM image presented in Figure 1V.11(a) illustrates the 1x16 structure, providing
a comprehensive description of the four stages. Figure IV.11(b) presents a close-up view of the
SWG Y-junction within the structure. The chip also contained reference waveguides with the same
width, length, and bend configurations as those of the cascaded structures, in order to serve as test

structures for evaluating the EL generated by the Y-junctions.

(b)

A 1 0 s

3 ym MO 000000100 0000000 1 RO

Figure IV.11. SEM images of the SWG Y-junction in (a) a 1x16 cascaded configuration and (b) inset of

the device.

The measured excess loss for different cascaded Y-junctions is presented in Figure IV.12. The EL;g,

of the SWG and conventional Y-junctions designed with an MFS of 100 nm (ELjpe**° and ELS"10°)

are plotted in Figure IV.12(a). For the designs considering an MFS of 50 nm, EL5ae>° and EL5yy”>° are
represented in Figure IV.12(b). Although conventional Y-junctions with H,¢, = 0 nm were also included
and measured, these results were equivalent to the 50 nm MFS case, and they have not been included
for the sake of clarity in Figure IV.12. For both designs accounting for MFSs of 50 nm and 100 nm, the

SWG splitter has substantially reduced E L, compared to conventional Y-junction. Figure 1V.13 shows
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the EL;g, per splitter. This value has been calculated through a linear regression analysis of the
measured losses at each stage. The SWG Y-junction (solid line) exhibits a consistent flat response
across the entire measured bandwidth ranging from 1420 nm to 1680 nm. Specifically, for the SWG

Y-junction, EL3%ve"*° remains below 0.3 dB and ELS%e*°° stays under 0.5 dB over the full wavelength
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Figure IV.12. Excess loss of the 1x2, 1x4, 1x8 and 1x16 cascaded structures, for SWG (solid lines) and
conventional (dotted lines) Y-junctions with MFS of (a) 100 nm and (b) 50 nm.

range of 260 nm. In contrast, especially for a 100 nm MFS, the performance of the conventional
Y-junction (dotted line) degrades with decreasing wavelength, resulting in significant loss penalty.
Considering the high-resolution fabrication with an MFS of 50 nm, the SWG device consistently
outperforms the conventional Y-junction, with ELSWS*° < 0.23dB in a 215nm bandwidth
(1420 — 1635 nm) as presented in Figure IV.13. As the MFS increases to 100 nm, the detrimental effect
on the performance of the conventional Y-junction becomes more pronounced, with an ELS2%"'%°
above 0.57 dB in the 1420 — 1680 nm window. In contrast, the SWG device yields high-performance

over the entire measured bandwidth with EL>%¢"*°° below 0.46 dB.
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Figure IV.13. Excess loss per splitter measured through linear regression of the response of four
cascaded stages for SWG (solid lines) and conventional (dotted lines) Y-junctions, for both MFS of
100 nm and 50 nm. Results obtained for the conventional splitter with ideal resolution (MFS = 0 nm)

are also shown (dashed lines).
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Devices with deterministically induced dimensions variations of +10 nm were integrated into the
chip to assess the resilience of the SWG Y-junction to fabrication errors. Figure IV.14(a) shows
ELE and EL3 ™, indicating that the performance remains consistent despite the geometric
variations. ELy%e**° exhibits a slight improvement for under-etching deviations of +10 nm and
degrades towards longer wavelengths for A§ = -10 nm (SEM images shown in Figures IV.14(b) and (c),
respectively). In contrast, for the MFS of 50 nm, ELST‘g’g'SO is slightly improved for devices with
over-etching deviations of -10 nm and maintains consistent with the nominal design for A§ = +10 nm
(SEM images shown in Figures IV.14(d) and (e), respectively)). The largest fabrication bias was
observed in the SWG stem waveguide width, narrowing the nominal value (W, = 1200 + 10 nm) by

approximately 40 nm.
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=== Nominal == Nominal
m— A =-10 NM = Aj =-10 nm
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Figure IV.14. Tolerances to fabrication errors of 46 = +10 nm for the SWG Y-junction with MFS of
100 nm (blue lines) and of 50 nm (red lines). (a) Excess loss per splitter was measured through linear
regression of cascaded stages. SEM images of devices for an MFS of 100 nm with (b) A§ = -10 nm and
(c) A6 = +10 nm. SEM images of devices for an MFS of 50 nm with (d) A5 = -10 nm and (e) A§ = +10 nm.

4.3.2. First-order transverse-electric mode

In order to characterize the TE; mode division, in the second fabrication round auxiliary test
structures with mode multiplexers [150] were included, as shown in Figure IV.15. When TEy is injected

through the upper input port of the mode multiplexer, the TE; mode is generated at the output
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multimode waveguide. Conversely, when the lower input port is excited with TEo, TE; is generated at
the mode multiplexer output. Reference structures with the same waveguide length, width and
number of bends were included on the chip to compare with the measured power measured of the
structures including the mode multiplexer and the Y-junctions (Py,y) and obtain the excess loss of
the structure: ELyyy = 10 -log;o (Pum+y/Prer). In addition, the power of two mode multiplexers in
back-to-back (P,,) was measured to extract the losses associated to each mode multiplexer:
2ELypy = 10 -logyg (Pym/Prer)- The TEs mode excess loss corresponding to the Y-junctions can thus

be obtained as: EL = ELyp,y — ELyu-

Figure IV.15 SEM images of the structure employed for the characterization of TE{, (a) mode

multiplexer and SWG Y-junction and (b) zoomed image of the mode multiplexer.

Figure IV.16 shows EL;;; measurements for MFS = 50 nm for both SWG (ELS">°) and conventional
(ELSS"3%) Y-junctions, as well as for the conventional Y-junction with H,zr = 0 nm. Similarly, ELpg,
for MFS = 100 nm for SWG (EL3%<"*°°) and conventional (EL52:"'°°) Y-junctions are plotted in the same

figure. As previously explained, ELS7"°° and ELS2""'° are negligible due to TE; mode odd symmetry,

with a power minimum at the center of the multimode stem. The proposed device exhibits an EL5, >°
below 1 dB over a 100 nm bandwidth, covering the wavelength range between 1475 nm and 1575 nm.
Within a 170 nm bandwidth (1420 — 1590 nm), EL;% 5% and EL;%S*°° only increase 0.5 dB compared
to the conventional Y-junction. This degradation of the performance for the TE; mode arises from the
selection of the stem waveguide width of W, = 1200 nm, as a compromise between EL;g, and ELyg;.
Note that increasing the width of the SWG stem waveguide results in stronger modal confinement
that prevents TE; mode radiation, but increasingly penalizes TEq due to the resulting mode profile at

the junction tip [187].

SWG Y-junctions with A§ = 10 nm were also included in combination with the mode multiplexer

structures to study fabrication tolerances to study fabrication tolerances for TEo and TE; modes and

are shown in Figure IV.17. Figure IV.17(a) shows that EL3%S'°° remain <1 dB for 46 = -10nm and

<0.7 dB for A§ = +10nm, for the 1420 — 1680 nm wavelength range. Figure IV. 17(b) shows that

EL%E5% is lower than 0.5 dB for both under- and over-etching errors in the full measured bandwidth
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Figure IV.16. EL;;, measurements for SWG (solid lines) and conventional (dotted lines) Y-junctions
for MFS of 50 nm (red) and 100 nm (blue). Conventional Y-junction with MFS = 0 nm (dashed lines) is

also shown.

(1420 — 1680 nm). These results corroborate the robustness of the SWG Y-junction to fabrication
errors for TEo mode, discussed in section 4.4.1.2 (see Figure 1V.14(a)). The performance for TE; mode
division is more sensitive to fabrication errors in the width of the SWG stem owing to the weaker
confinement of the Floquet-Bloch TE; mode compared to the Floquet-Bloch TE, mode. While

SWGS0 < 2.1dB and ELSWG'® <1.7 dB within the entire measured

under-etching results in ELyg;
bandwidth, over-etching errors are negligible at shorter wavelengths and increase towards longer

wavelengths.
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Figure IV.17. Tolerances to fabrication errors of the SWG Y-junction for TE, (dashed line) and TE;
(solid line) polarizations, for MFS of (a) 100 nm and (b) 50 nm.
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4.4. Conclusions

Optical power splitters are fundamental building blocks in almost every integrated photonic circuit.
Meeting modern technology demands requires low-loss, compact splitters tolerant to fabrication
processes while operating over wide spectral ranges for multiple optical modes. One of the most
widespread power splitter architectures is the symmetric Y-junction due to their simplicity and
versatility. However, these devices suffer from increased losses, especially for fundamental modes,
due to fabrication resolution limitations. In this chapter, a novel high-performance power splitter
based on a Y-junction engineered with subwavelength metamaterials has been presented. This
innovative approach effectively mitigates mode confinement near the junction tip, thereby
alleviating losses stemming from limited fabrication resolution. The device is designed to
accommodate two different fabrication processes: a high-resolution process with an MFS of 50 nm

and a more stringent resolution of 100 nm.

Simulated excess losses for the fundamental TE mode are below 0.1 dB across a broad bandwidth of
300 nm (1400 — 1700 nm) for the 50 nm MFS, and under 0.3 dB for the first-order TE mode within a
1300 — 1600 nm window. With a 100 nm MFS, the proposed design yields excess losses for both TEg
and TE{ modes below 0.5 dB across a 300 nm bandwidth (1300 — 1600 nm). Notably, compared to a
conventional Y-junction, this results in a significant reduction in TEo loss at the central design

wavelength (1550 nm), from 0.99 dB to 0.12 dB, with negligible impact on TE loss.

The experimental characterization was carried out by means of two fabrication runs, considering
both MFS resolutions of 100 nm and 50 nm. In the first run, a proof-of-concept device was
characterized using an MZI structure to extract fundamental TE mode losses. In the second run, a
comprehensive characterization employing cascaded structures was performed for the TE; mode.
Furthermore, a structure combining a mode multiplexer with SWG Y-junctions was used to assess TE1
mode loss. The measurements demonstrate the broadband performance and relaxed fabrication
tolerances of SWG-based Y-junctions. Accurate measurements of the cascaded splitters show excess
loss for the fundamental TE mode below 0.3 dB for MFS = 50 nm and under 0.5 dB for MFS = 100 nm,
covering a 260 nm bandwidth (1420 — 1680 nm). In addition, excess loss for the TEs mode remains
below 1 dB over a 100 nm bandwidth (1475 — 1575 nm) for the 50 nm MFS. SWG Y-junctions subjected
to deterministically induced errors of +10 nm were also measured to evaluate resilience to over- and

under-etching errors, demonstrating robust fabrication tolerances for the fundamental TE mode.

The performance of the SWG Y-junction demonstrated in this thesis significantly outperforms other
state-of-the-art power splitters. A comprehensive comparison of its performance against alternative
architectures for dual-mode splitting is provided in Table 2 of Chapter V in the discussion section. For
example, some of the best-performing experimentally demonstrated alternatives, such as [194],
exhibit a bandwidth of 80 nm with EL <0.15 dB, while [195] operates within a 100 nm wavelength
range with EL <0.65 dB. In contrast, the developed splitter exceeds the operating bandwidth by 70 nm
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with EL <1.5 dB. In exclusive consideration of operation for the fundamental mode, it outperforms
the aforementioned alternatives by an extended margin of 160 nm, while maintaining EL below
0.5 dB. Despite the performance advancements accomplished through the use of SWG metamaterials
in the stem and arms waveguides of a Y-junction, the TE1 mode exhibits higher losses than expected.
This decrease in TE; mode performance is a consequence of the SWG stem waveguide width selected
as a compromise between TEq and TEs mode performance optimization. Therefore, a second strategy

has been proposed and described in Chapter V.

The SWG-engineered Y-junction presented in this chapter demonstrates the potential of SWG
metamaterials for developing high-performance integrated photonics power splitters. Moreover, this
SWG splitter holds promise for enhancing the functionality of diverse silicon photonic applications,

including high-bandwidth on-chip communication systems and broadband spectroscopic systems.
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Chapter V:

ACHROMATIC

SUBWAVELENGTH-ASSISTED

POWER SPLITTER

This chapter introduces a new power splitter that utilizes a Y-junction assisted
by SWG metamaterials, achieving an unprecedented ultra-broad bandwidth in the
SOl platform. The proposed design strategy effectively mitigates the adverse
effects of junction tip-induced losses by employing SWG metamaterials,
facilitating smooth modal transitions within the device structure. This device
operates not only for the fundamental and first-order TE modes but also
demonstrates compatibility with the fundamental TM mode. Section 5.1 outlines
the need for high-performance multimode power splitters characterized by broad
bandwidths. Section 5.2 describes the principle of operation, optimization
strategy, and final design as well as the simulation results. Experimental
measurements of the fabricated power splitter for the three operating modes are
detailed in Section 5.3. Section 5.4 offers a comprehensive discussion of the
obtained results and a comparison with other state-of-the-art power splitters.

5.1. Introduction

5.2. Principle of operation and device design

5.3. Fabrication and experimental characterization

5.4. Discussion and conclusions

Raquel Ferndndez de Cabo

Page 69



5.1. Introduction

In the previous chapter, a broadband multimode power splitter was demonstrated and
experimentally validated. However, the discrepancy observed between the expected performance of
the first-order TE mode in simulations and actual measurements reveals the need to improve
multimode performance. The SWG Y-junction presented in Chapter IV shows degradation for the TE;
mode as a consequence of a compromise between excess losses for TEq and TE1 modes intrinsic to the
design. That is, the selection of the SWG stem waveguide width is critical, as it directly affects modal
confinement. Higher SWG stem width values lead to stronger modal confinement, preventing TE
mode radiation. However, this exacerbates the inherent penalties of TE; mode due to the change on

the mode profile at the junction tip.

Therefore, in this chapter a novel strategy to realize a 3-dB power splitter tailored for the SOI
platform is presented. This device relies on a symmetric Y-junction with conventional waveguides as
arms and stem but features a SWG-metamaterial-assisted transition between them. The use of
SWG-metamaterials to assist the stem-to-arms transition allows flexible control of the modal
transition at the junction tip. This ensures that the modes propagating through each branching arm
waveguide do not experience an abrupt refractive index change. As a result, the device showcases
low losses across multiple modes with relaxed fabrication tolerances over an unprecedented

ultra-broad bandwidth. Moreover, this innovative design facilitates dual-polarization operation.

Simulations yield for the SWG-assisted Y-junction minimal excess loss (<0.2 dB) for both TE; mode
and TEs modes over a remarkable 700 nm bandwidth (1300 — 2000 nm), and less than 0.3 dB for the
TMo mode within the 1300 — 1800 nm wavelength range. Experimental measurements validate the
simulation results, confirming low excess losses for the three modes in the 1430 — 1680 nm

wavelength range along with robust fabrication tolerances for etching errors up to +10 nm.

5.2. Principle of operation and device design

As discussed in the previous chapter, there are two main basic mechanisms responsible for radiation
loss at the tip in symmetric Y-junctions: the wavefront mismatch due to the abrupt tilt angle, and
the transformation of the mode profile in the interface between the stem and arms. Thus, loss for
the first-order mode is typically lower than for the fundamental mode. The first loss-inducing
mechanism is mainly determined by tilt angle (8) and hence, the arm waveguides length and final
separation. The second mechanism is driven by the minimum separation between the arms, which in
turn is limited by the resolution of fabrication processes. To further understand the loss induced by
the junction, the stem-to-arms interface is treated as a transition from a three-layer waveguide
structure to a five-layer waveguide structure, as explained in more detail in Chapter Il (section
3.2.3.2). The transmitted power between the input mode of order m into the output mode of order
m’ is contingent upon the branching angle and the difference between its propagation constant (k,)

in the three-layer (k. ,) and five-layer (k. ,,) guided wave mode, given by Equation (3.7). In the
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five-layer structure, the separation between the branching waveguides (2d) increases gradually with

the tilt of the arm waveguides and the distance to the junction x: d = x tan(6).

It is important to note that mode evolution and mode conversion in Y-junctions are also two
important phenomena to take into account [137], [138], [139]. Mode conversion is the process of
exchanging optical power between different-order modes through interaction and typically occurs in
asymmetric Y-junctions. This process in symmetric configurations is restricted to even-to-even and
odd-to-odd modes [140]. For example, only coupling between TEq and TE; or TEs and TE3 would be
possible. However, by further preventing TE; and higher-order modes operation through waveguide
width design, no mode conversion is allowed. Under this condition, the behavior of symmetric
Y-junctions is hence primarily governed by mode evolution. Mode evolution involves the transition of
optical modes from the stem to the arm waveguides within the splitter structure. When an input TEg
mode propagates through the stem, it is divided equally into two in-phase TE; modes at the output
arms due to the device's inherent symmetry. An input TE; mode is similarly equally split into two TEg
modes of equal amplitude at the output arms, but with a = phase difference (¢) between them. The

evolution of the TMy mode is analogous to that of the TE; mode.

All these abovementioned factors are therefore considered when designing the novel SWG-assisted
splitter that is schematized in Figure V.1. The splitter comprises a stem waveguide of width W
supporting both fundamental and first-order transverse-electric modes, and two S-bend output arms
of width W with SWG metamaterials between them. The SWG metamaterials between the arms
reduce the main radiation loss mechanism inherent to symmetric Y-junctions that is attributed to the
transformation of the mode profile along the branching. The use of S-bend shaped waveguides for the
arms of the Y-junction reduces considerably the tilt angle (6 ~ 0), thus drastically decreasing the

radiation loss caused as demonstrated in [196], [197].

The SWG section of length Ly, is divided in two different regions to take better advantage of the
grating geometry. The first section of length Ly, comprises SWG segments located at the beginning of
the branching, whose width increases with arm spacing. In the second section of length L,, the SWG
segments are split along the waveguide of each output arm, while linearly decreasing in size. This
allows for improved light splitting by using SWG metamaterials to manipulate the beam according to
the shape and spacing of the arm waveguides. To be more specific, the SWG metamaterials
implemented between the arms ensure a nearly invariant k., with x at the junction proximity to
reduce the difference between the propagation constants at the stem-to-arms interface. Similar to

the operation described in Chapter IV, the input fundamental mode has a field profile with one lobe
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Figure V.1. Three-dimensional schematic of the SWG-assisted Y-junction comprising two S-shaped

arms and an SWG-metamaterial-assisted transition. The SiO; upper cladding is not shown for clarity.
Insets: field distribution within the stem and arm waveguides of the fundamental and first-order

transverse-electric modes (R{E, }), as well as of the fundamental TM mode (R{E,}).

in the center of the stem waveguide, which transforms into a two-lobe distribution (with one lobe in
each arm waveguide), while the field profile of the first-order mode has two lobes with a zero-power
value at the center of the stem waveguide. This behavior is illustrated in Figure V.2, showing the field
propagations of fundamental modes in panels (a) and (c) for TE and TM polarization, respectively.
Also, the two-lobe field distribution of TE1 mode propagating through the Y-junction is depicted in
Figure V.2 (b).

The device was optimized for an SOI platform with a 220-nm-thick silicon core layer through rigorous
3D FDTD simulations. An MFS of 100 nm was considered in the entire structure to ensure compatibility
with state-of-the-art DUV fabrication processes and also higher resolution processes such as e-beam
lithography [190]. The stem waveguide width was set to Wy = 0.5 pm for monomode operation for
wavelengths above 1300 nm. The SWG metamaterial properties are primarily defined by two key
geometric parameters: the pitch or period and the duty cycle. First, the selection of an appropriate
A value is crucial. This value should be small enough to avoid Bragg regime, ensuring propagation
within the subwavelength regime: Agwg < 4o/2n.¢r, Where n; is the effective refractive index for
each optical mode. Conversely, excessively small periods lead to reduced minimum feature sizes. The
SWG period was set to 200 nm with a DC = 50% to maximize the MFS.
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Figure V.2. 3D FDTD simulations of the field propagation through the device at a wavelength of
1560 nm for (a) TEo (|Ey|), (b) TE1 (|E,|) and (c) TMo (|E,|) modes.

In order to optimize the rest of the geometrical features, S-parameters were calculated through 3D
FDTD simulations and used to evaluate the device’s excess loss: EL = 10 -log;,(IS;11% + [S5.1?),
where |S,,| and |S;,| are the transmission coefficients from the stem to each arm of the Y-junction.
The arm length was fixed to Ly = 12.3 pm and the TE; mode excess loss was obtained for different
values of Lg,; = Lg; + Lg, and Lg,, as shown in Figure 2. Preliminary simulations demonstrated that
variations in Lg; and Ls, had a minor impact on the excess losses of the TE; mode, and such losses
were minimal. This operation matches the predicted response, since the field profile of the TE; mode
has a zero-field value at the center of the stem waveguide. Consequently, the profile of the TE; mode
remains unchanged at the branching, as depicted in Figure V.2(b), and the impact of Ly, and Lg, in
TE, excess loss is negligible. Therefore, the optimization process focuses exclusively on the TEo mode

excess loss.

Therefore, the optimization strategies for the proposed device consist mainly of determining the
most suitable design for the SWG topology between the splitter arms according to its effect on TE,,
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and then validating the results for TE; and TMo. This optimization process, illustrated in Figure V.3,
was accomplished by systematically calculating the S-parameters using 3D FDTD simulations for
different values of Lg,,; and Lg,. The simulated excess loss for the TE; mode was calculated sweeping
different values of Lg,; for Lg, values of 7.8 pm, 8.0 pm, 8.2 ym, and 8.4 pm, as shown in Figures
V.3 (a), (b), (c), and (d), respectively.
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Figure V.3. Simulated excess loss for the TEo mode as a function of the wavelength calculated through
3D FDTD simulations for different values of Lg,, for (@) Ly, = 7.8 ym, (b) Lg, = 8.0 pm,
(c) Lg, = 8.2 pm, and (d) Ly, = 8.4 pm.

A larger Lgy; tends to shift the best performing region to shorter wavelengths, which can be
compensated by increasing Lg,. Trade-offs between minimal loss values and curve flatness can also
be observed. Based on these results, we judiciously selected the length of the two SWG regions that
yield minimal losses across the entire simulated wavelength range (i.e., 1300 — 2000 nm) with

LSWG = 11.8 le and LSZ = 8.2 |Jm.

Figure V.4 shows the simulated EL of the optimized SWG-assisted Y-junction design. The TE; mode
excess loss remains consistently below 0.2 dB while the TE: mode excess loss is less than 0.07 dB,
both over an ultra-broad bandwidth of 700 nm (from 1300 to 2000 nm). Therefore, fully covering the
E, S, C, L and U telecom bands, partially the O band, and extending up to the 2000 nm waveband.
Moreover, the device also offers polarization-independent spectral response at wavelengths below
1800 nm, beyond which leakage losses to the substrate start to become noticeable. Excess loss for

the TMg mode (ELyy,) is lower than 0.3 dB within the wavelength range from 1300 to 1800 nm.
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Tolerances to fabrication deviations of the SWG-assisted Y-junction were evaluated for etching
errors of A6 from the nominal design, while operating for the three modes: TEo, TE{, and TMo, as
depicted in Figure V.4 with dotted lines. To account for potential under-etching and over-etching
during the fabrication process, adjustments to the geometry of the entire device were induced,
considering these errors as absolute variations in the waveguide dimensions. Specifically, the length
of the SWG silicon segments (a) was modified to a’ = a + Aé and the widths of the stem and arm
waveguides were adjusted to Wy = Wy + A§ and W' = W + A§, respectively. Simulations
demonstrate robust fabrication tolerances for the proposed splitter, without performance

degradation across the entire 700 nm bandwidth for all TEo, TE1, and TMo modes.
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Figure V.4. Excess loss for TEy (blue), TEs (yellow) and TMg (pink) modes for nominal (solid curves)
and biased designs with 46 = +10 nm (dotted lines) obtained through 3D FDTD simulations.

5.3. Fabrication and experimental characterization

The devices were fabricated on a 220-nm-thick SOI platform with a 2-uym-thick BOX in the same
commercial foundry in which the first SWG Y-junction was fabricated [191]. E-beam lithography was
used to pattern the Si layer, and etching was performed through an anisotropic reactive ion etching
process. Chemical vapor deposition procedure was used to produce the 2.2-um-thick SiO; cladding to
cover the Si device layer. The facets of the chip were deep etched, providing smooth trenches around
the perimeter of the chip. SWG edge couplers with low-losses and broadband response were included
at the input and output facets of the chip to achieve efficient fiber-chip edge coupling [198]. A more

in-depth description of the fabrication method can be found in Annex 1.

For the experimental characterization, the same setup described in Chapter IV, Section 4.3, was
employed. Accordingly, the same pair of tunable lasers were used to sweep the 1430 — 1505 nm and
1505 — 1680 nm wavelength ranges, respectively. To improve the fidelity of the characterization, the
wavelength range was adjusted by reducing the lower end by 10 nm to ensure proper laser operation

at shorter wavelengths. Thus, the scanning started at 1430 nm instead of 1420 nm. The lasers were
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connected to an optical stage to control the polarization state of incident light precisely. The
polarization control stage comprised a three-paddle fiber polarization controller, in addition to an
air-fiber bench polarization controller that included a linear polarizer and a half-wave plate. In
contrast to the setup used in the previous chapter, the half-wave plate and linear polarizer are
replaced with the air-fiber bench polarization controller. This controller integrates the same
components (half-wave plate and linear polarizer) but offers a broader operational bandwidth. The
light was coupled into the chip SWG edge couplers using a PM lensed optical fiber. A 40x microscope
objective collimated the chip output light, directing the beam towards a Glan-laser calcite polarizer.
Finally, the beam was focused on a germanium photodetector for data acquisition and subsequent

processing.
5.3.1. Measurements of fundamental TE mode

The operation of the SWG-assisted splitters for TEg mode was assessed using cascaded structures
comprising five of such splitters. In each splitter, the upper arm was routed to the chip output, while
the lower arm was connected to the next splitter. This arrangement resulted in a structure with one
input and five outputs, as illustrated in the SEM image in Figure V.5 (a), with an inset of the proposed
SWG-assisted Y-junction in Figure V.5 (b).

Output 1
Output 2

Output 3

Output 4

Output 5

UUDDUUUUUUUUU

Figure V.5. SEM images of (a) the cascaded structure employed for TE; mode characterization. Inset

(b) shows a detailed view of the SWG-assisted Y-junction.

Reference structures with the same length, width, and number of bends as each output of the
cascaded structure were included on the chip. Specifically, five reference structures, each designed
to match a specific output. The first reference (ref, 1) corresponds to output 1 and has 2 bends. The
second reference (ref,2) is equivalent to output 2 and has 4 bends. The third reference (ref,3)
mirrors output 3 and has 6 bends. Fourth (ref, 4) and fifth (ref,5) references replicate outputs 4 and
5, respectively, and have 8 bends each. The power measured at the output of these reference
structures, P..r; (Where i is the reference index) was used to normalize the power measured at each
output (P;) of the cascaded structure as: Py; = P;/P,.f;. This normalized transmission of the five
outputs is presented in Figure V.6, covering the entire measured wavelength range from 1430 nm to

1680 nm. The power measured at each output is in very good agreement with its corresponding target
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value, i.e., output 1 is centered at 0.5, output 2 at 0.25, output 3 at 0.125, and outputs 4 and 5 at

0.0625. Note that the small discontinuity observed at the wavelength of 1505 nm is due to the change
of laser to perform the wavelength scan.
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Figure V.6. Normalized transmission spectrum of outputs 1 to 5 measured using cascaded
SWG-assisted Y-junctions operating for TE; mode.

The excess losses were accurately obtained by linear regression, fitting the power values measured

from outputs 1 to 5, while also considering the power imbalance after each stage as follows:

1
EL, = 10-1 5.1
' %610 ( Pun  Puz + Pus + Pua t PN,S) -1
EL, = 10-bgm< 1= Pua ) (5.2)
PN.Z +PN.3 +PN,4— +PN,5
1 - PN 1 PN 2
EL; = 10-1 . . 5.3
; Oglo(PN,3+PN,4+PN,5 (-3)
1—Py,—Py,—P
EL,= 10- log10< ’;;4 +11V>';5 ”'3) (5.4)
1—Py,—Py,—Pys—P
EL. = 10- log10< N ’;;;5 N3 ”'4) (5.5)

The resulting E Ly, is shown in Figure V.7 with solid lines and is the linear regression between EL,,
EL,, EL;, EL,, and ELs. The excess losses remain below 0.2 dB over the entire measured bandwidth
from 1430 to 1680 nm. Experimental results demonstrate a remarkable consistency with simulation
predictions (see Figure V.4). Additionally, the power uniformity (PU) at the first output was
calculated, defined as the difference between the maximum and minimum output power within the
measured bandwidth: PU = 10 -log;o(P; ymax/Pimin)- The resulting PU for TE, operation is 0.88 dB in
the entire measured bandwidth.
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Figure V.7. Measured excess losses for the nominal design (solid lines) and for devices with deviations

of 46 = +10 nm (dotted lines) for TE; mode operation. Note that the discontinuity at 1505 nm results

from the laser change for the wavelength scan.

To validate the robustness of the proposed splitter against fabrication deviations, biased devices
with induced dimensional variations of A6 = 10 nm with respect to the nominal design were
fabricated. These devices were similarly arranged in cascaded structures for TE, and TE; operation.
Measured ELs of biased devices are shown in Figure V.7 for TE; mode, indicated by dotted lines. The
largest performance degradation occurs for over-etching errors (A§ = -10 nm). Still, losses are lower
than 0.4 dB within the full measured bandwidth of 250 nm. These results demonstrate the resilience
of the SWG-engineered solution to consistently operate with minimal losses, even in the presence of

fabrication-related imperfections.
5.3.1. Measurements of first-order TE mode

To evaluate the operation of the proposed splitter for the TE; mode, we incorporated the same
cascaded structures used to characterize the TE; mode, with the addition of a mode multiplexer
preceding each of the five splitters [150]. The mode multiplexer used here is the same one used for
TE1 mode characterization of the SWG Y-junction in the previous chapter. Figure V.8 (a) shows an SEM
image of two cascaded auxiliar mode multiplexers with the SWG-assisted Y-junction. An inset of the
mode multiplexer is depicted in Figure V.8 (b). When light was injected into the lower branch of the
mode multiplexer, TE1 mode was excited in the stem waveguide of the SWG-assisted Y-junction. This
TE1 mode was then split into the TE; modes of the two arms, with the upper arm directed to the chip
output and the lower arm directed to the following mode multiplexer. The field distribution (R{Ey})

of TEo and TE1 modes propagating through the structure have been included in Figure V.8.
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Figure V.8. SEM images of (a) a zoomed cascaded structure employed including mode multiplexers
for TE1 characterization. Inset (b) shows a detailed view of the auxiliary mode multiplexer. In both
panels (a) and (b) the field distribution (R{E,}) of the fundamental and first-order TE modes in

different regions of the structure have been included.

Reference structures comprising four mode multiplexers in back-to-back configuration were also
incorporated, and the power at the output (B,,,) was also measured. In addition, the output power
of reference structures (P, s ), Which included waveguides of equivalent width, length and number
of bends to those of the back-to-back multiplexers, were also measured to independently determine
their contribution. Therefore, the reference power used for the normalization of the cascaded

structures is: Prr; = Prefmux — & (Prefmux — Pmux)/4, Where i is the reference index. Then, the

normalized power for each output can be calculated as: PI\E,li) = Pi(l) /(Pres,i)- The superindex (1) is used

to differentiate the TE1 mode operation. The normalized transmission of the five outputs is depicted
in Figure V.9, operating for the TE; mode across the entire measured wavelength range from 1430 nm
to 1680 nm. As for TEp mode operation discussed in the preceding section, the power distribution of
each output closely aligns with its designated target value. In particular, output 1 is centered at 0.5,
output 2 at 0.25, output 3 at 0.125, and outputs 4 and 5 at 0.0625, demonstrating excellent
consistency and precision in the device's performance. For the TE; mode, excess losses were also
accurately obtained using linear regression, fitting the power values measured from outputs 1 to 5.
The EL relative to each stage was also calculated using Equations (5.1) to (5.5). The resulting ELg,
is shown in Figure V.10 with solid lines. Similar to the TEo; mode, the excess losses for TE1 mode remain
below 0.2 dB across the measured bandwidth from 1430 nm to 1680 nm. The experimental results for
the TE; mode also exhibit consistency with simulation predictions (see Figure V.4). Moreover, PU at
the first output was calculated, resulting in a further reduction compared to TE; mode, with a PU =

0.66 dB in the complete 1430 — 1680 nm wavelength range.
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Figure V.9. Normalized transmission spectrum of outputs 1 to 5 measured using cascaded
SWG-assisted Y-junctions operating for TE1 mode. Note that the small discontinuity observed at the

wavelength of 1505 nm is due to the change of laser to perform the wavelength scan.

Biased devices with induced dimensional variations of A6 = £10 nm relative to the nominal design
were included within the cascaded structures with auxiliar mode multiplexer. Subsequently,
employing the same procedure of linear regression, the ELs of biased devices were calculated in order
to validate the robustness of the proposed splitter against fabrication deviations for TE; mode
operation. Figure V.9 illustrates the ELs of biased devices with dotted lines. As for the TE; mode, the
largest performance degradation occurs for over-etching errors (A5 = -10 nm), with losses remaining
under 0.4 dB in the 250 nm measured bandwidth. These results demonstrate the resilience of the
proposed SWG-engineered solution to consistently operate with minimal losses for the two first TE

modes, even in the presence of fabrication-related imperfections.
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Figure V.10. Measured excess losses for the nominal design (solid lines) and for devices with
deviations of 46 = 10 nm (dotted lines) for TE; mode operation. Note that the discontinuity at

1505 nm results from the laser change for the wavelength scan.
5.3.2. Measurement of the fundamental TM mode

The operation of the SWG-assisted Y-junction for TMy mode operation was also examined. Utilizing
the same cascaded structures employed for TE; mode characterization, TM polarization was excited
at the chip input. The bends within the waveguide are critical for light propagation through the

structures. The chip includes bends with a radius of 5 pm. These bends are optimized for TE
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polarization, resulting in minimal loss and efficient guidance for TE-polarized light within the
waveguide structure. However, the behavior of the TMg mode differs because of the different
orientation of the electric field (along the z-axis) with respect to the waveguide geometry. This results
in weak confinement of TM-polarized light within a 220-nm-thick and 500 nm wide Si waveguide. A
thicker waveguide layer is typically required for TM operation, which serves the dual purpose of
supporting higher-order TM modes and improving polarization confinement within the structure. As a
consequence of TMo mode weak confinement, radiation occurs at wavelengths beyond 1630 nm at the
5-pym-radii bends. Therefore, the measured bandwidth of the device for TMo mode operation is limited

to the wavelength range covering from 1430 nm to 1630 nm.

The measured power of these reference structures (Pr(j}’i) is used to normalize the measured power

of each cascaded stage output () as: P = P¥’/P?),. Note that the superindex (2) is used to

ref,i*
differentiate the TMg mode operation. Figure V.11 presents the measured normalized transmission of
the five outputs, demonstrating the performance of the device operating for TM; mode across the
measured wavelength spectrum (1430 — 1680 nm). The power distribution across each output is
slightly lower than its designated target value. Ideally, output 1 should be centered at 0.5, output 2
at 0.25, output 3 at 0.125, and outputs 4 and 5 at 0.0625. The device still provides efficient power
splitting, despite the slight deviation from the intended ratios.
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Figure V.11. Normalized transmission spectrum of outputs 1 to 5 measured using cascaded

SWG-assisted Y-junctions operating for TMo mode.

Figure V.12 shows EL,,, obtained using the same linear regression analysis of preceding sections.
E Lo measurements for the nominal device are represented with solid line, while biased devices
with dimensional variations of A§ = +10 nm are plotted with dotted lines. Nevertheless, the device
exhibits an excellent performance for TMg mode splitting, with EL;,, below 0.4 dB over a wide
bandwidth from 1430 to 1630 nm. The excess losses for the splitters with modified dimensions at
A = +10 nm are very similar to the losses of the nominal device, achieving an ELy,,, <0.4 dB over the
same wavelength range. On the other hand, upon over-etching variations of A§ = -10 nm , the

maximum loss in the spectrum is reduced to 0.3 dB. These results demonstrate the
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polarization-agnostic response of the proposed splitter, as well as the resilience to typical etching

deviations for TM polarization operation.
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Figure V.12. Measured excess losses for the nominal design (solid lines) and for devices with
deviations of 46 = £10 nm (dotted lines) for TMy operation. Note that the discontinuity at 1505 nm

results from the laser change for the wavelength scan.

5.4. Conclusions

In this chapter a metamaterial-assisted silicon 3-dB power splitter for multimode operation over a
record broad bandwidth has been proposed and experimentally validated. The unique properties of
subwavelength grating metamaterials are leveraged to mitigate the abrupt transition at the tip of
conventional Y-junctions, while offering flexible control over the confinement of propagating modes.
This approach enables efficient power splitting from the stem waveguide to the S-shaped arms with
an outstanding performance for TEo, TE1 and TMy mode operation. 3D FDTD simulations predict an
excess loss lower than 0.2 dB for the TEg mode and below 0.07 dB for the TE; mode over a wavelength
range of 700 nm, which extends from 1300 to 2000 nm. The device also operates for the fundamental
TM mode with simulated excess loss under 0.3 dB in the 1300 — 1800 nm wavelength range.
Measurements confirm the exceptional power splitting efficiency of the proposed device, with excess
losses remaining under 0.2 dB for both fundamental and first-order TE modes in the 1430 to 1680 nm,
limited by the lasers available in the setup. The TMy mode measurements also exhibit low excess loss
of less than 0.4 dB across a 200 nm bandwidth ranging from 1430 to 1630 nm. Furthermore, another
significant advantage of the SWG-assisted Y-junction design is its robustness to fabrication errors.
Both simulations and experiments prove that the proposed splitter reliably maintains a

high-performance response in the presence of fabrication-related geometric variations.

For the sake of comparison, Table 2 summarizes the performance and compares the reported device
with several state-of-the-art multimode power splitters based on SOI platforms with a 220-nm-thick
waveguide core. To ensure a fair comparison, it should be noted that different authors define the
operational bandwidth according to different loss thresholds, indicated therein. Among stand-out
devices, Ozcan et al. [130] recently reported a polarization-independent Y-junction, achieving low
losses (EL <0.25 dB) and a device length of only 14 pm, but bandwidth is limited to 100 nm. The widest
experimental bandwidth (170 nm) is achieved in [188], that is the full-SWG Y-junction presented in
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Chapter IV. Despite the broadband and high-performance, the bandwidth for the full-SWG Y-junction
is 80 nm smaller for TE; mode operation, and still at the expense of greater losses, larger footprint,
and no TM operation. The widest simulated performance is achieved by [199], although no
experimental validation nor TE{ operation is provided, and bandwidth is defined for a larger loss
threshold. Compared to these alternatives, the SWG-assisted splitter proposed in this thesis
represents a substantial advance over current state-of-the-art devices and outperforms them in terms
of optical bandwidth with at least 100 nm improvement compared to most prior experimental
demonstrations, without increasing the length and maintaining ultra-low losses. Moreover, these
results are achieved while preserving an MFS of 100 nm, compatible with state-of-the-art DUV

fabrication processes.

A novel SWG-assisted symmetric Y-junction has been demonstrated in this chapter, which is
expected to open up a new generation of applications in various areas of silicon photonics, including
both established and emerging fields. These applications encompass, but are not limited to,
high-capacity multi-band data transmission, LIDAR, multi-target spectroscopy, quantum key
distribution, and optical sensing. Moreover, the innovative design strategy proposed herein shows

potential for adoption on other high-index contrast material platforms.

To expand the operating bandwidth for larger wavelengths, a thicker BOX layer could be
incorporated in the SOl platform. Similarly, the device could operate for higher-order modes
redesigning and increasing the width of the stem and arm waveguides. The proposed 3-dB splitter is
expected to be essential for advanced and intricate systems that require precise manipulation of
optical signals due to its low losses, ultra-broad bandwidth, multimode operation, and robust

fabrication tolerances.
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Table 2. Comparison of state-of-the-art multimode power splitters using 220-nm-thick silicon core.

Device Length [um] MFS [nm] Modes  BWsim [nm] ELsim [dB] BWexp [Nnm]  ELexp [dB]
TEo 100 100
MMI [195] 48 120 e (1500-1600) 040 1500 1600) < 0-6
TEo
Y-junction 70 70
[186] 29.15 O g (1530-16000 <919 (1530-1600) < 0-30
Directional > 62 100 TEo 80 <1.00 50 <1.00
Coupler [200] : ™, (1520 - 1600) : (1540 - 1590) :
500
TE .05* A
Adiabatic 2 ” °  (1200- 1700) <%0 70 < 0.19
tapers [129] 425 . (1530 - 1600)
™ (1200 1625) <010 <0.14
790
TE 4
Y-junction 0 (1250-2040) < 9®
5 100 NF NF
[199] ™ 385 < 1.00
% (1200 - 1585) '
Pixelated TEo 445
meta-structure 5.4 120 <0.83 NF NF
TE, (1588 - 2033)
[201]
Tapered 13 150 TEo 100 <0.07 80 <1.50
coupler [194] TE, T (1500-1600) < Q.41 (1520 - 1600) :
TE
MMI [105] 35.9 100 0 “26J?ﬂ420) <1.00 NF NF
TMo
Y-junction 14 120 TEo 150 < 0.10 100 <0.25
[130] T™, (1500 - 1650) : (1500 - 1600) < .23
. . 350 260
: TE 0.30 0.50
E;ég?ct¥gg] 14 100 °  (1350-1700) © (1420 - 1680) °
’ : 300
(chapter 1V) TE  (1300- 1600) <0-45 (1423?ﬂ590) <1.50
TEo 700 <0.20 250 <0.20
Y-junction 123 100 TE,  (1300-2000) <0 (1430 - 1680) :
(chapter V) : 500 200
TMo <0.30 <0.40

(1300 - 1800)

(1430 - 1630)

) Values marked with an asterisk correspond to values estimated from figures. ® Devices annotated

with a dagger symbol also operate for higher-order modes. NF, Not Fabricated; BW, Bandwidth; EL,

Excess Loss; MFS, Minimum Feature Size.

Page 84

Raquel Ferndndez de Cabo



Subwavelength metamaterials for integrated power and modal management

Ultra-broadband mode converter

Chapter VI:

ULTRA-BROADBAND MODE

CONVERTER

This chapter presents the development of a novel mode conversion architecture
using inverse design optimization algorithms and SWG metamaterials. The mode
conversion process is achieved through the implementation of two opposing
symmetric Y-junctions surrounded by SWG nanostructures. To achieve
high- performance, an optimization approach based on inverse design
gradient-free algorithms is applied. This methodology aims to exploit the
geometric design parameters, thereby allowing multi-parameter optimization for
improved operational efficiency. Section 6.1 outlines the intrinsic mode conversion
principles underlying symmetric Y-junction architectures. Section 6.2 provides a
detailed description of the device design, operating principles, and a complete
explanation of the inverse desigh optimization strategy, including simulation
results and delineation of the refined geometric parameters. In addition, Section
6.3 provides a comprehensive account of the measurement setup and experimental
protocols used to characterize the fabricated mode converter. Finally, Section 6.4
provides a concise summary of the key results and conclusions derived from both
simulations and experiments.

6.1. Introduction

6.2. Device design

6.3. Fabrication and experimental characterization

6.4. Conclusions
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6.1. Introduction

The exponential growth of global Internet traffic and the rise of bandwidth-hungry applications
accentuate the necessity for the telecommunications industry to move towards next-generation
optical systems with higher transmission capacity and lower power consumption [35], [202]. To
address this challenge, different multiplexing techniques have been proposed to expand the data
transmission capacity of on-chip optical interconnect networks. The dominant silicon photonics
optical transceivers rely on wavelength-division multiplexing [37], polarization-division multiplexing
(PDM) [203] and mode-division multiplexing systems [38] to encode distinct data channels on the same
waveguide. In particular, MDM techniques have attracted a great interest in the last decade as it
provides improved data rates by simultaneously transmitting several signals in optical modes of
different orders within a single multimode waveguide [39], [204]. Strategies that combine WDM and
MDM systems for on-chip and off-chip high-bandwidth-density interconnects have been reported [40].
Also, there have been demonstrations integrating WDM with PDM [203] to enhance link capacity using
a single-wavelength light carrier. Multimode silicon photonics involving higher-order modes has proven
to be a useful approach in emerging fields such as quantum information processing [41], [148] and

on-chip nonlinear photonics [42], [95], [96].

In Chapter Il the importance of mode converters in multimode photonic systems was discussed,
highlighting their key role to transform a given spatial mode into any other desired mode and vice
versa. Broadband, low-loss, and low-crosstalk are critical specifications for the overall high
performance of multimode systems. Many mode converters employing different structures have been
proposed and, according to their respective operation principle, they can be categorized into four
main types: phase matching [152], [153], [154], beam shaping [156], [205], constructive interference
of coherent scattering [160], [206] and induced gradient phase [35]. Additionally, structures
combining various operation principles have also been reported [100]. Among the aforementioned
types of mode converters, devices based on phase matching, beam shaping, and constructive
interference of coherence scattering have exhibited characteristics such as low loss, reduced
crosstalk, and a strong resilience against fabrication variations. Nevertheless, they are frequently

hampered by restricted operational bandwidths or the need for large dimensions.

Mode converters based on induced gradient phase techniques are ultra-compact, broadband, and
fabrication-tolerant while maintaining low-loss and low-crosstalk. These devices can be implemented
through metasurfaces or metamaterials to assist mode conversion in dielectric waveguides [165],
[207]. Mode converters incorporating SWG metamaterials have proven highly successful, showcasing
exceptional performance in terms of ultra-low losses, broad operational bandwidths, compact
footprints, and robust fabrication tolerances [163], [207], [208], [209].

In this chapter, an innovative mode converter architecture based on two symmetric Y-junctions in
back-to-back configuration connected through SWG metamaterials is proposed. The geometrical
parameters of the design are optimized through the Powell's gradient-free algorithm, maximizing the
modal field conversion between the fundamental and the second-order transverse-electric (TE;)

modes with a compact footprint of only 6.5 x 2.6 um?. In 3D FDTD simulations, the optimized device
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yields an excess loss below 0.75 dB and an extinction ratio (ER) exceeding 10 dB across an extensive
bandwidth of 350 nm (1350 nm to 1700 nm). Furthermore, within a 150 nm wavelength range
(1472 — 1622 nm), the ER exceeds 20 dB while the EL remains below 0.3 dB. Experimental validation
confirms efficient mode conversion in both instances, specifically TEo-TE; and TE;-TEo, showing ELs
as low as 0.4 dB and ERs exceeding 18 dB across a broadband of 149 nm, extending from 1471 nm to
1620 nm.

6.2. Device design

The device architecture, depicted in Figure VI.1, consists of two symmetric Y-junctions arranged in
back-to-back configuration embedded by SWG metamaterials. The geometry comprises a multimode
input waveguide of width W, ensuring TE; mode propagation within the target wavelength range.
This input waveguide is divided into two tapered waveguides of length L, which constitute the arms
of the left symmetric Y-junction. The initial separation between these arms is constrained to the
considered MFS and increases to a final separation S, while the width of these arms is reduced to the
MFS. The width of the SWG segments increases along with the Y-junction separation, starting from
W, = Ws + 2MFS and reaching W;. The length of the SWG silicon segments also exhibits a linear

variation, from a, to az, for a constant A. The geometry has an output multimode waveguide identical

to the input one, in which the arms of the right Y-junction converge.

[si [Esi0,

Figure VI.1. Three-dimensional schematic of the proposed SWG mode converter. Insets depict the

distribution of the electric field (R{E, }) in the cross-sectional view of the input/output waveguides.

Efficient mode conversion requires matching the mode profiles of the input and output waveguides
to ensure optimal coupling between the desired modes with minimal losses. When the TE, mode is
excited in the input waveguide, its modal field profile evolves as it propagates through the device,
ultimately being fully converted into TE; mode at the output waveguide (see section 2.1 below for
details). The visual representation of the field profile transformation during the TEo-TE; mode
conversion is clearly illustrated in Figure VI.2. It is important to note that the device is reciprocal,

i.e., the device also converts an incident TE; mode into the output TE; mode.
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Figure VI.2. Real part of the electric field (R{E,}) propagating along the device obtained by 3D-FDTD

simulation.
6.2.1. Principle of operation

Different studies have addressed the inherent optical mode conversion in symmetric Y-junctions
[137], [138], [139]. The input section of a conventional symmetric Y-junction can be seen as a
three-layer symmetric waveguide, i.e., three dielectric layers with different refractive indices
disposed as cladding-core-cladding. Likewise, the output arm waveguides of a conventional Y-junction
is a five-layer symmetric structure: cladding-core-cladding-core-cladding. The transition from the
three-layer to the five-layer in the proposed Y-junction structure is schematized in Figure V1.3 (a).
The incident field (E.), with a propagation constant k,, corresponds to that present in a typical
three-layer slab waveguide. The field transmitted to the output branching arms waveguides can be

approximated by [137]:

EL(y) = B(A)EL(y, d)el /00 13 ke )ax") - jieelylsin) 6.1)

S—-2MFS

where the tilt of the arm waveguides is given by 6 = atan( ) With the branching point as the
T

reference origin, the separation between the branching waveguides (2d) is given by:
2d = 2xtan(f) + MFS. The reduction in width (W(x)) of the tapered arm waveguides can be

Ws—MFS 3MFS-Wg
+x (
2Lt

expressed as: W(x) = ), being x the distance from the branching point. The

electric field E£(y,d) is the corresponding guided-TE mode in a symmetric five-layer waveguide and
B(d) is a normalizing factor. The influence of the SWG metamaterial on this device can be
conceptualized as an equivalent metamaterial covering the same area as the grating, as illustrated in
Figure VI.3 (c). The evolution of the real part of the electric field E,(y) in the slab structure of
Figure VI.3 (a) at the interfaces 1, 2, 3 and 4 is plotted in Figure VI.3 (b). Similarly, the real part of
E,(y) for the Y-junction structure with the equivalent metamaterial of Figure VI.3 (c) is shown in
Figure VI.3 (d).
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y y y y

Figure VI.3. (a) Schematic of the symmetric Y-junction used for the mode converter design and (b)
R{E,} field at specific regions marked as 1, 2, 3 and 4. (c) Schematic the symmetric Y-junction with
the SWG structure modeled as an equivalent metamaterial of refractive index n, and (d) its

corresponding R{E,} at regions 1, 2, 3 and 4.

Symmetric Y-junctions can only provide mode conversions to even-to-even or odd-to-odd modes
because of their mirrored structure relative to the direction of propagation (x-axis). The overlap
integral of incident and transmitted fields, calculated at the interface between stem and arms

waveguides, quantifies the extent of power exchange between the different optical modes.

The efficacy of power transmission from an input mode of order m to an output mode of order m’
hinges on both the branching angle formed by the arms and the discrepancy in propagation constants
between the three-layer (k. ) and five-layer (k¢ ) guided wave modes. This can be expressed by

the transmitted coupling coefficient [137]:

i t
1 kx,mkx,mr

a’.“o kaic,m + katc,mr

t —
Cm,ml -

f Efm(Efm)"dy 6.2)
It is important to note that the propagation constants of the transmitted modes (k%,,) are

determined by the eigenvalue equations governing the five-layer waveguide structure, which vary as

the separation between the arm waveguides increases. Within this structure, the light experiences a

phase difference arising from the respective phase associated to the modes propagating through the
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arms  (Parms = Mefsstripkm) and the middle SWG metamaterial (Pgywg = Nerrswekm) region:
A® =k (Mefs serip — Nefr,swe)- This phase difference is responsible for the mode exchange between

the TEo and TE; modes.

The integration of SWG structures in the region of the junction adds another level of complexity to
the design process of the proposed device. Additionally, certain geometric parameters of the device
vary along the propagation direction to improve mode conversion efficiency. For example, the width
of the arm waveguides is progressively reduced, and both the width and length of the SWG segments
also change accordingly. Thus, optimization of the device geometry constitutes a substantial
challenge due to the high number of interrelated parameters that significantly affect the behavior of
the device. To fully exploit the potential of the mode converter topology, an inverse design
optimization approach is adopted. This method enables the exploration of all available degrees of
freedom in the design space to maximize the mode conversion efficiency. The inverse design process
relies on a gradient-based optimization algorithm, iteratively adjusting the design parameters to
achieve optimal performance. By systematically refining these parameters, the algorithm aims to

enhance the efficiency of mode conversion throughout the device.

6.2.2. Optimization process

Optimization through inverse design offers unprecedented opportunities to push the boundaries of
device performance and functionality for integrated photonics as further discussed in Chapter Ill.
Devices that incorporate metamaterials [65], [166] are subjected to topological engineering [141]
that often involve multiple interdependent design parameters. Therefore, traditional sequential
optimizations become impractical and simultaneous multi-parameter optimizations are required. The
mode converter presented in this chapter is developed through an inverse design approach using
Powell's gradient-free optimization algorithm [210]. The workflow of this optimization process is
summarized in Figure VI.4 (a). This algorithm involves an iterative optimization process that
systematically explores conjugated directions within a given parameter space to maximize the target
FOM. The parameter space involved in this approach contains the critical geometric parameters of
both Y-junctions and subwavelength gratings. The algorithm is initialized with a parameter set and
sequentially performs conjugate directional and line searches, thus allowing adaptive updates of the
parameter values. This method efficiently navigates multidimensional spaces without requiring
gradient information, making it suitable for complex optimization challenges. Additionally, the
algorithm considers parameter bounds, restricting geometric values to align with practical design
constraints, such as fabrication MFS. Specifically, here the figure of merit represents the modal field
transmission from the incident TEo mode into the targeted output TE; mode (T,,) across the
operational wavelength range, obtained through 3D-FDTD simulations. In an ideal scenario, the FOM
value should be equal to one, indicating lossless modal conversion between the specified input and

output modes.
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Figure VI.4. (a) Flow chart of the inverse design method using Powell's gradient-free optimization

algorithm. (b) Evolution of the figure of merit for each iteration of the optimization process.

The proposed mode converter is developed for an SOI platform with a 220-nm-thick silicon core
layer. The MFS of the design is fixed at 60 nm, aligning with the claimed resolution offered by
commercial foundries. Certain geometric parameters held constant during the optimization process.
For the multimode input and output waveguides, Ws is set at 1.4 pm, ensuring TE; mode support
meanwhile suppressing higher-order modes for wavelengths between 1350 nm and 1700 nm. For the
SWG segments, W, is fixed at 1.52 pm, to ensure the MFS restriction, and A = 200 nm is selected to
avoid radiation and Bragg regimes. On the other hand, the geometric parameters subject to
optimization include the duty cycles characterizing the narrower (DC, = a,/A) and wider
(DCr = agp/A) segments of the SWG, as well as W, S, and L;. Table 3 presents the parameter values
used for algorithm initialization, including the paired boundary values that define the minimum and
maximum permissible ranges for each parameter. The table further shows the refined parameter
values achieved through the Powell algorithm after 100 iterations, highlighting a compact length of
only 6.5 pm. Figure V1.4 (b) illustrates the evolution of the figure of merit for each iteration during

the entire optimization process.

For this specific device, the excess loss is defined as EL = 10log, (T, , ). Additionally, the extinction
ratio is an important metric for evaluating the efficiency of the mode conversion process, describing
how effectively the desired mode is produced and undesired output modes are suppressed. The ER is
formally defined as the ratio of the power of the converted mode to the power of the original mode,
expressed as: ER = 1010g10(T0,0). Here T,, represent the power transmitted from an incident TE,

mode into the TEo mode (T, ,) at the output. Figure VI.6 presents the excess loss and extinction ratio

for the final mode converter topology, incorporating the optimized geometric design parameters. The

proposed device demonstrates simulated EL under 0.75 dB and ER over 10 dB in a 350 nm broad
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bandwidth from 1350 nm to 1700 nm. Moreover, in a 150 nm bandwidth covering the 1472 — 1622 nm
wavelength range, ER is higher than 20 dB and EL remains below 0.3 dB.

Table 3: Optimization process parameter values.

Parameter Initial value Bound min Bound max Final value
DCo 0.60 0.35 0.70 0.47
DCr 0.60 0.35 0.70 0.65
Wr 2.6 pm 2.0 ym 3.6 um 2.6 ym
S 1.6 ym 1.0 ym 2.0 ym 1.8 ym
Lt 3.2 ym 1.0 ym 4.0 ym 3.236 ym
30
...................... ——ELTE,-TE,
...................................... ER TE,-TE,
5 20 b e
T e
= | e
o e
P S
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Figure VI.5. Excess loss and extinction ratio of the final optimized design for TE; mode input.

6.3. Fabrication and experimental characterization

The fabrication of the proposed ultra-broadband polarization-independent beam splitter was carried
out at the facilities of the C2N [211] using SOl wafers with a silicon thickness of 220 nm and a BOX
layer of 2 um. The layout patterns were defined using electron-beam lithography (RAITH EBPG 5200)
and then transferred to the silicon layer using reactive ion etching (ICP-DRIE SPTS). SEM images of the
fabricated device were collected before the top cladding was deposited (Figure VI.8(a)). A
1.5-um-thick cladding layer of polymethyl methacrylate (PMMA) was applied to the sample using

spin-coating. A more in-depth description of the fabrication method can be found in Annex 1.

The experimental setup used to characterize the mode converter is described in Figure VI.6.
Experimental measurements were conducted at the C2N laboratories using two tunable lasers to
achieve a combined wavelength range of up to 200 nm, spanning from 1420 nm to 1620 nm. The lasers
were connected to an optical component tester (Yenista CT400) through a standard optical fiber to
enable automated measurements over the entire wavelength range. A three-paddle polarization
controller was used to manage the polarization state of the light at the output of the CT400. The
single-mode optical fiber from the polarization controller was mounted on a goniometer, placed on a
micropositioning stage, to ensure precise injection of the light into the chip at the appropriate
radiation angle of the grating. Optimized grating couplers for TE polarization, whose principle of
operation is explained in Chapter Il (section 2.2.3), enabled the coupling of light into and out of the

chip. Another cleaved single-mode optical fiber, attached to a second goniometer, collected the light
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from the chip at the appropriate grating radiation angle, directing it to the photodetector of the
CT400. To achieve optimal alignment and efficient coupling across the entire measured spectrum
during the wavelength scans, the tilt angle between the input and output cleaved single-mode fibers
and the chip’s grating coupler interfaces were carefully adjusted. The collected data from the CT400

was sent to a computer for post-processing, analysis, and interpretation.

. Tunable laser

. Optical fiber

CT400
. Three-paddle polarizer

=[2000][d[eeco]

. Input stage

. Goniometer
. Chip stage

. Output stage

. Micropositioners

-
o

. Computer

®
Figure VI.6. Schematic of the measurement setup used to characterize the fabricated mode

conversion device.

The SEM image in Figure VI.7 (a) illustrates the on-chip characterization structure used to extract
the excess loss and extinction ratios of the proposed device. Additionally, Figure IV.7 (b) offers a
detailed SEM view of the fabricated mode converter. The structure consisted of two high-performance
mode (de)multiplexers [39], one dedicated to light injection into the mode converter and the other
for subsequent mode demultiplexing. This configuration featured three input and three output
single-mode waveguides, enabling precise control over the excitation of the first three TE modes:
TEo, TE1, and TE;. By selectively injecting light into the first, second, or third input waveguide of the
mode multiplexer, the TEo, TE4, or TE; mode was respectively excited at the input waveguide of the
mode converter. Subsequently, after the light passes through the mode converter, the output
demultiplexer reciprocally extracted each mode as the fundamental mode of its corresponding output
waveguide. Specifically, the TEo,, TEi, or TE; mode proceeding from the mode converter was
effectively coupled to the fundamental mode of the first, second, or third output waveguide,
respectively. A comprehensive description of the operating principles and performance characteristics
of the mode multiplexer/demultiplexer architecture is meticulously detailed in [39]. In addition, the
chip also included reference waveguides in order to normalize the power transmission of the mode
converter. The configuration of these reference structures mirrored that of the mode
multiplexer-mode converter-mode demultiplexer shown in Figure VI.7 (a) but replacing the mode
converter with a multimode waveguide of the same length (2L; + A —az) and width (Ws). The

measured power of the reference structure when injecting light at the input waveguide p = 1, 2, 3,
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at the output ¢ = 1, 2, 3, is Ppr;f. Similarly, the measured power for the structures comprising the
mode converter is F¢. It is noteworthy that when light is injected into the first waveguide (p = 1),
the maximum power will be observed at the first output waveguide (q = 1) for the reference structure,
whereas for the structures with the mode converter, the maximum power will be detected at the
third output waveguide (g = 3). Reciprocally, when light is injected into the third waveguide (p = 3),
demonstrates maximum power transmission into the third output waveguide (q = 3) for the reference
structure, whereas the maximum power transmission will be detected at the first output waveguide
(g = 1) for the structures with the mode converter. Since the mode converter does not impact the TE,
mode, the behavior of both the reference structures and those incorporating the mode conversion

device is consistent. As such, the excess loss and can be determined as follows:

mc
P

’ ref nref
P11 P33
pPJie
’ ref pref
P11 P33

P
Elrg = 1010g10 W (65)

22

ELrgo-rp2 = 10logq (6.3)

ELrgy_rpo = 10logyq (6.4)

The extinction ratios for undesired output modes are determined using the following expressions:

ERrpo_rro = 10log,, (2—;52) (6.6)
ERrpo_rr1 = 10log,, <P1"§C> (6.7)
ER7g_rg, = 10log, <P3"1”> (6.8)
ERrgy 11 = 1010g10< > (6.9)
ERrg1-1E0 = 1010g10< ) (6.10)
ER7g1_1g2, = 10log, (P{?C) (6.11)
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Figure VI.7. SEM images of (a) the MDM architecture used for the device characterization and (b) a

magnified view of the fabricated mode converter.

Figure VI.8 (a) presents the ELs and ERs measured for the fabricated device when injecting the TE,
or TE; mode. The performance of the device for the TE; mode transmission is also shown in Figure VI.8
(b). For the conversion from the input TE; mode into the output TE; mode, the device demonstrates
experimental EL under 0.35 dB across the measured bandwidth ranging from 1420 nm to 1620 nm.
The reciprocal process of TE;-TE; modal conversion exhibits measured EL below 0.52 dB in the same
200 nm broad bandwidth. In both instances of mode conversion, specifically TEo-TE; and TE;-TEo, the
device exhibits EL as low as 0.4 dB and ER exceed 18 dB across a broadband of 149 nm extending from
1471 nm to 1620 nm. Additionally, ER remains above 10 dB over the whole 200 nm measured
bandwidth. As shown in Figure VI.8 (b), the proposed converter architecture does not affect the
propagation of the TE1 mode. When the TE1 mode is injected into the mode converter, it efficiently
propagates through the device with EL under 0.6 dB and ER above 17 dB within the measured
wavelength range of 1420 — 1620 nm. These experimental results demonstrate the effectiveness of

the device achieving high extinction ratios and ensuring efficient conversion with minimal losses.

Raquel Ferndndez de Cabo Page 95



_—
S
—_—

(=2
e

40 T 40
—
30 N 30 — PPt \
—_ 1 —_ l,’"'-::"» """"""" - e ~ ‘\_,-—
=) =) Ra N~ v . -
=) el L T AY
*
\
& 20 &= 20 ..
) ——ELTE,TE,, — —ERTE,TE, o ELTE TE
10F ——ERTE,TE, ERTE,-TE, | 10k ERTE -TE. | 1
- 1 0
ERTE,TE, — —ILTE,-TE, —-—ERTE, TE,
1dB 1dB
0 B SRR SOt I Wi N - NSO S [
1420 1460 1500 1540 1580 1620 1420 1460 1500 1540 1580 1620
Wavelength (nm) Wavelength (nm)

Figure VI.8. Measured EL and ER for TE; mode (blue), TE1 mode (yellow), and TE; mode (green) when
injecting (a) TEo (solid lines) and TE; (dashed lines), and (b) TE1 mode (dash-dot lines).

6.4. Conclusions

In this chapter, a metamaterial-engineered mode converter for TE polarization that operates over
a broad bandwidth has been proposed and experimentally demonstrated. The device design presented
here achieves efficient mode conversion, leveraging the inherent modal properties of symmetric
Y-junctions combined with SWG metamaterials. Powell's gradient-free optimization algorithm is used
to maximize the figure of merit, representing the modal field transmission from TE; mode to TE;
mode, by iteratively adjusting all relevant design geometric parameters. In 3D FDTD simulations, the
final optimized design demonstrates EL below 0.75 dB and an ER exceeding 10 dB over a broad
bandwidth covering from 1350 nm to 1700 nm. Within a 150 nm wavelength range (1472 — 1622 nm),
the ER exceeds 20 dB while the EL remains below 0.3 dB. Experimental validation confirms the high
performance of the design, showcasing effective mode conversion between fundamental and second
order TE modes, with low EL and high ER. Specifically, for TEo-TE; mode conversion, the EL is below
0.35 dB, and for the reciprocal process (TEz-TEp), it is under 0.52 dB across the entire measured
bandwidth from 1420 nm to 1620 nm. In both instances of mode conversion, specifically TEo-TE; and
TE,-TEo, the device exhibits EL as low as 0.4 dB and ER exceed 18 dB across a broadband of 149 nm

extending from 1471 nm to 1620 nm.

Table 4 provides a summary of the performance of the demonstrated device alongside several
state-of-the-art TEo-TE; mode converters, in order to perform a comparative analysis. Among all the
reviewed state-of-the-art devices, the largest bandwidth experimentally reported is achieved using
SWG and asymmetric tapers in [207], demonstrating EL under 1.8 dB and ER greater than 9 dB in a
bandwidth of 81 nhm. The mode converter proposed in [212] exhibits the lowest measured losses,
showing EL of less than 0.3 dB and ER greater than 9 dB in a 50 nm bandwidth. The device reported
in [213] exhibits the broadest simulated bandwidth, with EL less than 2 dB and ER greater than 12 dB
over a wavelength range covering 300 nm, but only proving experimental bandwidth of 45 nm. In
comparison to these alternative solutions, the mode converter proposed and experimentally
demonstrated in this chapter represents a significant improvement over current state-of-the-art

devices, offering enhanced functionality in several aspects. It notably outperforms existing devices in

Table 4: Comparison of state-of-the-art TEo-TE; mode converters.
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Simulation Experiment
Length EL ER EL ER
Structure [wm]  [dB] [aB] W™ gy [gpy BWInmI
. . 60
Asymmetric tapers [206] 19.317 <0.08 NR (1520-1580) NF
Shallow-etched SWG [165] 6.736 <1*  >12.5* 20 <0.5 >10 20
) ) (1545-1565) ) (1545-1565)
SWG and asymmetric tapers 100 81
[207] 49 <08 15 si0a1610) <18 710 (1480-1561)
Slot waveguides [212] 2.4 <0.22 >18 >0 <0.3 >9 50
g : ' (1520-1570) (1520-1570)
Substrip dielectric R R 300 . . 45
waveguides [213] 2.2 17 g0017000 2 717 (1535-1580)
Polygonal slot waveguides . 100
24 A 2 F
[214] <0 *20 (4500-1600) N
SWG-assisted tapers [215] 4.98 <0.19 >17.36 100 NF
P ' ' % (1500-1600)
Waveguide-width-modulation 100
. .2 R F
[216] 6.5 <0283 N (1500-1600) N
Two-etch bragg grating [217]  65.3 <3 >21 24-5 NR
gs grating ' (1540.5-1565)*
SWG symmetric Y-junctions 6.542 <0.75 16 315 0.4 >18 149

(this work) (1350-1665) (1471-1620)

Values marked with an asterisk correspond to estimations from figures. NR, not reported; NF, not

fabricated; IL, insertion loss; ER, extinction ratio; BW, bandwidth.

terms of optical bandwidth, showing almost a two-fold increase over the most broadband
experimental demonstrations to date. Furthermore, the device achieves highly efficient mode
conversion, with an insertion loss of less than 0.4 dB and an extinction ratio exceeding 18 dB over a
wavelength range of 149 nm. Notably, such performance is achieved while maintaining a compact

design with an overall length of only 6.5 pm.

The presented SWG mode converter stands as a pioneering solution in the field, distinguished by its
notable combination of augmented bandwidth, efficiency, and compact design. These compelling
attributes underline the device's considerable potential in ultrahigh-density MDM systems for
advanced multimode optical communication and signal processing applications. Furthermore, the
device is also expected to find application in emerging fields, such as in quantum information
processing or on-chip nonlinear photonics.
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Chapter VII:

CONCLUSION

This thesis presents the conceptualization, design and optimization, and
comprehensive experimental characterization of a number of innovative and
distinctive photonic devices. The concluding chapter provides a concise overview
of the advancements made in the field of silicon photonics within the framework
of this thesis, emphasizing the impact of these devices and their potential
applications. Section 7.1 offers a detailed analysis of the achievements attained
for each reported device, providing both a comprehensive discussion and a
forward-looking perspective. Section 7.2 examines the potential avenues for
further research that can be derived from the ongoing endeavors. Ultimately,
section 7.3 summarizes the impact and outcomes resulting from the culmination
of this thesis.

7.1. Discussion and outlook

7.2. Applications and future work

7.3. Impact of the present research

Raquel Ferndndez de Cabo Page 99



7.1. Discussion and outlook

The research conducted in this doctoral thesis is focused on the conceptualization, design,
optimization, and experimental characterization of highly-efficient foundational components for
next-generation PICs. A number of pioneering structures incorporating SWG metamaterials have been
developed to perform power splitting and modal conversion operations. Exploiting SWG structures
allows the creation of metamaterials with finely tuned optical properties, making this design approach
a powerful tool for the development of silicon photonic devices with high-performance and novel

functionalities, all without compromising the simplicity of the fabrication process.
7.1.1. Efficient power splitting based on a full-subwavelength Y-junction

Efficient power splitting is a fundamental operation in silicon photonic integrated circuits to perform
on-chip light distribution or facilitating the implementation of complex structures. Although a myriad
of approaches has been proposed for power splitting, state-of-the-art devices are hampered by
limited operational bandwidth, sensitivity to fabrication errors or large footprints. The proposed novel
architecture is based on a Y-junction comprising full SWG metamaterial waveguides. This innovative
design effectively demonstrates broadband performance and robust resilience against fabrication
variations with minimal losses, especially for single-mode operation. The development of the full-SWG

Y-junction device is the outcome of a collaboration with the NRC.

The power splitter has been meticulously engineered for fabrication using diverse methods, each
providing different resolutions. One scenario considers high-resolution processes capable of attaining
patterns with a minimum size of 50 nm, whereas the other scenario considers the utilization of
processes offering resolutions of 100 nm. For the high-resolution scenario (MFS = 50 nm), simulated
excess losses for the fundamental mode are below 0.1 dB in an ultra-broad bandwidth of 300 nm
(1400 — 1700 nm), and under 0.3 dB for the first-order mode in the 1300 — 1600 nm wavelength range.
Considering a 100 nm MFS, the design exhibits EL for both TEy; and TE1 modes below 0.5 dB in a 300 nm
bandwidth (1300 — 1600 nm). In contrast to a conventional Y-junction splitter, the proposed device
achieves a significant reduction of the TEg loss at the central design wavelength (1550 nm), decreasing
from 0.99 dB to only 0.12 dB. This improvement is accomplished with a negligible impact on the
TE1 loss. Moreover, the device demonstrates robust fabrication tolerances to etching errors up to
+20 nm, particularly for the TE; mode. The theoretical design, optimization, and simulated

performance of the full-SWG Y-junction were published in [187].

An extensive experimental characterization of the device corroborates the simulated performance,
demonstrating a measured excess loss for the fundamental TE mode lower than 0.3 dB for MFS = 50 nm
and below 0.5 dB for MFS = 100 nm, in a 260 nm bandwidth (1420 — 1680 nm). Characterization of
the first-order TE mode was performed in combination with a mode multiplexer, showing excess loss
lower than 1 dB over a 100 nm bandwidth (1475 — 1575 nm) for the 50 nm MFS. SWG Y-junctions with
deterministically induced errors of -10 nm and +10 nm were also measured to analyze resilience to
over- and under-etching errors, showing robust fabrication tolerances only for the fundamental TE

mode. The complete experimental characterization of the proposed device was published in [188].
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7.1.2. Achromatic subwavelength-assisted power splitter

In this thesis, a metamaterial-assisted silicon 3-dB power splitter for multimode operation over a
record broad bandwidth has been proposed and experimentally validated. This device relies on a
symmetric Y-junction with conventional waveguides as arms and stem but features a
SWG-metamaterial-assisted transition between them. The unique properties of subwavelength grating
metamaterials are leveraged to mitigate the abrupt transition at the tip of conventional Y-junctions,
while offering flexible control over the confinement of propagating modes. This ensures that the
modes propagating through each branching arm waveguide do not experience an abrupt refractive
index change. As a result, the device showcases low losses across multiple modes with relaxed
fabrication tolerances over an unprecedented ultra-broad bandwidth. Moreover, this innovative

design allows for dual-polarization operation.

Rigorous 3D FDTD simulations predict an excess loss lower than 0.2 dB for the TEo mode and below
0.07 dB for the TE1 mode over a wavelength range of 700 nm, which extends from 1300 to 2000 nm.
The device also operates for the fundamental TM mode with simulated excess loss under 0.3 dB in the
1300 — 1800 nm wavelength range. Measurements confirm the exceptional power splitting efficiency
of the proposed device, with excess losses remaining under 0.2 dB for both fundamental and
first-order TE modes in the 1430 to 1680 nm, limited by the lasers available in the setup. The TMg
mode measurements also exhibit low excess loss of less than 0.4 dB across a 200 nm bandwidth ranging
from 1430 to 1630 nm. Furthermore, another significant advantage of the SWG-assisted Y-junction
design is its robustness to fabrication errors. Both simulations and experiments prove that the
proposed splitter reliably maintains a high-performance response in the presence of
fabrication-related geometric variations. These results stem from collaboration with the NRC and are
currently under review in a high-impact scientific journal ranked in the first quartile (Q1) and a

preprint has been published in arXiv [218].
7.1.3. Ultra-broadband mode converter

One of the significant contributions of this thesis is the proposal of a design strategy for the
realization of high-performance optical mode conversion within a single waveguide. This innovative
approach has led to the development of an ultra-compact mode converter design that exhibits
efficient mode conversion across a broad bandwidth. During design, the use of SWG metamaterials
and inverse design algorithms were strategically combined to exploit the inherent modal properties
of symmetric Y-junctions. Specifically, an inverse design optimization technique leveraging a direct
search algorithm is employed to maximize a figure of merit. This figure of merit serves as a
representative metric of the modal field transmission from TEo; mode into TE; mode, achieved through
iterative adjustments to all relevant design geometric parameters. Simulations show for the optimized
device EL below 0.75 dB and an ER exceeding 10 dB over a broad bandwidth covering from 1350 nm
to 1700 nm. Within a 150 nm wavelength range (1472 — 1622 nm), the ER exceeds 20 dB while the EL
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remains below 0.3 dB. Experimental validation confirms the high performance of the design,
showcasing effective mode conversion between fundamental and second order TE modes, with low
EL and high ER. Specifically, for TEo-TE; mode conversion, the EL is below 0.35 dB, and for the
reciprocal process (TEz-TEy), it is under 0.52 dB across the entire measured bandwidth from 1420 nm
to 1620 nm. In both instances of mode conversion, specifically TEo-TE; and TE;-TEo, the device exhibits
EL as low as 0.4 dB and ER exceed 18 dB across a broadband of 149 nm extending from 1471 nm to
1620 nm.

The SWG mode converter concept was proposed by the author of this thesis, and the design and
optimization process performed during a short research stay of three months in the micro and
nano-photonics devices on silicon platform (MINAPHOT) group of the C2N. The fabrication and device
measurement were performed by members of the MINAPHOT group who had access to the cleanroom
and characterization laboratories. Currently, these findings are undergoing rigorous peer review in a

high-impact scientific journal positioned within the Q1 of its respective field.

7.2. Applications and future work

The devices conceived in this thesis exhibit an outstanding performance, being suitable for
demanding applications such as including neuromorphic photonics [44], 5G-6G communications [45],

quantum photonics [46], LIDAR [26], spectrometry [48], and sensing [49].

Given the significant potential of these advanced photonic building blocks, there is a clear intention
to continue the development of high-performance integrated devices, while also exploring more
intricate systems in the near future. Outlined herein are the ongoing research initiatives and several

potential directions for future investigations.
7.2.1. High-performance power splitting applications

The two power splitting architectures devised in this thesis, namely the full-SWG and the
SWG-assisted Y-junctions, hold promise for integration within complex systems. For instance, they
hold significant potential in mode-division multiplexing systems, where they can effectively manage
the first two transverse electric modes. Moreover, their suitability for fundamental mode operation,
distinguished by notable improvements compared to existing devices, positions them as ideal
candidates for integration into spatial heterodyne Fourier transform spectrometers, where precision

and performance are crucial.

7.2.2. Mode conversion with adaptable splitting ratio

The structure developed for mode conversion not only facilitates a complete power exchange from
the fundamental into the second-order transverse-electric mode, but also offers additional
functionalities through careful engineering of the mode converter architecture. Specifically, it can
yield a device wherein excitation with TE; mode results in the simultaneous output of both TE, and
TE; modes, with the power ratio between them adjustable through design parameters. This versatility

holds particular significance in the realm of quantum computing, especially in systems relying on
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transverse-mode encoding. In quantum computing, the ability to manipulate and control different
modes of light is crucial for tasks such as quantum state preparation. Further research in this area
promises to deepen the potential applications and benefits of this innovative device such as quantum

information processing.
7.2.3. Bimodal sensors

Integrated interferometers, including various structures such as those employing Mach-Zehnder
interferometers, ring resonators, and directional couplers, are pivotal in the advancement of photonic
devices tailored for on-chip applications. These applications span from optical communication
networks to integrated sensors, where compactness and performance are paramount. The operational
principles and design methodologies established for the development of the mode converter proposed
in this thesis provide a potential avenue for the realization of bimodal sensors. The exploitation of
the interference phenomena between the fundamental and second-order transverse electric modes
within the waveguide enables the engineering of a bimodal sensor. The investigation and
advancement of bimodal sensors represent a pivotal research area within the domain of integrated
photonics, offering promising prospects for innovation and technological advancement of lab-on-chip

systems.

7.2.4. Synergistic combination of SWG metamaterials with inverse design

The integration of SWG metamaterials with a variety of inverse design methodologies, particularly
in conjunction with machine learning algorithms, presents a promising pathway for conducting
multiparameter optimizations. This approach allows for the comprehensive exploration of all
available degrees of freedom pertaining to the geometrical parameters of the subwavelength
nanostructures. By harnessing the capabilities of machine learning algorithms, which excel at
identifying intricate patterns within vast datasets, researchers can efficiently navigate the complex
design space inherent in SWG metamaterials. Through iterative optimization processes, these
methods can uncover optimal configurations that maximize desired performance metrics, such as
enhanced light-matter interactions, tailored dispersion properties, and optimized modal
characteristics. This synergy between SWG metamaterials and advanced inverse design techniques
holds immense potential for unlocking novel functionalities and pushing the boundaries of integrated

photonics towards unprecedented levels of performance and versatility.

7.3. Impact of the present research
The course of this thesis has led to notable advancements in the domains of power splitting and

mode conversion, providing essential building blocks for the next generation of photonic integrated

circuits. These breakthroughs enable the development of applications requiring higher capacities and
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energy-efficient consumption, including optical communications and interconnects, nonlinear

photonics, programmable photonics, and quantum computing.

The advancements made in this doctoral thesis have generated significant scientific interest, leading
to the publication of 8 articles in high-impact journals (refer to Appendix B), with a total of 41
citations. Of these publications, 4 articles have been authored as the primary investigator, with 2
currently under review in Q1 journals. Additionally, the remaining 4 publications have been
co-authored as a result of different collaborations. These findings have been disseminated through 16
presentations at international conferences, including 5 invited talks. The international scope of this
work was further enhanced through research secondments at the Centre de Nanosciences et de
Nanotechnologies, Strathclyde University, and the University of Malaga, as well as collaborations with

the National Research Council of Canada and Alcyon Photonics S.L.

The research outcomes of this thesis have also attracted significant technological interest, as
notably demonstrated by the Spanish patent application (P202330198) for the integrated SWG-assisted
power splitter. In addition, an international extension under the Patent Cooperation Treaty (PCT) has
been initiated (PCT/ES2024/070152). Furthermore, the patent application process is underway for
the integrated mode converter structure. These patent applications underscore the strong potential
for industrial applicability of the developed devices, highlighting their relevance in advancing

technological innovation.
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Appendix A:

SILICON-ON-INSULATOR

FABRICATION PROCESSES

The fabrication of SOI PICs is done by lithography, a technique widely used in microelectronics and
other industries for creating patterns on a substrate [219]. The general steps involved in lithographic

processes, depicted in Figure A.1, are the following:

1. Substrate preparation: The process begins with the preparation of the SOI wafer, as shown in

Figure A.1(a). The sample undergoes a cleaning hydro-fluoric solution before being placed in the

spin-coater machine.

2. Photoresist deposition: Photoresist, a light-sensitive material with positive or negative

characteristics, is spin-coated onto the substrate. For a positive photoresist, exposure to light
weakens the resist, creating areas that will dissolve. In contrast, for a negative photoresist,
exposure to light toughens the resist, forming areas that will remain intact. In this context, a
negative photoresist is considered for Figures A.1(c)-(h). The photoresist is spin-coated onto the
sample, as illustrated in Figure A.1(b), and then baked on a hot plate to evaporate solvents and

enhance adhesion.

3. Patterning: This step involves transferring a mask, containing the desired waveguides and devices
pattern, onto the photoresist-coated sample. The mask, acting as a translucent sheet with
opaque and transparent regions, defines the pattern. Here, the resolution of the WGs is
determined based on the resolution of the method employed to inscribe the mask onto the
photoresist, which is essentially the MFS that can be reliably patterned. The two main methods
are: e-beam lithography and photolithography. In the first one, the sample is exposed to an
electron beam that sequentially writes structures in the resist pixel by pixel (Figure A.1 (c)),
achieving extremely small features with an MFS typically around 50 nm [220]. The second

method, photolithography, involves exposing the resist through a mask to define devices
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(Figure A.1(d)) [221]. Photolithography processes are categorized based on the light utilized,
such as ultraviolet lithography, DUV lithography, extreme ultraviolet lithography, and X-ray
lithography. Hence, the wavelength of the light employed is critical for determining the
achievable MFS, with recent improvements in photolithography techniques enabling resolutions
in the order of 100-200 nm [43].

4. Development: After exposure, the photoresist is immersed in a developer solution, dissolving
parts of the resist on the sample. For positive photoresist, the exposed areas dissolve, while for

negative photoresist, the unexposed areas dissolve (Figure A.1(e)).

5. Etching: The sample is subjected to an etching process, typically a dry etching process employing
high-energy ions. This process removes material from areas not protected by the developed

photoresist, transferring the pattern to the sample (Figure A.1(f)).

6. Resist cleaning: The remaining photoresist is removed from the substrate, leaving behind the
patterned features (Figure A.1(g)). The sample is submerged into butanone (metiletilcetona) and
then a mixture of sulfuric acid and hydrogen peroxide, known as piranha, is utilized to eliminate
remaining organic residues. Subsequently, oxygen plasma is employed to clean off any residues

or contaminants from prior processes.

7. Cladding deposition: In many cases, a cladding layer is deposited to protect the guiding silicon

layer (Figure A.1(h)). For a SiO; layer, the deposition is achieved using plasma-enhanced chemical

vapor deposition (PECVD).
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@) (b)

Photoresist

Cladding

Figure A.1. Schematic representation of the lithographic process for device fabrication on a SOl wafer
(a) Sample preparation for photoresist deposition. (b) Sample after photoresist spin-coating. (c)
E-beam lithography. (d) Photolithography. (e) Sample after light exposure and development
considering a negative photoresist. (f) Sample after etching the material from areas not protected by

the photoresist. (g) The photoresist is removed from the substrate. (h) Deposition of a cladding layer.
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