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“I stand in the sacred human presence. As I
do now, so should you stand someday. I pray
to your presence that this be so. The future
remains uncertain and so it should, for it is
the canvas upon which we paint our desires.
Thus always the human condition faces a
beautifully empty canvas. We possess only
this moment in which to dedicate ourselves
continuously to the sacred presence which we

share and create.”

— Jessica  Atreides  (Bene  Gesserit
Benediction), in “Children of Dune”, by
Frank Herbert (1976)
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Abstract

Aluminum Oxide (Al;O3), or alumina, is a material that possesses a very high
potential for light amplification, due to the strong Erbium solubility. This work presents
the study of applications of this material in integrated photonics, where optical
amplification is an important research subject.

With a focus on silicon photonics, one of the building blocks currently used
in integrated optical devices development, the ring resonator, presents two properties
that encourage the investigation of optical amplification applied to it: an intrinsic trade-
off between its quality factor and optical attenuation, and the resonant behavior, which
could be equivalent to a longer amplifier. Differently from most approaches, the idea is
to employ an Er-doped Al,Os film as the top cladding of Si ring resonators fabricated at
SOI Foundries with CMOS-compatible processes. To study this possibility, we begin with
a review of the motivation for this research, and the basic theory needed to develop a
model of the proposal. The next step is to develop a reliable fabrication procedure for
the films, with a complete optical and surface characterization, including
photoluminescence and atomic force microscopy measurements. When the films are
applied to Si ring resonator samples, signal enhancement up to 2.6 dB and quality factor
improvement of 25% have been measured, and the estimated loss reduction was higher
than 3 dB. These results show that with this technique, high-Q and compact devices can
be obtained, opening new application possibilities on Si photonics where several ring
resonators can be concatenated with a greatly reduced net loss.

An additional study regarding the application of these films on III-V materials
is also presented, where the compatibility between InGaAs/GaAs Quantum Well lasers
and the fabrication procedures involved on the film fabrication is investigated. The
obtained results show that the thermal annealing necessary for the Er emission

optimization is in fact harmful for the epitaxial structure of III-V devices, but the damage



can be prevented by the application of a thermally resistant protective film. The
developed Al,O; film was found to be an excellent material for this end, enabling erbium-

doped waveguides applications on III-V integrated photonics.



Resumo

O 6xido de Aluminio (ALOs), ou alumina, é um material que possui um grande
potencial para amplificacdo 6ptica, devido a alta solubilidade do Erbio nesse meio. Este
trabalho apresenta o estudo de aplicagoes desse material em fotonica integrada, onde
amplificacao éptica é um tépico de pesquisa importante.

Concentrando em Fotonica de Silicio, um dos componentes atualmente
utilizados no desenvolvimento de dispositivos 6pticos integrados, o ressonador em anel,
apresenta duas propriedades que encorajam a investigacdo da amplificacao 6ptica
aplicada no mesmo: a relagdo de troca intrinsica entre o seu fator de qualidade e
atenuacao optica, e o comportamento ressonante, que poderia ser equivalente a um
amplificador mais longo. Diferentemente da maioria das abordagens, a ideia é empregar
um filme de Al,O3; dopado com Er como o revestimento superior de anéis ressonadores
de Si fabricados em SOI Foundries. Para estudar essa possibilidade, comegamos com uma
revisao da motivagdo para esta pesquisa e da teoria bdasica necessaria para o
desenvolvimento de um modelo que descreva a proposta. O préximo passo € o
desenvolvimento de um método confidvel de fabricagdo para os filmes, com
caracterizacoes Opticas e da superficie completas, incluindo medidas de fotoluminescéncia
e microscopia de forga atomica. Quando aplicados em amostras de anéis ressonadores de
Si, aumentos de 2.6 dB nos sinais e 25% nos fatores de qualidades foram medidos, e a
redugao da perda éptica foi estimada como mais de 3 dB. Estes resultados mostram que
com essa técnica, altos fatores de qualidade e dispositivos compactos podem ser obtidos,
abrindo novas possibilidades de aplicacbes em fotonica de Si, onde varios anéis
ressonadores podem ser concatenados com uma perda total bastante reduzida.

Um estudo adicional com respeito a aplicacao destes filmes em materiais I1I-
V também ¢é apresentado, onde a compatibilidade entre lasers de pogo quantico de

InGaAs/GaAs e os processos de fabricagdo envolvidos na obtengdo do filme sdo



investigados. Os resultados obtidos mostram que o tratamento térmico necessario para a
optimizagao da emissao do Er é de fato prejudicial para a estrutura epitaxial de
dispositivos III-V, mas o dano pode se prevenido através da aplicagao de um filme
protetor resistente a temperatura. Foi concluido que o filme de Al,O3; desenvolvido é um
excelente candidato para este fim, o que habilita aplicagoes de guias de onda dopados a

érbio em fotonica integrada de materiais I1I-V.
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1. Introduction

This thesis presents the development of a novel method to reduce losses in
integrated photonic devices, with direct benefits to telecommunications and optical data
processing. Within this context, it is important to provide a brief background on this

topic, to justify the motivation of the work from a broader perspective.

1.1 Optical Communications

Since the beginning of human history, civilizations searched for ways of
communicating with other civilizations from great distances. From drums and smoke
signals in early history, to light signals and the optical semaphore in the 17th century,
it was only in the 18th century that a reliable long-distance communication system
independent of weather and geography was created: The telegraph. This eventually led
to the invention of the telephone by Alexander Graham Bell in 1876 [1]. While these two
major inventions in telecommunications use electrical signals to transmit messages, there
was another less known invention by Bell that uses light to not only send messages, but
to also enable voice conversations: The Photophone. Light from the sun reaches a
reflective membrane that vibrates according to the user’s voice, turning it into a concave
or convex mirror (Fig. 1.1a). This vibration modulates the light intensity that travels to
a receiver where it is absorbed by a selenium cell, changing its electrical resistance (Fig.
1.1b). When electrical current passes through the device, it “inherits” the same

information the light had, and can then induce an earphone to reproduce the sound.
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Image source: WikiMedia Commons/Public Domain

Fig. 1.1: Schematic of a Photophone transmitter (a) and receiver (b).

The Photophone was the first successful use of light and optics to transmit
information to a long distance (219 m on the first tests, 11 km with further
developments), creating the field of optical communications [2].

In the early 1840s, Daniel Colladon first demonstrated the concept of light
being guided inside a curved medium, with his “Light Fountain”. In 1870, John Tyndall
described the phenomenon as caused by total internal reflection due to the refraction of
light [3]. The concept was scarcely applied to imaging using glass rods, until in 1954
Harold Hopkins and Narinder Singh Kapany were able to transmit images in a bundle of
10000 optical fibers, over 75 cm [4]. The first use of optical fibers for data transmission
was proposed by Manfred Borner in 1965, and, separately, Charles K. Kao and George
A. Hockham envisioned that if the attenuation of the fibers could be reduced to less than
20 dB/km, the concept could be used for long-range communications [5]. From that
point, development was constant and today optical fibers have a typical loss of 0.2 dB/km
at the C-Band (1530 nm — 1560 nm), composing a communications network across the

entire globe [6], as shown in Fig. 1.2.
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Fig. 1.2: Global Submarine Optical Fiber Network in 2015.

As technology evolved, with improvements ranging from the optical fiber
fabrication techniques to data transmission protocols, so did the demand for fast
communication networks. Fig. 1.3 shows a qualitative indication of internet demand

versus the evolution of content, compared with the increase in infrastructure [7].
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Fig. 1.3: Internet demand and infrastructure according to the type of content, derived from [7].
We can see that as internet content progressively uses more data and increases

in size (bytes), the demand for faster connections also increases, causing the need for

constant infrastructure improvement. With the recent advent of the “Internet of Things”,
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multiple devices can be connected to the web in a single household, such as computers,
smartphones, tablets, smartwatches, and appliances. Another recently created demand
is the livestreaming, where people share live videos to possibly millions of subscribers.
These new requirements can lead to a point where the increase in demand will surpass
the infrastructure capability. So far, new technologies have been able to push this point
further in time, as seen in Fig. 1.4 [8], which illustrates the evolution of the transmission
capacity of optical systems in the last decades. One of these breakthroughs of particular
interest to this work is the Erbium Doped Fiber Amplifier (EDFA), and section 1.3

details its importance and development.
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Fig. 1.4: Evolution of optical networks transmission capacity in time. New technologies are indicated,
data from [8].

Similar to Moore’s Law [9], where the number of transistors per square inch
on an integrated circuit doubles every year, the optical network transmission capacity
(per fiber) tends to increase tenfold every 4 years. To maintain this trend, the saturation
in network capacity was always averted by new technologies, and we are currently
reaching the point where innovations are not only desirable, but crucially necessary.
Several research fields investigate this problem, and some of the most notable candidates
for commercial applications are Spatial Division Multiplexing (SDM), in which multiple

fiber propagation modes are used as different channels [8]; Hollow-Core Photonic
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Bandgap Fibers, where light propagates in air instead of glass, mitigating undesirable
nonlinear effects and reducing latency [10]; Multi-Core Fibers [11]; among others.

These methods to increase the single fiber transmission capacity have
tremendous importance but are out of the scope of this work. Our contribution to the

field of Optical Communications originates from another aspect of the problem.

1.2 Domain Conversions and Integrated Photonics

While optical fibers have been employed for longer-range data transmission,
there are still many operations that are performed electronically on each “node” of the
network. Routing, channel switching, and signal processing in general are examples of
these operations. Also, in shorter-range data transmission, such as in large datacenters,
this electronic processing is responsible for large energy consumption and harmful delays.
Thus, methods of performing the same operations passively or actively in all-optical
devices are desirable. One example where the benefit of avoiding domain conversions and
electronic processing of signals was tremendous and unquestionable, was the adoption of
Erbium Doped Fiber Amplifiers (EDFAs) in long-distance optical communication. Before
the EDFAs, signal regeneration was performed at approximately every 100 km by
converting the signal to the electronic domain, amplifying it electronically, and then
converting it back to the optical domain. Besides being a very high-cost process (energy
and equipment wise), it took a relatively long time and each wavelength channel had to
be regenerated separately, limiting the bit rate at which data could be transferred to long
distances. With the EDFA, it became possible to amplify light without the need for
domain transductions. This not only reduced the cost of a high-speed link, but also
allowed parallel processing of many channels at higher bit rate. One may say that this
made modern Internet possible.

Within this context, aiming to reduce the number of optical/electronic

domain conversions and taking advantage of the very mature CMOS technology,
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particularly the silicon-on-insulator (SOI) device fabrication methods, the so-called
Silicon Photonics field started to attract the interest of many scientists and engineers,
and continues to evolve to this day [12]. Essentially, silicon photonics uses CMOS
compatible processes to create structures for light confinement and guiding using silicon
and silica, the latter being obtained by either oxidation or by a deposition process. Several
integrated photonic devices have been proposed for optical processing, routing, and
interconnections. Besides providing a platform for photonic data operation, this
technology has also been employed to optically connect multiple cores of one
microprocessor [13], minimizing power consumption, delay on data transfer and
maximizing parallel computing potential. Essentially optical interconnection is moving
towards shorter links. With the demand clearly growing, specialized silicon photonic
foundries, using the same manufacturing techniques of standard Si chips, started to offer
fabrication services, accelerating the development and reducing research costs.

One of the challenges in creating complete photonic circuits on a single chip
is developing a telecommunication wavelength light source on Si, due to its indirect
bandgap. Nevertheless, several possibilities have been demonstrated, such as III-V/Si
wafer bonding, in which a III-V component is physically bonded to the Si substrate [14],
and Er-doped silicon waveguides [15]. Also, it is important to observe that silicon and
silica need to be transparent at the wavelength for which the photonic circuits are
designed, at least for small power. Therefore, for a complete system one needs a different
material for light detection or monitoring. The integration of germanium structures on
Si has been widely used for this end. Its high compatibility with CMOS processes, the
possibility of using wafer bonding, and the addition of Schottky metal-silicon (MS)
structures contributed to a well-developed state of this technique [16].

To effectively create optical processing circuits on silicon, the first step is to
develop its building blocks. Functional logical gates have already been reported with

impressive performance (contrast of 20 dB, up to 40 Gb/s) based on photonic crystals



20

(PCs) [17] [18]. The problem with this approach is that PCs occupy large areas on the
chip. Other possibilities, such as four-wave mixing in amorphous Si waveguides have
been demonstrated at the cost of bitrate, reaching 1.25 Gb/s [19]. Another important
development is light modulation on Si. From the first completely CMOS compatible
Mach-Zehnder based intensity modulator with 6.5 dB of extinction ratio at 40 Gb/s [20],
to current high-efficiency hybrid I1I-V/Si modulators with a contrast of more than 10 dB
[21] [22], considerable progress has been made.

Structures based on ring resonators are versatile and relevant building blocks
[23] [24]. It is a natural candidate for optical modulators [25] [26], and yet with many
more other potential applications such as optical logical circuits, buffers, high-order
filters, and weight banks for photonic neuromorphic computing [27] [28] [29] [30]. Ring
resonators consist of a ring-shaped and a regular “bus” waveguide. Both are coupled via
evanescent field, and due to the optical interference between light entering and exiting
the ring, certain wavelengths remain “trapped” inside the ring, causing an immense
increase in energy density and a characteristic notch transmission at each resonance, as
seen in Fig. 1.5a and Fig. 1.5b (a detailed and quantitative description is given in section
2.4). If a second bus waveguide is placed on the other side of the ring, we obtain add/drop
ports, that is, ports where a channel can be added or extracted from the main signal.
This enables several applications, such as filters, switches and routers [24], as depicted
in Fig. 1.5c. One difficulty in using this method to route signals on a chip is that a
minimum insertion loss and attenuation will always be present. The problem exists due
to a trade-off between the resonance sharpness (Q Factor) and the output power [31]
[32]. This leads us to a typical problem present in optical communications:

attenuation/loss.
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Fig. 1.5: (a) Schematic of a Ring Resonator and (b) its transmission spectrum. (¢) Example of an optical

switch based on ring resonators (c).

1.3 Signal Amplification

As light travels in a waveguide, the optical power decays due to absorption
by the waveguide material, scattering, or poor confinement. In the previous section we
mentioned that in the early days of the internet, an optical signal had to be electronically
regenerated after a certain maximum length in a link. This regeneration consisted of
channel separation, conversion to the electronic domain, subsequent amplification,
reshaping, and modulation of a new laser source. This entire operation consumed a
relatively high amount of energy, and the need of repeating the complete system for each
channel raised the overall cost of network infrastructure [6].

In 1987, Mears et al. reported the first experimental high-gain EDFA, with
28 dB of gain over 3m of doped fiber, covering a bandwidth of 300 GHz [33]. Today, 30
years later, there are commercial fiber amplifiers with more than 40 dB of gain and,
although the bandwidth of a single amplifier hasn’t increased from 300GHz, it is possible

to “tune” it to the C-Band (1530 nm - 1565 nm) or L-Band (1565 nm — 1625 nm),
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spanning the entire optical communications range. It is possible to cover more bands by
changing the doping element to Thulium, for example, to reach the 2 pm band [34].

The basic principle of the EDFA is stimulated emission by using optical pump
to excite Erbium ions distributed within a SMF core. As the signal travels through the
doped fiber, excited Er*" ions decay to the fundamental state, emitting a photon with
the same phase and polarization as one of the incoming photons. This is only possible
due to the matching between Er*t energy level differences and the usual C/L bands used
for optical telecommunications. More on this subject can be found on sections 2.1 and
2.3. Considering the broadband nature of EDFA amplification, this device had a major
role in overcoming the attenuation in optical networks, due to its relative lower cost
compared to previous regeneration systems, and the possibility of amplifying multiple
channels at once.

On the chip-level, it is not possible to use doped fibers to perform
amplification. One natural idea would be to use semiconductor optical amplifiers (SOAs),
due to its small footprint and the use of semiconductor materials. The main problem
with this, however, is the small lifetime of the excited carriers which distorts pulses, and
the high spontaneous emission rate which increases the noise. Both effects lead to loss of
information. Even though this issue has been mitigated with recent improvements, it is
still not suitable for optical communications in general [35].

Another, more interesting approach is to try and mimic the EDFA benefits
on the chip. To that end, Erbium Doped Waveguide Amplifiers (EDWAs) have been
proposed and demonstrated, reaching gains as high as 20 dB, along only 12.9 cm [36] [37]
[38]. This particular example is schematized in Fig. 1.6. The most commonly used
material as the waveguide core in this application is aluminum oxide (Al,O3, also referred
to as alumina), due to the relatively high refractive index and high Er** solubility [39].
However, there are many developments using different materials, such as organic

composites, silicon sub-oxides (SiOx), silicon nitride (SisN.), among others [40] [41].
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Fig. 1.6: Example of EDWA, with 20 dB of gain in 12.9 cm [38]. (a) Schematic of the waveguide

geometry, with the fundamental mode of propagation shown. (b) Spiral amplifier illustration.

One challenge faced by EDW As is that the core material tends to be different
from Silicon. Therefore, these EDWAs do not benefit from the well-established CMOS
processes, and several postprocessing steps are required to fabricate amplifiers on
standard Si chips [42], increasing chip design time and often reducing yield. A different
technique to achieve similar results, is to use the waveguide top cladding as the gain
media by depositing the doped material on top of the chip. Amplifiers and lasers have
been proposed with this method, using electrically pumped Erbium-doped SiO, as
cladding of a slot waveguide [43] [44]. Organic materials can also be used for lasing in Si
in this manner, using a Bragg cavity and dyes instead of Erbium [45].

In this context, the main subject of this thesis is the study and demonstration
of a novel method of loss reduction, using the concept of creating a gain media in the

cladding.

1.4 Proposal

Since ALLOs has a strong potential for amplification and lasing applications in
integrated photonics, we are going to study and demonstrate the implementation of such
materials on photonic chips in two distinct fronts. First, we propose, model, and
experimentally demonstrate a novel type of loss reduction in silicon photonics devices

based on ring resonators. Second, we investigate the possibility of using alumina in
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conjunction with III-V materials, with the goal of developing an integrated monolithic
EDWA. This study is presented as an appendix.

In silicon photonics, one of the main building blocks is the ring resonator.
However, when used for filtering or routing, the trade-off between filtering/routing
capability (Q Factor) and insertion loss can limit the applications [31] [32]. A ring
resonator schematic and a qualitative illustration of this trade-off are shown in Fig. 1.7.
Typical attenuations of 0.5 dB may not be seen as cause for concern, but when several
of these devices need to be concatenated, as shown in Fig. 1.5¢, the output signal may

be weak enough to warrant the need for amplification.
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Fig. 1.7: (a) Layers composing a standard ring resonator waveguide. (b) Schematic of a ring resonator
with all ports indicated. (c¢) Illustration of the trade-off between Q factor and drop port power.

On one hand, relying on external devices to restore the signal can be costly
and impractical, and depending on the application, impossible. On the other hand,
although standard EDWAs are relatively small, the required chip area may not be
available in an integrated photonic circuit. Eliminating this small loss from each of these
components would then be the ideal solution. Higher quality fabrication processes are

currently available [46], that could minimize the scattering losses of the waveguide, but
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at the same time would increase the cost and reduce the potential for production
scalability. However, if we combine the concept of Erbium-doped claddings with the
resonant nature of a ring resonator, the result will be a compact CMOS-compatible gain
medium coexisting with the filtering/routing element, with no additional chip area
required. It will be demonstrated that this proposed method, depicted in Fig. 1.8, has
the potential to eliminate insertion losses of ring resonator-based devices, and under

optimal conditions, the complete device can be employed as an integrated amplifier.
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Fig. 1.8: (a) Layers composing the proposed ring waveguide. (b) Schematic of the device with all ports
indicated. The ring is shown as green to illustrate that the pump laser is ressonant and confined within.
(¢) Qualitative illustration of the effect of the gain medium on drop and through ports power.

On a slightly different topic, an additional proposal involves III-V materials.
Since they are widely used in lasers, in particular pump lasers for erbium excitation, an
interesting idea would be the development of a complete optical amplifier on the same
chip, from the doped waveguide to the pump laser. Erbium doped AlLO; films can be
used simultaneously as the waveguide core and insulating layer between the lasers.
However, some processes employed in obtaining the film involve temperatures above 800
OC (see section 3.2). The maximum temperature involved in a laser fabrication is 420 °C,

when annealing the electrical contacts, and can reach 800 °C only during the epitaxial



26

growth, causing concern that damages to the delicate structure, especially to the
quantum well (QW), may occur. According to what we concluded from the study of
lasers fabricated using Al,Os films as insulating layers, these potential issues are present

but can be prevented, enabling the development of III-V integrated photonics.

1.5 Thesis Organization

The full description of the work developed will be divided in 4 chapters.
Chapter 2 will detail the theoretical aspects and modelling of the problem, starting with
a brief review of how erbium has acquired so much importance, how its energy levels
associated are used to provide amplification and lasing, and how the doped material can
influence the absorption and emission cross-sections. Following that, a summary of the
mathematics needed to describe a waveguide will be given, with simulations for the cases
of interest, especially with a doped cladding. Our goal in this chapter is the development
of a model for the proposed loss reduction method, with the expected results for realistic
cases and for an optimal design. Before that, however, we need to review the theory
behind optical amplification and ring resonators, to finally being able to combine them
in one single model.

Chapter 3 begins with a description of the different techniques to obtain
erbium-doped alumina films, giving special emphasis to the procedure we used, and
reporting the optimization of the resulting film characteristics. Next, the experimental
setup for the optical characterization of the film will be presented, along with the thermal
annealing process needed to optimize the erbium luminescence. The final results will
correspond to the optimal fabrication conditions, where high luminescence and
uniformity are required. This has been presented in the LAOP 2012 Conference and
SBMicro 2013 [47] [48].

In Chapter 4, the fabrication of components based on coupled ring resonators

will be detailed, including the design, foundry process, and the postprocessing required



27

before depositing the Er-Doped cladding responsible for the loss reduction. The
subsequent section will explain how to characterize these devices and show the
experimental setup used, with the respective results. Finally, the procedure to measure
the loss compensation will be described, and the analysis will confirm the benefits of the
proposed method, as presented in CLEO 2017 [49], and published on IEEE Photonics
Journal [50].

Chapter 5 focus on the second study we performed on Erbium-Doped AlOs;
films, which is the possibility of application on III-V integrated photonics chips. The first
section describes in more detail a conceptual compact and monolithic optical amplifier
in which such films could be employed, followed by the difficulties present, and the
proposed experiment to study and develop a method to overcome the challenges. This
experiment involves the design and fabrication of typical lasers used to pump Er-doped
materials, which will also be detailed in this chapter. The measurements needed to
characterize the effects of the alumina film and the high-temperature processes involved
will be explained, and the results will show how we were able to overcome them. This

work has been presented in SBMicro 2014 [51], where it received the Best Paper Award.
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2. Theory

To accurately develop a model to describe the phenomena involved in this
work, explain the experimental results, and to predict the effects of changes in certain
parameters, it is necessary to study the theory behind key subjects. This chapter will
cover this study and the linking of all topics, resulting in a complete model for the loss

compensating method applied to ring resonators.

2.1 Erbium

With the development of high-quality and low-loss optical fibers, mainly
developed by Corning [52], it became clear that the optimal wavelength range at which
optical communications could be implemented was the optical C and L bands, that is,
between 1530 and 1625 nm. The reason for that is that it is the span at which attenuation
is minimal, as seen in Fig. 2.1a [53]. Coincidentally, having its energy spectrum
thoroughly studied in the beginning of the 20th Century [54], erbium possesses transitions
corresponding to this same range, as illustrated by Fig. 2.1b [55]. Thus, when the
necessity for a different type of signal regeneration became more pressing, this element

was the obvious candidate to be employed in optical fiber amplifiers.
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Fig. 2.1: (a) SiO; optical fibers attenuation spectra evolution [53]. (b) Erbium energy levels transitions

[55].
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One property of the lanthanides, crucial to this type of application, is the
neutral electronic configuration of the form [Xe|4f5d6s?, where N is the number of the f
orbital electrons shielded by the 5s and 5p orbitals [56]. These N electrons are
fundamental to the definition of the optical and magnetic properties of the material, but
do not influence bonding and chemical characteristics in general. Consequently, when
incorporated in other neutral materials matrices, erbium retains the same optical
absorption and emission behavior, while adopting the +3 oxidation state. In this state,
Er** has 11 electrons at 4f, and due to Coulomb and spin-orbit interactions, several
degeneracies are created, as seen in Fig. 2.2a. This leads to many 4f energy levels, and
each one of them is in fact composed by Stark level manifolds [57]. In other words, each
level consists on many sub-levels with energies depending on local electric fields, as

illustrated in Fig. 2.2b.
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Fig. 2.2: (a) Degeneracies created in erbium. (b) Corresponding energy transitions of interest to this
work.

Of particular interest to optical amplification are the Ii5;» — 12 and Lis)
<— 152 transitions, with 980 nm and 1550 nm as the associated wavelengths,
respectively. When a 980 nm laser is used to pump an EDFA, Er*" ions absorb the
photons and are promoted to the 'I;1» state, eventually decaying to the I;3» state, non-
radiatively (~1 pus). The 132 — 11552 transition, in turn, is radiative, but with a relatively

long lifetime, in the order of 8 ms (spontaneous emission). It is this transition that is
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responsible for the amplification at telecommunications wavelengths, via stimulated
emission. The difference between these two types of emissions is that the former occurs
spontaneously when no external perturbation exists, and the photon is emitted on a
random direction, while the latter is caused by an external perturbation, usually an
incoming photon. The emitted light possesses the same direction, phase, polarization,
and frequency as the first photon [58]. Stimulated emission occurs on a limited bandwidth
around the energy transition, and on the erbium-doped optical amplifier case, the
resulting device bandwidth is increased due to the Stark manifolds, since different ions
can be at different sublevels.

Another way of exciting an ion to the I3 level is using 1480 nm as the
pump wavelength. Normally, a direct pumping scheme such as this would not be
effective, because the pump would cause stimulated emission at the same time as it
excites the ions. Since there are Stark level manifolds, however, the ion can be promoted
to a more energetic sublevel. Due to thermal effects, this ion quickly (~ps) decays to a
lower sublevel, and a lower energy photon is necessary to stimulate the emission [59].

The overall effect the Stark sublevels have on the absorption and emission
characteristics of Er** ions can be summarized as cross-sections spectra. The absorption
or emission cross-section, denoted as o, is defined as the probability that an ion absorbs

or emits a photon, and is related to the rate of these events, by:

PA PA

Ra,e ) = Oge @) E_h = 0Oge @) E . (2.1)
p

In this equation, R is the rate, P the input optical power, E,, the photon
energy, Aand ¢ the wavelength and the speed of light in vacuum, and h Planck’s constant.
The subscripts a and e refer to absorption and emission, respectively. Typical erbium
absorption and emission cross-sections spectra are plotted in Fig. 2.3 [55] [60]. We can

clearly see a peak at 1535 nm with a bandwidth of nearly 40 nm, covering the C and
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most of the L bands, which demonstrates the importance of erbium in optical
communications.
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Fig. 2.3: Typical Erbium absorption and emission cross-sections spectra [55].

2.2 Waveguides

Optical fibers have been mentioned since the beginning of this document, but
the main concept responsible for the ability to guide light was only briefly explained:
reflection. This section will cover the principles involved in this guiding in more detail.

In summary, waveguides are objects consisting of inhomogeneous materials,
capable of guiding light through an almost arbitrary path. While reflection (or total
internal reflection, for dielectrics) is a good approximation to explain the principle of a
waveguide for some cases, it considers the geometric nature of light waves, and when
used to describe situations where small cores or small refractive index contrasts are
present, the model loses accuracy. In 1893, Oliver Heaviside was the first to study the
guided wave phenomenon, concluding that on hollow metallic tubes it was not possible
[61]. However, at the same time J. J. Thomson reported the existence of allowed normal
modes depending on the radius of a finite tube, and shortly after that J. Larmor published
his study of resonant coaxial metallic cylinders. [62] [63]. It was not long before Lord

Rayleigh solved the boundary-value problem of electromagnetic waves travelling in a



32

hollow conducting cylinder [64]. He found that this was only possible for a set of normal
modes, one with the longitudinal component being electric only, and another with the

longitudinal component being magnetic only.

Fig. 2.4: Hollow cylindrical waveguide with arbitrary-shaped cross-section. The wave propagates in the z
direction.

To reach this conclusion ourselves, we begin by considering a hollow

cylindrical waveguide with an arbitrary-shaped cross-section, as seen in Fig. 2.4. Since

the waveguide is composed of a conductive material, we assume that the electric (£) and

magnetic (B) fields inside the material are null, so we have the boundary conditions:

@ E'=0 2.2)
(i) Bf=0
As the waves propagate in the z direction, they will have the form:
(1) ECxy,2,6) = Eolx,y)eltre? 23)

(i) B(x,y,x,t) = By(x,y)eikz-wt)’

where k£ is the propagation constant, w the angular frequency, and t represents time.
These waves must satisfy Maxwell’s equations when all charges and currents are null

(because the waveguide is hollow):
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(i) V-E=0
(i) 7-B=0
. . 0B
i BxBo 2B, (2.4)
(iii) 3
. o 10E
XB=——
(iv) VxB pIFT:

We can separate the electric and magnetic fields into their spatial

components, and inserting them in (2.4 %) and (2.4 v), after some manipulation, yields:

@) E, = 1 ( aEZ+ aBZ>
U@ = k"o T Yoy
1 0E, 0B,
(i) E, = ( —w )
(w/C)Z - kZ ay ax (2 5)
Gi)) B, = 1 ( 0B, w aEz)' '
M) Sx = (®/)2—k2\" 0x 2 dy
(iv) B, = 1 ( aBZ_I_waEZ)
T @ =12 \"ay T 2 ox

It is easy to notice that if we have only the z components, all others can be
casily found. If we now insert (2.5) in (2.4 4) and (2.4 i), we finally obtain:
02 02 W\ 2
. - 1,2 —
) [ (C) k lE 0

— b —
9% " 9y?
> (2.6)

02 02 N '
(id) lﬁ+a—y2+ (?) —kZlBZ =0

The trivial solutions to (2.6), when E. = 0 and B. = 0, are called TE and TM
modes respectively, which are the same allowed modes found by Lord Rayleigh.
Returning to (2.5), we obtain the description of the waves travelling over the waveguide
[65].

There are several applications for devices that originated from these studies,
from microwave ovens, to cable TV and integrated circuits. However, the most relevant
waveguides to this work are different from these former examples, since they are not
metallic or conductors in general, but dielectrics. Only in 1910 these structures became
well-understood, when Hondros and Debye obtained the solutions for a wave propagating

on a cylindrical dielectric waveguide [66].
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The simplest case to study in detail is the slab waveguide, illustrated in Fig.
2.5. It consists of 3 layers with infinite length and width (z and z directions, respectively),

but finite height (h, y direction). The middle layer has a higher refractive index, which

we will assume are equal, so that n, > n;.

Fig. 2.5: Schematic of a slab waveguide. The wave propagates in the z direction.

As in the case discussed above, in this type of waveguide the TE and TM
propagation modes are also present. If we follow a similar procedure, but considering

Maxwell’s equations in matter and continuity boundary conditions, we obtain:

52 52 -
(© 0x2 + dy? — 8% E; =0
B [ 07 0% ] T ON 2
(ll) W-Fa—yz— 52 le =0 (U) 852 =k? - (1_)
! _ c
SO , mon? - 2.7)
2 _ { — _ —
(lll) W-Fa_yz-l_ K Ezz =0 (Ul) K ( c ) k
(02 92
(l’l?) ﬁ-}'a—yz-}'Kz BZZ:O

These equations are equivalent to (2.6), with the only difference being that
we now have to worry about the waves outside the waveguide core, denoted by the 1
subscript. For the waves inside the core, we use the subscript 2. Since k£ must be equal

in all the waveguide regions, we can combine (2.7 v) and (2.7 vi):
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N 2
K2 + 6% = (n2 —n?) (?) . (2.8)
For the TE mode inside the waveguide, we then obtain:
_ lw 0By,
x2 = 5.
Kikcagi ' 29
Bya=1a 8y

Now the magnetic field must be obtained. We can suggest solutions where
the waves are oscillatory inside the core, and decay exponentially outside. Combining
this with the continuity boundary conditions, we now have our final set of equations for

this case:
@ Bo(";)=Bi("5)
(iil) ——

% , (2.10)
(ii)) B, = Ae” + Be™,|y| <h/,
(iv) By=Ce |yl =21/,
where A, B and C are constants, and £ and y are the imaginary and real propagation

constants, respectively. From the z-component of the Poynting vector:

ko
Z 7 8mugkct

dB,|°
dy

(2.11)

Since the transversal profile depends on the derivative of the magnetic field,
it is convenient to separate the problem in even and odds solutions. For the even-TE

case, A = -B, so:
B, = A(e — ™) = Asin(yy). (2.12)

With this, we can rewrite (2.10) equations as:

@ ¢tan(®) =n o=l

e o, . (2.13)
(@) &2 +n? =} —nd) (o _Bh
2= <2c) Nt ==



36

This results in a transcendental equation, and by plotting each side as a
different curve, the solutions are the intersections between them. Fig. 2.6 illustrates the

solution for different cases.
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(a) (b) (c)
Fig. 2.6: Solutions to the waveguide even-TE transcendental equation in different situations, varying the
waveguide core height (a), wavelength (b), and core refractive index (c).

We can see that the solutions vary dramatically when different parameters
are changed. For a fixed wavelength of 1.55 pm, n; = 1.5, n, = 3.4, and waveguide core
height of 0.4 ym there is only one solution. If the height is increased to 1.3 pm, there are
now 3 solutions. Each of these solutions is a valid propagation mode. If we change the
wavelength to 0.98 pm, again, we go from what is called single-mode, to multi-mode. By
decreasing n. to 2, the confinement weakens, and the waveguide remains single-mode.

For the other special cases (odd-TE and TM modes) the analysis is very
similar, and Fig. 2.7 shows all results for a wavelength of 1.55 pm, n, = 1.5, n, = 3.4,

and waveguide core height of 1.3 pm.
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Fig. 2.7: General solution for a slab waveguide, for all special cases.

On the image above, the black, blue and red colors correspond to each special
case, and the colored circles are the respective solutions. It is important to notice that
the odd-TE and odd-TM modes are always degenerate, while for the even cases there is

a small difference. For a waveguide to be single-mode, it is sufficient that & < 7T/z, since

below this value there is only one tangent curve, so only one solution exists. However, it
is not possible to have only TE or TM modes. The maximum waveguide height for single-

mode operation therefore is:

2
he———— (2.14)

JEmZ —n?)

This analysis is important to develop the sense of how a waveguide works,
both physically and mathematically. The only problem is that practical waveguides are
always finite, so we cannot directly apply the same results to real cases. We can, however,
consider a rectangular waveguide, ignore its width, and then solve for a slab waveguide
of the same height, resulting in a certain propagation constant (f) from (2.13). From

this value, we define an effective refractive Index:

B
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Returning to the rectangular waveguide, we can now ignore its height and
solve the resultant slab waveguide that has the same width, but infinite height. The only
detail here, is that instead of using the refractive index for the core, we use the calculated
effective index from (2.15). With that, we obtain the final propagation constant and
effective index of the modes. This process, called the Effective Index Method [67], is

illustrated in Fig. 2.8.

Fig. 2.8: Schematic of the Effective Index Method. A rectangular waveguide can be decomposed in two
planar slab waveguides.

Remembering the total internal reflection explanation for the guiding of a
wave, we can interpret the effective index as a quantity related to the angle of incidence
of a light ray. Since the higher the index, the slower light travels, this is equivalent to
more reflections per unit length for a higher effective index.

Although this method is only an approximation, it provides a good starting
point for quickly evaluating the modal characteristics of a waveguide, as long as the
aspect ratio is at least 3. For more accurate studies, it is necessary to use numerical
methods, such as finite-difference time-domain (FDTD), finite element method (FEM),
or beam propagation method (BPM). We’ll now show FEM results (from Comsol
Multiphysics) to illustrate the fundamental modes of certain waveguide structures.

For an example waveguide consisting of Al,O; (n = 1.7) clad by SiO, (n =

1.5), we obtain the results in Fig. 2.9.
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Fig. 2.9: TE and TM modes for an example waveguide comprised of Al,O; and SiO», for a wavelength of
1550 nm (a, b), and 980 nm (c, d). This waveguide is multimode, supporting up to 3 intensity lobes for
1550 nm and 5 for 980 nm (d, e). These images were obtained via the Comsol Multiphysics software.

We see that the main difference between the TE and TM modes intensity

profiles is that a discontinuity exists on the lateral (side) walls for TE, and vertical walls
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(top/bottom) for TM. This arises from the continuity boundary conditions,
demonstrating that for TE modes the Electric field is in the x direction, and in the y
direction for TM modes. If the wavelength is decreased from 1550 nm to 980 nm, it’s
clear that the wave is more strongly confined. We can define a confinement factor I as
the ratio between the energy inside the core and the total energy. Considering only the
fundamental TE mode, for 1550 nm this value is I' = 0.43, and for 980 nm, I' = 0.65.
This waveguide is clearly multimode, and it’s possible to see that if 980 nm is used, more
intensity lobes are supported (5, as opposed to 3 for 1550 nm).

One design of interest to our work is an asymmetrical waveguide comprised
of Si as the core material, SiO, as the bottom cladding, and Al,O3 as the top cladding.

For this case, the results are shown in Fig. 2.10.
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Fig. 2.10: TE and TM modes for a waveguide comprised of a Si core, Al,O; as the top cladding, and SiO
as the bottom cladding, for a wavelength of 1550 nm (a, b), and 1480 nm (c, d).
This waveguide is single-mode, supporting only the fundamental TE and TM
modes. This final result, for both 1550 nm and 1480 nm, will be very important for the

development of the models in the subsequent sections of this chapter.

2.3 Optical Amplification

Erbium-doped optical amplifiers rely on the stimulated emission from excited-
state Er** ions, as discussed in section 2.1. We begin our mathematical modelling of an
amplifier by constructing a rate equation for this phenomenon, using a two-state system
approximation. If there is a number Ny of dopant ions per unit length, N, of these at the
fundamental state, and N, at the excited state of interest, so No = N; + N,, there are
three factors that influence the variation of N;in time. The first is the increase by photons
absorbed by fundamental state ions (either pump or signal), and the remaining two are
the decrease by stimulated and spontaneous emission. Let’s say that spontaneous
emission occurs at a certain rate 1y, and both the photon absorption and stimulated
emission have a certain probability p..(4) of happening. For Npy(4) incident photons per

unit time, we can intuitively write:

dN,

W = pa(lp)NPh(/lp)Nl + pa(/ls)NPh(As)Nl - pe(/ls)NPh(As)NZ - rspNz- (2-16)

The p and s subscripts refer to pump and signal, respectively. The number of photons

can be obtaining by:

PA
Npn(D) = 5 (2.17)

Substituting 2.17 in 2.16, we obtain terms that are each very similar to (2.1).
The probability of a photon being absorbed or being emitted via stimulation is defined
by the absorption or emission cross-sections. The optical power in the waveguide does

not completely overlap with the doped area, as can be seen by the propagation modes
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from Fig. 2.9 and Fig. 2.10. We can obtain an overlap factor I" as the ratio between the
energy being carried in the doped area and the total energy in the waveguide. Thus, we
can finally rewrite 2.16 as the final rate equation for optical amplification for a waveguide

of transversal area A:

(2.18)

% _ O'a(/lp) Pp/lp 4T O'a(/ls) P A _r O'e(/ls) P A _ &
dt P A he 5 A he)' ¢ A hec ?* <t

Here, tis the lifetime of the excited state, or the average time before decaying
spontaneously, and for erbium it is approximately 8 ms. If we now consider the steady
state (dN,/dt = 0), we can easily solve the rate equation and obtain, for a certain z
position:

[,00(A) P2, + I504(A5) PiA
I,0a(Ap) PyAy + [yPiAs(04(As) + 0o (As)) + PE A/

Ny(z) = No. (2.19)

Typically, the signal will be amplified and the pump attenuated when
travelling through the amplifier waveguide. So, we can define gain (g) and depletion (7)

functions as:

(D 9(z 4s) = L[0.(A5)N2(2) — 04(A5)N1(2)]

@) n(z2y) = L[0.(A,)N2(2) — 6.(A)N, (2)]” (2.20)

The power variation along the direction of travelling for the signal and pump

will then be:

~ dP(2)
O === @A) - ORE
. 2.21)
dP,(z) (
(i) _dpz = (n(z, /1p) — a)Pp(Z)

Here, arepresents intrinsic attenuation. If we consider the example waveguide
from Fig. 2.9 (ALO; with SiO, cladding) to be 20 cm long, the confinement factors
previously mentioned (area of 2.4 nm?), 1 dB/cm of loss, the erbium cross-sections from

Fig. 2.3 and concentration of 2 x 10 cm™, solving (2.19), (2.20) and (2.21) yields:
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Fig. 2.11: Example of amplification for a Al,O3; waveguide, for different pump and signal conditions.

The graphs on Fig. 2.11 show the pump and signal power along the waveguide
for different initial conditions. If the pump power is 0 dBm, the signal starts to be
amplified, but there is a point in which not enough Er*' ions are excited. So, not only is
the signal more absorbed by fundamental state ions, but also the natural waveguide loss
contributes to a decrease in power, resulting in a net loss of 2 dB at the end of the
amplifier (Fig. 2.11a). If the pump level is increased to 20 dBm, for example, enough ions
are excited to provide stimulated emission and the result is a net gain of almost 7 dB
(Fig. 2.11b). As the signal input power is increased, we slowly return to the first situation.
When the input goes from -20 dBm to -6 dBm, we still have gain, but it is decreased to
2 dB (Fig. 2.11c¢).

To provide a more general explanation, density and 3D plots of the gain and

output power are shown in Fig. 2.12.
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Fig. 2.12: Density (a, b) and 3D (c, d) plots of gain x input power x pump power, and output power x
input power x pump power, for the example waveguide.

From this data we observe that as the pump power increases, the gain and
output power follows, but if the input signal power is increased, the gain tends to
decrease, while the output power depends on the pump condition. There is a minimum
pump power/input power ratio that needs to be achieved if amplification is the goal.
When this ratio is achieved, N, > N,, which is referred to as population inversion. It is
also worth mentioning the condition where the gain starts to saturate, and thus the
output power is the same for a certain range of input power. This is an important
operation point for erbium doped amplifiers, making sure the output signal in different
conditions is always the same, increasing the system predictability.

One last quantity that will be very useful later on is the exponential gain
coefficient. As dBm is a logarithmic scale, from Fig. 2.11b we see that the signal and

pump power change exponentially, so we can write:
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1(2) = 1,e%%7, (2.22)

where [ is the intensity, and § is the increase/decrease coefficient. By solving the rate

equations and taking the output and input power, we have:

Pout(2) _ 1) _IE@I* _ L, (2.23)
Pi 10 |E'O|2 ' |

Rearranging the terms, we obtain:

L (IE@I _ 1 (12 _ 1 (P2

This coefficient will be necessary in section 2.5, as the bridge between optical

amplification and resonator response.

2.4 Micro-resonators

As mentioned in Chapter 1, ring resonators are building blocks used for many
studies and applications in silicon photonics. By approximating the bus waveguide to the
ring, light is coupled via evanescent field, which occurs when the interaction between the
electric and magnetic fields from two waveguides is strong enough, and induced surface
charges and currents cause the exchange of energy between them. We can begin to model
this coupling by describing the superposition of the individual modes of propagation of
each waveguide as one collective mode [68]. In the case of single-mode waveguides, there
will be symmetric and anti-symmetric solutions. Since each of them propagates with a
different constant, the intensity profile will be different as the waves travel, as illustrated
in Fig. 2.13. The length at which the power has been completely transferred from one
waveguide to the other is called the beat length, and it increases with the separation

distance.



46

\

\
> )
+ =/ ( \ n| = +
—
/

Beat Length

Fig. 2.13: Energy transfer between waveguides described by symetric and anti-symetric collective modes.

By solving this type of “coupled” waveguides using numerical methods, it is
not difficult to obtain the beat length and use that to design optical couplers or power
splitters. However, when we consider one of the waveguides to be curved, as is the case
of a ring resonator, the rate at which the energy is transferred varies along the interaction
length. This adds a new layer of complexity, requiring more thorough FEM or BPM
simulations to accurately model a device. Nevertheless, in 1997, Little et al. provided an
approximation to the problem [69], and the coupling constant x (the fraction of the field

amplitude that is coupled) can be calculated by:

wey cos(k,,ws,)

nR
2 n(z)) _eaz(wz—ZSo) %

K= (n
2 /PP (K2, +a?) @
[a,cos(kyywy) sinh(aywy) + kyqsin(k,,wy) cosh(a,wy)]. (2.25)

In this equation, w is the angular frequency, & the vacuum permittivity, k.
transverse propagation constant in the corresponding waveguide, w; is half the waveguide
width, P; the mode power, @; the decay constant, n; the refractive index (0 is relative to
the cladding), R is the curvature radius, and 2sy is the separation length, center to center.

The quantities k., P;, and a; can be found by:
(D) ku= |nik*—pB]
(i) a;= |B? —ngk? , (2.26)

W)Hzi%@ﬁi)

i
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where £ is free space wave vector, f; the waveguide propagation constant, and pu, the
vacuum magnetic permeability.

Once we have the x value for a certain geometry, it is straightforward to
predict the behavior of a ring resonator. Let us consider the case of Fig. 2.14. The wave
travels along the bus waveguide until it reaches the coupling area, where the electric field
is coupled to the ring waveguide by a factor of x. The remaining field continues on the
bus, with the amplitude decreased by a factor of 7. Considering power conservation, we

can write:

k2412 =1. (2.27)

IN g
|

Fig. 2.14: Schematic of the coupling region of a ring resonator with only one bus waveguide.

The fraction of the light that couples into the ring remains inside, up to the
point where one roundtrip is completed and it reaches the coupling region again. In the
same manner as before, there is a power split, and part of the energy couples back to the
bus waveguide, while the rest continues in the ring. At this point, there can be
constructive or destructive interference on each of the waveguides. As the wave travelling
inside the ring acquires a certain phase difference, there are conditions where depending
on the wavelength, light will remain trapped inside the ring. This is called a resonance.
To calculate the complete transmission spectrum and obtain the resonant wavelengths,

we can write the power division in the coupling region as [70] [71]:

()= (% ")) (228)
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This equation can be easily deduced by splitting the field amplitude using the
k and T factors, and the complex number ¢ arrives from power conservation. Considering

that light is attenuated inside the ring by a factor a, we can define Ejg.:

(i) Egy= aei(pEm

(ii) a= e—aan )29
(i) b = 2mc2nr 2me 2mrng 4mrng ’ (2.29)
i) ¢ =owt=— " == —=—

where a is the attenuation constant, @ the phase accumulated during one roundtrip
(angular frequency multiplied by the roundtrip time), r is the ring radius, A is the
wavelength, and v, and n, are the group velocity and group index, respectively. The
group velocity is a measurement of the overall velocity with which a wave travels along

the waveguide, and the group index is related to the effective index by:

d'l’lef

e (2.30)

Ng =MNer — A
By solving (2.28) using (2.29) and defining Er = 1, we obtain for the output field:

ae'?k?

ETl =T+ (231)

ae9r —1’
By squaring the result from (2.31), we obtain the intensity in function of the
wavelength. From this equation, we see that for a resonance wavelength (¢# = +1), the
transmission will be minimal when @ = 7. This is called the critical coupling condition.
For the waveguide from Fig. 2.10, (Si core with SiO, as the bottom cladding
and AL,Oj; as the top) separated by 200 nm from a resonator with 20 um of radius, and

an arbitrary loss of 2 dB/cm, the output spectrum is plotted in Fig. 2.15.
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Fig. 2.15: Transmission spectrum for a Si ring resonator clad by SiO, and Al,Os.

The separation between each resonance is called free spectral range (FSR),
and the ratio between input power and the transmitted power of a resonance is called
extinction ratio. Both are important characteristics of a ring resonator, but another
significant parameter is the quality factor (Q). It is defined by the ratio between the
energy trapped inside the ring and the energy lost at each roundtrip. It can be easily

calculated by:

Q=— (2.32)

where AA is the resonance full width at half-maximum (FWHM). This factor is related

to the finesse of the cavity, defined by:

F=-

= . (2.33)
27Trng

The finesse can be thought of as the average number of roundtrips a photon
can exist inside the ring before exiting. Thus, we can also define the average photon

lifetime as:

2nrF QA
=

Ton = (2.34)

Vg
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When a second waveguide is placed close to the ring, Add and Drop ports are

introduced, as illustrated in Fig. 2.16.

Fig. 2.16: Schematic of the coupling regions of a ring resonator with two bus waveguides.

By following the same procedure to obtain (2.28), it is simple to obtain the

matrix equation for this case:
: ERl) T ik (ER4)
@ (ETl (iK T) Ero
. Eg, v iK' ER3)
(i) ( E, ) (l.K, . ) ( E, ) (2.35)

(iii) Egr, = ae'?Ep,
(iv) Egy = ae'®Ep;

Equation (2.35) can be solved in the same manner as (2.28), but now the
phase difference is accumulated on only half the roundtrip for each coupling, and the
parameters can be different. Considering the same separation for both waveguides, the

output spectrum for the drop port is shown in Fig. 2.17.
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Fig. 2.17: Drop port output spectrum for a Si ring resonator clad by SiO; and Al,Os.

This spectrum is equivalent to the one in Fig. 2.15, but instead of notches,
we now have transmission peaks. These are the characteristics that enable Si ring
resonators to be used in applications such as passive routers and filters, because it is
possible to direct a signal to a certain port based on its wavelength. By concatenating
many resonators, it is possible to develop complex routing maps.

One interesting detail to observe in both output spectra, is that the Q factor
tends to decrease with the wavelength (wider resonances), and the drop port output
power increases. This is due to the waveguide dispersion. Since the effective index changes
with the wavelength, this not only changes the phase difference accumulated in each
roundtrip inside the ring, but also changes the coupling factor. In this example, n.(1520
nm) = 2.47, n(1580 nm) = 2.41, (1520 nm) = 0.287, x(1580 nm) = 0.405. This leads
to Q(1520) = 11500 and Q(1580) = 6000.

A very interesting spectrum results from the case where internal rings are

inserted in the system, as depicted in Fig. 2.18.
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Fig. 2.18: Schematic of resonators with additional internal rings.

Mathematically, the problem is the same, but with additional matrices. We
can think of the external ring as the bus waveguide for the coupling region to the internal
rings. The matrices will not be shown here, but following the same procedure of (2.35)
they are simple to obtain [70]. For both one and two internal rings with 5.5 um of radius,

separated from the external ring by 200 nm, the resulting spectra is shown in Fig. 2.19.
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Fig. 2.19: Resulting spectra for one internal ring measured at the through port (a) and drop port (b),

and two internal rings, also measured at the through (c) and drop (d) ports.

From Fig. 2.19a and Fig. 2.19b, we see that there are additional resonances,

corresponding to the inner ring, with a higher Q factor (~100000) and lower extinction

ratio/output power. The first one can be seen at ~1542.5 nm. Due to a Vernier effect, as

the wavelength changes, the proximity to an external ring resonance also changes. At

~1525.5 nm they match exactly, and at that point, instead of one resonance, there is a

split (doublet), and the Q factor is ~20000, higher than the single ring resonance. The

width of this split is related to the coupling factor, or simply to the separation gap

between the rings. The same happens when there are two internal rings (Fig. 2.19¢ and

Fig. 2.19d). If they are exactly equal, split resonances corresponding to the two rings

always exist, with a @ factor of ~100000. But when their resonance match that of the

external ring, there is a triplet resonance, and the Q factor is greatly enhanced in the
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middle one, reaching 150000 in the graphs shown. The asymmetry in the doublets of this
case exists due to the drop port, which effectively inserts an additional loss before the
wave reaches the second internal ring. The trade-off between the Q-factor and the drop
port output power previously mentioned is evident here.

An interesting analogy is to think of a single resonator as a quasi-atom. In an
atom, an electron is trapped around a proton, for example. If we combine more atoms
together, we obtain molecules, and the energy levels corresponding to this combination
can be complex, leading to energy levels splitting due to degeneracies. In this sense, the
combination of more than one resonator can be called a photonic molecule. These devices
are extensively studied for many applications that require specific spectral response, such

as spectral engineering and signal processing [72] [73] [74] [75] [76] [77] [78].

2.5 Resonant Amplification

With valid models for both waveguide amplifiers and ring resonators, it is not
difficult to join the two to describe how a resonator that contains gain media would
perform. The link between them will be the coefficient defined in (2.24). By looking at
(2.29), we see that the field amplitude changes exponentially when travelling in the ring
resonator. In that case, we only considered losses, so we called it an attenuation
coefficient. If we want to include the possibility of gain in addition to losses, all we need
to do is substitute -a by & This enables us to insert the result from (2.24) in (2.29). This
coefficient should be calculated along the ring length, or the section of length the wave
travels before arriving at the next coupling area. One limitation of this model, however,
is that it doesn’t take pump depletion into account. Nevertheless, since the pump is also
resonant, for the cases that will be discussed it is a very good approximation.

For the waveguide of Fig. 2.10, considering that the cladding is Er-doped, we
cannot simply use the confinement factor of the TE mode in (2.19) and (2.20), because

the erbium interaction will not occur in the core. Thus, we define the overlap factor " as
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the ratio between the energy contained in the top cladding and the total energy. For the
waveguide in question and the wavelengths of interest, we obtain I's50 = 0.43, and s
= 0.41. By solving the amplification rate equations (2.19), (2.20) and (2.21), for a ring
with 20 pm of radius and 2 dB/cm of loss, typical erbium cross-sections from Fig. 2.3
and concentration of 5x10% cm™, the result is §= 18.3 m'. All that is left now is to insert
this value in (2.29). Fig. 2.20 shows the results for the drop port output of one doped

ring, when a signal of 1 pW (-30 dBm) enters the device, pumped by 10 mW (10 dBm)
at 1480 nm.
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Fig. 2.20: Drop port output spectra for an Erbium-doped ring resonator. (a) Full spectra; (b) Zoom of
the resonance at 1535 nm.
There are three conclusions that come from these results. The first, is that
there is a clear difference between the pump off and pump on conditions. Since the output

power is indeed higher than the input (1 pW), we can conclude that there is net gain,
defined by:

P
G =101logy, < 1;”“). (2.36)

in

The second conclusion, is that this gain clearly depends on the wavelength,
and is 0.38 dB at the highest point (1534.9 nm). Finally, the dotted line in the graphs
represent the envelope of the drop port output in the undoped case (from Fig. 2.17). We

can see that the doped cladding is a sufficient condition to insert additional losses.
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However, this effect is reverted when the pump is turned on. This agrees with the
amplifier model we developed, since the signal wavelength is also absorbed by Er*" ions.
To continue the analysis, we now calculate the gain for different pump powers at the
1534.9 nm resonance; and for each resonance with 10 dBm of pump power. The results

can be seen in Fig. 2.21.
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Fig. 2.21: (a) Gain in function of pump power for the 1534.9 nm resonance and (b) in function of
wavelength for 10 dBm of pump power.

We can see that if the pump power is below -12 dBm, the signal is attenuated
instead of amplified. As the pump power increases, net amplification now exists, up to
the point where it saturates, at 0.38 dB, when a high fraction of the Er ions are already
at the excited level. Observing the spectral gain from Fig. 2.21b, it is clear that it
resembles the erbium emission cross-section spectrum from Fig. 2.3. This is expected,
since it was used as input of the model, but also confirms that our models have been
successfully coupled.

The only parameter left to analyze is the Q factor. After following the same

procedure as the gain, the results obtained are the ones shown in Fig. 2.22.
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Fig. 2.22: Q Factor in function of pump power for the 1534.9 nm resonance (a) and in function of
wavelength for 10 dBm of pump power (b).

We see that the Q factor increases as the pump power is increased, following
the same characteristics of the gain curve. This is expected, since the Q) factor is related
to the dissipation of energy. If we have gain, or a loss decrease, the effective dissipated
energy will also be decreased, thus increasing the ) factor. The Quality factor behavior
versus the wavelength does not follow the Erbium emission cross-section curve as the
gain does. As previously mentioned, due to differences in the coupling factor depending
on the wavelength, the Q factor also varies, decreasing with the wavelength. This is
indicated by the dotted line in Fig. 2.22b, corresponding to the spectrum of Fig. 2.17.
The difference between the curves, however, should resemble the cross-section curve.

It is worth mentioning that all values and parameters used in all the
simulations and calculations to obtain these results were based on realistic values. The
gain obtained is not high compared to a state of the art EDWA (20 dB), but the intent
of this device is to compensate routing losses. From what we calculated, if we consider
10 concatenated resonators composing a complex router (as the example from [24], and
illustrated in Fig. 1.5¢) the net loss could reach 3.6 dB (0.35 per resonator). Still not the
worst obstacle faced by silicon photonics, but not a good figure of merit either. With our

proposed method, it is possible to not only completely compensate this loss, but also
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achieve 3.8 dB of gain in this router (0.38 per resonator), provided there is enough pump

power.

2.6 Chapter Summary

In this chapter, the relevant theory of waveguides, optical amplification and
optical resonators was reviewed, and together with the knowledge of key transitions in
erbium ions, a functional model of a cladding gain media on Si ring resonators was
developed. The next chapter details the first step to obtain an experimental
demonstration of this concept: the development of Er-doped Al,O; thin films and the

respective optical (emission) characterization.
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3. Erbium-Doped Al.O; Films

The basis of all the work described here is the Erbium-Doped AlO; films. In
this chapter, a detailed description of the deposition process will be given, in addition to
the optimization of the surface quality, thickness, and optical characteristics, mainly the

luminescence at 1530 nm.

3.1 Film Deposition and Characterization

Among the most common techniques for depositing AlO; films, we may
mention Electron Beam Evaporation, Sputtering, Atomic Layer Deposition (ALD), and
Plasma-Enhanced Chemical Vapor Deposition (PECVD) [79] [80]. It has been shown
that to obtain Erbium-doped films, Sputtering is a very cost-efficient and straightforward
process [81], and for this reason it was chosen as the method to develop our films.

As the name implies, a sputtering system grows thin films by ejecting atoms
at high velocities from a source material, denominated target. An oscillating voltage (RF)
is applied between two electrodes in a low-pressure inert gas (usually Argon) atmosphere,
causing the atoms to collide and become ionized, generating plasma. The plasma ions
have enough energy to remove atoms from the target, which are then ballistically ejected.
A fraction of these particles is deposited on the sample surface, resulting in the growth
of a thin film composed of the target material and possibly impurities from the gas
atmosphere.

A 99.9% pure AlLO; target was used to create the alumina films. To obtain
Er-doped films, 99.9% pure erbium pieces were used in conjunction with the main target.
This procedure, also called Co-Sputtering, is illustrated in Fig. 3.1. Although low-cost
and straightforward, one drawback of this technique is that it is not trivial to control

the dopant concentration.
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Fig. 3.1: Schematic of the Co-Sputtering technique.

In the used sputtering system, it is possible to control the bias voltage, sample
temperature, and the relative flow of a secondary gas. To study how these parameters
influence the resulting film, several depositions on glass slides were performed by the
Photovoltaic Research Lab’s (LPF) researcher Rafael Merlo, in an Argon atmosphere
with 6x10° mbar (2x10° mbar of base pressure), varying each one systematically and
measuring the film thickness and refractive index. These measurements were made using
a Veeco Dektak 3 ST Profiler and a Rudolph FTM-STD Ellipsometer, respectively. The

results for each parameter combination are summarized in Table 3-1.

Table 3-1: Thickness and refractive index of the films for different deposition parameters.

i 0 2 10 200 55 1.61
Bl s 2 10 200 125 1.61
'3 1000 2 10 200 275 1.61
BN 1000 4 10 200 480 1.61
‘5| 1000 6 10 200 620 1.61
BN 1000 4 5 200 500 1.61
7 1000 1 1 200 650 1.61
D& 1000 4 1 250 630 1.63
790 1000 1 1 300 580 1.66

The goal of this experiment was to obtain a film with the highest refractive
index and thickness possible. We observed that by increasing the bias the refractive index

was not affected, but resulted in a higher thickness. This occurs because the ions impact
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the target with a higher energy, increasing the probability of particle ejection. By
decreasing the system standard secondary gas flow (O, for oxide depositions) from 10%
to 1% of the Argon flow, there was an additional increase in the film thickness, but no
change in the refractive index, due to the higher-purity plasma. The last parameter, the
sample temperature, influenced the refractive index and thickness, resulting in a higher
index but lower thickness for higher temperatures. The molecules that compose the film
have a presumably higher mobility in this condition, and if the resulting film has voids,
they will be minimized and the overall thickness can decrease. Voids in the film also
reduce the refractive index, so a higher value is an indication of the film quality. For this
reason, the parameters from deposition #9 were the ones used in subsequent depositions,

resulting in a suitable film thickness and the highest refractive index.

3.2 Optical Characterization and Thermal
Annealing

The next step in the development of the Al,Os:Er films is the luminescence
characterization. To this end, we performed photoluminescence (PL) measurements on
samples containing the doped film. The experimental setup for this is illustrated in Fig.
3.2. A LaserLine iZi high-power (200 mW, CW) pump laser at 532 nm is modulated by
a SRS 540 Chopper Controller, then absorbed by the sample after a beam diameter
adjustment. From the transition *li;» — *Hiie in Fig. 2.1b, we can see that this
wavelength is adequate for pumping the doped film, since it is possible to detect photon
emission at various energy levels, including the 1550 nm region, during the Er*" ion
energy decay. The emitted light is focused inside an Oriel Cornerstone 260
Monochromator, and the wavelength filtered output is subsequently detected by a cooled
high-sensitivity Oriel 71893 Photodiode, its temperature controlled by Oriel 77055

Temperature Controller. The signal is then monitored by an EG&G 5210 Lock-in
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Amplifier. The reason for modulating the measurement (at 277 Hz) is to mitigate external

light interference, since the lock-in only measures signals with the modulated frequency.

@)

Lock-in
Amplifier

PD

Monochromator

NIE><SLE

Sample

Fig. 3.2: Schematic (a) and photograph (b) of the photoluminescence measurement experimental setup.

By varying the monochromator wavelength, we obtain the luminescence

spectrum of the sample. For a typical fabricated film, the normalized spectrum is shown

in Fig. 3.3.
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Fig. 3.3: Typical photoluminescence spectrum for the measured films.

63

This curve closely resembles the erbium emission cross-section. This shows

that the Er*' ions incorporated in the film are being successfully excited and are decaying

spontaneously, with a higher probability to emit photons at 1535 nm. Nevertheless, the

overall intensity of the emission can be further increased by performing a thermal

annealing on the film, to activate Er ions and remove remaining voids, defects, and

impurities. To this end, doped films were deposited on several samples, which were then

subject to thermal annealing for 30 minutes in a N, atmosphere, at different

temperatures. By measuring the PL spectrum for each of these samples, we determined

the optimal temperature regarding the luminescence intensity. The results, normalized

by the pump laser reflection power, are shown in Fig. 3.4.
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Fig. 3.4: (a) Photoluminescence spectra of ALOs:Er films for different annealing temperatures. (b) Peak
emission power in function of annealing temperature.

From Fig. 3.4a, we observe that as the annealing temperature increases, so
does the overall emission intensity, up to 850 °C. For higher temperatures, the emission
starts to decrease. This is evidenced in Fig. 3.4b.

We then proceeded to study how the time and annealing atmosphere affect
the resulting performance. Different samples were subject to thermal annealing at 850
OC, for different times (10, 30 and 60 min) and atmospheres (N,, O,, ambient air), and

the results are plotted in Fig. 3.5.
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Fig. 3.5: Photoluminescence spectra of Al,Os:Er films for different annealing conditions, at 850 °C.

From the resulting spectra, we conclude that 60 minutes of annealing time
produces the best emission results, although the increase in peak emission is only 5%. If
no controlled atmosphere is used on this process, the emission decreases 45%, but
changing the gas to O, actually increases the emission by 13%. This is due to the fact
that impurities from the ambient atmosphere are aggregated into the film, so a controlled
environment should always be used. Additionally, using an O, atmosphere helps

reposition any oxygen atoms that may be expelled from the oxide during the process.
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As mentioned before, high temperatures can remove gaps, defects, and
impurities from the film. This process should affect the refractive index as well, so it is
important to measure this value after the annealing. Using ellipsometry, the refractive
index was measured at different areas of the annealed samples, resulting in an overall

increase, but at the cost of film uniformity, as demonstrated in Fig. 3.6.
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Fig. 3.6: Refractive index (a) and standard deviation (b) in function of annealing temperature.

The refractive index increases after the annealing process, reaching values as
high as 2.1 for 850 °C, and decreases for higher temperatures. However, the variance on
different regions of the sample also increases, peaking at this same temperature. This is
mainly due to microcrystalline Al,Os structures beginning to form in certain areas,
whereas at higher temperatures the coverage of these structures increases [79]. To verify
this, Atomic Force Microscopy (AFM) images of the samples were acquired using a
Nanosurf EasyScan2 FlexAFM, and the most illustrative results are displayed in Fig.
3.7.
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Fig. 3.7: AFM images for Al,O; film samples annealed at 700 °C (a) and 800 °C (b).

For annealing temperatures below 700 °C, although presenting a high
granularity, the films are relatively uniform, with a root-mean-square (RMS) roughness
of 4.12 nm. For 800 °C, however, it is possible to measure a higher non-uniformity, and
the local RMS roughness increases to more than 20 nm (21.90 nm on the pictured case).
For higher temperatures, the film was considerably damaged, and thus no AFM images
were successfully acquired. This indicates a severe film degradation, possibly due to
gaseous blisters erupting violently when subject to high temperatures, surpassing the
reflow capability of the film that, as mentioned, starts to crystallize at 800 °C. An optical
microscopy photo comparing a sample annealed at 750 °C and another at 1000 °C is

shown in Fig. 3.8.
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Fig. 3.8: Microscopy photo of a sample annealed at 750 °C (left) and another at 1000 °C (right) side by
side.
Several triangular crystalline clusters can be observed on the left-side sample
(750 °C), evidencing the beginning of the crystallization due to the thermal annealing.
On the right-side sample (1000 °C), these structures cover the entire area.
With this, a trade-off between film quality and emission strength exists. For
all subsequent Er-doped film depositions, the thermal annealing process was defined to

be at 800 °C, in O, atmosphere, for 60 minutes.

3.3 Chapter Summary

The procedure to obtain Er-doped AlyO; thin films suitable as the top
cladding layer of a silicon photonics device has been detailed, and the fabrication
procedure refined in order to optimize the film’s light emission at the 1520 nm — 1560
nm range (C-band). The application of these films in Si ring resonators and the resulting
reduction in optical losses will be demonstrated experimentally in the next chapter, where
the microring fabrication procedure and characterization experiments will also be

described.
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4. Silicon Ring Resonators with Er-

Doped Al.O; Cladding

After having developed an optimized Er-doped AlLO; film and a complete
model of our device, the next step is to verify the concept of compensating insertion
losses in silicon photonics devices based on ring resonators. This chapter will start with
a summary of the fabrication procedure of silicon ring resonators (and photonic
molecules) with Er-doped cladding. The performed measurements will also be presented
and the results discussed, confirming the proposed idea. To finish, an analysis of special

design cases that can further improve the intended performance will be given.

4.1 Fabrication Process

We have previously mentioned that one of the advantages of using an Er-
doped cladding is that the fabrication is C-MOS compatible, and can benefit from the
availability, relative low-cost, and production scalability of commercial foundries. These
facilities use Silicon-on-Insulator (SOI) wafers, obtained by bonding two wafers together,
to create 220 nm x 450 nm silicon waveguides clad by SiO. [82].

To fabricate the intended devices within the thin Si layer, optical or electron-
beam lithography techniques can be used. Although e-beam lithography offers a higher
resolution (below 10 nm) [83], silicon-photonics foundries employ deep UV lithography,
with 200 nm resolution. Taking advantage of the well-established C-MOS technology,
optical lithography presents a very high scalability, since the pattern recording is parallel
instead of serialized.

To illustrate the UV lithography procedure, Fig. 4.1 shows the steps involved

in the fabrication, using a ring resonator as an example pattern.
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(d) (e) (f)

(9)

Fig. 4.1: Optical UV litography. (a) Initial sample. (b) Resist deposition. (c) Exposure. (d) Resist
developing. (e) Si etch. (f) Resist removal. (g) Top cladding deposition and finished sample.

Starting with a SOI sample, the first step is to deposit a photosensitive
colloidal solution (photoresist) on top of it (Fig. 4.1a and Fig. 4.1b). A thermal treatment
is responsible for the monomers chemical bonding, forming a polymer. When subject to
light with sufficient energy, these bonds are broken and the substance becomes soluble
on a developing (alkaline) solution. Thus, by using an opaque mask with the desired
pattern, it is possible to transfer this pattern to the polymer. When exposed to UV light
(Fig. 4.1¢), the region shadowed by the mask retains its integrity, while the remaining
area is sensitized. Using the alkaline developing solution, the exposed portion is then
completely removed, and only the pattern remains (Fig. 4.1d). It is important to notice
that the photoresist described in this example is known as a positive resist. There are
also negative resists, in which the exposed area is strengthened, and the pattern is

removed during the developing.
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The purpose of these steps is to create a protective layer on top of the silicon.
When the sample is etched (acid solution or plasma dry etch, Fig. 4.1e), the photoresist
covering the Si will remain, and the pattern will then be transferred to the Si layer after
the photoresist is removed (with acetone and/or O, plasma, Fig. 4.1f).

The last step is to deposit the top cladding on the sample. Typically using
Plasma-Enhanced or Low-Pressure Chemical Vapor Deposition (PECVD or LPCVD), a
1 um layer of SiO, finishes the device (Fig. 4.1g).

Although the procedure for optical lithography has been detailed, e-beam
lithography utilizes the same principle, but instead of a photoresist, the polymer is an
electroresist, exposed to a moving electron beam.

To obtain our coupled ring resonator (photonic molecules) samples, it is
necessary to design the lithography mask to be used in the fabrication. For this work,
the samples were fabricated by IMEC, a Si-photonics foundry located in Belgium. The
file format requested by the facility is GDSII, a format capable of storing geometries,
text, and layouts hierarchically. Several rules have to be followed during the design, and
the waveguide height is fixed at 220 nm. With this constraint, the waveguide width was
chosen to be 450 nm, resulting in single-mode behavior in the C/L bands for the TE
mode.

Former PhD student Luis Barea designed the photonic molecules devices used
in this work, to be thoroughly studied and applied to signal processing and optical
communications. For that, the radii were set at 20 pm and 5 pm for the outer and inner
rings respectively, and the separation gap was chosen to be 200 nm, the same dimensions
as the ones used for the calculations in section 2.4. The resulting mask design for the

devices of interest can be seen in Fig. 4.2 [84].
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Fig. 4.2: Designed mask sent to IMEC foundry, containing only the devices of interest for this work.

Relevant regions are shown with a higher magnification.

To maintain structural integrity and a regular exposure dose along the entire
wafer, 1 um x 1 pm squares are posteriorly added to the blank spaces. Thus, the mask
must be two-layered: the first one containing the waveguides (cross hatched areas), and
the second containing a “cover” of our entire design, where these squares should not be
present (diagonally hatched areas). This procedure also increases the fabrication
repeatability.

It is important to notice that at the extremities the waveguides acquire a
tapering shape, shown in the rightmost part of Fig. 4.2. This feature is called an inverted
taper, and is responsible for the coupling between the waveguide and the input/output
fibers. As light travels from the waveguide along the taper, the propagation mode area
increases, as light is progressively less confined. For a tip width of 100 nm, the TE mode
from the taper and the input/output fiber should match at a certain distance, increasing
the coupling efficiency. The development of this coupling can also be seen in more detail

in [84].

With the mask properly designed, the foundry manufactures the chips using

a similar procedure as the one illustrated in Fig. 4.1, called projection optical lithography
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[85]. The result is a complete Si wafer cut into several samples with the submitted mask

patterns. One example of the received samples can be seen in Fig. 4.3.
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Fig. 4.3: Example of a sample received from the foundry. Since there are different projects on the same
chip, it is necessary to cut the desired area.

As shown, the area of interest of the sample is contained within a small region
in the center. To separate the chip from the unwanted surrounding material, it is
necessary to cut that piece out. This was done at the CTI Renato Archer, using the
LPKF ProtoMat S103 Circuit Board Plotter, resulting in the bottom right chip from Fig.
4.3, possessing an area of 6.0 mm x 3.5 mm. This sample, however, is still not ready for
the photonic molecules characterization, since there is no access to the tapered
waveguides. Additionally, it is usual for a chip layout to contain multiple projects and
devices, thus a second cut is necessary, which results in the 3.5 mm x 1.2 mm sample in
the bottom left of Fig. 4.3.

Due to the coarse nature and inadequate precision of the cutting process, it
has to be executed at a safe distance from the waveguides. The resulting edges possess
very high roughness, and a polishing procedure is needed not only for smoothing the

surface, but also trimming the sample, until the tapered waveguides tips are exposed at
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the sides. This step has been performed on all measured samples, using an adapted
Ultratec FFTx Portable Fiber Polisher. This equipment is shown in Fig. 4.4a and Fig.
4.4b.

(a)

~ Holder  Sample
gap

Fig. 4.4: Polisher used to trim and reduce the chip faces roughness (a, b). Side view of one of the chip’s
faces before (c) and after (d) the polishing. Top view of the tapered waveguides after the polishing (e).

We modified the sample holder, originally for fiber connectors, to
accommodate a chip. An aluminum disk with a 1.5 cm wide circular hole is fixed to the
polisher’s cover. The sample is glued to a small gap in a stainless-steel cylinder with 1.5
cm of diameter, using crystal wax, a polymer that has a relatively low melting point, but
is solid at room temperature. By heating the cylinder holder to 90 °C on a hot plate, it
is straightforward to place the sample in the gap, so that one of the faces (at a time)
exceeds the cylinder height. After cooling down to room temperature, the cylinder is
inserted into the cover hole, and the sample is ready to be polished. For the optimal
trimming rate and resulting roughness, several polishing films were employed
sequentially, from 9 um to 0.5 pm of granularity. An example of a chip side before and
after polishing can be seen in Fig. 4.4c and Fig. 4.4d. On Fig. 4.4e, it is possible to view
the top of the chip after the polishing procedure, with the tapered waveguides at the
edge of the sample. Also visible in Fig. 4.4e are the squares added by the foundry to the

empty areas of the design.
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The procedure described thus far is enough to prepare a silicon chip for
characterization. For our purposes, however, post-processing is necessary, to replace the
top cladding with the Er-doped AlO; film. To do that, the SiO, film on top of the chip
must be removed from the desired areas, as illustrated in Fig. 4.5a through Fig. 4.5c.
The first etch design covers the whole devices, while the second covers only the inner
rings. The coupling regions are not etched. The purpose of these two designs is to isolate
the effect of each ring (outer or inner) on the spectrum, while at the same time preventing

excess amplified spontaneous emission (ASE) at the bus waveguides.

Fig. 4.5: Pictures of part of a ready sample before the cladding etch (a), and indicating the areas to be

etched (b, ¢). Lithography process illustrations for the top cladding etch, showing the photoresist pattern
(d), etched cladding (e), and finished sample, with the ALO; cladding deposited (f).

To etch and deposit the films, optical lithography has been employed
following the standard procedure previously described (illustrated in Fig. 4.5d through
Fig. 4.5f), using the MJB-3 optical lithography system. The etching was performed by
submerging the chips in a buffer hydrofluoric acid (HF) solution for a total time of 6
min, with intervals at every 1 min for depth verification using a Veeco/Sloan Dektak
3ST Profiler. From the measured depth data, Fig. 4.6 was created to illustrate the etching

procedure.
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Fig. 4.6: Illustrative representation of the etching procedure, for each 1 minute step.

Finally, the last step of the fabrication process is the deposition of the AlO;
films (both Er-doped and undoped) on top of the samples. Besides the etched ones, these
films were also deposited on top of chips shipped without the top claddings. The
procedure for the deposition is the same described in Chapter 3, and Fig. 4.7 shows the

SEM image of the cross-section of an early sample after this step.

HV mag WD curr tilt 1 um
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Fig. 4.7: SEM image of the cross-section of a resonator, with a clear interface evidencing two layers of
the top cladding.
An important detail from Fig. 4.7 is the clear interface in the top cladding,
along with the measured heights. This is evidence for the existence of two top cladding
layers, which in turn indicates an unfinished etch. On this sample, the etching procedure

was not monitored, and the waveguides were consequentially not exposed. The reason to
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monitor this procedure as illustrated in Fig. 4.6 is to ensure complete exposure of the Si
waveguides, so the maximum overlap factor (as described in section 2.5) can be achieved.
Thus, it would be expected that this sample performs very similarly to a resonator with
standard SiO, cladding.

Since HF also corrodes Si (at a lower rate), if the sample is etched for a longer
time than necessary, it is possible that the waveguide height is slightly decreased as well.

This shows that this step is critical, so extra care is needed for a good resulting device.

4.2 Characterization

Ring resonators, as discussed in section 2.4, are mainly characterized by the
transmission spectra at their different input/output waveguides, such as the through and
drop ports, for example. Aside from the insertion loss (for the drop port) and extinction
ratio (for the through port), the quality factor (Q) and free spectral range (FSR) are
quantities that describe the component spectral characteristics. These can be obtained

directly from the respective spectrum measurements, using the experimental setup shown

in Fig. 4.8.
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Fig. 4.8: Experimental setup for the initial ring characterization.

Lensed fibers are used to couple light in and out of the chip, through the
tapered waveguides. On the output, these can be moved to couple light from the through
or drop port. Since we are not interested in adding channels to be measured at the
through port, the add port is not used. The light from a tunable laser (Agilent 81940A)

passes through the device, and the output is measured on an Agilent 81636B Power
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Meter, connected to a computer via a 16-bit National Instruments DAQ with a maximum
sampling rate of 1 MHz (10 kHz was used, to avoid large files). A polarization controller
(rotator) (P.C.) is placed before the input lensed fiber to ensure optimal coupling (since
the tapered waveguide is designed for the TE mode).

Seeking the maximum output power, the optical alignment of the lensed fibers
is performed using a ThorLabs NanoMax 3-axis Stage for each fiber, with piezoelectric
actuators for higher precision (up to 5 nm). The output spectrum can thus be obtained
at each port by continuously sweeping the laser wavelength. The coupling loss strongly
depends on the polishing procedure, and typical values range between 5 dB and 8 dB for
each side. These values are determined by the output power subtraction from the input
power. This gives us the net loss, however, and it is not possible to distinguish the
individual value for each side (or the propagation losses) using this method.

For a standard SiOs-clad single ring, with 20 um of radius, separated from
the bus waveguides by 200 nm, the following spectra were obtained for the through and

drop ports:
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Fig. 4.9: Output spectra for a standard ring, at the through (blue) and drop (red) ports.

The vertical scale of Fig. 4.9 is normalized, so it is easier to compare both

spectra. Although it would be interesting to compare the absolute output power from
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both ports, such comparison is challenging because it is heavily dependent on the
polishing procedure and the alignment. For the data shown, the drop port maximum
level was 3 dB below the through port.

The reason for the difference in the extinction ratios (through port) and peak
intensities (drop port) is a combination of waveguide dispersion, and the wavelength
dependence of the coupling coefficient and the input/output alignments.

It is clear that the drop port noise level is lower than the through port. Since
light is only collected at the drop port when it is resonant with the ring, the noise for
this port comes from the photodetector and data acquisition board. On the through port,
however, we also have the laser noise, and possibly Fabry-Perot interferences at the chip
coupling and fiber connections, that due to the periods involved are effectively noise
sources. This can be verified by expanding the plot around one of the resonances (1534.8

nm, for example), as seen in Fig. 4.10.
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Fig. 4.10: Detail of one resonance, showing the oscilatory noise on the through port spectrum.

For this particular measured ring, the FSR is 4.4 nm, and the Q factor varies
from 10200 for the 1525 nm resonance, to 5400 for the 1624 nm resonance. This data

matches fairly well the values from the calculated spectra of Fig. 2.15 and Fig. 2.17.
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For the samples with the Al,O; top claddings, the output spectra at the drop
port for two samples are shown in Fig. 4.11. The red curve corresponds to one where the
procedure described in the previous section was employed to replace the top cladding
above the devices only, preserving the SiO, layer on the remaining chip regions. Clearly,
the noise level is higher than on Fig. 4.9, and the maximum output power is 10 dB below
the blue curve, that corresponds to a sample initially without the top cladding layer,

where the deposited Al;Oj; film covers the entire chip.
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Fig. 4.11: Drop port output for samples where the alumina film cover the entire chip (blue), and where

only the devices are covered (red).

The Q factors for the 1547.6 nm (blue) and 1548.6 nm (red) resonances are
8600 and 3800, respectively. This decrease (more than 50%) in the Q factor indicates
that most of the additional loss comes from inside the ring, and is not a result of an
inadequate polishing procedure or poor alignment. A small attenuation is expected at
the top cladding interfaces for the designs from Fig. 4.5, where there is an abrupt
refractive index change. Since resonant light completes a high number of roundtrips
inside the ring (related to the cavity finesse), it is possible that the interface attenuation
is accumulated, leading to a higher energy loss, explaining the substantial Q factor

reduction.
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Also worth mentioning is the small FSR difference between the two spectra,
4.6 nm for the sample with the entire AlLO; top cladding, and 4.5 nm for the sample
where only the rings are covered by the deposited film. This difference is also responsible
for the resonances mismatch, and is caused by the fraction of the ring not covered by
alumina, leading to distinct effective lengths.

Since the higher loss and lower Q factors were consistent across different
samples that underwent the etching procedure before the film deposition, the next section
will only present results from previously unclad samples, so the Al,Os layer acts as the
top cladding for the entire chip. Although these devices possess different coupling
characteristics, the results are not negatively affected. Furthermore, as will be
demonstrated, we were still able to study the individual effects of internal rings on the
output spectra without significant interference from undesired spontaneous or stimulated

emissions.

4.3 Loss Compensation

The setup shown in Fig. 4.8 needs to be modified to perform measurements
of the loss compensation on the fabricated devices. The first step is, of course, to include
the pump laser. The laser used as pump was of the same brand as the signal, with the
same tunability width, but at a lower wavelength range (Agilent 81980A 1465 nm — 1575
nm). This laser has a limited nominal output power of 14 dBm, which in practice varies
with the wavelength. For the wavelengths of interest (~1480 nm), the maximum
measured output power was 11 dBm. According to Section 2.5, this power level is enough
to observe a considerable increase in the output power. However, since there are coupling
losses involved, the pump power entering the ring will be lower (up to 8 dB). An attempt
to compensate this issue involves adopting a pulsed signal scheme, effectively
concentrating the signal photons in a short time window, permitting a higher fraction of

the Er*" ions to return to the excited state before the next pulse arrives. This results in
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a higher (but during a short time) stimulated emission. A HP 8116A function generator
in conjunction with a Covega LiNbOj; intensity modulator created the modulated signal.

Another important step to consider is the pump filtering, since the
photodetector that measures the signal is also sensitive to the pump wavelength. To
ensure the minimum residual pump possible, a WDM filter was employed, in addition to
a counter-propagating pumping setup, in which circulators (with 28 dB of isolation and
1.5 dB of insertion loss) separate the relative backward and forward components, allowing
the signal output to be measured at the primary power meter (PM1), and the remaining
pump output level to be measured at a secondary power meter (PM2). To ensure an
accurate measurement of the signal pulses, a SRS SR200 Boxcar Averager with a 2 ns
Gated Integrator is synchronized to the function generator, and samples the voltage from
the power meter during the pulses only, averaging the data before sending it to the
computer. The entire setup can be viewed in Fig. 4.12a photograph, and is illustrated in

Fig. 4.12h.
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Fig. 4.12: Photograph (a) and schematic (b) of the experimental setup for the loss compensation
measurements.

The first step to characterize the loss reduction effect of the erbium-doped
layer is to set the pump wavelength to a resonance of the selected ring. To achieve this,
the two closest resonances to 1480 nm were found, and the one below this wavelength
was selected (1476.2 nm for the measured outer rings), guaranteeing a higher energy for
the pump photons. To trap the maximum possible energy inside the ring, thus optimizing
the Er** ions pump absorption, the wavelength was carefully swept in steps of 100 pm,
10 pm, and 1 pm, until the minimum pump output power was measured at PM2, when
the lensed fiber was aligned to the through port. Thermal effects can shift the resonances,
so to maintain the pump tuning, the chip mounting base temperature must be controlled
with a Peltier. Nevertheless, the signal laser can also cause a temperature increase, due

to two-photon and free carrier absorptions [86], so a low input power is best suited for
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this experiment, which also benefits the signal enhancement measurement, as
demonstrated in section 2.3.

From the results in section 2.5, the measured signal output power should rise
when the pump power is increased. To first test this concept, and simultaneously verify
the presence of amplified stimulated emission (ASE) and residual pump light, we
observed the drop port output of a 0 dBm input signal, tuned to the 1548.5 nm resonance
of a ring with 20 um of radius. This signal was modulated at 4 kHz at a duty cycle of
50% (resulting in 125 ps pulses), and a Tektronix TDS-1012 oscilloscope was used to
observe the output. To tune the signal wavelength to the resonance, the same procedure
described above was used, where the lensed fiber was aligned to the through port, and
the wavelength was carefully adjusted until the minimum output power was measured
at PM1.

The result can be seen in Fig. 4.13, for the conditions when the pump is
disabled or enabled (CW). It is important to notice that for the second case, the signal
wavelength needs to be adjusted to the new resonance position, due to the shift caused

by the thermal effects from the relatively high pump power.
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Fig. 4.13: Pulsed signal verification. When the pump is turned on, the output power increases 0.4 dB.

We can see that when the pump is enabled, the signal increases. As previously
mentioned, it is difficult to individually attribute an exact value to each coupling loss
present, and consequentially it is just as difficult to know the exact signal power at the

ring input and output, preventing the measurement of internal optical gain (the optical
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gain inside the device, not considering the coupling losses). Therefore, to present a
quantitative analysis of the power increase, we can define the signal enhancement, in dB,

as:

SE = 10log (‘l) (4.1)

Posf

Here Po, is the output power with the pump on (10 dBm), and Py the output power
with the pump turned off. For this measurement, SE = 0.4 dB, a small but clear and
significant observation, considering that the measurement parameters (such as pulse
width and repetition rate, and input power) were not optimized. We can also notice that
the noise level remains constant during the measurement, and the power is only increased
within the pulse duration. This indicates that the increase in output power when the
pump is enabled, happening exclusively when the signal is present, is not due to residual
pump light bypassing the circulator, and thus our isolation/filtering setup is sufficient
for these measurements. Additionally, this observation also reassures us that the ASE
that is generated on the bus waveguides does not contribute significantly to the measured
output power. In case the power increase would also be present outside the pulse
duration, these two issues would become significant, and the designs from Fig. 4.5 would
be necessary to avoid them.

Following the confirmation of the increase in output power, the next step
before the final measurements was to optimize the pulse duration and repetition rate,
aiming to obtain the maximum signal enhancement. Using the same setup and procedures
as the last measurement, the data from Fig. 4.14 was obtained, but now for a resonance

at 1534.3 nm.
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Fig. 4.14: (a) Signal increase for varying pulse widths and repetition rate. (b) Maximum observed
increase for different repetition rates.

From the upper graph, we observe that as the pulse width increases, the signal
enhancement tends to decrease, the 1 kHz case being the exception. In addition, the
enhancement is higher as the repetition rate decreases, peaking at 1.11 dB for 10 kHz.
The explanation for this is that for shorter pulses and lower repetition rates, Er*" ions
have a higher probability to absorb a pump photon and reach the excited state before
the next signal pulse arrives. However, if the repetition rate is too low, the probability
of ions decaying via spontaneous emission increases at the same time, explaining the peak
at 10 kHz followed by a lower result for 1 kHz.

The blue curve in Fig. 4.14a, corresponding to the 1 kHz case has a different
behavior than the rest, as the signal enhancement increases for pulse widths higher than
100 ps. This is explained by the fact that, as the spontaneous emission for this curve is
relatively high, there is a high fraction of lost pump energy, causing this repetition rate
to be very inefficient for this purpose. Nevertheless, when the pulse width increases,
effectively increasing the duty cycle, there is a shorter time at which this undesired effect
happens, and a fraction of the light that was emitted via spontaneous emission is now

emitted via stimulated emission, contributing to the output power increase.
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Although the optimal repetition rate according to Fig. 4.14b is 10 kHz, a
repetition rate of 100 kHz and pulse width of 50 ns were chosen for the subsequent
results, to minimize the possible spontaneous emission and prevent loss of data due to
the SR200 averaging. It is important to address the fact that there is a trade-off between
file size (and processing time), measurement time, resonance definition (related to the
wavelength resolution), signal enhancement, and averaging. With this choice, we
obtained data files with 160000 points, during 16 seconds measurements (wavelength
sweep of 5 nm/s), resolution of 0.5 pm, with 4 sample averages. This results in a negligible
SE reduction from the optimal case (1.11 dB to 1.09 dB).

As mentioned in section 4.1, besides the Er-doped Al,Os; film, an undoped film
was deposited on some of the samples as well. These control samples underwent the same
thermal annealing process, and focusing on a resonance close to 1550 nm, we can compare
the drop port output power from both samples, for the pump turned off and on (10 dBm)

conditions. The results can be seen in Fig. 4.15.
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Fig. 4.15: Drop port output for an undoped (a) and doped (b) sample, with the pump turned off and on
(10 dBm).

Besides a small thermal red-shift, the behavior from each sample is

significantly different when the pump is turned on, and we can see a 0.6 dB increase for

the Er-doped sample. No mensurable increase can be seen in the undoped case. Again,

this confirms that the signal increase is not residual pump light, and in fact is a result of
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the stimulated emission from the Er*" ions. The small difference on the resonance
wavelength can be attributed to a fluctuation of the film quality during deposition,
effectively changing the refractive index.

For a wavelength sweep from 1520 nm to 1580 nm, using a sample with two
internal rings (5 pm of radius), the resulting spectra for the pump on (10 dBm) and off
conditions can be seen on Fig. 4.16. In addition, the pump wavelength region is also
present on the same plot.
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0.g [ — Pump Only (-20 dBm) i
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ring pump ring pump
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0.0

Fig. 4.16: Drop port output spectra for a sample with two internal rings, for the disabled (red) and
enabled (blue) pump conditions, tuned to an outer ring resonance, indicated in green. Resonances from
the internal rings are indicated by black arrows.

The pump wavelength used is indicated on the green curve, corresponding to
a resonance at 1476.2 nm (external ring). For most of the resonances, there is a clear
increase in output power when the pump is enabled, the notable exceptions being the
inner ring resonances, indicated by black arrows, displaying a greatly reduced output
power, as predicted in section 2.4. If we plot the signal increase as a function of the
wavelength for each of the outer ring resonances shown, the result in Fig. 4.17a is

obtained, in linear scale.
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Fig. 4.17: (a) PL of the Er-doped ALO; film (left axis) and output power increase (right axis). (b) Signal
enhancement in function of pump power, for different outer ring resonances.

Comparing these data with the sample’s PL spectrum (obtained by the
method described in section 3.2), we notice a high similarity. Since the PL and erbium
emission cross-sections are closely related, this result is an additional confirmation that
the power increase is indeed an effect of the Er-doped film.

If we now perform the wavelength sweeps with varying pump powers, the
signal enhancement will be different for each measurement. Selecting certain illustrative
resonances (low and high edges of the sweep, highest increase, and closest to 1550 nm),
the graph from Fig. 4.17b can be constructed. We can observe that the signal
enhancement is higher as the pump power increases. In contrast with Fig. 2.21a, there is
no clear saturation present. This is due to the coupling losses effectively decreasing the
pump and signal powers that enter the chip, and consequently decreasing the energy
inside the rings as well. From these results, we confirm that the highest signal
enhancement occurs on the 1534.3 nm resonance, as expected, and the resonance at
1548.5 nm presents a 0.6 dB lower enhancement. The Q factors for these resonances,
displayed in Table 4-1, increase when the pump power is at its maximum (10 dBm), and
the highest improvement, at 1534.3 nm, is 5.7%. These values were obtained by fitting
a Lorentzian curve to the data points and using Eq. 2.32, where the full-width at half
maximum (FWHM) is a fitting parameter corresponding to the resonance width. These

fitted curves are shown in Fig. 4.18.



Table 4-1: Quality factors for selected resonances of a single ring.
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Fig. 4.18: Lorentzian fits of the respctive resonances.
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In accordance with section 2.5, the Q factor decreases as the wavelength

increases, due to the change in the coupling factor. The Q factor increase reaches its

maximum at the 1535 nm region, corresponding to the PL intensity and the emission

cross-section peaks. This change in the quality factor can be interpreted as loss reduction,

since it is equivalent to a decrease of energy dissipation per roundtrip, an additional

confirmation that the attenuation is being compensated.

To complete this first analysis, we can compare the data from Fig. 4.17a and

Fig. 2.21b, as shown in Fig. 4.19.
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Fig. 4.19: Comparison between the simulated and experimentally obtained spectral signal enhancement
for external ring resonances.

The data are clearly consistent, and the measured signal enhancement
deviates only 2% from the calculated value at the 1535 nm region. This is an important
verification of the model developed in Chapter 2, before proceeding with the analysis
performed in the next section.

To analyze the behavior of the inner rings resonances, the pump wavelength
needs to be tuned to a value corresponding to one of these, as close to 1480 nm as
possible. From the green curve of Fig. 4.16, we can see that 1479.6 nm is an appropriate

choice, and performing the wavelength sweep for this pump condition yielded the spectra

in Fig. 4.20.
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Fig. 4.20: Drop port output spectra for for the disabled (red) and enabled (blue) pump conditions, tuned

to an inner ring resonance. Resonances from the internal rings are indicated by black arrows.
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The output spectrum itself is very similar to the case where the external ring
is pumped, but when the pump on/off behavior is examined, both cases become very
distinct. There is a slight (< 0.1 dB) output power increase for a few of the outer ring
resonances. For the internal rings, however, we can observe a stronger signal
enhancement, as opposed to the previous pump wavelength. Since the FSR for the smaller
rings is higher, only 4 resonances are contained within the sweep range (1520 nm to 1600
nm). As such, it is not possible to perform a detailed analysis of the spectral enhancement
as shown in Fig. 4.17a and Fig. 4.19. From the three resonances that present output
power increase (1537.0 nm, 1556.2 nm and 1577.8 nm), the one at 1556.2 nm is clearly
the most efficient, where the signal was improved by 2.6 dB. This resonance is indicated
by a circle on both Fig. 4.16 and Fig. 4.20, and is shown in detail in Fig. 4.21a. Comparing
the signal enhancement from this resonance with the one at 1534.3 nm (when the external

ring is pumped), we obtain the curves in Fig. 4.21b.
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Fig. 4.21: (a) Detail of the 1556.2 nm resonance when the pump is tuned to a internal ring resonance
(enabled and disabled). (b) Comparison between the signal enhancement for the 1556.2 nm and 1534.3
nm resonances.

The signal enhancement is significantly higher for this internal ring resonance
(2.6 dB), compared to the external ring (1 dB). This is an indication that a photonic
molecule has a higher potential for optical loss reduction, or even amplification. Due to

the higher Q factor, light remains trapped in the devices for a longer period of time. This
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is analogous to a longer amplifier, which according to section 2.3, is capable of providing
a higher gain if the pump power is sufficient.

If we now focus our attention to the output power of the inner rings
resonances, it is clear that the absolute loss will be very high for the resonances near
1537 nm and 1556 nm, but lower near 1578 nm and 1596 nm. This difference can be
explained by small deviations between designed and fabricated dimensions (as low as 100
nm in 31 pm of perimeter), causing a Vernier effect that leads to the higher distance
between the inner and outer rings resonances observed at lower wavelengths. As the
proximity between these resonances increases, light trapped in the inner ring has a higher
chance of coupling back to the external ring, thus exiting via the drop port. The output
power of an inner ring resonance can be increased if it is brought closer to one
corresponding to the outer ring. This can be done via careful design and fabrication or
active control [87], and would be of special significance for the wavelength region within
the Er emission bandwidth. The Q factor of such resonances, however, decreases at the
same time, so a trade-off exists, and an optimal design can be obtained for the intended
application.

It is important to notice that due to a high Er concentration, a strong green
luminescence results from the pumping process, allowing us to verify the location of the
highest light accumulation. In Fig. 4.22a and Fig. 4.22b we can see the luminescence
resulting from the pump at 1476.2 nm (external ring) and 1479.6 nm (internal ring),
respectively. At high pump powers, this green light emission is even visible to the naked

eye, as seen in Fig. 4.22c.



93

Fig. 4.22: Green luminescence when the sample is pumped at a external (a) and internal (b) ring

resonance wavelength. The luminescence is even visible to the naked eye (c).

This phenomenon happens when an Er** ion at the excited state (‘I13/2) absorbs additional
photons, either from the pump or signal lasers, and is promoted to the Iy level,
eventually reaching the *S;» or *Hii states. When the ion returns to the ground state,
via spontaneous emission, a photon with the corresponding energy is emitted (530 nm or
550 nm, respectively). Since photons are being absorbed and are not reemitted at the
signal or pump wavelengths, the stimulated emission potential is degraded [39] [88]. To
mitigate this effect, the device can be co-doped with Ytterbium, which absorbs the pump
energy and transfers it to the erbium ions, so a higher amplification can be achieved.
When applied to a high-Q cavity, this can enable the design and fabrication of amplifiers
and lasers based on Er/Yt-doped materials [89]. An additional method to further increase
this potential is to employ slot waveguides on photonic molecules, which greatly enhances

the overlap between the mode energy and Er-doped cladding, since light travels between
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two high-index walls [43] [44]. With this, it should be possible to create compact lasers
on silicon with CMOS compatible technologies.

The last step of the analysis of our experimental results is to obtain the Q
values for the resonance of Fig. 4.21a. As before, by fitting a Lorentzian curve to the
spectrum, we can obtain the FWHM, related to the Q factor. When unpumped, this
value is approximately 40000. When the pump is turned on, however, the quality factor
is very close to 50000, representing a 25% increase.

If we consider an undoped device with this Q (50000), with the same
dimensions as before but a different coupling gap, and calculate the output power of this
resonance using the formalism in sections 2.4 and 2.5, the insertion loss would be
approximately 3.6 dB. Doing the same for a doped device with this enhanced Q value,
the loss would decrease to approximately 0.2 dB. From a device design point of view, the
signal output power and QQ enhancement we measured would be equivalent to a loss
reduction of 3.4 dB, since it should be possible to obtain a photonic molecule with the
same dimensions and resulting QQ factor desired, but with a much lower insertion loss
when an Er-doped cladding is considered.

This observation enabled us to perform an additional (theoretical) study of

the loss reduction from this perspective.

4.4 Designing Low-Loss Compact High-() Devices

If we extend the formalism from section 2.5 to include the matrix equations
for a photonic molecule with two internal rings, as the one in Fig. 2.18b, and focus on
one of the internal rings resonance, we obtain the drop port output spectra shown in Fig.
4.23a, detailed in Fig. 4.23b. The internal rings radius was adjusted to match the location

of the equivalent measured resonances (r = 5.104 pm).
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Fig. 4.23: Calculated drop port output spectra for a photonic molecule with two internal rings (a), and
zoom of the internal rings resonances (b).

As in the measured results, we see that the output power increase is higher
for the internal rings resonances, reaching 3.6 dB, as opposed to 0.6 dB for the external
ring. The Q value of the inner resonances is 96700, increased to 265500 when the pump
is turned on. Since these calculations consider that the entire device is pumped at the
same time, the enhancement is present for all resonances. The signal enhancement and
Q values obtained for the inner rings resonance are higher than the measured ones (2.6
dB, Q of 40000 increased to 50000). A possible explanation is that, since these resonances
present a higher Q, a photon performs more roundtrips on average before exiting the
ring. A small difference in the parameters considered can lead to a higher deviation from
the calculated values. Additionally, since the inner rings are smaller, it is possible that
curvature losses play a larger role on the experimental results. We did, however, consider
these losses for the presented results (0.005 dB/turn, or 0.003 dB/rad) [90], but they
may differ from the real values.

Despite the difference between these values, we can still take advantage of
the developed model to predict the behavior of similar devices, but with varying coupling
distances. The graphs in Fig. 4.24a show the resulting signal enhancement (ratio between
the output powers with the pump turned on and off) in function of the separation gaps,
considering the external and internal rings resonances at 1553.9 nm and 1556.35 nm,

respectively. For simplicity, the gap is considered the same on all coupling regions.
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Fig. 4.24: Signal enhancement for external and internal rings resonances in function of the separation gap
(a) and resulting Q factor (b).

This result shows us that, again, the internal ring resonances present a higher
signal enhancement, reaching 11.5 dB for a 300 nm gap, compared to 7.5 dB for the
external ring resonance with a gap of 400 nm. For gap distances higher than the ones
showed, the spectra start to diverge, due to the very low coupling coefficient (k < 0.03).
For each of the obtained data points, we can calculate the resulting Q factor (when the
pump is turned on), from the FWHM of the fitted Lorentzian curve. Thus, the graph in
Fig. 4.24b can be constructed. We see that the signal enhancement seems to depend
mainly on the Q factor, but that is only the case because the waveguide characteristics
of the rings are the same (including the separation gaps). Nevertheless, it is clear that
by employing internally coupled rings, it becomes possible to obtain higher Q) factors on
the same chip area.

In addition to the signal enhancement, we can plot the relative output power
as a function of the quality factor, for both doped and undoped devices, resulting in the

graphs from Fig. 4.25.

6.0



97

=== Undoped Device Output === Er-doped Device Output
41 (a) 0t ] (b)
ExternalRing . - : ®e. _— Internal Rings
Lm0 e Tt e .
—~ 2% —~ -5¢% . =
g/ -0 % ~\ .
& Le® o o
g 0';:. ---------------------------- g-10 i v
o .. o .
3 . 3 °
o of C._15¢ .
. °
°
0.0 0.5 1.0 1.5 2.0 0.0 2.0 4.0 6.0
Q Factor (x10°) Q Factor (x10°)

Fig. 4.25: Relative output power for undoped and doped devices, considering external (a) and internal
(b) rings resonances.

As the first calculations for a single ring show (section 2.5), it is possible to
obtain a small optical gain. When this value is compared to the loss introduced by an
undoped device, designed to present the same Q factor as the doped one, we can conclude
that the effective loss reduction of this technique is even higher than the observed power
increase. As the Q factor increases, the output power of the undoped device decreases,
while increasing for the Er-doped clad ring. This effect is clearer when we consider the
resonances from the internal rings (Fig. 4.25b). Although there is no optical gain, the
output power for the undoped case decreases much faster than for the case where this
method of loss reduction is applied. As an example, for a Q factor of approximately 1.5
x 10°, the undoped insertion loss is higher than 15 dB, decreasing to less than 1 dB for
the doped case.

For a clearer visualization of the loss reduction impact, we can plot the
difference between the output powers as a function of the @ factor, and the results can

be seen in Fig. 4.26.
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Fig. 4.26: Effective loss reduction for external and internal rings resonances.

The loss reduction for both cases increase with the Q factor, but the rate of
increase is higher for the internal rings, reaching 17 dB for the Q = 1.5 x 10° case. For
the extreme situation (Q = 6 x 10°), the total attenuation is reduced to only 5 dB from
an (extrapolated) initial value of more than 30 dB. This represents a loss reduction of
more than 25 dB.

These results show that the process of employing Er-doped claddings for loss
reduction can enable applications of compact high-Q devices based on photonic
molecules, such as routers or narrow bandpass filters where low insertion losses and
reduced chip area usage are important considerations. A device presenting an insertion
loss of 15 dB is not suitable for most ends, but if this value is reduced to 1 dB, the
number of applications increase dramatically, with the benefit of using the same design

without additional chip area sacrifice.

4.5 Chapter Summary

This chapter covered the experimental portion of the work related to the
application of Er-doped ALOQOj; films as claddings of Si Photonics devices based on ring
resonators. The fabrication process was detailed, focused on the post-processing steps
performed on samples manufactured in a SOI foundry. The basic characterization of the

devices was described, and the results discussed, not diverging from the predicted
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behavior from the theoretical model. When the devices were pumped, it was possible to
observe an increase of the output power, confirming the potential for loss reduction of
the method. Finally, the model developed in Chapter 2 was extended to include the
internal rings, and additional analyses were performed to study the effective loss
reduction provided by this technique from a device design point of view, where devices
with high QQ occupying a small chip area were demonstrated to be possible.

The next chapter will describe the study of the application of Er-doped AlO;
films to III-V materials, focusing on the compatibility between the processes involved in
the films fabrication and the delicate epitaxial structure from InGaAs/GaAs quantum

well lasers.
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5. Er-doped AIl203 Films for III-V

integrated Photonics

Although it was demonstrated that Er-doped Al,Os; films applied to Si
photonics opens new possibilities for compact devices and cavities with a high quality
factor, another interesting question is the possibility of application of these films on III-
V devices. The high temperature processes involved in obtaining the films can lead to a
degradation of the III-V electrical and optical characteristics, and this appendix will
detail the study of these effects on InGaAs/GaAs Quantum well (QW) lasers, with the
intent to evaluate the possibility of a conceptual monolithic Er-Doped Waveguide

Amplifier (EDWA).

5.1 Concept

It has been mentioned that EDFAs had a major role in today’s internet
development, and signal attenuation is a relevant concern in silicon photonics.
Considering the eventual connection between two distinct Si photonic devices where the
signal intensity needs to be increased, the availability of a compact monolithic amplifier
would be of great interest. In this context, the possibility of an Er-doped waveguide
amplifier built on the same substrate as its pump laser is a promising study. This

conceptual device is shown in Fig. 5.1.
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Fig. 5.1: (a) Illustrative representation of the entire device and (b) the coupling between the laser and
tapered waveguide.

A bi-directional pump scheme is shown in Fig. 5.1a, where two lasers are
fabricated on the substrate, and an Er-doped Al,O; spiral waveguide is created on the
space between them. Two additional tapered waveguides are used to couple light from
the lasers into the main waveguide via evanescent field. Light from the laser is directly
coupled to the tapered waveguides (Fig. 5.1b), and the distances and dimensions involved
are such that the modes from each one of the waveguides (laser and Al,Os) have a high
overlap, resulting in the highest coupling efficiency possible.

The pump lasers, emitting at 980 nm, excite the Er*" ions present in the
waveguide, and as the signal light (1520-1570 nm) travels along the spiral, it is amplified
via stimulated emission, eventually exiting the device.

Conceptually, this device is an attractive project, despite certain fabrication
difficulties such as the coupling regions. But one issue of particular concern, that will be
studied in this chapter, is the high temperature annealing involved in the “activation” of
the Er-doped film, as described in Chapter 3. Since many III-V devices, including 980
nm pump lasers, possess a delicate epitaxial structure, an 800 °C annealing can degrade
the device’s electrical and optical properties. It is possible to study the effects of this
procedure on the emission characteristics of lasers, if the standard SisN, insulating layer

is replaced by an Er-doped Al;O; film and the sample is subject to the high temperature
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annealing. Comparing the results with a control sample (same alumina insulating layer,

but no thermal treatment), it is possible to evaluate the feasibility of this proposal.

5.2 Basic Semiconductor Laser Theory

Semiconductors are materials whose electrical conductivity values are usually
between those of dielectrics and conductors such as metals. The particular crystal
structure of the semiconductor’s molecules and their respective interaction lead to the
existence of energy bands, similar to energy levels in molecules, responsible for not only
this conductivity effect, but light emission, absorption, and electrical rectification as well,
among others. As an example, the crystal structure of Si and GaAs are shown in Fig.

5.2a and Fig. 5.2b, respectively.

A

(@)

Fig. 5.2: Silicon (a) and Galium Arsenide (b) crystal structures.

By solving Schrodinger’s equation for an electron in a periodic structure, for
certain particular directions, it is possible to find the allowed energy states this electron
can be in, often leading to gaps corresponding to “forbidden” energies [91]. Following the
example above, Fig. 5.3a and Fig. 5.3b show the results for Si and GaAs. Since instead
of well-defined discrete levels we have continuous “bands”, this result is referred to as

the band diagram of the material.
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Semiconductors can emit light via radiative carrier recombination processes,
where an electron in the conduction band is combined with a hole from the valence band,
and a photon possessing the energy difference between these bands (energy gap) is
emitted. Although the only difference between the Si and GaAs crystal structures is the
existence of two different atoms in GaAs, their band diagrams show a very important
distinction: Si has an indirect gap. This means that the recombination process is usually
non-radiative, since a phonon absorption or emission is necessary to shift the photon’s
momentum. A consequence of this fact is that Si is not an efficient light emitter,
hampering the development of all-silicon integrated photonic circuits.

To understand the dynamics involved in a semiconductor laser, we can
assume that it is composed of a waveguide with an active region, that is, where carriers
can be excited and photons generated, enclosed by two mirrors forming a cavity. To
induce light emission on this structure, an electrical current can be applied to create
electron-hole pairs (electrons at the valence band are promoted to the conduction band,
leaving a vacancy), that can be recombined radiatively. The rate of change of the pair

(or carrier) density N can then be written as [92]:
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Ezq_V_Rsp_Rst_Rnrz____Rst- (5-1)

On this equation, 7;is the fraction of the current that is due to recombination
in the active region, I is the applied current, ¢ the electron charge and V the volume
where carriers can be generated. The R,,, Ry and R, are terms corresponding to the rate
of recombination via spontaneous emission, stimulated emission, and non-radiative
processes, respectively. The non-stimulated recombination terms can be written in terms
of the average carrier lifetime =

Since photons are being generated, we can also write the respective density

(N,) rate of change as:

dN. N,
14 4
- " I'(Ry, + Ryr) - (5.2)

14

where I"is the confinement factor and 7p is the average photon lifetime. The confinement
factor is important because we are only interested in photons that remain inside the laser
waveguide. Considering that these photons travel along the waveguide and can stimulate

additional photon emissions, after distance 4L, we can write:
N, + AN, = NpegAL. (5.3)
The quantity g introduced on this equation is called the gain coefficient, and
represents the light intensity increase per unit length. If we consider a very small distance
and introduce the group velocity v,, Eq. 5.3 can be approximated as:
N, + 4N, = N, (1 + gAL) - AN, = N,gv,At. (5.4)
This leads us to:

AN,

A_t = Rst = Npgvg. (55)

Considering a stationary state (dN,/dt = 0), Eq. 5.2 becomes:

dN

N, I'R
—L=0=T(Ry, +Npgvg)—r—”—> N, =
p

°P (5.6)

dt T, —I'gv,’
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From this equation, we can see that as the term representing the photon
increase (/gv,) approaches the term representing the losses (7p), the number of photons
tends to infinity. This is called the threshold condition, that is, when lasing starts to
occur. It is important to notice that ¢ depends on the injected current, and for I > I, ¢

= gu. This can be written as:

g = goln (L> (5.7)

Ly
Here, I, is the transparency current (the necessary current so that the optical loss is
effectively zero), and ¢y is the material gain coefficient.
It is possible to define a loss coefficient in terms of the waveguide attenuation
coefficient a, the cavity length L, and the mirrors reflectivity R, so that at the threshold,

since the gain approaches the total loss coefficient, we can write:

1 1
Ien = a+zll’1 (E) (5.8)

Thus, Eq. 5.7 can be rewritten as:

1

In(l,) = In(l,,) + i [a + %m (E)] . (5.9)

This equation means that if we can determine I, the waveguide attenuation coefficient,
and the laser mirror reflectivity, the material gain coefficient can be found. The threshold
current can be experimentally determined by the behavior of the emitted light intensity

in function of the applied current. A qualitative representation is shown in Fig. 5.4:
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Fig. 5.4: Qualitative representation of the emitted light intensity in function of the applied current.

From this graph (also referred to as the L x I curve), we see that there is an
abrupt change in the curve inclination (rate of photon emission), representing the
threshold condition. By extrapolating the section with the highest inclination (above
threshold), we can determine the threshold current at the point where the extrapolation
crosses the current (x) axis at zero intensity (y).

To determine the waveguide attenuation coefficient, the concept of external
(7.) and internal (7;) quantum efficiencies can be used. The external value is the ratio
between the number of extracted photons and injected electrons, while the internal is
relative to the number of photons generated internally. If we define the extraction

efficiency (77,) as the ratio between the number extracted and internal photons, we can

write:
1, (1
Zin(=
a
Ne = ol = ma—m = le—(R)l ; (5.10) (i)
T a+pin(g)
1 1 1 alL
=i (5.10) (ii)

Ne M Mip )
This equation establishes a relationship between the internal quantum
efficiency, waveguide attenuation coefficient, and the external quantum efficiency, which
is straightforward to obtain experimentally from the above-threshold slope of the L x I

curve (considering that light intensity from only one facet is measured):
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(5.11)

These equations allow us to obtain several characteristics of the laser by
measuring the power output in function of the applied current, a very important
conclusion if the performance of a laser needs to be evaluated, as will be demonstrated

in the next sections.

5.3 Laser Design and Fabrication

The first step of the proposed investigation is the design of the lasers.
Following up on the concept that this is going to be applied to an Er-doped waveguide
amplifier, the emission wavelength needs to be suitable for erbium pumping. Since 980
nm is the most widely used wavelength on EDFAs, it is a convenient choice. To achieve
this, a strained InGaAs/GaAs quantum well structure was chosen [93]. The development
of the complete epitaxial structure is out of the scope of this document and can be found
in the literature [94], [95]. The wafers were fabricated at Spire Semiconductors, containing

the following layers:

Table 5-1: Epitaxial structure of the 980 nm laser.

Layer Material Mol. Fract. (x) | Thickness (um) Doping/Type Dopant
13 GaAs - 0.10 > 5 x 10¥/p++ Zn
12 GaAs - 0.10 ~3 x 10Y/p+ Zn
11 In(x)GaP 0.49 0.19 1 x 10%/p Zn
10 In(x)GaP 0.49 0.91 6 x 10'/p Zn
9 In(x)GaP 0.49 0.05 2 x 10Y/p Zn
8 GaAs - 0.006 2 x 10Y/p Zn
7 In(x)GaP 0.49 0.10 2 x 10Y/p Zn
6 GaAs - 0.10 - -
5 InGa(x)As 0.17 0.007 - -
4 GaAs - 0.10 - -
3 In(x)GaP 0.49 0.15 5 x 10'7/n Si
2 In(x)GaP 0.49 1.05 1 x 10%/n Si
1 GaAs - 0.5 ~2 x 10%/n+ Si
- GaAs - Substrate > 2 x 101 /n+ SiGa
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The quantum well is composed of layers 4 to 6, and the resulting band
structure is responsible for the 980 nm emission. Since the laser needs to be composed of
a waveguide, InGaP layers (2, 3, 7, 9, 10 and 11) with higher doping concentration and
lower refractive index serve as the cladding layers. Layer 8 is called an etch-stop layer,
and its presence does not impact the electrical or optical characteristics of the device.
The purpose of this layer is to ensure that the etching procedures involved the device
fabrication stop at that exact point. The dopants and doping concentrations are chosen
to provide suitable electrical characteristics and appropriate ohmic contacts.

The fabrication procedure is very similar to the ones described in section 4.1,
using optical UV lithography. On samples containing the epitaxial structure from Table
5-1 (Fig. 5.5a), straight lines corresponding to the laser waveguides are written, with 7
pm of width. The sample is then etched in a 1H,SO, + 8H,O, + 40H,0 solution for 30
s, and in a 3HCI 4+ 1H,0 solution for 90 s. As a result, layers 13 and 12, and 11 through

9 are removed from the exposed regions (Fig. 5.5b).
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Fig. 5.5: Laser fabrication steps: InGaAs/GaAs QW sample (a), ridges etching (b), insulating layer

deposition (c¢), window opening (d), metal deposition and lift-off (e), trimming and n contact deposition
().

The next step is the deposition of a dielectric layer, responsible for the
insulation between the several fabricated lasers. The typical material is SizN4, but in our
case, we want to study the possibility of using Al,Os, to evaluate the thermal annealing
effect on the laser. To do that, the same procedure described in section 3.1 was used, but
during a shorter deposition time (1 h) resulting in a film with approximately 100 nm of
thickness (Fig. 5.5¢). At this point, half of the samples were subject to the 800 °C thermal
annealing.

To apply the electrical current, ohmic contacts need to be formed on top (and

bottom) of the laser waveguides. Thus, a new etching step is necessary, to form 5 pm
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wide windows on the AlL,Os layer. After the pattern is marked on the photoresist by
optical lithography, the etching is performed via reactive ion etching (RIE). The plasma
chamber pressure is 30 mTorr, containing SiCly and Ar at flow rates of 10 sccm and 5
sccem, respectively (Fig. 5.5d).

Finally, another (wider) photoresist window is created, and a Ti/Pt/Au alloy
is deposited via electron-beam deposition on top of the sample to form the p electrical
contacts. Using the lift-off technique, part of the metallic film between the lasers (and
thus outside the photoresist window) is simultaneously removed with the photoresist,
due to the specific relationship between its height and those of the photoresist and
waveguides (Fig. 5.5¢).

To form the n (bottom) electrical contact, the sample is trimmed to 100 pm,
and an Au/Ge/Ni alloy is deposited on the bottom part (Fig. 5.5f). A rapid thermal
annealing (RTP) at 420 °C for 30s finishes this ohmic contact. The metallic depositions
and trimming were performed by the Device Research Lab’s (LPD) technician Anténio
Augusto von Zuben.

The last fabrication step is to cleave each sample, so the resulting facets are
perfectly smooth mirrors and a thorough characterization can then be performed. This
procedure also defines laser cavity length, ranging between 250 pm and 1350 pm.
Microscopy and scanning electron microscopy (SEM) photos of a completed laser are

shown in Fig. 5.6.

Probe Pads

HV [ mag WD | curr tilt Spm
5.00 kV (8000 x 4.7 mm | 0.40 nA | 52 CCS/UNICAMP

Fig. 5.6: Top-view microscopy photo (a) and SEM picture of the facet (b) of a completed laser. The large

squares are pads to assist the electrical probe contact.
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5.4 Laser characterization

Before the main characterization of the fabricated lasers, unprocessed
InGaAs/GaAs QW samples were subject to annealing at different temperatures for 30
min, with the intent of measuring the photoluminescence of the material for each
temperature. For values of 600 °C and below, no visual change was observed, but at 800
°C the sample was severely damaged. A second attempt was made, but the AlLO; film
was deposited on these samples before the thermal annealing. No visible damage was
observed, and the PL results, acquired using the setup from Fig. 3.2a, are shown in Fig.
5.7.

e No Annealing e 400 °C 600 °C e 300 °C
1.0 - - -

0.8+

0.6

Intensity (a.u.)

0L : : : : !
900 920 940 960 980 1,000
Wavelength (nm)

Fig. 5.7: Photoluminescence spectra for unprocessed InGaAs/GaAs QW samples subject to thermal
annealing at different temperatures.

The unnormalized amplitude for each measurement is different, which can be
verified by the different noise amplitudes on the graph, but it can be mainly attributed
to small alignment differences. There are, however, two major characteristics that
changed considerably. The first, is that the spectrum is broadened after the annealing,
and the FWHM increases from 21 nm to 28 nm. The second, is that the peak emission
wavelength suffers a blueshift for the procedure at 800 °C, going from 967 nm to 958 nm,

evidence of an alteration at the quantum well structure.
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To characterize the fabricated lasers, the experimental setup shown in Fig.

5.8 was used.

Current/Voltage

Source/Meter

Lensed Fiber

Optical spectrum
Analyzer

Computer

Fig. 5.8: Experimental setup used in the lasers’ characterization measurements.

The first measurement performed was the electrical current value in function
of the applied voltage (also called the I x V curve). Using a Keithley 2400 Sourcemeter
as both the voltage source and current meter, one of its terminals is connected to an
electrical probe, aligned to touch one of the pads from Fig. 5.6a (p contact) using a
microscope. The bottom (n contact) is in direct contact with a gold-coated metallic
sample holder, which is in turn connected to a second terminal on the Keithley 2400. By
sweeping the applied voltage and measuring the resulting current, the I x V curves for

various samples are obtained, shown in Fig. 5.9.
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Fig. 5.9: I x V curves for various annealed (800 °C) and non-annealed laser samples,

Since the samples are composed of a double heterostructure, the I x V curves
are expected to be similar to a diode (p-n junction). From the results, we can see that
this behavior is confirmed, and there are no significant differences between the annealed
and non-annealed curves. A simplified diode characterization model consists of a series
and a parallel resistance connected to an ideal diode. These values can be obtained by
the respective linear sections slopes on the I x V curve. For the series resistance (positive
voltage slope) the average value for the non-annealed samples is (4 + 2) Q, which
increased to (8 £ 3) Q. For the parallel resistance (negative voltage slope), the average
value is 500 kQ for both cases. Although the series resistance increased for the annealed
samples, it is not a cause for concern, since it is still within typical values.

The next measurement to be analyzed is the output spectrum. The optical
output from one side of the laser is collected by a lensed fiber, connected to a HP 70951 A
optical spectrum analyzer. By setting different current values on the Keithley 2400, the

output spectra shown in Fig. 5.10 have been measured for one annealed sample.
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Fig. 5.10: Laser output spectra for different values of electrical current applied.

We can see that as the applied current increases, so does the output power.
Between 20 mA and 25 mA, there is an abrupt increase and narrow peaks are defined,
indicating that the threshold current is in this range. The peak wavelength suffers a small
redshift, mainly due to thermal effects. Small oscillations are present on every spectrum,
a common characteristic of Fabry-Perot laser cavities.

If we compare the above-threshold spectrum from one annealed sample to the

output from a non-annealed one, the results in Fig. 5.11 can be obtained.
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Fig. 5.11: Comparison between the spectra from annelaed and non-annealed samples.
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These curves behave similarly to the photoluminescence measurements and
show a blueshift from 988.1 nm to 978.4 nm when the annealing at 800 °C is performed.
Most of the laser samples presented peak emissions well above 980 nm, thus we can
affirm that, at least in this respect, the thermal annealing has been beneficial to the laser
characteristics, since the erbium absorption cross-section at the 980 nm region can
decrease beyond a 45 nm range.

The last measurements are the L x I curves for various samples with different
cavity lengths. On this experiment, the applied current is swept from 0 to 45 mA, while
a photodiode measures the output optical intensity from one side of the laser and sends
the data to a National Instruments DAQ. To illustrate the difference between annealed

and non-annealed samples, typical results for 250 pm cavities are shown in Fig. 5.12.
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Fig. 5.12: L x I curves for annealed and non-annealed 250 um cavity lasers.

It is clear that after the annealing not only the slope changed (higher quantum
efficiency), but the threshold value also decreased. Before concluding that the laser
benefited from the annealing, a more complete assessment is needed. To this end, the
threshold currents from various samples with varying cavity lengths have been measured,

and the graph from Fig. 5.13 was constructed.
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Fig. 5.13: Threshold current in function of cavity length for several samples. Only the lowest values are
considered when the fitted curves are calculated.

The optimal cavity length (lowest threshold current) for the measured lasers
is within the 300 pm — 400 pm range. For shorter cavities I increases, since the mirror
losses are higher than the gain, which is limited by the cavity length. When the cavity
is too long, however, intrinsic losses start to become significant. Once again, we observe
that the threshold currents for annealed samples are generally lower, with a few
exceptions.

From the L x I curves and Egs. 5.10 and 5.11, the external and internal
quantum efficiencies can be obtained, along with the laser intrinsic loss coefficients. For
the non-annealed samples, 7; = 43% and a = 18 cm’!, while for the annealed ones, 7; =
61% and a =~ 15 cm’'. With these values determined, the lowest current values for each
cavity length in Fig. 5.13 can be fitted by Eq. 5.9 and the material gain coefficients gy =
70 cm™ and go = 79 cm™ could be obtained for the non-annealed and annealed samples,
respectively. The reason why only the lowest values are considered is that higher values
are usually obtained from non-optimal samples or measurements, thus the real material

properties cannot be satisfactorily determined. The probability of a lower threshold
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current being measured by accident or poor experimental conditions is much lower than
the measurement of a higher value.

On Fig. 5.13, the dashed red and dotted blue lines represent Eq. 5.9 plots
with the obtained values considered. We can see that for the non-annealed case, the
curve matches the lower threshold current values very well, while for the annealed case,
there is a significant disagreement. Since the threshold currents deviation is higher for
this case, it makes sense to change the calculated internal quantum efficiency value in
order to obtain a better fit. The best fit, indicated by the solid blue line, is obtained for
n: = 47%, still higher than the annealed case. A summary of the obtained values can be

seen in Table 5-2.

Table 5-2: Summary of the characterization results from the fabricated lasers.

Not Annealed  Annecaled

Peak Wavelength (nm) 988.1 978.4
Diode Series Resistance (£2) 4+ 2 8+ 3
Diode Parallel Resistance (k2) 500 500
Lowest Threshold Current (mA) 19 15
Calculated Internal quantum efficiency 43% 61%
Adjusted Internal quantum efficiency 43% 47%
Loss Coefficient (cm™) 18 15
Gain Coefficient (cm™) 70 80

These results show an overall improvement for the annealed lasers, and a
possible explanation is the improvement of the insulating characteristics of the film after
the annealing, since air pockets and impurities can be removed during this process.
Additionally, the possible improvement of the internal quantum efficiency can indicate

a reduction in the density of defects and current leakage.
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Considering these results, and the fact that the sample was severely damaged
during the thermal annealing when the Al,O; film was not present, we can speculate that
the most critical issue is group V elements evaporation. Our epitaxial structure contains
GaAs, InGaAs and InGaP, and both As and P possess sublimation points near 600 °C,
well below the annealing temperature (800 °C). When the sample is heated above the
sublimation temperature, group V atoms start to deplete while group III atoms start to
migrate, forming metallic clusters. When the alumina film is present, however, this effect
is mitigated, since no vapor can exit the structure.

Therefore, a safe conclusion that can be made is that the high temperature
annealing process necessary for the Er-doped films optimal performance does not have a
negative impact in the behavior of III-V semiconductor lasers, demonstrating that
alumina is a suitable material for insulating layers on lasers, able to replace the standard
SisNy. In addition, ALLO; has the advantage of being an excellent material for Er-doping,
and thus can bring new applications possibilities to III-V integrated photonics, such as

compact integrated optical amplifiers.

5.5 Chapter Summary

In this appendix, a conceptual device involving the integration of a waveguide
amplifier and the respective pump laser on III-V materials has been presented, along
with the concern that the thermal annealing required to achieve the optimal Er-doped
film absorption and emission properties may damage the delicate epitaxial structure
present on semiconductor lasers. For this, the basic semiconductor laser theory was
quickly reviewed, and the epitaxial design and subsequent laser fabrication procedure has
been discussed. The characterization experiments were described, and the obtained
results demonstrate that when the sample is covered by the AlO; film, there is no
deterioration of the laser electrical and optical characteristics. This study, in fact, hints

on the opposite of that.
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6. Conclusion

In this thesis, the relevant studies, ideas, experiments, results and conclusions
of the application of erbium-doped AlQO; films to integrated photonics have been
described in detail. The work has been executed in two main fronts: the application of
these films on devices based on silicon ring resonators, and the evaluation of the
possibility of a monolithic III-V optical amplifier. Both fronts yielded important scientific
contributions to the integrated photonics field.

Regarding the application of Er-doped Al,Os; films on Si devices, a method to
reduce insertion losses originated on ring resonators has been proposed. It consists of the
employment of the films on top of Si photonics devices, and the only post-processing
procedure required is the film deposition, being completely compatible with CMOS
processes. Experimental results show signal enhancement of 1 dB for single rings, and
2.6 dB for photonic molecules. Although not an impressive result for an amplifier, it can
crucially impact the feasibility of complex circuits where several of these devices are
cascaded.

Not limited to loss reduction, this method can also be used to obtain devices
with higher quality factors, without increasing the occupied area. The model developed
shows that for most high-Q applications there is a trade-off between ring radius and loss,
but when a gain media is considered, in this case the Er-doped cladding, this trade-off is
minimized and very compact devices with high-Q and low insertion losses are possible.
From the experimental results, for a device with Q = 50000 the effective loss reduction
is more than 3 dB.

Considering the application of the developed films on III-V devices, which is
described in detail in Chapter 5, a monolithic erbium-doped waveguide amplifier is an
attractive idea. However, since some III-V epitaxial structures (especially those involved

in lasers) can be very sensitive to high-temperatures, there is a concern of whether such
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device is possible, since the AlLO;:Er*t film requires thermal annealing at 800 °C to
optimize its optical absorption and emission characteristics. By fabricating and
characterizing InGaAs/GaAs QW lasers emitting at 980 nm using annealed and non-
annealed Er-doped alumina as the insulating material, it became clear that as long as
there is a robust protective layer preventing group V (As and P) materials from
evaporating, no negative impact on the laser characteristics will occur. Thus, this
material can be safely used for light amplification on III-V devices, despite the high-
temperature annealing process involved.

Overall, the work described in this thesis evidences the opening of many
application possibilities in integrated photonics, from compact and efficient photonic
filters/routers on Si, to monolithic optical amplifiers on III-V materials. Future work on
the topics discussed here include, but are not limited to, the experimental study of the
maximum Q-factor enhancement of a Si ring resonator and photonic molecule in function
of the occupied area, the study of complex routing circuits based on resonators and the
maximum concatenable number of devices before complete signal degradation, and finally

the execution and characterization of a monolithic EDWA.
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