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Abstract

Silicon photonics (SiP) has evolved into a mature platform for cost-effective low power
compact integrated photonic microsystems for many applications. There is a looming
capacity crunch for telecommunications infrastructure to overcome the data-hungry future,
driven by streaming and the exponential increase in data traffic from consumer-driven
products. To increase data capacity, researchers are now looking at the wavelength window
of the thulium-doped fiber amplifier (TDFA), centered near 2 um as an attractive new
transmission window for optical communications, motivated by the demonstrations of low-
loss, low nonlinearity, and high bandwidth transmission. Large-scale implementation of
SiP telecommunication infrastructure will require light sources (lasers) and amplifiers to
generate signals and boost transmitted and/or received signals, respectively. Silicon (Si)
and silicon nitride (SisN4) have become the leading photonic integrated circuit (PIC)
material platforms, due to their low-cost and wafer-scale production of high-performance
circuits. Silicon does however have a number of limitations as a photonic material,
including that it is not an ideal light-emitting/amplifying material. This proposed research
pertains to the fabrication of on-chip silicon and silicon nitride lasers and amplifiers to be
used in a newly accessible optical communications window of the TDFA band, which is a
significant step towards compact PICs for the telecommunication networks. Tellurium
oxide (TeO) is an interesting host material due to its large linear and non-linear refractive
indices, low material losses and large rare-earth dopant solubility showing good

performance for compact low-loss waveguides and on-chip light sources and amplifiers.
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Chapter 1 provides an overview of silicon photonics in the context of particularly rare
earth lasers and amplifiers, operating at extended wavelengths enabled by the Thulium
doped fiber amplifier. Chapter 2 presents a theoretical performance of waveguides and
microresonators as the efficient structure for laser and amplifiers applications designed for
optimized use in Erbium and Thulium doped fiber amplifier wavelength bands. Then
spectroscopic study thulium (Tm?®*) has been studied as the rare earth element for Thulium
doped fiber amplifier wavelength bands. Chapter 3 presents an experimental study of
TeO.:Tm?* coated SisN4 waveguide amplifiers with internal net gains of up to 15 dB total
in a 5-cm long spiral waveguide. Chapter 4 provides a study of TeO2: Tm3"-coated SisN4
waveguide lasers with up to 16 mW double-sided on-chip output power. Chapter 5 presents
an experimental study of low loss and high-quality factor silicon microring resonators
coated with TeO, for active, passive, and nonlinear applications. Chapter 6 represents the
first demonstration of an integrated rare-earth silicon laser, with high performance,
including single-mode emission, a lasing threshold of 4 mW, and bidirectional on-chip
output powers of around 1 mW. Further results with a different design are presented
showing lasers with more than 2 mW of double-sided on-chip output power, threshold
pump powers of <1 mW and lasing at wavelengths over a range of > 100 nm. Importantly,
a simple, low-cost design was used which is compatible with silicon photonics foundry
processes and enables wafer scale integration of such lasers in SiP PICs using robust

materials. Chapter 7 summarizes the thesis and provides paths for future work.
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Chapter 1

Introduction

1.1 The TDFA Window

There is a looming capacity crunch for telecommunications infrastructure to overcome a
data-hungry future. This is a result of the exponential increase in data traffic demanded by
consumer-driven products, such as smartphones; and platforms such as Netflix, and
Facebook. As a consequence, this demand for increased bandwidth is presenting a

significant technological challenge.

Encoded data is transmitted via optical signals from the data center to consumers
through low-loss optical fibers across many kilometers of distance. Photonics and
electronic engineers are doing research to develop techniques to deal with the looming
“capacity crunch” as data transmission rates grow into the ‘Zettabyte Era’ [1]. To address

earlier growing bandwidth demands in the 1990’s, the industry turned to higher wavelength
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windows. Using a similar approach, telecommunication infrastructure is now being
developed around the wavelength of 2 um, an attractive transmission window for optical
communications, due to the demonstrations of low-loss, low nonlinearity high bandwidth
transmission, and high-capacity optical communications with low latency that minimize
impairments. For instance, hollow-core bandgap fibres or antiresonant hollow-core fibers,
supporting optical signals at 1.9-2.1 um wavelengths aim to reduce nonlinearities while
improving latency with low-optical loss [2-4], experimentally measured as 2 dB/km for 2

um in a 4-km-long hollow-core photonic bandgap fibre [3].

Light sources (lasers) and amplifiers are required to generate signals and to compensate
inherent signal loss due to absorption and scattering and boost transmitted and /or received
signals, especially for ultra-long-haul applications. Thulium-doped fiber amplifiers
(TDFASs) are conveniently centered near 1900 nm [5]. The TDFA has a demonstrated gain
bandwidth of over 240 nm (approximately three times larger than the erbium-doped fiber

amplifier (EDFA)) [5].

In addition to telecommunication, this extended wavelength range is suitable for other
applications. The wavelength range around 2 pum is “eye safe”. As such, the TDFA window
offers advantages for free space applications which include light detection and ranging

(LIDAR) [6], medical diagnostics and therapeutics [6], and environmental sensing [7].

1.2 Integrated Silicon and Silicon Nitride Photonics

Silicon photonics (SiP) is revolutionizing telecommunications by delivering cost-effective,

scalable solutions for high bandwidth optical communications, with low power

2
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consumption and integration with low power consumption and integration with electronics
[8,9] using mature Complementary-Metal-Oxide-Semiconductor (CMOS) manufacturing
technology. Silicon photonics foundries now provide standard process design kits including
many of the building blocks for high-performance optical circuits, containing passive
devices such as optical waveguides, (de) multiplexers and filters as well as active
optoelectronic devices such as high-speed modulators, photodetectors, and switches [10—
12]. Silicon-On-Insulator (SOI) wafers composed of thin layers of silicon with typically
220 nm - 400 nm thickness on a buried-oxide (BOX) layer [13], confine light through the
large refractive index contrast between silicon and silicon-dioxide (SiO2). Both are
transparent at wavelengths between 1100 — 2500 nm [14]. For applications requiring a
small form factor, silicon has emerged as an ideal platform for compact, low-loss, and high-

speed 2-pm integrated photonic devices and systems [15].

Integrated optics implies the integration of various optical devices, on the same platform,
which in the case of silicon photonics, can be repeated multiple times across the SOI wafer
[16]. Significant progress has been made in the five decades since the concept of integrated
optics was introduced [17]. Silicon was suggested as an integrated photonics platform in
the mid 1980’s and silicon photonics has since received significant attention [18] and been
applied to an array of applications such as communications, biological sensors, quantum

computing, and LIDAR [19-23].

Most of the passive monolithic components, including splitters, couplers, and resonators

as well as active devices including detectors and modulators have already been
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demonstrated in silicon photonics [15,24]. However, on-chip optical amplifiers and light
sources as essential active on-chip functionalities, are still a considerable challenge for

foundry offerings due to the required provision for flexible high-yield.

The need for additional functionalities in silicon-based integrated optics has led to the
exploration of other silicon-compatible materials. Silicon nitride (SizN4) waveguides have
been of interest since the late 1970s with several prominent results reported, including
ultralow loss planar waveguides as a platform on a silicon substrate, and as a material for
use at wavelengths where silicon is absorbing [25]. Its low propagation loss (< 0.1 dB/cm)
and wide transparency window (~400 nm to 2.35 um), relatively high refractive index,
nanoscale feature resolution, and mature fabrication methods have made it a versatile

complementary silicon-compatible platform for a wide variety of applications [25-28].

Si3Nj4 is a silicon-foundry-compatible material widely applied in passive devices such
as filters, multiplexers, and switching and routing components for communications systems
[25,29]. Recently, it has been developed as a high-performance medium for nonlinear
optical devices [27,28,30], monolithic and hybrid on-chip lasers and amplifiers [26,31-33],
and sensing and spectroscopic circuits [34,35]. Additionally, various active devices have
evolved on silicon nitride platforms based on hybrid integration methods, including
bonding of 111-V semiconductor materials [36] and monolithic deposition of rare-earth-

doped aluminum oxide thin films [33].

The exploration of both silicon and silicon nitride integrated optical circuits is made in

this work.
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1.3 Laser Integration in Silicon and Silicon Nitride
Photonics

Townes, in the 1950s, performed pioneering work that resulted in the first demonstration
of a MASER (“microwave amplification by stimulated emission of radiation”) [37].
Several years later, in 1960, Maiman demonstrated the first LASER (“light amplification
by stimulated emission of radiation”), in the visible wavelength region, based on a
flashlamp-pumped ruby (Al.O3:Cr®*) crystal [38]. Since the demonstration of the first laser,
researchers have explored many types of lasers including solid state lasers based on many

different active species in various host materials [39].

The integration of lasers in silicon-based photonic systems presents one of the greatest
challenges. Silicon is an indirect bandgap semiconductor, thus the probability for radiative
recombination is low in silicon. Furthermore, due to silicon’s 1.1 eV bandgap, light
emission is also limited to wavelengths < 1.1 um. Various methods have been explored
including a silicon Raman laser [40], directly grown or heterogeneously bonded I11-V
semiconductors [41], germanium-tin alloys [42], and silicon-organic hybrid devices [43].
Many outstanding results have been reported, particularly for electrically-pumped I11-V
heterogeneously- and hybrid-integrated devices, even leading to commercial devices and
systems [44,45]. 111-V semiconductor-based gain materials, deliver high gain over short
distances in term of large stimulated emission cross-sections of the excited carriers, which
by considering heterogeneous integration techniques, make them appropriate for on-chip
devices. They can be electrically pumped, allowing for direct electrical excitation and fast

modulation of gain and lasing. However, they suffer from drawbacks such as less efficient
5
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stimulated-emission cross sections, short carrier lifetimes, temporal, and spatial gain
patterning effects, and large nonlinear optical response at extended near- and mid-infrared
wavelengths [39]. Furthermore, the heterogeneous integration method is relatively

expensive and brings additional complexity to the fabrication processes [39].

1.4 Rare Earth Optical Amplifiers and Lasers

The first rare-earth-doped laser was demonstrated using neodymium-doped glass in 1961
[46]. Soon after, the first rare-earth-doped fiber amplifier was fabricated in 1964 with the
gain observed in a 1-m long neodymium-doped fiber [47]. Since then, the fiber amplifier
has become the heart of optical communication, enabling efficient in-line amplification
without electrical repeaters, but miniaturization and integration of optical devices are
anticipated to change our daily life in the decades to come [39]. Compared to fiber,
integrated waveguide amplifiers and lasers are compact, low cost, and use straightforward
fabrication methods, enabling wafer-scale processing and integration with other photonic
devices for high-performance microsystems [32,48]. Therefore, one of the requirements of
the current amplifier and laser development is the demand for miniaturization, on-chip
integration, and mass fabrication. Consequently, the performance and capabilities of rare-
earth-doped dielectric waveguide amplifiers and lasers have steadily improved over the

past few decades [39].

Rare-earth-doped optical gain materials are low-cost and can be deposited
monolithically on silicon photonics platforms allowing wafer-scale fabrication. Rare-earth-

doped optical gain materials enable straightforward versatile design, with high thermal
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stability, and offer broadband optical gain and lasing in near-infrared bands [39].
Importantly, these devices can generate less heat on the microchip, and operate with better
stability and higher amplification bit rate or narrower intrinsic laser linewidth than their 111-
V semiconductor counterparts [39]. Lastly, one fixed-wavelength off-chip pump diode
source, in a package with the PIC and with one pump-chip interface, can effectively power
many rare-earth-based amplifiers or lasers with versatile design and operation on the chip,

allowing for a compact form factor [39].

The development of on-chip rare-earth amplifiers and lasers integrated directly with
silicon remains challenging, because the stimulated-emission cross-section values of rare-
earth-doped gain materials are usually four to five orders of magnitude smaller than 111-V
semiconductor-based gain materials [39]. This leads to significantly lower gain per unit
length and makes it challenging to overcome the loss to achieve net amplification. Even
with higher mode overlap with the active layer (in comparison with I11-V semiconductors-
based gain materials), this disadvantage cannot be compensated, resulting in a less efficient
gain material and requiring larger interaction lengths and specialized low loss silicon
waveguide structures not available in foundries for comparable total gain. Quenching and
up-conversion effects of active ions in rare-earth gain materials at higher concentration
levels are other limitations for rare earth gain materials [39]. Rare-earth-doped materials
have relatively long excited-state lifetimes (0.1-10 ms) and low refractive index change

which are useful for thermally and spatially stable gain [26,49,50].
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Rare-earth-doped amplifiers and lasers have been demonstrated in fibers, bulk glasses
and crystals, integrated channel waveguides, and recently on Si and SisN4 platforms
[39,51]. Several rare earth ions have been used in amplifiers and lasers including Tm®*,
Ho3*, Er¥*, Yb®*, Pr¥*, and Nd** with different emission wavelengths ranging from 0.48 to

2.9 um.

In recent years, Tm®" doped materials have been of significant interest, particularly
because of thulium’s broad wavelength emission band from 1600 to over 2000 nm that
enables wavelength tunability and design flexibility in the ‘eye safe’ wavelength domain
[52-54]. It can also be used for amplification and emission in other wavelength bands,
including the 1460-1520 nm communication window [55] and in the 2200-2460 nm region
[54]. The laser emission of Thulium around 2.0 pm results from the sF* to sH® transition.
In 1965, the first Tm:YAG flashlamp-pumped laser at 2 um, which operated at 77K, was
demonstrated [56]. In 1975, a Cr,Tm:YAG laser operating at room temperature was
demonstrated by Caird et al [57]. Until now thulium lasers were demonstrated in various
host materials and there are some available commercial thulium-based laser systems
(Active fiber system (AFS); IPG Photonics Corp; LISA laser products OHG) [58,59]. For
example, Tm:YAG lasers emitting at 2.0 um wavelength are commercially available at

LIZA laser products OHG with 120 W output power [58,59].

With the broadest gain spectrum of all rare-earth doped amplifiers and lasers, high peak
gain, and low noise figure performance, thulium-doped amplifiers and lasers are of

significant interest [5,60,61]. Thus, on-chip Tm-doped waveguides are an interesting option
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for high-performance amplifiers and lasers on silicon photonics platforms. As an example,
integrated thulium-doped channel waveguide lasers on tungstate were reported with high
output powers (1.6 W) and slope efficiencies (80%) [62, 63]. A thulium-doped microcavity
laser was reported with sub-milliwatt threshold power and multi-mode operation using
Al;03:Tm®* thin film as a gain medium [64]. However, so far work on thulium-doped high-

power amplifiers and lasers on a CMOS-compatible platform has been absent.

1.5 Rare-Earth Doped Tellurite Glasses for Optical
Applications

This thesis focuses on amorphous tellurite glass, or TeO», as the host material for
waveguide amplifiers and lasers. Tellurite glass was introduced as a new candidate for fiber
devices by J. S. Wang [65] in 1994. TeO: has a wide transition region of 0.35 to 5 um with
good glass stability and corrosion resistance [65]. Its low maximum phonon energy of
(~700-800 cm™), high quantum efficiency, high refractive index, and high nonlinear
refractive index measured to be 1.3 x 108 m%W at 1900 nm [66] make it a suitable
candidate for nonlinear and laser applications. The linear refractive index of TeO: is 2.08
at a 1550 nm wavelength [67], which is lower than that for silicon (3.47 at 1550 nm) [68],
but larger than for silicon nitride (1.99 at 1550 nm) [69]. This allows for highly confined

TeO: cladded silicon and silicon nitride straight and curved waveguides.

Tellurite is an excellent host material for rare earth dopants in term of its wide emission
bandwidths, high rare earth solubility, and large emission cross-sections [70] in comparison

with other glass materials. Its low two photon absorption (TPA) of 3 x 1012 m/W [71], high
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Raman gain coefficient of 1.7 x 1071° m/W [71], and high acousto-optic figure of merit of
24 x 107'® 3/g) [72], make TeO, a great candidate for a variety of integrated photonics
applications. Its low temperature and straightforward wafer-scale deposition via sputtering
also makes TeO- a versatile and inexpensive material for hybrid integration on silicon and
silicon nitride platforms [73]. Tellurite glass has been broadly studied in fiber-optic
platforms [70,71,74], but it is still relatively immature as an integrated optical material.
Integrated tellurite glass waveguides, amplifiers and lasers have been fabricated in bulk

glass as well as thin films [73-75].

Recently there have been several promising demonstrations of thulium-doped tellurite
amplifiers and lasers in fiber, bulk glass, and on-chip platforms. Two-color CW lasing
simultaneously near 1.9 um and 2.3 pm and ultrabroadband amplification in a Tm**-doped
tellurite fiber was demonstrated experimentally. It presents a high-quality tellurite fiber can
be an attractive option for developing lasers in the 2.3 um window for applications in eye-
safe laser radars, gas sensing, remote sensing, breath analysis, and trace gas detection [76].
A thulium-doped tellurite fiber amplifier was demonstrated with a net gain of almost 20 dB
in the S-band using dual pump and bidirectional pumping schemes [55]. Thulium-doped
TZNG bulk glass laser pumped at 1211 nm was demonstrated with a measured slope
efficiency of 22.4% with the tuning range of 115 nm ranging from 1850 nm to 2040 nm
[77]. Thulium-doped tellurite glass microsphere lasers were observed with emission
wavelengths near 1975 nm [78]. A Tm*—Ho?" co-doped tellurite glass microsphere laser
was also demonstrated in the 1.47 pm wavelength region using an 802 nm laser diode as a

pump source [79]. Despite the wide range of research on amplifiers and lasers, TeO2: Tm3%*

10
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amplifiers and lasers have not been yet explored on silicon and silicon nitride PIC platforms

that are promising for TDFA band applications in these platforms.

1.6 Thesis Objectives

This thesis describes the design, fabrication, and characterization of thulium-doped tellurite
glass waveguide amplifiers and lasers on silicon platforms. It describes gain and lasing in
thulium hybrid structures directly on silicon as well as high gain thulium-doped waveguide
amplifiers and lasers on a silicon nitride platform for applications in the emerging TDFA-
band. The investigated photonic structures include straight waveguides, curved waveguides
(including S-bends, paperclips, and spirals), microrings, and microdisks, and devices for
active and passive applications. An optimized fabrication process to deposit low-loss
thulium-doped tellurium oxide thin films for silicon and silicon nitride amplifiers and lasers
is demonstrated using radio frequency reactive co-sputtering deposition, as well as the
design of photonic chips fabricated at external foundries. The thesis also describes a probe
station developed to characterize optical amplifiers and lasers on silicon and silicon nitride.
The work aims to make a significant step toward the realization of novel, high quality, low
cost, and high performance TDFA-band integrated lasers and amplifiers in silicon and
silicon nitride for use in future short-haul and long-haul telecommunications infrastructure

to accommodate ever-growing data bandwidth requirements.

1.7 Statement of Thesis Work

This thesis consists of seven chapters. In Chapter 2, the background and theory of the

devices presented in this thesis are discussed to investigate the principles of light

11
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propagation and confinement in optical waveguides and resonators. Then, the science
behind thulium amplifiers and lasers is given based on the spectroscopy of rare-earth ions.
Chapter 3 discusses the characterization of TeO2:Tm®" waveguides amplifiers on a silicon
nitride platform followed by the optimized high gain amplifier fabrication and
characterization. Significant progress in developing cost-effective, higher gain, more
compact, and more efficient integrated TeO2:Tm** waveguide amplifiers with lower
background loss on a silicon nitride platform is presented in this chapter. In chapter 4 the
thesis shows the design, fabrication, characterization, and optimization of compact,
monolithically integrated thulium-doped tellurium oxide (TeO2:Tm?") microring lasers on
a low-loss silicon nitride platform. More studies are presented in this chapter on
TeO2:Tm**-SisNs microring lasers with different thulium concentrations. Chapter 5
presents high Q factor TeO. coated silicon microring resonators. The simulated and
experimentally measured optical properties of the TeO> coated, SiO> coated and uncoated
silicon microring resonators are discussed. TeO>-coatings on devices as received from the
foundry were found to have higher Q factor corresponding to lower waveguide propagation
losses in comparison with SiO> cladded and uncladded microring resonators. Chapter 6
presents the first demonstration of a thulium laser on a silicon-on-insulator platform. The
design, fabrication, and characterization of optical gain and lasing in an on-chip, ultra-
compact hybrid TeO2: Tm**-silicon microdisk resonator are demonstrated in this chapter.
The straightforward design and compatibility with the fabrication steps and device
dimensions available in all-silicon photonics foundries and low-temperature single-step

thin film deposition process are presented in this chapter in detail to fabricate the hybrid

12
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silicon microdisk laser. The work demonstrates a low threshold, single-mode, efficient, and
highly compact hybrid TeO.:Tm3* silicon microdisk laser by optimizing the design,
background loss, active material concentration, and thickness, and pump wavelength in the
TDFA band. Furthermore, sub-milliwatt threshold hybrid silicon lasers with lasing over a
wide range of wavelengths of > 100 nm in the TDFA band are described in detail. Chapter
7 summarizes the major milestones achieved in this thesis and provides a guide on potential

future research directions related to this work. Key achievements are:

e Low loss thulium-doped tellurium oxide (TeO2:Tm®") thin-film have been developed to
fabricate on-chip lasers and amplifiers for silicon (Si) and silicon nitride (SisN4) based
photonic platforms.

e An efficient, high gain, low loss, and compact TeO2:Tm3* amplifier is presented on a
silicon nitride waveguide in TDFA band with 15 dB internal net gain at 1870 nm.

e An optimized, monolithic TeO:Tm** laser with excellent performance, including
single-mode and multimode emissions and bidirectional on-chip output power up to 16
mW was designed, fabricated, and characterized on silicon nitride.

e Lowe-loss hybrid TeO.-Si microring resonators were investigated with internal Q factors
of up to 1.5 x 108, corresponding to a propagation loss of 0.42 dB/cm at wavelengths
around 1550 nm.

e Lasing from a silicon microdisk is presented and is the first demonstration of the
integration of a rare-earth laser directly on silicon using robust materials and simple low-

temperature processing.

13
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e The hybrid thulium-silicon laser design was refined to show low-threshold (sub-
milliwatt pump power) lasing, up to 2.6 mW total on-chip output power and lasing at
wavelengths spanning over 100 nm (1825-1937 nm) in the emerging TDFA band of
interest.

e Gain was demonstrated in a 3-mm-long TeO2:Tm3*-silicon hybrid waveguide for a
launched pump power of 32.4 mW showing up to 1.8 dB signal enhancement
corresponding to 0.4 dB internal net gain.

e The design and fabrication approaches presented in this thesis open significant new
possibilities for integrated rare-earth lasers and amplifiers on silicon and silicon nitride

platforms.
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Chapter 2

Background and Theory

Preface

This chapter serves as a comprehensive background on the theory and properties of the
straight waveguides, curved waveguides, microring resonators (MRRS), microdisk
resonators (MDRs), and thulium-doped gain media relevant to the optical amplifiers and
lasers for the thulium-doped fiber amplifier (TDFA)-band, centered near 1900 nm

investigated in this thesis.

The basic building block of silicon photonic systems is the waveguide. In section 2.2,
basic waveguide concepts including optical modes, the effective index, the single-mode
cut-off width, and confinement factors are determined for 220 nm thick SOI and 200 nm
thick silicon nitride (SisN4) at 1550 and 2000 nm wavelengths and key results of waveguide

theory are presented for a general understanding of the nature of light propagation in optical
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waveguides. Then, loss or attenuation that a light wave experiences as it goes through the
guide and significantly impacts device performance is discussed. This loss is typically
divided to three different mechanisms: scattering, absorption, and radiation which will be

explained in section 2.2.

Optical traveling-wave resonators have demonstrated prominent potential for the
realization of compact photonic functionalities. High-refractive-index contrast silicon and
silicon nitride waveguides enable dense and large-scale integration of functionalized
resonators for photonic integrated devices in a CMOS-compatible technology platform.
Section 2.3 provides a description of the properties of the ring and disk resonators which

pertain to much of the contents of this thesis.

It is essential to understand the spectroscopic properties of rare earth elements in order
to design rare-earth-doped optical waveguide devices such as amplifiers and lasers. In
section 2.4, the fundamental atomic properties of rare-earth ions and their behavior in glass
host materials are reviewed. In section 2.5, the properties of the rare earth element of
interest for this work, thulium, are described, including its energy transitions and
spectroscopy as well as the amplifier and laser theory of thulium-doped waveguides. The
science behind all-optical amplification and methods of modeling active rare-earth-based

integrated optical devices are presented in section 2.5.
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2.1 Introduction

Since 1960, when the first laser was developed as a stable source of coherent light, the
processing and transmission of the signals carried by optical beams have been an interesting
topic [1]. The concept of “integrated optics” emerged in the late 1960s, to replace the
conventional electrical integrated circuits with miniaturized photonic integrated circuits
(PICs). It attracted significant interest for its small sizes, thermal and mechanical stability,
and various applications. The preliminary development of many basic integrated photonic
components and their fundamental theory has been explored in the early 1970’s [2]. In
the1990’s, silicon (Si) has been developed as a photonic material (silicon photonics) [3].
Then the development of PICs for high-speed interconnects and processing infrastructure

came in the early 2000’s [4].

Silicon photonics provides the opportunity to photonic devices onto chips with
significant advantages over bulk and fiber-based optical systems, including compact size,
low cost, improved thermal and mechanical stability, and high volumes through wafer-
scale processing techniques [3,5]. Currently, high-quality silicon photonics chips are
fabricated in the process of transitioning into a ‘fabless’ industry. Thus, silicon integrated
photonics is shifting mainly towards silicon-on-insulator (SOI) [5], and silicon nitride-on-

insulator [6] based waveguides due to the CMOS infrastructure compatible processing.

2.2 \Waveguides

A waveguide provides a pathway for an electromagnetic wave to travel through a medium.

Waveguides are the basic components in the photonics toolbox, allowing for the
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confinement and guiding of light (i.e., electromagnetic waves) in fiber-optic systems and
photonic integrated circuits. Generally, a waveguide is composed of a central core of a
given refractive index nz surrounded by cladding material of refractive index n». Light can
be confined and guided if ny > n [7-9]. In this section, the key concept of optical modes in
waveguiding structures and waveguide theory are presented to understand light propagation
in an optical waveguide, as well as a brief explanation about two types of channel

waveguides that have been used in this thesis.

2.2.1 Total Internal Reflection

Light is guided in a waveguide through a phenomenon called total internal reflection (TIR).
In the ray-optic description, an electromagnetic wave that travels through a dielectric
medium with a refractive index of n1 (medium 1) reaches an interface between medium 1
and a dielectric medium with a refractive index of n, (medium 2) at an incident angle 6;
relative to the interface, as shown in figure 2.1. Part of the incident wave is transmitted
(refracted) through the interface into medium 2, while the remainder is reflected back into
medium 1 at a reflected angle of 6. Total internal reflection is the reflection of the total
amount of incident light at the boundary between two media and implies that the energy
dissipation caused by interaction at the interface confines the wave strictly to medium 1 [7—
9]. When the incident angle is larger than the critical angle (6c), then total internal reflection

occurs as described by equation 2.1:

6; > 6. = sin™1("?/p) (2.1)
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FIGURE 2.1: Ray-optic depiction of reflection and refraction of an electromagnetic wave
at a dielectric interface.

2.2.2 Planar Waveguides
A planar waveguide is the simplest geometry of an optical waveguide, consisting of three
layers including the substrate, core, and top cladding layer, with the refractive indices of

n1, N2, and nz, respectively, as has been illustrated in figure 2.2.

FIGURE 2.2: Total internal reflection in a dielectric planar waveguide.

Light is fully confined and guided into the core layer if n > ny and n2 > ns using the
explanation of the total internal reflection and if the angles of the light incident on the

cladding and substrate layers are greater than the following critical angles (6.1, 6.2)-
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n, > n; and n, > ng (2.2)

97‘1 > 9C1 = Sin_l(n3/n2) and 97‘2 = 962 == Sin_l(nl/nz) (23)

Based on the planar waveguide structure shown in figure 2.2, a guided wave confined
to the core layer will propagate through the waveguide in the z direction. Then, a phase
shift will occur every time the wave hits an interface. The direction of the propagation of
the electromagnetic wave and the phase change of the electromagnetic wave per unit length
in the waveguide are determined by wave vector of k = 2m/A. It depends on the phase
difference between the two counter-propagating waves, the field patterns will interfere
constructively or destructively. If constructive interference happens, guided modes will

occur in the z direction of the waveguide.

Assuming the electromagnetic field of a monochromatic wave is given from Maxwell’s

self-supporting wave equation [1], it can be written as:
E(r,t) = E(r)e'®t (2.4)

where E(r, t) is the position- and time-dependent electric field vector and w = 2xf is the
radian frequency of the wave. The spatial dependence of the mode propagation can then be
expanded to three dimensions. The mode profile represents the electric field distribution at
various cross sections along with the waveguide structure. As the mode propagates along
the z-axis, the electric field becomes E(r) = E(x, y)e~"#%, where E(x, y) represents the

electric field profile at a given transverse cross section along the waveguide and 8 = kn,s¢
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is the propagation constant and a z component of the wave vector k. Assuming an infinite
slab in the x-axis, Maxwell’s wave equation reduces to:

2
Tk en - 1B () = 0 9

where n is the refractive index of the waveguiding material (here represents the refractive
index of core layer of ny) and n.¢ is the effective index [10-13]. The propagation is only
dependent on the [k?n? — B?] term to be exponential or sinusoidal. E(x, y) and 6E(X, y)/ox

must be continuous at the interface between layers.

To determine the appropriate geometry of waveguide, and phase matching condition
under a standing wave configuration, the following equations are illustrated through the

decomposition of the wave vector in the planar waveguide. The phase shift ®,, that the

wave encounters because of the propagation due to alternating wave interactions at the

core-cladding interface (®,3) and the core-substrate interface (®,,) is written as:
&, = 2hkonycosd (2.6)

where h is the thickness of the waveguide layer (core layer with refractive index of n2), ko
is the wavenumber in vacuum and A, is the wavelength of light in the core layer (core

layer). Because the wave is propagating through the waveguide layer (core layer), the wave

vector is defined as k = konz, where k, = i—” . The total phase change for a point on a
0

wavefront that travels from the waveguide-cladding interface to the waveguide-substrate
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interface and back again must be a multiple of 2z to avoid the decay of optical energy due
to the destructive interference of the traveling waves through the waveguide (core).
Therefore, the phase-matching condition due to the constructive interference conditions is

written as:
2mm = 2hkgn,cos0 + 2P, + 20, (2.7)

where m is the mode number and a positive integer which satisfies the phase matching
condition. The 2d,, and 2,5 terms are interpreted as penetrations of zig-zag rays of a
certain depth into the confining layers before reflection occurs and expressions for these

terms are given in [1].

The maximum waveguide (core) thickness that only supports the fundamental mode

(single mode waveguides), is written as:

B A (2.8)
~ 2n,cosH

where A is the wavelength of light. Assuming a silicon-on-insulator (SOI) material
configuration with n2 = 3.5 and n1 = n3 = 1.45, the calculated waveguide core thickness at
critical angle is ~ 243 nm for 1550 nm and ~ 314 nm for 2000 nm wavelength light using

numerical mode solver (RSoft).

2.2.3 Channel Waveguides
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Channel waveguides are the basic rectangular waveguide structure consisting of a
waveguide region of index nyw surrounded by a confining medium of lower index n¢ of top
cladding material and ns as the substrate refractive index, as shown in figure 2.3, which are

also called strip waveguides, or 3-dimensional waveguides.

FIGURE 2.3: Channel waveguide structure with the waveguide refractive index nw, width
and thickness of w and h, respectively.

The channel waveguide has geometrical and modal restriction in the x and y axes and is
surrounded on all other sides by the cladding material with refractive index nc. While planar
waveguides offer confinement in one dimension, channel waveguides are beneficial by
confining light in two dimensions. In this section, both silicon-in-insulator (SOI) channel
waveguide and silicon nitride channel waveguide are explained briefly in sections 2.2.4 and
2.2.5, respectively, and then mode calculations of SOl waveguides are performed in section
2.2.5 using Synopsis RSoft [14], a simulation software suite with tools that allow us to

design and characterize various photonic devices.

2.2.4 Optical Mode and Effective Index

In silicon on isolator (SOI) platform, a large refractive index contrast between silicon as a

core material and silicon dioxide (SiO2) as a substrate or cladding layer provides the
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opportunity of micron-scale fabrication into a small footprint photonic circuit. Realization
of extremely tight waveguide bends with negligible loss is another benefit of the large index
contrast between the core and cladding layer. Figure 2.4 shows the SOI channel waveguides

with tellurium oxide as the cladded material investigated in this thesis.

FIGURE 2.4: The cross-section view of tellurium oxide cladded SOI waveguide.

Optical modes are defined as the spatial distribution of optical energy in waveguides in
one or more dimensions. Waveguides can support the propagation of light in discrete
eigenmodes (referred to as “optical modes™) [1], with an associated propagation constant

of 8, given by:

B = konest (2.9)
where n.g is the effective index and k is the wavenumber in the vacuum, related to the

optical frequency and can be calculated by:

ko = @/ = 2m/A (2.10)
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where ¢ = 1/\/% is the speed of light in vacuum, with &, and u,, representing the electric
permittivity and magnetic permeability in a vacuum, respectively. Generally, the
waveguide supports a mode if nc < nefr < nw [7-9]. The SOI waveguide may support TE
(transverse electric) and TM (transverse magnetic) modes, and it can be single mode or
multimode depending on the material refractive indices and waveguide dimensions. The
waveguides discussed in this thesis only support the fundamental TE or TM mode, which
is referred to as single-mode operation. The single-mode cut-off-width determines the
maximum width of the waveguide core at which only the fundamental mode is supported.
A waveguide wider than the single-mode cut-off will support higher-order modes as well.
The appropriate width can be found numerically by simulating the effective index of a
waveguide via finite element mode solver calculations in software such as RSOFT
FemSIM. Figure 2.5 shows the simulated mode profiles of a 400 nm wide silicon

waveguide cladding with 400 nm thick TeO2 for 1550 nm and 2000 nm wavelengths.

A=1550 nm gw= 0.4 um 4A=2000 nm

FIGURE 2.5: Sample simulated electric field profiles of the fundamental TE-polarized
modes at 1550 and 2000 nm calculated for a silicon (Si) waveguide.

To begin, an SOI slab waveguide is considered, consisting of a silicon slab with the
thickness of 220 nm sandwiched between the silicon oxide layer as the substrate and 400

nm- thick tellurium oxide as the cladding layer. The width of the silicon waveguide is
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considered 400 nm, resulting in a single-mode operation at wavelengths ranging from 1500
nm to 2000 nm. At the wavelength of 2000 nm, the single-mode cut-off is close to 550 nm.
Figure 2.6a shows the simulated effective indices of a 220 nm thick strip waveguide with
varying widths for 2000 nm wavelength. The fundamental TEo mode is supported for the
entire range shown, while the fundamental TMo mode is only supported at widths > 860
nm. A polarization controller is be used to ensure that only TE or TM polarized light is

coupled to the waveguide.
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FIGURE 2.6: a) Simulated effective indices of the TEo, TMo and TE1 modes in SOI strip
waveguides with varying width at 2000 nm wavelength. b) Calculated effective refractive
index of the fundamental TE mode in a TeO»-coated silicon waveguide.

Figure 2.6b shows the simulated effective refractive index versus wavelength for 400
nm thick TeO and SiO> cladding. For thicker films the waveguide mode becomes more
confined in the TeO> coating, causing the effective index to rise. The effective index

decreases at longer wavelengths due to an expanded optical mode, which overlaps more
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with the lower refractive index SiO2 and air as the substrate and top cladding layers,

respectively.

2.2.5 Confinement

In silicon photonics lasers and amplifiers, it is important to maximize the overlap of the
light with the cladding layer, which is considered an active area. The mode confinement
will increase by increasing the cladding thickness and the width of the waveguide above
the single-mode cut-off. Figure 2.7 shows the percentage of the optical mode power

confined in the waveguide and cladding layer as a function of the wavelength.
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FIGURE 2.7: Optical intensity overlap with the silicon strip and TeO> cladding layer.

Large optical confinement in the cladding layer is beneficial to take advantage of its

material properties such as amplification and light emission in rare-earth-doped films. The
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results show that for a 0.4-um thick TeO; coating at a wavelength of 1.5 um approximately
60% of mode power is confined in the coating, with < 20% confined to the silicon layer,
and the rest of the optical power in the air and substrate materials. Thicker TeO coatings
can increase the optical confinement, however thicker tellurium oxide coatings in this

waveguide structure can increase radiation loss in waveguide bends.

2.2.6 Tellurium Oxide Coated Silicon Nitride Waveguides

Silicon nitride coated with tellurium oxide is another channel waveguide platform that has
been demonstrated in this thesis. Silicon nitride (SisNa) is a platform for ultra-low losses
throughout the visible and infrared, high performance, and compact photonic integrated
circuits (PICs) with high refractive index contrast enabling compact waveguide bends [15—
18] capable for volume chip production through standard wafer-scale fabrication steps with
nanoscale feature resolution through mature processing techniques [19]. Tellurium oxide
(TeO») is a promising material for integrated optical devices that is transparent throughout
the visible into the mid-infrared with low dispersion. TeO: has a relatively high refractive
index for a dielectric material (2.08) which is similar to that of SisNa4 (1.98), enabling highly

compact waveguides and devices.

This new waveguide platform combines the advantages of wafer-scale technology, high-
resolution and low-loss waveguides available with SizN4 combined with linear, nonlinear,
and active functionalities of tellurium oxide. The most commonly used SisNs waveguide
geometry is the simple strip waveguide cladded with tellurium oxide as shown in this thesis

is shown in figure 2.8a. The SisNs photonic chips were fabricated through the LioniX
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foundry in the Netherlands, as part of their TriPleX platform [19,20]. SiaN4 strip waveguide
structures were patterned into a 0.2-um-thick low-pressure chemical vapor deposition
(LPCVD) to be thick enough to avoid SisN4 film cracking due to stress and to achieve
sufficient lateral waveguide effective index contrast and to maintain minimal scattering loss

[20].

The hybrid silicon nitride waveguide investigated here consists of a silicon nitride
(SizNa) strip with the thickness of 200 nm sandwiched between the silicon oxide (SiO>)
layer as the substrate and 400 nm- thick tellurium oxide (TeO) as the cladding layer. The
width of the silicon nitride waveguide is considered as 1.2 pum to result in single-mode
operation at wavelengths of 1550 nm and 2000 nm as shown in figure 2.8b and c,

respectively [21].
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FIGURE 2.8: a) The cross-section view of tellurium oxide-coated SisNs waveguide.
Simulated electric field profile of the fundamental TE-polarized mode calculated for b)
1550 nm wavelength and ¢) 2000 nm wavelength.
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Approximately 70% of mode power is confined in the 0.4-um thick TeO, coating layer
with < 20% confined to the nitride layer at a wavelength of 1550 nm. At 2000 nm
wavelength, 17% of mode power is confined in silicon nitride layer with 61% confinement

in TeO> coating layer.

2.2.7 Waveguide Loss Mechanisms

When light wave travels through a medium, it experiences attenuation, or loss, due to
scattering, absorption, and radiation, which is one of the most important characteristics of
a waveguide. Scattering loss dominates in dielectric waveguides or glass, and absorption
loss is more predominant in semiconductors and crystalline materials. When waveguides
are bent across a curve, then radiation losses become important [1,10]. Absorption means
annihilation of the energy of the photons to atoms or subatomic particles of the absorbing
materials. However, scattering or radiation loss means that the photon’s direction of travel

will change but their identity will be maintained [1,10].

Volume scattering and surface scattering are two forms of scattering loss in an optical
waveguide. In comparison with the volume scattering, surface scattering loss can be more
significant due to the strong interaction of the propagated wave with the surfaces of the
waveguide. Volume scattering is typically negligible compared to surface scattering loss in
high optical quality materials and is caused by voids, contamination, imperfections, and
defects in the volume of the waveguide. Scattering loss occurs when light interacts to the

interface between two media of varying refractive index by a factor of (n? — n3)? [22].
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The second type of loss is absorption loss which is significant in semiconductors, due to
interband and intraband absorptions. In direct bandgap semiconductors, photons with
energy greater than the bandgap energy are absorbed to raise electrons from the valence

band to the conduction band, causing high absorption.

Radiation losses are usually negligible for well-confined modes in straight waveguides
in comparison with scattering loss and absorption loss. However, one of the most important
losses for the curved waveguides is radiation loss. Radiation loss can be increased due to
the distortions of the optical energy that happens when guided waves move through a bend
in a channel waveguide and is no longer guided. Since bent waveguides are an important
part of optical integrated circuits, the minimum bend radius is important to consider
limiting the radiation loss of the bent waveguide. The radiation related pathways of loss
can be effectively minimized in the device by appropriately designing the waveguide to
limit bending leakage. The bending radiation losses were calculated for bent SOI
waveguides coated with different TeO> film thicknesses and bending radii ranging from 40
pm down to 20 um using the imaginary index of the bent waveguide through eigenmode
simulations in Synopsys RSoft, with the results shown in figure 2.9a. The results are
converted to the radiation limited quality factor (Q factor) of the microresonators as

illustrated in figure 2.9b.
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FIGURE 2.9: a) Minimum waveguide bend radius, defined as the radius below which
radiation losses exceed 0.01 dB/cm for silicon bent waveguide coated with 200 nm and 400
nm tellurium oxide (TeOz). b) Simulated radiation limited internal Q factors of
microresonators coated in 200-, and 400-nm-thick TeO> considering the effects of bending
radiation losses.

The results show the bending radiation loss of less than 0.01 dB/cm at bending radii >
22 um. The results also indicate that thinner TeO: films can allow for lower bending
(radiation) loss, but in general devices demonstrate the ability to be tightly bent on the scale
necessary for densely integrated silicon photonic systems. A TeO; coating with a thickness
of 200 nm is shown to maintain bending radiation limited intrinsic Q factors of > 10'? at
bending radii of < 30 um, while a 400-nm-thick coating is able to maintain high intrinsic Q
factors at radii of 35 um and above. The propagation loss of the waveguide (red dashed

lines) is simulated using the quality factor of the SOI resonator.

The exponential attenuation coefficient of « is used to describe the magnitude of optical

loss by giving the intensity (power per area) along the length of the waveguide as [1]:
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1(z) = I,e=% (2.11)

where lo is the initial intensity (initial power per area) at z = 0. As indicated in equation 2.5,
the loss is related to «, which is in dB/cm.

loss (S—i) = 4.3a(cm™1) (2.12)

In this thesis, two methods have been used to characterize and measure the loss of the
waveguides. One of the most accurate and the simplest method for waveguide loss
measurement is measuring the transmitted total power for different lengths of the
waveguides which is called a cut back measurement. The loss coefficient is measured from
the slope of the transmission versus length curve by [1]:

In(P, /P 2.13
LGV (213
Z,-1,

where P1 and P> are the transmitted power for waveguides of two different lengths Z; and
Z>. In this method, the edge and face preparation of the waveguides are very important to
be consistent for different lengths. Focused ion beam (FIB) has been heavily used in this

thesis to polish the edge and face of the waveguide [1].

Another method that has been extensively used in this thesis, is the loss measurement of
a resonator in terms of quality factor. To fabricate effective nonlinear and rare-earth-doped

devices, it is essential to achieve low waveguide loss or, equivalently, high-quality (Q)
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factor resonators. The radiation losses can be extracted by fitting the quality factor of a
resonator which will be explained in section 2.3, where the theory of the microresonators

will be discussed.

2.3 Microring and Microdisk Resonators

In this section, | describe the fundamental concepts of optical microring and microdisk
resonators. A ring resonator consists of a looped waveguide where light can circulate either
clockwise (CW) or counterclockwise (CCW). Ring resonators are typically evanescently
coupled to a straight waveguide, also called bus waveguides, shown in figure 2.10, where
r and k are the self and cross-coupling coefficients, respectively. The cross-coupling
coefficient determines the fraction of light that is transferred from the bus waveguide to the
ring or vice versa, while the self-coupling coefficient specifies the amount of light inside

the bus waveguide or the ring [9,23].

The device is excited by the waveguide source mode with an amplitude lin which is
traveling in the left to the right (forward) direction. Two degenerate clockwise (CW) and
counterclockwise (CCW) traveling modes are supported by resonator at resonance
frequency w,. If losses in the coupling part can be neglected, then |k|? + |r|? = 1, where
|k|? and |r|? are the power splitting ratios of the coupler. When the optical path length of
the resonator is a whole number of wavelengths, then a resonance happens. It means when
the round-trip phase shift is an integer multiple of 2z, the cavity is said to be on resonance
and constructive interference occurs inside the cavity [9,23]. The figure 2.10 demonstrates

a single bus waveguide coupling light to microring resonator and microdisk resonator.
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When constructive interference accurses, resonators support multiple resonances, and the
spectral response will show periodic peaks and dips. The resonance wavelength is provided
by equation (2.14):

NesrL (2.14)

res

where m is the resonance order and is an integer number, ne is the effective index and L is
the circumference of the resonators, defined as L = 2zR, where R is the radius of the ring
[9,23,24]. Also, a mode effective index (nefr) is described for the traveling electromagnetic

(EM) wave in the resonator as:

2Tmec MA,pg (2.15)
Neff = =
(Lwres) L

where c is the speed of light, and w,.s and 4,.. are the resonance frequency and wavelength,
respectively. If S is the propagation constant of the travelling electromagnetic wave inside

the resonator, the equation 2.15 can be written as:

B Bl (2.16)

Melt = (wo/c)  2m

So, the interference or resonance can occur in resonators at a certain frequency and at the

following condition [9,23,24]:

50



Ph.D. Thesis — K. Miarabbas Kiani; McMaster University — Engineering Physics

BL = 2mm (2.17)
(a) (b)
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FIGURE 2.10: a) Schematic of waveguide-ring resonator coupling. b) Schematic of
waveguide-disk resonator coupling.

The light couples into the resonator and travel around the cavity length of L, facing
power attenuation or loss. The loss of the resonator happens due to the waveguide sidewall

scattering and absorption which is defined with the loss coefficient of a. The intensity

transmission of an all-pass ring resonator (T = II‘{—”t) can be described as [9,23,24]:

- a’ — 2racosg + r? do= 8L (2.18)
~1—2arcosg + (ra)z % T A
a = exp(—al) cm™? (2.19)

Where L is the round-trip length, ¢ the single-pass phase shift, and § the propagation
constant of the circulating mode. The parameter of a depends on the power attenuation
coefficient of a and is defined as the single-pass amplitude transmission, consist of loss in

the couplers and propagation loss in the ring [9,23,24].
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2.3.1 Free Spectral Range (FSR)

As | mentioned in equation (2.14), multiple resonances will be supported by the resonators.
For each m number there is an individual resonance, the distance between two adjacent
peaks or dips is called the free-spectral-range or FSR. Therefore, by measuring the
resonance spacing for two consecutive m numbers, the free-spectral range (FSR) of the

resonator can calculated. This can be found as [9,23]:

21V A2 2.20
FSR=—9="_ (220)
L ngL

c

v, is the group velocity of the EM wave of v, = —. From Equation (2.20) FSR is related

ng’
to the mode volume of the resonator since a smaller mode volume means larger FSR. Many

applications may require large FSR, which implies the use of small and compact resonators

which is possible with high-contrast waveguides with strong confinement.

2.3.2 Quality Factor

Minimizing energy loss or leakage to have a long photon lifetime is a major goal in the
design of resonators. However, due to resonators geometry and imperfections in the
materials, the photon lifetime will be limited. The loss in resonators can be quantified by
the cavity quality (Q) factor, which is typically limited to values on the order of 10° in
standard 220-nm-high single-mode silicon microring resonators around 1550 nm. The
physical meaning of the Q-factor is related to the ability of a ring resonator to store light

energy as long as possible before losing it due to internal losses of the ring waveguide or
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due to the coupling to the bus waveguides. The quality factor (Q) of a resonator is defined

as [23]:

o omnglvra Ay (2.21)
" Aes(1—1a) FWHM

The full width at half maximum (FWHM) of the resonance spectrum for the all-pass
configuration is provided by the following equation. This parameter indicates the distance

between frequencies at which the transmission spectrum reaches half its maximum value.

1 — ra)i2 2.22
FWHM — (1 —ra)dies (2.22)
mngLvra

The propagation loss (a,4) Of the resonators is calculated by measuring the quality

factor (Q) can be written as:

. _2mng  Apes (2.23)
"9 QAres QRFSR

in this equation Ares is the wavelength of light, FSR is the free spectral range, Q is the quality

factor, ng is the group index and R is the radius of the resonator.

2.3.3 Mode Volume

Mode volume is another important parameter of the resonators. The mode volume and the

energy localization of the resonator depends on the radial and vertical confinements of a
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mode, and resonator traveling length. The thickness of the resonator affects the vertical
mode confinement. However, the radial mode confinement is controlled by the resonator’s
radius. By decreasing the resonator’s radius, the mode will be more localized in the radial
direction and the mode will be pushed to the edge of the resonators. So, lower Q factor for
smaller radius will be expected due to more energy leakage to the outside of the resonator

as well as more sidewall interaction [23].

Different numbers of radial peaks can be supported by a microdisk resonator, whereas
a microring is typically designed to support one radial mode order. Energy leakage happens
to the outside of the microdisk structure, which reduce the Q factor of the resonator.
Microdisks have more modes supported but tend to have lower loss due to less sidewall
interaction. In contrast, microring resonators are designed to be single-mode waveguides
and single-mode waveguide happens through the outer sidewalls of the ring. As shown in
equation (2.15), the mode effective index depends on the radius. The mode effective index
is not a constant quantity, because the radius depends on the traveling length of the modal
field (L(r) = 2mR). As a result, the effective index is inversely related to the radius. By
increasing the radius of the microdisk, the mode will be expanded further inside the
microdisk and less outside. consequently, the effective index of the mode will be larger and

closer to the refractive index of the disk core material (e.g., silicon) [23].

2.4 Rare Earth lons

Rare earth elements are known as the Lanthanides and are categorized by a group of 15

elements. The rare earth elements are highly stable when they are in their triply ionized
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form. The trivalent (3+) ionization of rare earth elements removes 6s and 5d electrons,
leaving an electronic structure identical to xenon plus a certain number (1-14) of 4f
electrons, i.e. 1s?, 22, 2p°®, 3s2, 3p°®, 3d'°, 4s2, 4p°®, 4d'°, 4N, 552, 5p® and 6s°, where N =
1,..., 14 [11,12]. Lanthanide elements in their triply ionized form are mentioned to as rare
earth ions and are almost insensitive to the host material. The rare earth elements are

highlighted in figure 2.11.
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FIGURE 2.11. Lanthanide series of the elements.

The 4fN structure of a rare earth ion is made of a number of electronic states enable to
be excited to a higher lying orbital, such as 5g, or it can be excited within the 4fN set of
levels. By solving the time dependent Schrodinger equation, the spread of 4fN energy levels
can be found and their weak interactions with electrons from other ions allows a

Hamiltonian equation for a particular rare earth ion [13].

Transitions between the energy level of rare earth elements are accrued as radiative and
non-radiative transitions. Radiative transitions consist of the absorption and emission of
photons that are defined as the quanta of electromagnetic radiation, while non-radiative
transitions consist of the absorption and emission of phonons that are defined quanta of
vibrational energy in the host material. Non-radiative decay will happen quickly and
effectively when electronic states are close enough to be linked by emission or absorption

of one or two phonons, which causes the thermalisation of energy manifolds.
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2.5 Thulium (Tm3*")

Thulium has 12 electrons in its 4f shell and is the thirteenth lanthanide element. Figure 2.12
shows the energy level diagram of the Tm** ion. The first excited state of Tm3* is 3F,4
manifold and the ground state is represented as *He. The 3Fs — 3Hs transition delivers very
wide emission band spanning from 1.6 um to 2.0 um due to the strong coupling of the rare
earth ion to the lattice [25]. The 3F4 manifold can be excited through the decay of higher
energy manifolds such as the 3Hs and 3Hs manifolds or can be pumped directly around 1580
to 1690 nm [26]. Due to the close energy spacing between the 3Hs and 3Fs manifolds,
approximately most of the excited state ions in the 3Hs manifold decay nonradiatively to
the 3F4 manifold. Thus, *F4 manifold can be pumped indirectly with efficient and fairly
cheap light sources around 1060 nm. The third excited state of Tm®* is defined as 3Ha
manifold. When ions are excited to the ®Hs manifold they may relax to the next lowest
energy state, the *Hs manifold, which may occur radiatively and nonradiatively with respect

to the the host material and its lifetime. It may also directly emit to the ground state of 3Hs.

Recently, there has been a considerable interest to study Tm®" doped materials, due to
the attractive emissions in the visible and infrared regions [27, 28]. Thulium doped glass,
in particular, exhibits a broad emission band from 1600 to over 2000 nm. This wide band
emission attracts interests for broadband optical amplifiers for wavelength division
multiplexed systems, tunable lasing in the ‘eye safe’ wavelength domain [29] and make
them as a good candidate for infrared window applications including medical devices and

biosensors [30].
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FIGURE 2.12: Simplified scheme of energy levels of Tm3*

Thulium ions are embedded in glass hosts in a trivalent state which causes further
splitting of the rare-earth energy levels in the 4f shell. This splitting occurs due to the ion-
lattice interactions caused by the crystal field of the host. This additional splitting that the
orbitals undergo is called Stark splitting and results in different Stark components of the
parent manifolds. These sharp line shapes result in efficient emission that is useful for
applications such as lasing [31,32]. Thulium-based optical amplifiers operate through the
process of ion energy transitions within the 4f shell. The transitions are usually the result
of ion interaction with an external stimulus, such as a photon. Several transitions relevant
to thulium-doped amplifier and laser are shown in figure 2.12. In order to populate 3F4 level,
the pump light with the wavelength of 1580 to 1690 nm are typically used for the amplifiers

and lasers operating at TDFA window based on 3Fs — 3Hg transition.

Figure 2.13 depicts the three optical processes that can occur in a system with an excited
and ground energy state of stimulated absorption, spontaneous emission, and stimulated

emission. Although the energy states can be of many different forms, we limit our
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discussion here to the consideration of an electron of an atom transitioning between the two
distinct electron configuration energy levels. The most general transitions that occur from
this interaction are excitation of the ion to a higher energy state by absorbing the incident
photon which is known as stimulated absorption or an already excited ion emitting a photon
of equal phase and frequency to the incident photon known as stimulated emission. There
is also the possibility that an excited ion will fall back down to the ground state and emit a
photon of random phase and direction without external stimulus is known as spontaneous
emission. These three transitions are depicted in figure 2.13. External stimuli are typically
provided, or pumped, optically into the system using an external laser source with a specific
wavelength to induce stimulated absorption and excite the relaxed ions. Once stimulated
emission dominates, most of the excited energy states are filled with ions and ground states
are filled with holes. This condition is known as population inversion and is essential for

enabling gain within an amplifier.
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FIGURE 2.13: The simplified two-level energy diagram showing the processes and
transition rates of stimulated absorption, spontaneous emission, and stimulated emission.

The amount of absorbed or emitted optical power is equal to the product of the

associated cross section of the ion and the incident optical intensity:
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Pa/e()\) = O'(a/e)()\)l()\) (2.24)

o, and o, are the absorption and emission cross sections that are the probabilities in which
stimulated absorption or emission can occur between two energy states of an ion,
respectively. Pg /(1) is the absorbed or emitted optical power and /() is the optical
intensity. The Einstein coefficients [33,34] describe the mathematical relationship between
all three processes for an idealized, non-degenerate two-level energy system. The change
in population of the first excited state in the two-level system due to absorption and

emission processes is defined as:

dN. .
(d_tz)a = Bop(v)N; (2.29)

dN. )
(d_tz)e = —(421 + B1p(V))N, (2.20)

N1 and N2 are lower and upper states populations, respectively, p(v) is the photon flux
density (number of photons per unit frequency bandwidth per unit volume) and B12, A2; and
B21 are the Einstein coefficients that describe the strength of the stimulated absorption,
spontaneous emission, and stimulated emission transition rates, respectively. For the case
of rare-earth ions, these two states are made up of a comb of Stark-split sub-levels that are
populated to various extents based on the thermal distribution. The population
characteristics can be affected by thermal situation. The gain parameter of an optical

medium and engineering the host material for active laser devices can be calculated by
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knowing the absorption and emission cross-sections. In this case, the thermal Boltzmann
distribution is considered in McCumber theory [35] for a more accurate description of the
cross sections. Under the condition that thermal equilibrium is reached within a multistate
manifold in a time shorter than the radiative lifetime of the manifold, the absorption and

emission cross section can be related such that:

0. (N) = (). exp (% (2.27)

€ is the mean transition energy between the manifolds, h is Planck’s constant, v is the
frequency corresponding to the transition energy, k is Boltzmann’s constant, and T is the
temperature. When the states are degenerate (stark-split manifolds), and there are sub
energy levels in the ground states and excited states, the relation between the emission and
absorption cross sections are described as:

e —EL) (2.28)

Zo
7 (0) = 0 (). 5 exp ()

. .. . . Zy -
where o, and o, are the absorption and emission cross sections, respectively, and Z—° is
1

energy partition function in term of stark splitting and thermal distribution of the excited
and ground states populations, E(4) is the transition energy for the wavelength of 1. An
electron in an excited state eventually experiences a decay event to the ground state, either
through a radiative or non-radiative thermal process, that can be presented by the intensity

of spontaneous emission from the excited state. The excited state lifetime (t) refers to the
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average time in which a large collection of electrons experience decay after being excited.
From the Einstein relations’ description of a medium at thermal equilibrium the
spontaneous radiative lifetime (trad), is related to the emission cross (oe) section through
the Flchtbauer-Ladenburg equation [36], neglecting non-radiative decay mechanisms as

follows;

A 2.2
= 81m2cf 06/1(4 ) da (2.29)

TRad

where n is the refractive index of the medium, c is the speed of light in a vacuum and 1 is
the wavelength of light, Tg,q is the radiative lifetime, o, is the emission cross section. The
spontaneous emitted intensity is plotted versus time to achieve a luminescence decay curve.
The luminescent lifetime is the sum of radiative decay results in the spontaneous emission
of a photon, and non-radiative decay represents the energy that is transferred to phonons,

vibration of crystal, or glass host materials. The Luminescence lifetime () is written as:

1 1 1
s (2.30)

T TRrad ThRad

where Tg.q 1S the radiative lifetime and t,,zr.q 1S the non-radiative lifetime. When the

thulium (Tm?3") ion concentration is relatively high, the average distance between
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neighboring ions is reduced to the point that it results in significant energy transfer between

ions as shown in figure 2.14, via cross relaxation or energy transfer upconversion.

In cross relaxation, the energy from donor ion (excited state) is transferred to a near
acceptor ion (ground state), supporting the acceptor ion to a higher energy state, although
demoting the donor ion to a lower energy state. This process can result in loss and energy
degeneracy at an impurity lead to a reduction in the efficiency of the transition which is the
detrimental effect of cross relaxation. It is necessary that both donor and acceptor ions have
two energy levels of almost the same energy gap or having equally spaced energy levels.
Figure 2.14a shows the cross relaxation process where two excited ions interact, with
energy from donor ions being transferred to the accepter, promoting the accepter to the

higher energy state [37].
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FIGURE 2.14: a) Cross relaxation process in Tm®* between the *Hs and 3Hs manifolds. b)
energy transfer upconversion.

Figure 2.14b shows the energy transfer upconversion process (ETU) that is a process
that both the donor and acceptor ions are in an excited state. A donor ion in an excited state

may transfer its energy to a close acceptor ion, causing the acceptor ion to a higher energy
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state. Thus, the acceptor can relax radiatively or non-radiatively directly to the ground state
or to lower levels which causes fluorescence emission at an energy greater than the incident

light.

2.5.1 Gain in a Thulium-Based Energy System
Optical amplification is based on the rate equations of the electronic excitations considering
the transition properties of the ions as they interact with various external stimuli and how

the atomic population changes with respect to time.

The two-level energy system of Tm®" is shown in figure 2.13. ®Hg is considered as the
ground state and 3F4 as excited state. A one-dimensional case considered in which light
propagates in the z direction along the length of the amplifier. The light field intensities are

derived from the light field powers such that:

P(2).T (2.31)

I(z) =
Acrr

I'is the normalized mode overlap factor of the active region, and Aes is the effective cross-
sectional area of the distribution of thulium ions. The pump and signal with intensities I,
and Is, respectively, travel through the waveguide and interact with the ions. The rate
equations of the thulium-doped waveguide amplifier at any point along the waveguide

length when the 3F4 energy level is directly excited are [38-40]:
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dN,(z, 1) N, (2.32)
—ar Wp12N1 — Wpp1 Ny — — — W1 Ny + Wi Ny
T21
AN, (z,t) N dNy(z,t)  (2.33)
—ar —Wp12Ny + Wyo1 Ny + 5 — + W1 Ny — Wi Ny = BT
N1 = NT - N2 (234)

where t,; is the spontaneous lifetime of 3F4 level, N1 and N are the population densities of
the active thulium ions for 3Hs and 3Fa levels respectively, Nt is the Tm®" concentration
that is constant. When wps2 is the pumping rate from 3Hg to ®F4 and wp21 represents the de-
excitation rate of the 3F level, wsy; is the stimulated emission rate from °Fa to *Hg, and ws12
is the stimulated absorption rate from *Hs to 3F4. The expressions of Wpi2, Wpz1, Wsz1 and

Ws12 are given as [40]:

AT, 2.35
Wp1z = 3~ 4, Ga(/lp)[P+(Z)+P (2)] (2.35)
AT, 2.36

Wpa1 = 3~ 4, Ge(lp)[P+(Z)+P (2)] (2.36)
(2.37)

Werp = =20, (A [Ps(2) + ASE;(2) + ASEy (2)]
eff
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Wit = g0 ) [ps(2) + ASE/(2) + ASEy (2] 239
where h is the Planck constant; c is the light speed in vacuum, /, and /s are the wavelengths
of the pump and the signal in vacuum, respectively; ', and /s are the overlapping vector
for the pump and the signal, respectively; Aesr IS the effective cross-sectional area of the
distribution of thulium ions. aa(4p) and oa(4s) are the absorption cross-sections of the pump
and the signal, respectively; oge(4p) and oe(/s) are the emission cross-sections of the pump
light and the signal light, respectively. P;f(z) and Ps(z) are the pump (corresponding to
forward and backward) and the signal power at position z; ASEf(z) and ASEy(z) are the

forward and backward amplified spontaneous emission power at position z. The

distribution of the pump power and signal power along the waveguide length is expressed

by [40]:
C%;_r = +p; (D)IT (ae(/lp)Nz(z) aa(,lp)jvl(z)) — ] (2.39)
% = ps(2)[[s(0e (As)N2(2) — 0, (A)N1(2)) — ] (2.40)
The ASE power along the waveguide length is expresses by [30]:
d/(liiEf = ASE; (2)[T5(0.(A)N2(2) — 0, (AN, (2)) — as] + 20, (A)N2 (2) hTf o (@4D
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dASE,,
dz

2
= ASEy(D)[T5(0. 2Ny (2) — 3a(A)N1 (2)) — 5] + 20, (AN (2) h%AA (242)

3
S
where ap1 and as are the intrinsic absorption at the 1620 nm pump and signal wavelength
for the thulium-doped waveguide respectively, 41 is the bandwidth of the amplifier
spontaneous emission (ASE) at around 2 um. Under steady state conditions, the time

derivatives are all equated to zero:

le _ dNZ O (2'43)

dr . dt

A time-independent equation is derived that determines the upper state population at a

given position along the amplifier:

(tWp1z + T™Ws12) N (2.44)

N,(z) =
2(2) (1 + Twp1p + TWg1p + TWpo1 + TWpg) T

The propagation equations describe the change in light field intensity of a given source
as the beam travels down the length of the amplifier. For this system, we evaluate the

propagation equations as:

de/s (Z)

(2.45)
dz = (NZO-;/S - Nlo-g/s)lp/s(z)
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Two conditions should be satisfied in order to achieve the positive gain form the signal
propagation and the population inversion if N, > N; or N,/N; > 0.5 which cause% >0

and the pump intensity is greater than the threshold pump intensity. The threshold pump

intensity is [40]:

hv,, 1 (2.46)

Ty1 0p (05 /0s) — 0y

Ip = Ith,p =

The absorption loss due to the thulium ions in the doped waveguide can be expressed

as:

aArm(A) = d*(1).Nr.T(A).10loge (2.47)

I'(A) is the calculated confinement factor of the active layer, and Ny is the ground state
population density. After calculation of the above rate equations and propagation equations,

the optical performance can be determined using the internal gain (dB):

g = 101og;o[I(z = L)/I(z = 0)] (2.48)

So, the total internal net gain is calculated by:

G =gM) = aoa(D) (2.49)

The internal net gain per unit length (dB/cm):
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v =22, (s em) (2:50)

z=0 is the input and z=L is the output of the waveguide facet and a;,;4;(A) is the total

absorption coefficient or background loss and L is the amplifier length.

2.5.2 Quasi-Three-Level Lasing in a Thulium-Based Energy
System

A simple two-level system with the lower energy state as the ground state ia a good
absorber. Lasers are commonly classified into three-level or four-level lasers. Laser
systems require a gain medium to be pumped to provide energy to a field that propagates
through it. A common atomic-three-level structure is shown in figure 2.15, with the level

of energy Eo being the ground state.

W21

[ S ————

0
FIGURE 2.15: Three-level laser medium

The pump energy is presented to the system via the 0 to 2 transitions with the rate

equations governing population densities as indicated [34,41]:
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dN. 2.51
d_tz = —wy N —w;(N; — N;) + R, ( )

dN 2.52
d_tl = —wqoN1 + w1 Ny + wi(N, — Np) + Ry ( )

NT == NO + N1 + N2 (253)

where R:1 and R; are the pumping intensity, w;; is the decay rate per atom for level i to j,
and w; is the probability per unit time that an atom in level 2 will undergo an induced
transition to level 1. Gain will occur with a population inversion (N, > N;) exists in steady
state. Net production of photons will happen when the stimulated emission exceed
stimulated absorption. The laser oscillation starts when the upper laser level obtains by
pumping, a population density equal to the threshold value N¢. Once the pumping is
increased beyond the threshold point N2 — N1 = N, the laser will break into oscillation and

emit power. At threshold, the population inversion is calculated as [34,41]:

R W31 Ry (2.54)
Ny =N,—Nj=—R=R)[1———(1 +—
e =Ny =Ny = o R = Rl = 22 (14 )]
The total power generated by stimulated emission is:
P, = (N;V)w;hv (2.55)
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R . . R 1
where V is the volume of the oscillating mode. In an ideal laser system, Tg,op: = —, 80
21

the power going into spontaneous emission at threshold is [34,41]:
Py = (NV)wz hv (2.56)

P=RG—1) (257

2.5.3 Conclusion

This chapter presented a comprehensive theoretical examination of the basic building
blocks of photonics integrated circuits (PI1Cs), including waveguides and resonators, as well
as a description of their key performance characteristics. The spectroscopic properties of
rare earth elements have been presented in order to gain an understanding of the behavior
of rare-earth-doped waveguide amplifiers and lasers. The science behind thulium doped
materials as a gain media for integrated optical devices have been demonstrated in this

chapter.
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Chapter 3

Thulium-Doped Tellurium Oxide
Waveguide Amplifiers on Silicon Nitride

Chips

Preface

The following chapter presents the design, fabrication, and characterization of thulium-
doped tellurium oxide (TeO2:Tm?") silicon nitride (SisN4) waveguide amplifiers. Efficient
amplifiers are the key components in silicon photonics (SiP) telecommunication
infrastructure to boost transmitted and/or received signals. Tm-doped amplifiers enable the
broadest gain spectrum of all rare-Earth doped amplifiers, high gain, low noise figure

performance, and faster transmission speed. Integrated on-chip Tm-doped amplifiers can
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be fabricated using low-cost and high-volume methods combine with different
functionalities on a single chip. The on-chip amplifiers presented here are based on

thulium-doped tellurite-glass-coated silicon nitride waveguides as a gain medium.

Tellurium oxide (TeOy) is a highly promising material for active monolithically
integrated optical devices due to its high rare earth solubilities, low quenching, large
emission bandwidth as well as high gain. The wide transparency window and low
propagation loss of SisN4, make it a significant complementary silicon-compatible platform
for on-chip amplifiers. The thulium-doped tellurium oxide (TeO2:Tm®") is deposited onto
foundry-fabricated SizN4 chips via reactive radio frequency (RF) co-sputtering, which is a
room-temperature, straightforward and monolithic approach, in the Centre for Emerging
Device Technologies (CEDT) at McMaster University. The passive transmission properties
and amplifiers properties were characterized on 1.0-um-wide TeO2:Tm3* SisN4 waveguides
with lengths of 2.2 and 6.7 cm with thulium concentration of 2 x 102 cm™3. These results
show that TeO2: Tm®**-coated SisN4 waveguides are highly promising for compact and high

gain optical amplifiers on silicon photonic platforms.

An introduction and motivation for on-chip integrated thulium amplifiers on the silicon
nitride platform are given in section 3.1. Section 3.2 describes the waveguide amplifiers’
design, structure, and fabrication. The optical properties of the amplifiers structures have
been investigated using a finite element bent eigenmode solver. In section 3.3, the passive
and active optical transmission properties of TeO,: Tm3*-SizsN4 waveguides and devices are
characterized, including their propagation losses and gain, using a fiber-chip coupling

setup. Gain measurements were carried out in straight and s-bend waveguides with lengths
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of 2.2 and 6.7 cm, respectively, on a 2.2-cm-long chip, showing internal net gain up to 7.8
dB at 1870 nm corresponding to 1.1 dB/cm. In section 3.4, lower TeOx:Tm®*" film
propagation loss, increased thulium concentration, and optimized pump wavelength,
enabled us to achieve a compact amplifier with 15 dB internal net gain in a 5-cm-long
TeO2:Tm**-SisN,4 spiral waveguide. The optimized thulium concentration was achieved
with 4.2 x 10%° cm™2 of thulium ions and more amplifiers result in different lengths were
provided in this section. These amplifier results showing higher gain on chips with different
TeO2:Tm?* film properties provide a guide for future work on optimization of integrated
thulium amplifiers. The main results are summarized, and conclusions are given in section

3.5.

Thulium-doped tellurium oxide waveguide amplifier with 7.6 dB net gain on a silicon
nitride chip
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Section 3.4 on the high gain in compact spiral amplifiers was added in the following

thesis chapter and will form the basis of a future submission for publication as a journal
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article. Minor modifications have also been made to the title, abstract, introduction, and

conclusions based on these additional results.

Abstract

We report on thulium-doped waveguide amplifiers integrated on a low-loss silicon nitride
platform. The amplifier structure consists of a thulium-doped tellurium oxide thin film
coated on a silicon nitride strip waveguide on silicon. We determine a waveguide
background loss of 0.7 dB/cm at 1479 nm based on the quality factor measured in microring
resonators. Gain measurements were carried out in straight and 6.7-cm-long s-bend
waveguides realized on a 2.2-cm-long chip. We measure internal net gain over the
wavelength range 1860—2000 nm under 1620 nm pumping and up to 7.6 dB total gain at
1870 nm, corresponding to 1.1 dB/cm. Recently, |1 demonstrated a compact, high gain
thulium-doped tellurium oxide waveguide amplifier with the net internal gain of 15.0 dB
at 1870 nm, corresponding to 3.0 dB/cm. Gain measurements were carried out in a 5-cm
spiral waveguide on a 1.6 mm chip with 200 um bend radius. These results are promising
for the realization of highly compact thulium-doped amplifiers in the emerging 2-um band

for silicon-based photonic microsystems.

3.1 Introduction

The 2-um band has recently attracted interest for relieving a bandwidth bottleneck in data
communications systems due to the development of low-loss, low nonlinearity, and low
latency hollow-core photonic band-gap fibers, broadband thulium fiber amplifiers, and

semiconductor optoelectronic devices including lasers, modulators and photodetectors [1—
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3]. The 2-um region is also of interest for photonic applications including free space
communications, gas sensing, LIDAR, biomedicine, and nonlinear mid-infrared generation
[4-6]. Silicon-based photonics offers a route towards compact photonic integrated circuits
(PICs) for this emerging wavelength region of interest [7,8]. Silicon and silicon nitride
(SizN4) PICs have been developed with passive and active functionalities for applications

including optical communications, nonlinear optics, and spectroscopic sensing [9-13].

One of the key components for 2-um systems is an optical amplifier. Silicon-based
amplifiers have been demonstrated using InP-based active regions directly bonded to a
silicon substrate and monolithically grown ternary SiGeSn alloys [14,15]. Thulium-doped
fiber amplifiers are key motivators for 2-um systems on account of their broadest gain
spectrum of all rare-earth-doped fiber amplifiers, significant enhancement of transmission
bandwidths, high gain, low noise figure performance, and ultra-low nonlinearity as
compared to semiconductor optical amplifiers [16-19]. Therefore, on-chip thulium-doped
waveguides are an attractive option for high-performance amplifiers on silicon, with the
added advantage that they can be fabricated using low-cost and high-volume methods.
Integrated rare-earth-doped waveguide amplifiers on silicon have been demonstrated but

have primarily focused on erbium for gain in the C and L bands [20] as opposed to thulium.

Recently we showed tellurium oxide (TeO2) waveguides on a low loss silicon nitride
platform [21,22]. TeO2 is a promising host material for rare-earth ions due to high rare earth
solubilities, low quenching, large emission bandwidth, high gain, and low phonon energies

(~700-800 cm™) [23-25]. A high gain erbium-doped TeO, waveguide amplifier was
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recently shown with up to 2.8 dB/cm internal net gain [26]. Thulium-doped tellurium oxide
(TeO2:Tm®") amplifiers have been demonstrated in various platforms, including fibers,
glass, channel waveguides and other integrated hosts materials such as LiNbO3 [27-31] but
not on a silicon or SisN4 platform. Silicon nitride waveguides and cavities have recently
been shown to be a path to high-performance monolithic light sources [32,33], including
ultra-compact thulium microlasers [34] and high-power thulium waveguide lasers [35]
using an aluminum oxide rare-earth host medium. Therefore, silicon nitride waveguides are

also a promising route to on-chip amplifiers.

Here, we demonstrate a TeO,: Tm3" waveguide amplifier on a low-loss SisN4 chip. We
describe the film and waveguide fabrication, design, and characterization of the waveguide
amplifier showing up to 7.6 dB peak internal net gain at 1870 nm wavelength. I
subsequently show a high gain TeO2:Tm3" waveguide amplifier on a low-loss SisNa chip
pumped at 1607 nm showing up to 15 dB internal net gain at 1870 nm and 2.5 dB internal
net gain over the entire range of the wavelength from 1870 to 2000 nm. The gain
measurements were carried out in 5-cm-long spiral waveguide realized on a 1.6-mm-long
chip with an experimentally optimized thulium concentration of 4.2 x 10%® cm™.
Ultimately, the results presented in this work show significant progress in developing a
cost-effective, high gain, compact, and efficient integrated TeO2: Tm3* waveguide amplifier
on a silicon nitride platform. Such integrated thulium-doped amplifiers are promising as

gain elements for emerging photonic microsystems operating around 2 pm.
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3.2 Design and Fabrication

We fabricated the thulium-doped waveguide amplifiers on a silicon nitride platform using
a monolithic, reactive co-sputtering deposition processing step compatible with silicon
photonic circuits outlined in [22]. We deposited a 0.2-pum-thick SisN4 film on a 100-mm
silicon wafer with 8-um-thick thermal oxide layer using low-pressure chemical vapor
deposition (LPCVD). Stepper lithography and reactive ion etching were applied to pattern
1.0-um-wide straight and s-bend strip waveguides with lengths of 2.2 and 6.7 cm,
respectively, on one chip and another chip containing microring resonators. The bend
radius for the s-bend structures is 1390 um to ensure minimal radiation loss [21]. A high
temperature > 1100 °C annealing step in N2> for several hours was applied to remove
hydrogen from the SisN4 layer and reduce absorption around 1.5 pum wavelength. The
silicon nitride wafer was then diced into chips which were shipped from the foundry for

additive processing steps to realize the Tm amplifiers.

We deposited a 0.29-pum-thick TeO,:Tm®* coating layer onto the passive silicon nitride
chips using a radio frequency (RF) reactive co-sputtering process. Three-inch metallic
tellurium and thulium targets with 99.999 and 99.9% purity, respectively, were sputtered
in an argon/oxygen atmosphere at ambient temperature. We set the Te and Tm RF
sputtering powers to 145 W and 65 W, respectively, and the Ar and O> flow rates to 12
sccm and 6.8 scem, respectively. The deposition rate for the TeO2: Tm®* film was measured
to be 19 nm/min, with a refractive index of 2.10 at 638 nm and 2.04 at 1550 nm wavelengths

measured by spectroscopic ellipsometry for the films deposited on silicon. Thin film
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propagation loss of < 0.2 dB/cm at 1510 nm determined using the prism coupling method.
We measured a thulium ion dopant concentration of 2 x 10%° cm™2 using Rutherford
backscattering spectrometry (RBS). We prepared smooth waveguide end facets using
focused-ion-beam (FIB) milling [22]. A 1-um-thick fluoropolymer top cladding was spun

onto the chips (Cytop, with refractive index equal to 1.33 at 1550 nm).

Figures 3.1(a) and 3.1(b) show a 3D drawing and cross section diagram of the
TeO,:Tm**-coated SisN4 waveguide structure, respectively. The calculated electric field
profiles of the transverse-electric- (TE-) polarized fundamental modes for pump and signal
wavelengths using a finite-element method mode solver are displayed in figures 3.1(c) and
1(d). The waveguides were designed to achieve single mode waveguide conditions at 1.62
pm and 2 um wavelengths. Due to the asymmetry of the waveguide structure simulations
show that the waveguide structure only supports the TE-polarized mode at both
wavelengths. According to simulation results approximately 52 % of the optical power at
1.62 um is confined in the TeO2:Tm?** coating, with 22 % confined to the nitride layer, and
the rest of the optical power in the upper and lower cladding. At the signal wavelength,
45% of the optical power is in the TeO2:Tm3" coating, with 19% confined to the nitride
layer, and the rest of the optical power in the upper and lower cladding. The optical
confinement can be increased up to almost 85% in the coating by thicker TeO,Tm®%
coatings [22]. The calculated mode area is 1.7 pm? which is ~8% of the mode area of a
standard 9/125 single mode fiber (30 um?). The pump-signal mode overlap factor is

calculated to be 97%.

84



Ph.D. Thesis — K. Miarabbas Kiani; McMaster University — Engineering Physics

(b)

Cytop 0.2 um
c)

e
| —

ol — T

A= 1620 nm 1um | A=2000 nm 1pm

FIGURE 3.1: a) 3D drawing of the s-bend amplifier. b) Cross-section profile of the
TeO2:Tm3*-coated SisN4 waveguide structure. ¢) and d) Calculated electric field profile of
the fundamental TE-polarized mode for a silicon nitride strip width and height of 1.0 and
0.2 pm, respectively, and TeO2:Tm3* film height of 0.29 um at 1.62-um and 2-pm
wavelengths, respectively.

3.3 Results

We characterized the transmission and optical gain in the waveguides using the fiber edge-

(a)

coupling setup shown in figure 3.2. Pump light from a tunable 1550-nm laser set at 1620
nm and high-power L-band erbium-ytterbium-co-doped fiber amplifier (L-band EYDFA)
and signal light from a 1860-2000 nm tunable laser were coupled to the chip via
polarization controllers, a 1600/1900 nm wavelength division multiplexer (WDM) and 2-
pm spot size tapered fiber at 1550-nm wavelength mounted on an xyz stage. A lensed fiber
with a 3+0.5 um spot size at 2 um wavelength and xyz stage were used to couple light from
the chip where it was coupled through a fiber WDM and free-space filter with minimum

in-band-transmission of 70 % and more than 99.9 % reflection to filter residual pump light.
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During measurements the polarization paddles and xyz stages were adjusted to select TE

polarization and maximize the transmitted signal intensity.

To characterize the background waveguide propagation loss, we used TeOz:Tm3*-
coated silicon nitride ring resonator. Transmission measurements were carried out using
the tunable 1550-nm pump laser on a ring with a 1.0-um-wide SizN4 waveguide, 0.29-pum-
thick TeO2:Tm3" coating, 300-um radius, and a 1.6-um bus waveguide-ring gap to
determine waveguide loss. We assumed to have negligible thulium absorption loss over the
wavelength range 1470 to 1525 nm, and measurements represent the passive waveguide

loss of the structure.

Isolator

Pump laser L-band

1620nm EYDFA Polarization

controller

Signal laser 00e
1860 to 2000nm| polarization

controller

Computer Multimeter

FIGURE 3.2: a) Experimental setup for measuring the transmission and gain in the thulium-doped
waveguide amplifiers. (WDM: wavelength division multiplexer, PD: photodetector).

As shown in figure 3.3(a), an internal quality factor of 4.9x10° was fit to the resonance
spectrum obtained in an under-coupled ring resonator corresponding to 0.7 dB/cm
waveguide propagation loss at 1479 nm wavelength [21], which is outside the Tm
absorption range and can be taken as the pump background loss. Based on cut-back loss

measurements at 1550 nm and 2000 nm in undoped TeO»-coated SizN4 waveguides we
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expect similar or better background propagation loss at the 1860-2000 nm signal
wavelengths. Here we confirmed similar background signal loss of ~0.7 dB/cm in the Tm-
doped waveguide via transmission measurements around 2000 nm and accounting for the

fiber-chip coupling loss of 6 dB per facet [22].
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FIGURE 3.3: a) Measured and fitted resonance at 1479 nm for a 1.0-um-wide SizNa4 ring
waveguide with a 0.29 pm thick TeO2:Tm ** coating, 300-pm radius, and 1.6-um gap to
determine the waveguide background loss. b) Amplified spontaneous emission spectrum
measured in TeO2:Tm **-coated SisN4 waveguide.

Figure 3.3(b) shows the normalized amplified spontaneous emission (ASE) spectrum
measured in the straight thulium-doped tellurium oxide on silicon nitride waveguide. The
emission spectrum was recorded using a pump wavelength of 1620 nm and by collecting

the back ASE from the input WDM using a near infrared spectrometer. The emission

spectrum extends from 1.7 to 2.1 um with the peak at 1870 nm.

Gain measurements were carried out using the setup shown in figure 3.2. The output
signal was measured at the detector with the pump on and off to determine the signal

enhancement. The measured signal enhancement must be greater than both the thulium
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absorption loss and the background waveguide loss, to achieve positive internal net gain.
The total propagation loss in the waveguide was determined by multiplying the background
loss obtained of 0.7 dB/cm by the waveguide length and adding the thulium absorption
versus wavelength measured in the unpumped waveguide. The total loss was subtracted
from the signal enhancement to determine the internal net gain of the waveguide. The
output power of the signal laser from 1860 to 2000 nm was maintained at —10 dBm
resulting in an approximate signal power launched into the chip of =19 dBm accounting
for fiber setup and coupling loss. This signal power was determined to be sufficiently low
to be in the small signal regime (i.e. resulting in negligible inversion of Tm®" ions
throughout the waveguide) while being sufficiently high to ensure stable tunable laser
operation. We determined the launched pump power by measuring the incident power from
the input fiber using an integrating sphere photodiode power monitor and accounting for 6

dB fiber-chip coupling loss [22].

Figure 3.4 shows the internal net gain versus wavelength for 7 different launched 1620-
nm pump powers including 0, 30, 55, 110, 165, and 220, and 245 mW. The unpumped case
shows the absorption spectrum corresponding to the same waveguide from 1860 to 2000
nm. The data shows broadband net optical gain is obtained between 1860-2000 nm for
pump powers >~60 mW. A peak internal net gain of 7.6 dB is obtained at 1870 nm for 245
mW launched power, corresponding to the peak Tm emission wavelength, while net gain

> 2.9 dB is obtained over the entire range.
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FIGURE 3.4: Internal net gain vs. wavelength measured in a 6.7-cm-long paperclip Tm-
doped waveguide amplifier at different launched 1620-nm pump powers.

Figure 3.5 shows the internal net gain vs. pump power at different signal wavelengths
for the s-bend TeO,:Tm**-coated SisN4 waveguide. Threshold gain is shown to be achieved
at 30 mW launched pump power at 1870 nm. The peak gain value of 7.6 dB corresponds
to a gain per unit length of 1.1 dB/cm. The inset shows the internal net gain measured versus
launched pump power for the 2.2-cm-long straight waveguide and 6.7 cm s-bend
waveguide and 1620 and 1870 nm pump and signal wavelengths, respectively. The

saturated small signal gain in the case of the shorter wavelength is 2.6 dB, corresponding
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to 1.2 dB/cm, confirming that the gain measured in the s-bend waveguide is close to the

maximum gain obtainable for this structure.
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FIGURE 3.5: Internal net gain vs. pump power measured in a 6.7-cm-long TeOz: Tm3*
paperclip waveguide amplifier for 1620-nm pump wavelength and varying signal
wavelength. Inset: internal net gain vs. pump power for amplifier lengths of 2.2 cm, and
6.7 cm at 1870-nm signal wavelength.

In the future, the amplifier performance can be improved by optimizing the waveguide
cross-section including a thicker TeO2:Tm3" layer for greater mode overlap with the gain
medium, amplifier length, pump wavelength, and Tm®" ion concentration based on the

spectroscopic properties of the TeO.:Tm®" material. We are currently carrying out
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spectroscopy measurements and developing a rate equation model in order to optimize the

gain.

3.4 Compact High Gain TeO2:Tm* Waveguide
Amplifiers

Following the initial results showing net gain in TeO2:Tm3*-SizN4 amplifiers, higher gain
in a smaller footprint device was investigated. The amplifier performance was improved
by adjusting the waveguide cross-section including a thicker TeO2:Tm?" layer for greater
mode overlap with the gain medium, amplifier length, pump wavelength, and Tm3* ion
concentration based on the spectroscopic properties of the TeO2:Tm** films. A 1.0-pum-
wide spiral waveguide with a bend radius of 200 um on 200-nm-thick silicon nitride layer
was coated with a 0.39-pum-thick TeO2:Tm3* layer with a thulium ion dopant concentration

of 4.2 x 10%° cm~2 and was pumped to explore its amplification properties.

The output power of the signal laser from 1870 to 2000 nm was maintained at —10 dBm
resulting in an approximate signal power launched into the chip of —22 dBm accounting
for fiber setup and coupling loss. This signal power was determined to be sufficiently high
to ensure stable tunable laser operation while being sufficiently low to be in the small signal
regime. The launched pump power was determined by measuring the incident power from
the input fiber using an integrating sphere photodiode power monitor and accounting for

16 dB fiber-chip coupling loss at pump wavelength.
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1.6 mm

FIGURE 3.6: Top-view SEM image of a 5-cm-long TeO,:Tm®*'-coated SisN4 spiral
waveguide.

The same process for determining background loss with a ring resonator on the same
chip as that described in section 3.3 was used. An internal quality factor of 4.5x10° was fit
to the resonance spectrum of an under-coupled ring resonator, corresponding to 0.75 dB/cm
waveguide propagation loss at 1510 nm wavelength, suggesting 8 dB of fiber-chip coupling
loss at each facet. The optical propagation loss was measured of 0.3 dB/cm in the fabricated
paperclip on the same chip at 2000 nm wavelength. The paperclip waveguide structures are
with different lengths varying from 2.45 to 3.93 cm. The propagation loss was fitted using

linear regression of the insertion losses measured in the paperclip at 2000 nm wavelength.

To measure the maximum internal net gain per unit length, the gain was measured in
short 1-cm-long straight waveguide amplifiers with varying Tm concentrations. The
internal net gain versus launched pump power measured in 1-cm-long TeO2: Tm?** straight
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waveguide amplifiers is shown in figure 3.7 for thulium concentrations ranging from 2.0 x
10%° cm—t0 6.0 x 10%° cm3. The highest internal net gain was measured for the thulium-

doped tellurium amplifier with the thulium concentration of 4.2 x 10% cm™3,

A significant reduction was observed in the gain per unit length at higher thulium
concentrations. This can occur by increasing the background loss due to the different post-
processing runs and the quenching process. The inset of figure 3.8 shows luminescent
lifetime measurements that were carried out on the 1-cm-long TeO2:Tm3* waveguides
using a diode laser that was modulated with a 5 ps turn off time, by a 40 Hz square wave
signal using a function generator and the output was launched onto the chip. The back-
collected fluorescence signal was recorded of the photodetector on an oscilloscope from
the waveguide and its decay after the pumping was switched off was fit in a logarithmic
scale to calculate the lifetime. The lifetime decreases for increasing thulium concentration,
which might be attributed to quenched ions, OH™ impurities, background waveguide loss
[36]. This decreasing lifetime leads to lower pumping efficiency and reduced gain beyond

the optimum concentration for a given amplifier length.
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FIGURE 3.7: Measured internal net gain per unit length versus launched pump power for
different thulium concentrations at signal and pump wavelengths of 1870 and 1607 nm,
respectively, in 1-cm long TeO2:Tm3* straight waveguide amplifiers. Inset: measured
luminescent lifetime versus thulium concentration.

Figure 3.8 shows the internal net gain versus wavelength for different launched pump
powers ranging from 0 to 49 mW at 1607-nm pump wavelength. The unpumped case shows
the absorption spectrum corresponding to the same waveguide from 1870 to 2000 nm. A
peak internal net gain of 15 dB is demonstrated at 1870 nm for 49 mW launched power,
while internal net gain of > 2.5 dB is obtained over the entire range. Threshold gain is

shown to be achieved at ~10 mW launched pump power pumped at 1607 nm with a peak

gain value of 15 dB, corresponding to a gain per unit length of 3 dB/cm.
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FIGURE 3.8: Internal net gain vs. wavelength measured in a 5-cm-long spiral Tm-doped
waveguide amplifier at different launched 1607-nm pump powers.

The results presented in this work are prominent in comparison to the highest net gain
in the TeO2:Tm3* waveguide amplifier from the previous work in our group with 1.2 dB/cm
internal net gain [37]. Outstanding progress has been conducted in this work including high
total internal net gain, high gain per unit length, an ultra-compact spiral amplifier with a

broad bandwidth net gain operation over 130 nm wavelength.

3.5 Conclusion

In summary, a thulium-doped tellurium oxide waveguide amplifier have been demonstrated
with up to 7.6-dB internal net gain and net gain between 1860-2000 nm on a silicon nitride

platform. Subsequently, a high total internal net gain of 15 dB, corresponds to a higher gain
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per unit length of 3 dB/cm on an ultra-compact 5-cm spiral waveguide with a broad
bandwidth net gain operation over 130 nm wavelength have been demonstrated by
optimizing the waveguide cross-section, amplifier length, pump wavelength, and thulium
concentration. Such devices are promising for ultra-compact optical amplifiers in the
proposed 2-um optical communications band, empowering applications such as
telecommunication chips, data transmission, quantum and optical computing, for which on-

chip optical gain is required.
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Chapter 4

Thulium-Doped Tellurium Oxide
Microring Lasers Integrated on a Low-

Loss Silicon Nitride Platform

Thesis preface

The following chapter presents on the design, fabrication, and characterization of the
integrated thulium-doped tellurium oxide (TeO2:Tm®") microring lasers on a low-loss
silicon nitride (SisN4) platform. Large-scale implementation of silicon photonics (SiP)
telecommunication infrastructure will require light sources (lasers) to generate signals on the
chip. The low propagation loss and wide transparency window of SizsN4, make it a versatile

complimentary silicon-compatible platform for on-chip passive, active, and nonlinear
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devices. Here, a thulium gain medium is added on low-loss SisN4 microring resonators to
realize compact integrated lasers. The thulium-doped tellurium oxide (TeO2:Tm®") is
deposited onto foundry-fabricated SisNs chips via reactive radio frequency (RF) co-
sputtering, which is a straightforward and monolithic approach that can be extended to the
wafer scale, in the Centre for Emerging Device Technologies (CEDT) at McMaster
University. The passive transmission properties and lasing were characterized on chips with
a silicon nitride microring with a radius of 300 pum and Tm concentrations of 3.6, 4.1 and
5.9 x 10%° atom/cm®*. The microring laser with a thulium concentration of 4.1 x 10%°
atoms/cm? is selected for detailed measurements and forms the focus of this chapter due to

its measured lower threshold power and higher slope efficiency.

An introduction and motivation for integrated thulium lasers on the silicon nitride
platform is given in section 4.1. Section 4.2 describes the microring laser design, fabrication
and structure, which includes a 300 um radius and 200 nm thick SizN4 microring resonator
coated with 390 nm thick-TeO2:Tm?®* layer as the active area of the laser. In section 4.3,
the optical passive transmission properties is characterized of the microring resonators,
including the Q factor and losses, using a fiber-chip coupling setup. In section 4.4 the
TeO,:Tm**-SisN4 microring resonators is pumped to explore their lasing potential and the
laser results is described. Multimode and single-mode lasing are shown with a double-sided
output power of approximately 9 mW around a wavelength of 1828 nm via efficient
pumping at telecom wavelengths around 1610 nm, with a single-sided slope efficiency of
11% versus launched pump power into the silicon nitride bus waveguide. Furthermore,

laser emission spectra is characterized for devices with different gaps of 0.9, 1.1, 1.4, 1.6,
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and 1.8 pm, which show multi-mode lasing and laser modes spanning from 1815 to 1895
nm. Section 4.5 presents additional laser results for devices with different thulium
concentrations. The results are compared and provide a guide towards optimized
TeO2:Tm**-SisN4 microring lasers. The main results are summarized, and conclusions are

given in section 4.6.

Thulium-doped tellurium oxide microring lasers integrated on a low-loss silicon nitride
platform
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Sections added in the following thesis chapter that were not included in the published
manuscript include section 4.5. on the study of TeO2:Tm®*-SisN4 microring lasers with
different Tm concentrations. These laser results were made to include details to show the
high performance and repeatability of the TeO2:Tm®*-SisN4 hybrid platform for integrated

thulium lasers.
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Abstract

We demonstrate compact, monolithically integrated thulium-doped tellurium oxide
microring lasers on a low-loss silicon nitride platform. We observe lasing in the wavelength
range of 1815-1895 nm under 1610 nm resonant pumping at varying waveguide-microring
gap sizes and on-chip single-sided output powers up to 4.5 mW. The microlasers exhibit
thresholds as low as 18 mW (11 mW) and a single-sided slope efficiency as high as 11%
(17%) with respect to the pump power coupled into the TeO2:Tm®* -coated SisNa bus
waveguide (absorbed pump power). These results are a promising development for
integrated tellurite glass devices and light sources for the emerging 2-pum band in silicon

nitride photonic integrated circuits.

4.1 Introduction

Laser sources and optical amplifiers operating in the 2 pum window (~1.7-2.3 um) are of
increasing importance for diverse applications, including free-space and fiber-optic
communications, medical diagnostics and surgery, spectroscopy, light detection and
ranging (LIDAR), and sensing [1-3]. In particular, the 2-um band has recently attracted
interest for relieving a bandwidth bottleneck in data communications systems, due to the
development of low-loss, and low latency hollow-core photonic bandgap fibers, low
nonlinearity, broadband thulium fiber amplifiers, and semiconductor optoelectronic lasers,
photodetectors, and modulators [4,5]. For applications requiring a small form factor, silicon
has emerged as an ideal platform for compact, low-loss, and high-speed 2-um integrated

photonic devices and systems [6—8]. In addition, silicon nitride’s (SiasN4’s) low propagation
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loss (< 0.1 dBtm) and wide transparency window (~400 nm to 2.35 um), high refractive
index contrast, nanoscale feature resolution, and mature fabrication methods has made it a
versatile complimentary silicon-compatible platform for passive, active, and nonlinear
devices [9-14]. However, due to the indirect bandgap and two photon absorption of silicon
and large bandgap of silicon nitride, researchers are investigating different materials to

integrate 2-um band laser sources and amplifiers on silicon chips [15-17].

Trivalent thulium ions can be pumped at telecom wavelengths around 1.6 um and show
broad emission on the 3F excited state to 3Hs ground state energy transition. Thulium lasers
are of interest for 2 um applications because of their high efficiencies, high output powers,
design flexibility and eye-safe emission at wavelengths ranging from 1.7 to 2.2 ym. 2-um
thulium lasers have been developed using glass fibers [18-20], planar and channel
waveguides [21-24], and bulk crystals [25], and other integrated hosts materials such as
LiNbOs [26]. Compared to fiber and bulk platforms, integrated waveguide lasers are
compact, low cost, and use straightforward fabrication methods, enabling wafer-scale
processing and integration with other photonic devices for compact high-performance
microsystems [27-29]. Besides continuous wave devices, waveguide lasers have high
potential for advanced light sources such as tunable lasers [30,31] and mode-locked lasers
for applications such as low-noise frequency synthesis [24]. High performance integrated
thulium-doped channel waveguide lasers have been developed in a variety of oxide host
materials. Tungstate crystals are particularly promising based on their high rare earth
solubility without clustering, resulting in high performance laser demonstrations [32],

including devices with a maximum output power of 262 mW and slope efficiency of 82.6%
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[33]. Recently, thulium lasers have also been demonstrated on silicon and silicon nitride,
enabling them to leverage the low-cost, scalable manufacturing and advanced device
libraries and microsytems functionalities available on those platforms. Low-threshold Tm-
doped microcavity lasers and high-power Tm-doped distributed feedback (DFB) and
distributed Bragg reflector (DBR) lasers on silicon have been demonstrated based on
micro-trenches and SisN4 waveguides coated with Tm-doped amorphous Al>O3 gain layers
[22,23]. A high gain coefficient and high laser power were also achieved by applying a
high Tm concentration and a well-confined waveguide structure for compact integrated

devices in a Tm-doped Ta.Os waveguide on silicon [21].

Compared to other metal oxides, tellurium dioxide (TeO.), is a highly promising
material for active monolithically integrated optical devices and host for rare-earth ions due
to its high rare-earth solubility, low quenching, and low phonon energy of around 600-800
cm™! [34]. TeO; has a high refractive index and is transparent throughout the visible and
near-infrared and into the mid-infrared with low dispersion. It also has higher nonlinearity
and higher Raman gain than SisN4 [34-36]. Thus, TeO: is an ideal medium for active (light-
emitting), passive, and nonlinear devices on a single platform. Its low temperature and
straightforward wafer-scale deposition via sputtering also make TeO, a versatile and
inexpensive material for hybrid integration on silicon and silicon nitride platforms [37-39].
In [40], an erbium-doped tellurium oxide waveguide amplifier pumped at 980 nm was
demonstrated with high internal gain exceeding 14 dB and lasing was observed from the
end facets, showing the potential for high-performance active on-chip devices in the

material. Prior to this work, we have also reported a hybrid TeO2:Tm3*-SisN4 waveguide
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amplifier with 7.6 dB internal net gain [41,42] and an erbium-doped tellurium oxide
(TeO2:Er®")-SisN4 amplifier with up to 5 dB gain. We have also demonstrated low-loss
waveguides and resonators [39,43] and the prospect for efficient nonlinear devices on the
TeO2-SisN4 platform [12,44]. However, to the best of our knowledge, an integrated
tellurite-based laser on a silicon nitride platform had not previously been demonstrated.
Here, we report on integrated TeO2: Tm**-SisN4 microring resonator lasers. We describe
the film and waveguide fabrication, design and characterization of the waveguide lasers
and show up 4.5 mW single-sided output power at 1828 nm and lasing from 1815-1895
nm for different microring-bus gaps. Such integrated thulium-doped lasers are promising

for emerging silicon-nitride-based photonic microsystems operating around 2 pm.

4.2 Design and Fabrication

We fabricated the thulium-doped tellurium oxide waveguide lasers on a silicon nitride
platform using a wafer-scale foundry process and a monolithic, reactive co-sputtering post-
processing step outlined in [39]. We first deposited a 0.2-pum-thick SizNs4 film on a 100-mm
silicon wafer with an 8-um-thick thermal SiO- layer using low pressure chemical vapor
deposition (LPCVD). The SiasN4 layer thickness was chosen as a standard nitride thickness
to achieve low-loss, single-mode, and moderate confinement strip waveguides for compact
bends in ring resonator structures. Stepper lithography and reactive ion etching were
applied to pattern 1.0-um-wide microring resonators with 300-um radii, and gaps varying
from 0.9 to 1.8 um between the outer walls of the SisNa4 ring and bus waveguide. The wafers

were then annealed at high temperature (> 1100 °C) for several hours in N2 to remove
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hydrogen from the SisN4 layer and reduce absorption around 1.5 pm wavelength. The

silicon nitride wafer was then diced into chips for post-processing.

(a) (b)

A=1610 nm

A= 1828 nm 1.0 ym_

FIGURE 4.1: a) 3D drawing of the TeO2:Tm®"-SisN, ring laser. b) Cross-section profile
of the hybrid waveguide structure. ¢) Top-view SEM image of a TeO2:Tm**-SisN4 ring
laser. d) Calculated electric field profile of the fundamental TE-polarized mode at 1610 nm
pump and 1828 nm laser wavelengths for a silicon nitride strip width and height of 1.0 and
0.2 pum, respectively, and TeO2:Tm3* film height of 390 nm.

We deposited a 0.39-pum-thick TeO.:Tm3* coating layer onto the passive silicon nitride
chips using a radio frequency (RF) reactive co-sputtering process. Three-inch metallic
tellurium and thulium targets with 99.999 and 99.9% purity, respectively, were sputtered
in an argon/oxygen atmosphere at ambient temperature. We set the Te and Tm RF

sputtering powers to 120 and 85 W, and the Ar and O flow rates to 12 and 7.4 sccm,
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respectively, at 20°C. The deposition rate for the TeO2:Tm3*" film was 11 nm/min and its
refractive index was 2.03 at 638 nm and 1.98 at 1550 nm wavelengths measured by
spectroscopic ellipsometry. Thin film propagation losses of < 1.0 dB/cm at 847 nm and <
0.75 dB/cm at 1510 nm were determined using the prism coupling method and a witness
sample deposited on a thermally oxidized wafer. We measured a thulium ion dopant
concentration of 4.1 x 10%° cm™2 using Rutherford backscattering spectrometry (RBS). The
thulium concentration was selected to be high enough to achieve greater gain than
microring roundtrip losses, including propagation and ring-waveguide coupling losses. We
prepared smooth waveguide end facets using focused-ion-beam (FIB) milling. In figure
4.1, we display the microring laser structure. Figures 4.1(a) and 4.1(b) show a 3D drawing
of the TeO2: Tm*"-coated SizNa4 ring resonator and a cross section diagram of the hybrid
waveguide structure, respectively. A scanning electron microscope (SEM) image of the top
view of ring resonator and its bus waveguide is shown in figure 4.1(c). The calculated
electric field profile of the transverse-electric- (TE-) polarized fundamental mode for the

laser wavelength using a finite-element method mode solver is displayed in figure 4.1(d).

The theoretical properties of the TeO2:Tm3*-coated SisNs ring resonators were
investigated using a finite element method (FEM) mode solver. The waveguides were
designed to be single mode at > 1500 nm wavelength. Due to the asymmetry of the
waveguide structure, simulations show that it only supports the TE-polarized mode.
According to the simulation results, approximately 66.7% of the optical power at 1610 nm
is confined in the TeO2:Tm®" coating, with 18.1% confined to the nitride layer with the

calculated mode area is 1.2 pm?, and the rest of the optical power in the SiO; and air. At
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the laser wavelength, 63.3% of the optical power is in the TeO2:Tm3* coating, with 17.3%
confined to the nitride layer, and the rest of the optical power in the SiO, and air with a
similar mode area of 1.4 um?. The hybrid waveguide design was selected to provide good
optical confinement in the TeO2:Tm3" layer while also minimizing both the mode size to
enhance intensity and the bend radius for compact rings. The calculated radiation loss and
equivalent Q factor for the TeO2:Tm®*"-coated silicon nitride microring structure using a
finite element bent eigenmode solver, shows that radiation loss is negligible at the selected
bend radius of 300 um [43]. These results show the potential for the fabrication of more

compact devices without introducing significant radiation losses.

4.3 Experimental Setup

We characterized the microring lasers using the experimental setup shown in figure 4.2.
We coupled pump light from a tunable 1510-1640 nm laser set around 1610 nm and high-
power L-band erbium-ytterbium-co-doped fiber amplifier (L-band EYDFA) to the chip via
a polarization controller, a 1600/1900 nm fiber wavelength division multiplexor (WDM),
and 2-um spot size tapered optical fiber at 1550-nm wavelength mounted on an xyz stage.
The laser output was also coupled from the chip using a lensed fiber with a 2-pum spot size
tapered fiber at 1550-nm wavelength, filtered from the pump light with a 1600/1900 nm
WDM and coupled to an optical spectrum analyzer (OSA) to observe the output spectrum

and power. The transmitted pump light was also measured using a power detector.
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Pump laser L-band Polarization controller
1600 nm EYDFA Isolator
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Computer OSA

FIGURE 4.2: Experimental setup used for measuring the on-chip thulium-doped microring
lasers.

During measurements, the polarization paddles and xyz stages were adjusted to select
TE polarization and maximize the transmitted pump/signal intensity. Passive transmission
measurements were carried out on the same setup without the L-band EYDFA and the OSA
replaced with a photodetector to determine the background waveguide propagation loss.
Passive characterization was carried out over the full range of the tunable laser to include
wavelengths around 1510 nm, where we observe negligible thulium absorption loss, and

the fitted Q factor can be assumed to represent the passive waveguide loss of the structure.

4.4 Results

We measured the transmission properties of the TeO2:Tm3* coated SisN4 waveguides and
ring resonators around the pump wavelength from 1510 nm to 1610 nm. The transmitted
pump power for a device with waveguide-resonator gap of 1.1 um and TE polarization is
shown in figure 4.3. We observe decreasing Q factor and lower extinction ratios
corresponding to increasing Tm3* ion absorption at wavelengths > ~1550 nm as observed
in other host materials [45] (we note that the measurement upper limit was determined by
the maximum wavelength of the tunable laser — 1620 nm and the Tm>* absorption peak is

around 1650 nm). As displayed in the inset, we observe narrow resonances associated with
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the fundamental TE mode in the resonator. We performed a best fit of the resonance,
assuming a Lorentzian shape of the transmission dip. The quality factor is intrinsically
limited by thulium absorption and waveguide propagation loss. As shown in the inset of
figure 4.3, the background propagation loss is 0.75 dB/cm at 1519 nm wavelength linked
to an internal quality factor of 4.8x10° fitted to the resonance spectrum obtained in the
under-coupled ring resonator [43]. The fiber-chip coupling loss was determined to be 5.0
dB, influenced by mode mismatch, Fresnel reflections and scattering due to the conformal

TeO,:Tm** coating on the facet.
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FIGURE 4.3: Transmission measurement in a thulium-doped microring with a microring-
waveguide gap of 1.1 pm from 1510 to 1620 nm and for TE polarization. The inset picture
shows a zoomed-in view of the resonance at 1519 nm wavelength and fitted Lorentzian
function giving an internal Q factor of 4.8x10°. This corresponds to 0.75 dB/cm waveguide
propagation loss at 1519 nm wavelength, which is outside the Tm absorption range and can
be taken as the pump background loss.
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We resonantly pumped the TeO2:Tm3*-coated SisN4 ring resonators to investigate their
lasing potential, with up to 60 mW power launched into the bus waveguide. We determined
the launched pump power by measuring the incident power from the input fiber using an
integrating sphere photodiode power monitor and accounting for 5.0 dB fiber-chip coupling
loss. As shown in figure 4.4, we observe multimode lasing around 1828 nm for thulium-
doped laser with a gap of 1.1 um at 1610 nm pump wavelength. The laser output is
bidirectional and a similar output power was observed at the pump input side of the chip.
Single mode laser emission was also observed in the resonator with up to 3.6 mW single-
sided on-chip power and 7.2 mW double-sided output power, when the pump wavelength
was shifted to 1600 nm, as shown in the inset of figure 4.4. We observed single mode laser
emission for pump wavelengths from 1590 to 1604 nm where the thulium absorption is not
as high as the thulium absorption around the peak. When pumping at wavelengths from
1604 to 1620 nm, where the thulium absorption is high, we observed multimode lasing with

higher output powers in the device.
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FIGURE 4.4: Multimode laser emission spectrum of a TeO2:Tm3*-coated SisN4 ring
resonator under 1610-nm pumping at a microring-waveguide gap of 1.1 um obtained with
~60 mW on-chip pump power. The inset picture shows single mode laser emission of the
same TeO,:Tm?"-coated SisNs ring resonator pumped at 1600 nm.

We observed the highest output power and laser efficiency for the device with gap of
1.1 um and for a pump wavelength of 1610 nm. Figure 4.5 shows the single-sided laser
output power of up to 4.5 mW measured as a function of on-chip and absorbed pump power.
The on-chip power is the power coupled into the silicon nitride bus waveguide, taking into
account the fiber-chip coupling loss of ~5.0 dB per facet, and the absorbed power is the
power coupled into the resonator. We note that the laser output power also includes a small
amount of amplification in the TeO,:Tm**-coated bus waveguide (we measured a peak
internal net gain of up to 1.4 dB in the 0.6 cm long straight waveguide at 1870 nm for 60
mW launched power [41]). We observe the lowest device threshold of 18 mW versus on-

chip launched pump power at a gap of 1.1 um to the bus waveguide and 11 mW as the
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threshold pump power in the ring resonator. We observe slope efficiencies of 11% and 17%
in the ring laser, respectively. Considering bidirectional emission, we observe 9 mW total

on-chip output power and a slope efficiency versus absorbed pump power of 34%.

A Launched pump power
A Absorbed pump power

N w E Y

On-chip laser power (mW)

0 L 1 1
0 10 20 30 40 50 60 70

Pump power (mW)
FIGURE 4.5: Tm** laser curves for a microring resonator with a gap of 1.1 um, showing
a maximum on-chip output power of up to 4.5 mW and slope efficiencies of 11% and 17%
versus launched and absorbed pump power.

In figure 4.6 we show the laser spectra obtained under 1610-nm pumping and at different
gaps of 0.9, 1.1, 1.4, 1.6 and 1.8 um. We observe multi-mode lasing and laser modes
spanning from 1815 to 1895 nm. For smaller gap sizes (and longer wavelengths), the ring
resonator modes incur greater coupling losses, favoring lasing closer to the thulium gain
peak around 1800 nm, while, for larger gap sizes, the laser output shifts to longer
wavelengths where the Tm*" absorption is lower, and population inversion is more easily
achieved. Therefore, by pumping different gaps, different lasing wavelengths can be

achieved. The laser performance can be enhanced, and emission wavelength can be
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controlled by engineering the pump and signal coupling using, for example, Mach-Zehnder

couplers [45]. Furthermore, by building on this demonstration of a TeO2:Tm?" integrated

laser and silicon nitride’s versatile and high-resolution wafer-scale fabrication, various

laser cavity designs of interest can be explored, including DBR, DFB and tunable lasers. In

addition to thulium devices, different rare earth dopants can be investigated for lasing at a

wide variety of wavelengths on the hybrid tellurite glass-silicon nitride platform.
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FIGURE 4.6: Laser emission spectra of TeO2:Tm3*-SisN4 ring resonators under 1610-nm
pumping and for microring-waveguide gaps of a) 0.9 um b) 1.1 um, ¢) 1.4 um, d) 1.6 um
and e) 1.8 um. The laser emission shifts from ~1815 to 1895 nm by increasing the gap size.
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4.5 Investigation of TeO2:Tm*-SisNs Microring
Lasers with Different Tm** Concentrations

The thulium concentration of 4.1 x 10° cm™ was selected as an optimized thulium
concentration to have the highest slope efficiency and the lowest threshold pump power
launched into the bus waveguide [47,48]. To study more about the influence of thulium
concentration on laser performance, similar devices are fabricated where the Tm RF
sputtering powers are set to 80 and 100 W. The refractive index was 2.03, and 2.02 at 638
nm and 1.98 and 1.96 at 1550 nm wavelengths, respectively, measured by spectroscopic
ellipsometry with thulium ion dopant concentrations of 3.6 x 1022 cm—3and 5.9 x 10%° cm™3,
respectively, measured by RBS. Similar passive and laser experiments were carried out on
these chips as those described in sections 4.3 and 4.4. The properties of the ring lasers with

the best performance on each chip are compared in table 4.1.

TABLE 4.1: Comparison of the properties of TeO2:Tm®*-coated SisNa ring lasers with
different thulium concentrations.

Tm®" concentration (atom/cma) 36x10”" 41x10" 59x10”
Radius (um) 300 300 300

Gap (um) 1.0 1.1 1.1
TeO,;Tm’" thickness (nm) 372 390 302
Intrinsic Q factor 4.1X 105 4.8 x 105 3.6 X 105
Background propagation loss (dB/cm) 0.9 0.75 1.1
Maximum laser slope efficiency 5% 11% 8%

Ring slope efficiency 6% 17% 14%
Minimum laser threshold (mW) 25 18 53.4
Ring threshold (mW) 21 11 29.9
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The transmission properties are measured of the TeO2:Tm3*-coated SisNs waveguides
and ring resonators with thulium concentrations of 3.6 x 10%° cm™ and 5.9 x 10® ¢cm™3
around the pump wavelength from 1510 nm to 1610 nm. They exhibited internal quality
factors of 4.1x10° and 3.6x10° at 1529.2 nm and 1513.1 nm, respectively, corresponding
to 0.9 dB/cm and 1.1 dB/cm background propagation losses, respectively [49,50]. As
shown in figure 4.7, multimode lasing is observed around 1818 nm for a thulium-doped
laser with the thulium concentration of 3.6 x 10%° cm™3 in a gap size of 1.0 pm pumped at
1610 nm wavelength. The laser output is bidirectional with the single-sided output power
of up to 4.3 mW for an on-chip pump power of 117 mW and laser slope efficiency of 5%
with respect to power launched into the bus waveguide. Similar output power was observed

at the pump input side of the chip. In figure 4.8 the laser spectra is shown obtained for the

same chip under 1610-nm pumping and at different gaps of 1.0, 1.3, and 1.4 pm.
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FIGURE 4.7: a) Multimode laser emission spectrum of a TeO2: Tm?**-coated SisN4 ring resonator
under 1610-nm pumping at a microring-waveguide gap of 1.0 um obtained with ~117 mW on-chip
pump power for thulium concentration of 3.6 x 10° cm™3. b) Tm®" laser curves for a microring
resonator with a gap of 1.0 um, showing a maximum on-chip output power of up to 4.3 mW and
slope efficiencies of 5% and 6% versus launched and absorbed pump power.
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FIGURE 4.8: Laser emission spectra of TeO2:Tm**-SizNa4 ring resonators under 1610-nm
pumping and for microring-waveguide gaps of a) 1.0 um b) 1.3 um, ¢) 1.4 um. The laser
emission shifts from ~1815 to 1878 nm by increasing the gap size.
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Multimode lasing is observed around 1843 nm for a thulium-doped laser with the
thulium concentration of 5.9 x 10%° cm™ and a gap size of 1.1 pm pumped at 1610 nm
wavelength. The laser output is bidirectional with the single-sided on-chip output power of
up to 7.9 mW for an on-chip pump power of 163 mW and laser slope efficiency of 8% with
respect to power launched into the bus waveguide. In figure 4.10, the laser spectra obtained
under 1610-nm pumping and at different gaps of 1.1, 1.3, and 1.8 um. We observe multi-

mode lasing and laser modes spanning from 1825 to 1896 nm.
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FIGURE 4.9: a) Multimode laser emission spectrum of a TeO2: Tm?**-coated SisN4 ring resonator
under 1610-nm pumping at a microring-waveguide gap of 1.1 um obtained with ~163 mW on-chip
pump power for thulium concentration of 5.9 x 10° cm™3. b) Tm*" laser curves for a microring
resonator with a gap of 1.1 um, showing a maximum on-chip output power of up to 7.9 mW and
slope efficiencies of 8% and 14% versus launched and absorbed pump power.
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FIGURE 4.10: Laser emission spectra of TeO:Tm**-SisN4 ring resonators under 1610-nm
pumping and for microring-waveguide gaps of a) 1.1 um b) 1.3 pm, ¢) 1.8 um. The laser emission
shifts from ~1825 to 1896 nm by increasing the gap size.
While the background propagation losses are almost the same, the output powers and slope
efficiency for the TeO*Tm?*" microring laser with a thulium concentration of 4.1 x 10%° atom/cm?*

is higher than the other two concentrations. These laser results on different chips show the consistent

performance and high quality of the TeO2:Tm?*-SizNs hybrid platform and provide a guide for

future work on optimization of integrated thulium lasers.

4.6 Conclusion

In summary, we have demonstrated thulium-doped tellurium oxide microring resonator
lasers emitting at wavelengths from 1815-1895 nm on a silicon nitride chip. We measure
a minimum threshold of 18 (11) mW and maximum slope efficiency of 11% (17%) with

respect to on-chip (absorbed) pump power. In the future, optimizing the coupler and cavity
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designs and waveguide cross-section can lead to efficient and low threshold laser emission
over a wider wavelength range across thulium’s broad gain spectrum (~1.7 — 2.1 um). Such
devices are promising for ultra-compact light sources for silicon-based photonic

microsystems in the emerging 2-pum optical communications and sensing band.
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Chapter 5

High-Q TeO»-Si Hybrid Microring

Resonators

Preface

The following chapter presents the integration of low loss (high quality factor) tellurium
oxide (TeO2) coated silicon microring resonators on silicon photonic chips. The loss
mechanisms are crucial in the design of silicon photonic devices, particularly the on-chip
optically pumped lasers investigated in this thesis, since the laser efficiency depends on the
pump light loss and coupling into the resonator and the round-trip laser loss. Three different
microring resonator designs with different cladding layers including tellurium oxide, silicon
oxide, and air were designed, fabricated, and measured. The silicon microring structure was

fabricated in the Advanced Micro Foundry (AMF) in Singapore and a radio frequency (RF)
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magnetron sputtering system in the Centre for Emerging Device Technologies (CEDT) at
McMaster University was used to deposit tellurium oxide (TeOz) onto the silicon
microrings to achieve a low loss silicon platform. This approach on tellurium oxide-coated
silicon microring resonators enables a photonic platform that can combine tellurium oxide’s
promising passive, active and nonlinear optical material properties for the fabrication of
high-performance rare earth doped active devices such as amplifiers and lasers as well as

low-loss passive and nonlinear devices in silicon photonic platforms.

An introduction and the motivation for integrated tellurium oxide cladded silicon
microring resonators are given in section 5.1. Section 5.2 describes the design, fabrication,
and structure of uncoated and SiO»- and TeO> -coated silicon microring resonators. The
calculated optical properties of these three silicon microrings platforms are summarized
using a finite element bent eigenmode solver. In section 5.3, the transmission properties of
the uncladded and cladded silicon microring resonators are characterized to determine their
quality factors and the losses using a fiber-chip coupling setup. The scattering loss is
calculated as a function of wavelength for microring resonators with air, SiO2, and TeO>
claddings based on the 3D Payne-Lacey model, and the model is shown to agree with the
experimental results. The main results are summarized, and conclusions are given in section

5.4.
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Abstract

We present the design and experimental measurement of tellurium-oxide-clad silicon
microring resonators with internal Q factors of up to 1.5 x 108 corresponding to a
propagation loss of 0.42 dB/cm at wavelengths around 1550 nm. This compares to
propagation loss of 3.4 dB/cm for unclad waveguides and 0.97 dB/cm for waveguides clad
with SiO2. We compare our experimental results with the Payne-Lacey model describing
propagation dominated by sidewall scattering. We conclude that the relative increase in
refractive index of the TeO: reduces scattering sufficiently to account for the low
propagation loss. These results, in combination with the promising optical properties of
TeO, provide a further step towards realizing compact, monolithic, and low loss passive,
nonlinear and rare-earth-doped active integrated photonic devices on a silicon photonic

platform.
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5.1 Introduction

The impact of silicon photonics on the development of photonic integrated circuits (PICs)
is considerable, because of device compatibility with complementary metal-oxide-
semiconductor (CMOS) technology and the leveraging of decades of research stimulated
by the microelectronics industry [1]. The miniaturization of photonic waveguides has
emerged as one of the most prominent technology platforms for PICs over the past few

decades [2].

The reduction of propagation loss associated with silicon waveguides is an ongoing
research area because loss is a key parameter for link budget management in on-chip optical
networks and many important micro-photonic devices, and passive and active systems
including sensors, filters, delay lines, and light sources [3-6]. One device structure for
which propagation loss is particularly critical is the microring resonator (MRR). The MRR
provides an efficient cavity that has a compact size, wavelength selectivity, tunability,
scalability, and functional versatility [7], making it a prominent candidate for a variety of
applications including lasers [8,9], optical sensors [10], nonlinear optics [11,12], quantum
optics [13], (de-)multiplexing systems [14], optical filters [15], and optical modulators [16].
The loss in MRRs can be quantified by the cavity Q factor, which is typically limited to
values on the order of 10° in standard 220-nm-high single-mode silicon MRRs around 1550

nm.

Several approaches have been explored for enhancing the Q factor in silicon MRRs,

including minimizing light scattering at roughened sidewalls via shallow-etched or multi-
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mode waveguide designs and alternative fabrication methods based on selective oxidation,
e-beam lithography, reactive ion plasma etching, inductively coupled plasma (ICP) etching,
or low-pressure chemical vapor deposition (LPCVD). High Q-factor silicon MRRs
fabricated using a selective oxidation process have been shown with intrinsic Q-factors of
5.1 x 10° [17] and 7.6 x 10° [18], although challenges remain in control of the fabrication
process [19]. A silicon microring resonator with a Q-factor of 1.7 x 10® was demonstrated
using a large cross-section multi-mode waveguide with a severely limited free spectral
range (FSR) of 17.1 pm [20]. With a similar approach, a silicon microring resonator with a
high Q of 1.3 x 10° and larger FSR was proposed in [21] with a bend radius of 450 pm. A
silicon MRR with internal Q-factor of 1.1 x 10° and FSR of 0.208 nm and utilizing a multi-
mode ridge waveguide was fabricated using a standard CMOS compatible silicon-on-
insulator (SOI) process [22]. A multimode ultrahigh quality factor racetrack resonator with
1.6 um width was proposed using standard single-etching process with the quality factor
of 2.3 x 10° provided by a multiproject wafer foundry [23]. An internal quality factor of
2.2 x 10" corresponding to 2.7 dB/m propagation loss was achieved in a silicon microring
resonator with a radius of 2.45 mm cladded with silicon oxide [24] by oxidizing the wafer
surface in a steam oxidation process and using a reflowing photoresist strategy. An intrinsic
Q-factor of 1.57 x 108, corresponding to a waveguide loss of 0.35 dB/cm, was realized in
a silicon MRR with a radius of 150 um and an FSR of 0.845 nm using e-beam lithography
with a top cladding of a glass-like compound from hydrogen silsequioxane (HSQ) covered
with a silicon oxide layer [25]. Low-loss submicron silicon-on-insulator strip waveguides

were reported with 0.5 dB/cm loss at 1310 nm with 30 um bend radius cladded with silicon
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oxide [26] using H> plasma post-lithography treatment and Hz thermal annealing after
silicon etching. More generally, propagation losses lower than 0.4 dB/cm for the C-band
and 0.8 dB/cm for the O-band for the silicon wire waveguides have been reported for
waveguides with a 440 nm core width and 220 nm core height and 2 um-thick SiO cladding
layer defined by a high-resolution immersion lithography process [27]. While all of these
approaches to improving Q factors in silicon MRRs are promising for different
applications, they either suffer from performance trade-offs (e.g. multi-mode operation,

larger footprint and/or significantly reduced FSR) or added fabrication cost and complexity.

In this paper we demonstrate a silicon MRR with a Q-factor of 1.5x 10° at 1550 nm,
corresponding to a propagation loss of 0.42 dB/cm, fabricated with a standard foundry
process, plus a low-temperature post-process deposition of a TeO, cladding layer. In
addition to enabling a straightforward and monolithic low-loss hybrid waveguide structure,
TeO2 has promising optical properties for new functionalities in silicon photonic
microsystems. TeO> has been shown to be thermally and chemically stable, possess high
nonlinearity, low optical attenuation from visible to mid-infrared wavelengths (0.4 ~ 5 um),
have a high refractive index (2.1 at 1550 nm) and low dispersion [28]. Furthermore, the
unique site variability in the TeO> glass matrix enables high rare earth dopant solubility
and leads to large emission bandwidths, motivating its application in integrated optical
amplifiers and lasers [29-31], including the recent demonstration of a hybrid rare-earth laser
directly on silicon with the internal quality factor of 5.6x 10° [32]. This low-loss platform
has significant potential for linear, nonlinear, and active optical applications in silicon
photonics.
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5.2 Microring Resonator Fabrication and Design

The microring resonator structure used in this work is displayed in figure 5.1. It consists of
an integrated silicon microring and bus waveguide coated with a thin film of tellurium
oxide (TeO2). The silicon structure was fabricated in a silicon photonics foundry on a
wafer-scale SOI platform with a 220-nm silicon layer thickness and consists of a 30-pum-
radius silicon microring constructed using a 0.5 um-wide waveguide. The bus waveguide
is 0.4 um wide, and the point coupling gap is 1.0 um. The structure was cladded with SiO-
and subsequently a window on top of the microring resonator was etched to the silicon
layer for use in the post-processing TeO- deposition or unclad device experiments. A set of
devices with identical dimensions but without the SiO> cladding etched was also fabricated
for comparison. Deep etching was used for end-facet preparation and wafer dicing. For the
TeO2-clad devices, the structure was coated with a 270 nm thick TeO: film deposited using
a room-temperature reactive RF co-sputtering post-processing step with 145 W of tellurium
target sputtering power, 2.8 mTorr chamber pressure, and 12 and 7.6 sccm of argon and
oxygen flow, respectively. The substrate temperature was set at 20°C. A top-view scanning
electron microscope (SEM) image and the cross-section diagram of the TeOz-coated Si
microring resonator are displayed in figure 5.1a and 5.1b, respectively. Figure 5.1c and
5.1d show the image of the experimental setup and microscopic image of microring

resonator with open window structure.
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FIGURE 5.1: a) Cross-section profile of the TeO,-coated Si microring showing the
microring structure. b) Top-view SEM image of a TeO-coated Si microring resonator. c)
Photograph of the coupling setup during measurement showing the SOI chip with window
opening for TeO> post-processing deposition. d) Microscopic image of the open window
microring resonator structure.

The electric field profiles of the transverse-electric- (TE-) polarized fundamental modes
calculated using a finite element method (FEM) modesolver for the (cladding-core) TeO»-
Si, SiO2-Si, and air-Si waveguide at 1550 nm wavelength are displayed in figure 5.2a,
figure 5.2b, and figure 5.2c, respectively. We also summarize the calculated optical
properties of the TeO»-Si, SiO.-Si, and air-Si microring resonator structure in figure 5.2d.
The microring resonators and the bus waveguides were designed to achieve single-mode
waveguide conditions at 1.55 pm to 2 um wavelengths. The ring waveguide structure
supports the TE-polarized and TM-polarized modes, and it has low bending radiation loss

at 1550 nm for TE only. The effective index of the TeO»-coated resonator is 2.8, which is
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almost 7.7 and 12% higher than the air and SiO> clad devices. For the TeO.-coated Si
microring resonator, 21.7 % of the optical power is confined in the TeO2 coating layer,
while 65 % is confined in the silicon layer. The rest of the optical power is confined in the
lower SiO> cladding. Slightly lower cladding confinement of 15.8 and 17.2 %, respectively,
is observed in the air and SiO> clad cases. The effective area is slightly larger in the TeO»-
coated Si microring resonator than SiO»-coated and uncoated silicon microring resonators,
although the mode is pulled upward more into the cladding, both of which can influence

the ring-bus waveguide coupling.

Air refractive index 1.00
Air overlap (%) 15.80
E Si overlap (%) 67.90
5 | Effective area (um?) 0.18
Effective index 2.50
Group index 3.90
b Si refractive index 1.45
o | Si0; overlap (%) 17.20
sio, < | Sioverlap (%) 67.60
— T — QN Effective area (um?) 0.19
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FIGURE 5.2: Calculated electric field profile of the fundamental transverse-electric-
(TE-) polarized mode for a) unclad, b) SiO2-clad, and c) TeO2-clad silicon microring
resonators. d) Calculated fractional optical intensity overlap factors and effective mode
areas for the fundamental TE microring mode at 1550 nm wavelength

13

©



Ph.D. Thesis — K. Miarabbas Kiani; McMaster University — Engineering Physics

The TeO2-coated resonator has a higher mode area of approximately 0.20 um? at 1.55
um. The effective index increases for the TeO. film cladding as the resonant mode becomes
more confined in the TeO- layer. The expansion of the optical mode at longer wavelengths
decreases the effective index. The results show that approximately 60% of the mode power
is confined in the Si region and 26% in the TeO> cladded layer for TeO»-cladding at a

wavelength of 1.55 pm.

5.3 Microring Resonator Characterization

We used a fiber-chip edge coupling setup, tunable Agilent 81640A 1510-1640 nm laser
and a fiber probe station to characterize the passive transmission properties of the silicon
microring resonators. TE polarized light from a 1550-nm tunable laser was launched into
the chip through the polarization controller and lensed fiber, and the transmitted light across
the chip was launched to the output lensed fiber connected to the Agilent power sensor. We
observe TE single mode resonances supported by the microring resonator as shown in
figures 5.3a, 5.3b, and 5.3c. For the TeO»-coated silicon microring resonator, we measured
a free spectral range (FSR) of 3.7 nm at a wavelength of 1573 nm. The air and SiO-clad
devices are undercoupled over the measured transmission range, while the TeO2-clad MRR
is under-coupled at shorter wavelengths and becomes critically coupled above ~1600 nm.
By fitting the transmission responses of the under-coupled resonator using a Lorentzian
function as indicated in figures 5.3d, 5.3e, and 5.3f we obtain internal quality factors, Qi,
of 2.0 x 10° at 1542.43 nm, 6.7 x 10° at 1587.28 nm, and 1.5 x 10®at 1579.94 nm for the

uncoated, SiO»-coated, and TeO,-coated silicon MRR, respectively, corresponding to 3.4
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dB/cm, 0.97 dB/cm, 0.42 dB/cm propagation loss in the microring [33]. The results are
summarized in Table 1, including the TeO> film loss measured by prism coupling on a
witness sample, showing low material loss, and fitted external and internal Q factors for

the MRRs with different top claddings.
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FIGURE 5.3: Measured TE transmission spectra for a) uncoated b) SiO,-coated ¢) TeOo-
coated silicon microring resonators with a microring-waveguide gap of 1.0 pm. Close-up
views of the under-coupled resonances for the d) uncoated, e) SiO»-coated, and f) TeOo-
coated silicon microring resonators showing an intrinsic quality factor, Qi, of 1.5 x 10°
corresponding to 0.42 dB/cm optical propagation loss for the TeO»-coated silicon microring
resonator.
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The total loss in the MRR can be expressed as the losses from the bulk materials, which
includes contributions from the Si, SiO, and TeO> linear absorption and Si nonlinear (two-
photon) absorption, radiation loss due to waveguide bends and surface scattering losses
related to the waveguide surface roughness and geometry. The bulk loss includes losses
from impurities, internal defects, absorption loss due to chemical bonds, and nano- and
micro-voids. Because of the high-quality silicon-on-insulator and SiO, foundry materials,
and low TeO: film loss, we expect the bulk material loss contribution to be negligible.
Furthermore, nonlinear optical loss is anticipated to be low due to the low power used in

transmission experiments.

TABLE 5.1: Measured properties of silicon microring resonators with different cladding
materials

Film loss  Film loss

Cladding Cl_addlng @ 638 @ 1550 Extln(_:tlon External Internal Propagation
. thickness ratio loss
material (nm) nm nm (dB) Q factor  Q factor (dB/cm)
(dB/cm)  (dB/cm)
Uncladded 1.2 2.8x10® 2.0x10° 3.4
SiO, 2000 2.8 42x10% 6.7x10° 0.97
TeO; 270 0.5+0.2 0.1+0.1 2.8 9.0x10% 1.5x10° 0.42

We calculated the theoretical radiation loss and equivalent Q factor for the TeO»-coated
silicon microring resonator structure using an FEM bent eigenmode solver, for varying
bend radius as shown in figure 5.4a. The dashed lines in figure 5.4a indicate the
experimentally determined internal Q factors for the MRRs with different claddings. The
calculated radiation limited Q factors were measured 3 x 108, 1 x 10%, and 1.7 x 107 for
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TeO: clad, SiO: clad, and unclad microring resonators, respectively, at a radius of 30 pm
corresponding to 0.002 dB/cm, 0.007 dB/cm, and 0.04 dB/cm of propagation losses. The

results show that the radiation loss is negligible (Q > 107) at the selected bend radius of 30

gm.

The surface scattering loss is the waveguide scattering loss per unit length and was
calculated using the widely used Payne-Lacey model [34]. This model has been applied
previously to 3D-SOI bent waveguides [35-37] such that:

0.2

Xsurface Scattering = 4.34 f.g.m (5-1)

VZko(g)*m

where o, ko, W, and ny, are the roughness, free-space wave vector, waveguide width, and
core index, respectively. The function f is determined by the correlation length (Lc), while
g is determined by the geometry of the waveguide and accounts for ridge-type waveguide
structures such as the SOI ridge rings investigated here. Both ¢ and L. are typically
measured via atomic force microscopy or scanning-electron microscopy of a waveguide.
We assumed values of 1.0 nm and 50 nm for ¢ and L., respectively, based on previous
measurements on SOl waveguides [35-38]. We also assume the roughness of the TeO>
coating can be neglected based on previous AFM roughness measurements showing < 1
nm root mean square (RMS) surface roughness on low-loss sputtered thin films [38].
Details of the expressions g and f can be found in the Payne-Lacey model [34]. The Payne-
Lacey model was modified for bent waveguides and rings by adding a correction factor #

[35] which allows us to accurately predict the loss of bent waveguides or resonators given
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the value of sidewall roughness. The correction factor # is defined as the ratio of the mode

overlap between bent and straight waveguides using an FEM simulation. In the Payne-

Lacey bending model, # is considered 1 in the straight waveguide. We plot the sidewall

scattering loss as a function of wavelength in figure 5.4b. The experimental loss obtained

from the quality factor measurements of the MRRs follows the same trend as the Payne-

Lacey model, which indicates that the losses in the different MRRs are largely influenced

by the core cladding refractive index contrast and sidewall roughness [23]. These results

show that the application of a high refractive index TeO; top cladding can be considered

promising for low-loss passive components as well as active devices such as monolithic

amplifiers and lasers with improved performance on the SOI platform [32].
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FIGURE 5.4: a) Calculated internal Q factor of uncoated-, SiO>-coated, TeO,-coated
silicon resonator waveguides versus bend radius. b) Calculated scattering loss as a function
of wavelength for microring resonators with air, SiO, and TeO- claddings based on the 3D
Payne-Lacey model.
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5.4 Conclusion

In summary, we have demonstrated a compact, single-mode TeO2-Si hybrid microring
resonator with 1.5 x 10° internal Q factor corresponding to 0.42 dB/cm propagation loss.
The resonator is fabricated using a standard wafer-scale foundry process and a simple post-
processing TeO> deposition step at room temperature. We propose that these results on
tellurium oxide coated silicon microring resonators are promising for fabrication of
integrated on-chip low cost and high-performance rare earth doped active devices such as
amplifiers and lasers as well as low-loss passive and nonlinear devices in silicon photonic
platforms, with signal processing, light generation, microwave photonics, environmental

and biological sensing, and communications applications.
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Chapter 6

Lasing in a Hybrid Rare-Earth Silicon

Microdisk

Preface

The following chapter focuses on a novel rare-earth silicon hybrid-integrated microdisk
laser. On-chip light sources are of significant interest for silicon photonic microsystems
because silicon is a poor light emitter, and various approaches have been investigated which
typically involve significant tradeoffs in performance, fabrication complexity and/or cost.
Our hybrid laser is based on a thulium-doped tellurite-glass-coated silicon microresonator.
The thulium gain medium is deposited via reactive radio frequency (RF) co-sputtering,
which is a straightforward, low-cost and monolithic approach to achieve gain and lasing in
silicon. The silicon microdisk laser was fabricated using the Advanced Micro Foundry

(AMF) silicon photonics fabrication process in Singapore and a sputtering system in the
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Centre for Emerging Device Technologies (CEDT) at McMaster University. Importantly,
the developed methods, including low-temperature deposition of the gain medium, are
compatible with standard passive and active silicon photonic devices, enabling the laser’s
implementation in high performance silicon photonic integrated circuits. The advantages
of this hybrid silicon microdisk laser versus alternative approaches include its low cost,
simplicity, high compactness, and compatibility with volume manufacturing using standard

silicon photonic foundry processes.

Section 6.2 describes the microdisk laser design and structure, which includes a 20 um
radius and 220 nm thick silicon microdisk cladded with a 370 nm thick TeO2:Tm®* layer
as the active medium. Pump light and laser emission are coupled to and from the disk,
respectively, via an integrated silicon bus waveguide. The calculated optical properties of
the hybrid TeO2: Tm®*-Si resonator structure using a finite element bent eigenmode solver
are summarized. In section 6.3, The optical properties of the TeO2:Tm3*-coated silicon
microdisk resonator is characterized. The resonator’s passive transmission properties are
measured, including its resonance spectrum and Q factor. The TeO2:Tm?*'-Si hybrid
microdisk resonator is pumped to explore its lasing potential and describe the laser results.
Single-mode lasing is shown and output powers of approximately 1 mW around a
wavelength of 1900 nm via efficient pumping at telecom wavelengths around 1600 nm,
with a single-sided slope efficiency of 4.2% versus launched pump power into the silicon
bus waveguide. Section 6.4 discusses the advantageous properties and performance of the
microdisk laser in the context of previous rare-earth lasers on silicon and suggests future

directions of research for improved designs and prospective applications.
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In section 6.5, lower TeO2:Tm3" film propagation loss, optimized thulium
concentration, and optimized pump wavelength, enabled us to achieve on-chip, low-
threshold, thulium-doped silicon microdisk lasers with 20 um and 30 pum radii next to a
pulley-coupled silicon bus waveguide. These lasers results showing higher power on chips
with different TeO2: Tm3" film properties provide a guide for future work on optimization
of integrated thulium doped silicon lasers. The results are summarized, and conclusions are
given in section 6.6. Additional specific details are provided in section 5.6. Section 6.7.1
describes the laser fabrication process including the post-processing TeO2:Tm*" thin film
deposition as the top cladding material. The background loss and theoretical gain are
calculated in section 6.7.2 using a finite-element modesolver (RSoft FemSIM) method.
Section 6.7.3 and 6.7.4 describe the active and passive properties of the silicon microdisk
laser and the experimental gain measurement method, including the demonstration of net

optical gain in the hybrid TeO2:Tm®*"-Si bus waveguide.

Lasing in a hybrid rare-earth silicon microdisk
Khadijeh Miarabbas Kiani, Henry C. Frankis, Cameron M. Naraine, Dawson B.
Bonneville, Andrew P. Knights, and Jonathan D. B. Bradley
McMaster University, 1280 Main Street West, Hamilton, ON, Canada
This paper was published in Photonics & Lasers Review on November 12, 2021.
DOI: 10.1002/1por.202100348
Section 6.5 on the low-threshold high power silicon microdisk lasers were added in the
following thesis chapter and will form the basis of a future submission for publication as a
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journal article. Minor modifications have also been made to the abstract, introduction, and

conclusions based on these additional results.

Abstract

Silicon photonics is an ideal platform for low-cost, energy-efficient, and high-performance
optical microsystems. However, because silicon is an inefficient light-emitting material,
the development of simple, inexpensive, and scalable monolithic amplifiers and light
sources has been a significant challenge. Here, we report on optical gain and lasing in an
ultra-compact hybrid rare-earth silicon microdisk resonator. The microdisk design is
straightforward and compatible with the fabrication steps and device dimensions available
in all silicon photonics foundries, while the thulium-doped tellurite gain medium is added
in a low-temperature single-step sputter deposition. This approach allows for low-cost and
high-volume wafer-scale manufacturing and co-integration of rare-earth amplifiers and
light sources with silicon passive and active devices with no adjustment to standard process
flows. The hybrid laser is pumped at standard telecom wavelengths around 1.6 pum and
exhibits stable single-mode emission at 1.9 um, with an internal slope efficiency of 60%
and > 1 mW on-chip output power. Recently, | demonstrated low-threshold lasing around
1.9 um in compact thulium-silicon hybrid microdisk resonators with a pulley-coupled
design. We observe total double-sided on-chip output powers of > 2 mW and threshold
pump powers of <1 mW launched into the bus waveguides. The laser is highly promising
for emerging communications and sensing applications and opens new possibilities for the

development of monolithic rare-earth optical amplifiers and lasers directly on silicon.
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6.1 Introduction

Silicon photonics technology enables compact, low-power, and cost-effective optical
microsystems on a chip by leveraging the materials and advanced fabrication methods
developed over decades for integrated silicon electronics [1,2]. Silicon photonics foundries
now provide standard services and process design Kits containing many of the building
blocks required for high-performance optical circuits, including passive components such
as optical waveguides, filters and (de-)multiplexors and active optoelectronic components
such as high-speed modulators, switches, and photodetectors [3-5]. However, on-chip
optical amplifiers and light sources are still a significant challenge for foundry offerings in
terms of the required provision for high-yield, widely deployed, integrated building blocks
[6-8]. Silicon is an inefficient light-emitting material because it is an indirect bandgap
semiconductor. Thus, electron-hole recombination must be mediated by phonon emission
or absorption to conserve momentum, which makes radiative carrier recombination much
less likely than non-radiative recombination. Further, light emission via carrier
recombination is also limited to wavelengths < 1.1 pum due to silicon’s 1.1 eV bandgap,
which is below wavelengths compatible with low-loss silicon photonic microsystems.
Compact amplifiers and light sources are in increasing demand for silicon photonics
applications including communications, sensing, detection and ranging, metrology,
quantum information and artificial intelligence over an ever-broadening wavelength range

extending from the near- to mid-infrared.

Various methods have been developed to build optical amplifiers and light sources onto
silicon chips, including stimulated Raman emission in silicon [9], heterogeneously bonded
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or directly grown I11-V semiconductors [10], germanium [11] and germanium-tin alloys
[12], silicon-nitride based parametric oscillators [13], silicon-organic hybrid devices [14],
and rare-earth gain media [15]. Many promising results have been reported, particularly in
the direction of electrically-pumped 111-V heterogeneously- and hybrid-integrated devices
based on substantial research and development, leading to commercial devices and systems
[16,17]. Nevertheless, because of the costly and complex methods, materials, and
fabrication infrastructure required, such processes are not universally adopted in all silicon
photonics foundries and multi-project wafer services. Silicon Raman and germanium-based
devices are favourable for their monolithic integration, yet currently face limitations due to
silicon’s narrowband Raman gain and strong two-photon absorption-induced free carrier
absorption and germanium’s indirect bandgap, respectively. As an alternative option for
many applications, low-cost optically-pumped solutions can be explored using monolithic
broadband dielectric gain materials [14,15], motivated by extensive developments in
packaging and assembly of photonic integrated circuits (PICs) and the availability of
compact commercial I11-V gain dies and lasers for external pump sources [18]. General
challenges such as heating due to high currents and large metal pad count in on bonded on-
chip electrically-pumped amplifiers and lasers [19], by comparison make such a scheme
potentially transformative by enabling straightforward broadband all-optical gain and light
emission in the silicon circuit with a standardized fixed-wavelength pump source and single
intra-chip interconnection. Straightforward approaches for building monolithic gain

materials directly on silicon chips, which are compatible with silicon photonic foundry

156



Ph.D. Thesis — K. Miarabbas Kiani; McMaster University — Engineering Physics

processes, are highly attractive for their low cost and versatility in device and system

design.

Building on their success in fiber-optic and bulk glass and crystal platforms, rare-earth-
doped optical gain materials have recently shown significant promise for silicon-based
amplifiers and light sources [20-26]. Rare-earth gain materials can be deposited
monolithically on silicon allowing for low-cost wafer-scale fabrication and versatile device
designs, have high thermal stability, exhibit narrow intrinsic linewidths, and provide
broadband optical gain and lasing in important near- and mid-infrared bands. However, the
development of on-chip rare-earth amplifiers and lasers integrated directly with silicon has
proven challenging because of a combination of high optical loss in silicon waveguides,
relatively low rare-earth gain and low optical overlap with the gain medium, making it
difficult to achieve net optical gain in waveguides and lasing in silicon-based cavities.
Signal enhancement was investigated in [27] and lasing from a microdisk into a fiber was
shown in [28], but optical gain or lasing in a silicon-on-insulator (SOI) waveguide on the
chip were not demonstrated, and both studies used high-temperature fabrication steps
which are incompatible with integration on silicon photonic active chips. Recently, rare-
earth waveguide lasers have been demonstrated on a silicon photonics platform using a
hybrid design based on multi-layer integration of silicon nitride cavities and erbium-doped
aluminum oxide coatings with SOI waveguides [15,29]. However, despite their promising
performance and utility in multi-layer silicon photonic circuits, in such devices the gain
was not implemented directly in the silicon layer, the cavity sizes were relatively large, and

high-power optical pumping was required. Such rare-earth laser designs are based on
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multiple low-loss silicon nitride waveguide layers in addition to the silicon waveguide
layer, which increases the design complexity, is a non-standard feature in many silicon
photonics foundries and separates the gain medium from the efficient passive and active
functionality possible within the silicon waveguide layer, including thermal tuning and
doping for modulation and detection. Further, the device footprints are orders of magnitude
larger than other silicon photonic devices, with weakly-confined waveguides that require
large bend radii and cavity lengths of several millimeters, limiting integration density in
silicon photonic microsystems. The requirement for an off-chip optical pump would also
limit their scalability and utility, unless smaller and more efficient designs can enable one
fixed wavelength optical pump source to power many lasers on the chip. Gain in a more
compact and straightforward design directly in silicon can enable a low-cost, scalable

approach to rare-earth amplifiers and lasers on silicon.

Here, we demonstrate optical gain and lasing in a hybrid-integrated rare-earth silicon
microdisk. The laser structure is straightforward, robust, low-cost and can be implemented
using existing wafer-scale silicon photonics fabrication processes and a single room-
temperature post-processing step. In contrast to previous rare-earth lasers, the laser cavity
and output are directly in the silicon layer, and the ultra-compact device size of 40-um-
diameter is on a scale compatible with standard passive and active silicon photonic devices.
We show single-mode lasing around 1.9 um using a monolithic thulium-doped tellurite
gain medium and efficient pumping at wavelengths around 1.6 um, where silicon is highly
transparent and commercial pump light sources are readily available. | subsequently show

low-threshold hybrid-integrated thulium-doped tellurium oxide silicon microdisk lasers
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based on a pulley-coupled design showing lasing in 40 and 60 um diameter microdisks
with > 2 mW double-sided output power and slope efficiencies of up to 13.4% with respect
to 1620 nm pump power launched to the bus waveguides. Both single-mode and multimode
laser emissions were observed spanning across wavelengths from 1825 to 1939 nm with
optimized thulium concentration of 4.3 x 10%° cm ™ for and the thresholds of < 1 mW versus
launched pump power. Ultimately, these low threshold lasers with emission over a > 100
nm range have prospective applications in data communications, quantum information
systems, artificial intelligence, nonlinear optical systems and open the door to highly
compact monolithic PICs with optical gain on silicon photonics platforms in the emerging
~1.8-2.0 um wavelength band. Besides demonstrating an effective and low-cost approach
to rare-earth gain for silicon photonic microsystems, such lasers provide an incentive for
expanding applications in an emerging 2-um wavelength band, which is of interest for
communications, nonlinear and quantum optics, and sensing [30-33] and is motivated by
silicon’s lower two-photon absorption and the recent development of efficient monolithic
passive and active silicon devices in this range [34-37]. Optical gain and lasing in a hybrid
rare-earth silicon structure opens the door to on-chip amplifiers for low-loss circuits and
versatile integrated laser designs, using the wideband rare-earth gain available in different
near- and mid-infrared wavelength regions of interest [38] and the high-performance

passive and active functionality in the silicon layer, on silicon photonics platforms.

6.2 Fabrication and Design

In figure 6.1, we display the microdisk laser structure. The hybrid laser consists of an

integrated silicon microdisk and bus waveguide which are coated in a thulium-doped
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tellurium oxide (TeO2:Tm3") layer. The silicon structure was fabricated in a silicon
photonics foundry on a wafer-scale SOI platform with a 220-nm silicon layer thickness and
consists of a 40-um-diameter silicon microdisk next to a point-coupled silicon bus
waveguide. After silicon waveguide etching, and deep etching for end-facet preparation
and wafer dicing, the uncoated SOI chips were transferred from the foundry for post-
processing. We then coated the entire structure in a 0.37-pum-thick thulium-doped tellurium
oxide (TeO2:Tm3") film using a room-temperature reactive co-sputtering post-processing
step. Further details on the fabrication can be found in the Methods section. Tellurium oxide
was selected as a host material for thulium because of its low loss, high rare-earth solubility,
high refractive index (n ~2.1) for compact devices and enhanced mode overlap, good
thermal and chemical stability, and low temperature deposition, allowing for
straightforward post-processing on chips containing silicon photonics active layers
including metallic interconnects [39]. Of various rare-earth elements, we selected thulium
because it offers key advantages as a laser ion for silicon. Trivalent thulium ions are a quasi-
three level laser system with thermally-populated broadened Stark-split ground and excited
states, which can be pumped at telecom wavelengths around 1.6 pum and show broad
emission from ~1.7-2.1 um on the 3F4 excited state to *Hs ground state energy transition.
Tm3" ions exhibit relatively shifted absorption and emission spectra (resulting in low
ground state absorption at longer laser wavelengths), minimal quenching effects at high ion
concentrations and emission near the edge of silicon’s low two-photon absorption window,
allowing for straightforward population inversion in the laser cavity and efficient optical

pumping and lasing. However, while high efficiency on-chip thulium lasers have been
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demonstrated in crystalline waveguides [40] and dielectric host materials on silicon
substrates [41-43], thulium is relatively unexplored as a laser ion in an SOI platform.
Importantly, here a standard silicon photonics foundry process was used to fabricate the
disk platform and bus waveguide, which enables such hybrid lasers to be co-integrated with
other passive and active silicon photonic devices on the same chip. Figure 6.1a shows a 3D
drawing of the hybrid laser and energy level diagram for Tm3* with the energy bands and
transitions most relevant for the laser operation. A cross section diagram and a focused-
ion-beam (FIB)-milled cross section of the silicon laser structure are displayed in figure
6.1b and 6.1c, respectively. Figure 6.1d shows a top view scanning electron microscope

(SEM) image of the hybrid laser.
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FIGURE 6.1: Silicon hybrid microdisk laser images: a) 3D drawing of the TeO:Tm?*-
coated silicon microdisk laser. Inset in a: Two-level Tm** energy diagram showing 1.6 um
photon absorption and excitation into upper level and de-excitation into the lower level and
1.9 pum photon emission. b) Cross-section profile of the TeO2:Tm?* -coated Si microdisk
laser showing the microdisk structure and the bus waveguide dimensions. ¢) Focused ion
beam milled scanning electron microscope (SEM) cross-section image of the coupling
region between the TeO,: Tm3*-coated Si microdisk and bus waveguide. d) Top-view SEM
image of a TeO,:Tm3*-coated Si microdisk laser.

We summarize the calculated optical properties of the hybrid TeO2:Tm3*-Si resonator
structure in figure 6.2. The electric field profiles of the transverse-electric- (TE-) polarized
fundamental modes for the microdisk resonator and waveguide and 1610-nm pump
wavelength are displayed in figure 6.2a and figure 6.2b, respectively. Similarly, the TE-
polarized fundamental modes for the microdisk and waveguide at the laser wavelength of
1906 nm are shown in figure 6.2c and figure 6.2d, respectively. To achieve gain in the disk

resonator structure, a sufficient percentage of optical intensity must overlap with the
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TeO,:Tm** gain material. The theoretical properties of the pump and laser modes in the
microdisk structure are displayed in figure 6.2e. For the microdisk resonator, approximately
15% and 19% of the optical power is confined in the TeO2:Tm** coating at the pump and
laser wavelengths, respectively. Because of strong optical confinement in the silicon disk,
low loss and a relatively high Tm3* concentration is required for sufficient amplification in
the resonator and to achieve roundtrip net gain and lasing. The propagation loss in the
microdisk includes contributions from the Si, TeO2 and SiO> linear absorption, Si nonlinear
(two-photon) absorption, Tm3* absorption, scattering loss at interfaces and bending
radiation loss. Linear absorption is low for all materials used in the hybrid resonator. The
two-photon absorption coefficient at 1.9 um is about half that at 1.5 um [44], thus nonlinear
absorption and its influence on the roundtrip gain are expected to be minimal near the lasing
threshold. Since Tm3* absorption at the laser wavelength is also low because of the small
Tm?3* absorption cross section around 1900 nm, in our design we expect to be limited by
the bending radiation and scattering loss, the former of which can be designed to be low by
selecting an appropriate bending radius and the latter of which is limited by fabrication
steps such as etching and must be extracted from experiment. We calculated the theoretical
radiation loss and equivalent Q factor for the TeO2:Tm3*-coated silicon microdisk structure
using a finite element bent eigenmode solver, as shown in figure 6.2f. The calculated
radiation limited Q factor at pump and laser wavelengths shows that radiation loss is
negligible at the selected bend radius of 20 um. These results show that such disks can be
effectively designed with a 20-pum radius and below before introducing significant radiation

losses, potentially allowing for the fabrication of more compact devices than reported here.
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When the bending loss is negligible the internal Q factor of the microdisk becomes limited
by absorption and scattering losses, which are independent of bend radius. The dashed lines
in figure 6.2f indicate the internal Q factors corresponding to different
absorption/scattering-limited microdisk propagation losses. To achieve roundtrip gain and
lasing in the cavity, the gain must exceed the cavity losses, including radiation,
absorption/scattering loss and resonator-waveguide coupling loss. The inset in figure 6.2f
shows the calculated upper limit of the Tm gain for different Tm concentrations, including
the Tm concentration selected in this study. These results show that net roundtrip gain is
achievable, accounting for the fact that the resonators are point-coupled and in the under-
coupled regime and the coupling coefficient is low. Additional details regarding these

calculations can be found in the Methods section.
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FIGURE 6.2: Calculated pump and laser modes and microdisk resonator loss and gain:
Calculated electric field profile of the fundamental transverse-electric- (TE-) polarized
mode for the laser wavelength using a finite-element method mode solver for a) the
TeO,:Tm**-coated silicon microdisk and b) the TeO2:Tm**-coated silicon strip waveguide
at the 1610 nm pump wavelength and c) microdisk and d) waveguide at the 1906 nm lasing
wavelength. e) calculated fractional optical intensity overlaps and effective mode areas for
the fundamental TE microdisk mode at the 1610 nm pump and 1906 nm lasing
wavelengths. f) Calculated internal Q factor of the hybrid silicon microdisk laser at the
pump and lasing wavelengths. The measured Q factors at 1521 and 1610 nm wavelength
and 20 um bend radius are also indicated with lines shown for several resonator losses,
showing that the internal Q is limited by the absorption and scattering related propagation
loss of the microdisk. The inset shows the calculated upper limit Tm®* gain versus thulium
concentration in the hybrid resonator.

6.3 Optical Characterization

We characterized the passive transmission properties of the microdisk resonator using a
tunable laser and a fiber probe station (see Methods section for further details). As
displayed in figure 6.3a, we observe narrow resonances associated with five different TE
modes supported by the microdisk resonator. The extinction ratios are relatively low (<1
dB), indicating the resonator is in the under-coupled regime. In this regime higher roundtrip
gain can be achieved, increasing the probability of lasing, with the tradeoff that lower
pump-power is coupled into the resonator resulting in reduced efficiency. By fitting the
transmission responses of the under-coupled resonator using a Lorentzian function (inset
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of figure 6.3a), we obtain an internal quality factor, Qi, of 5.6 x 10° at 1521 nm. This Q;
corresponds to a propagation loss of 1.0 dB/cm in the microdisk cavity. We expect even
lower background propagation loss at the laser wavelength around 1900 nm [45]. We also
obtain an internal quality factor of 2.7 x 10° corresponding to 1.9 dB/cm propagation loss
at the pump wavelength of 1610 nm, confirming the higher Tm3* ion absorption loss at this
wavelength. These measurements are also shown on the plot in figure 6.2f and confirm that
the Q factor is limited by Tm*" absorption, background material loss and scattering loss
inherent to the hybrid disk structure. In figure 6.3b, we measured the internal quality factors
for various resonant modes and associated free spectral ranges (FSRs) (inset of figure 6.3b),
in transmission experiments from 1520 nm to 1620 nm wavelength. The various microdisk
modes show Q factors with similar magnitude and wavelength dependence, indicating
similar background loss and mode overlap with the silicon and TeO2:Tm** layers. The
relatively large FSR of > 5 nm for our design increases the likelihood of single-mode as
opposed to multi-mode lasing observed in previous integrated Tm microcavity lasers [35]
and allows for engineering of the laser output wavelength by small adjustments in the
resonator dimensions. The FSRs match well with those predicted via calculation and allow

for us to confirm pumping on the fundamental TE microdisk mode.
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FIGURE 6.3: Transmission and loss measurements: a) Measured TE transmission spectrum
for a TeO2: Tm3*-coated silicon microdisk with a microdisk-waveguide gap of 0.6 um. Inset
in a: a close-up view of the under coupled resonance at 1521 nm wavelength with extinction
ratio of 0.95 dB and a fitted Lorentzian function yielding an intrinsic quality factor, Qj, of
5.6 x 10° corresponding to 1 dB/cm background optical propagation loss. b) Microdisk
intrinsic quality factor versus wavelength confirming the onset of thulium absorption at
longer wavelengths. Inset in b: free spectral ranges (FSRs) of the microdisk modes versus
wavelength.

A schematic of the measurement setup used to characterize the lasers is displayed in
figure 6.4a. We coupled polarized pump light from a tunable 1520-1640 nm laser set at
~1610 nm and a high-power L-band erbium-ytterbium-co-doped fiber amplifier (L-band
EYDFA) to the chip via a fiber polarization controller, a 1600/1900 nm fiber wavelength
division multiplexor (WDM), and a 2-pum spot size at 1550-nm wavelength tapered optical
fiber mounted on an xyz alignment stage. The microdisk laser output was also coupled from
the chip using a tapered fiber mounted on an xyz stage, filtered from the pump light with a
1600/1900 nm WDM, and coupled to an optical spectrum analyzer (OSA) with a resolution

of 0.1 nm to observe the output spectrum. The transmitted pump light was also measured
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using an optical power meter. During measurements the polarization paddles and xyz stages
were adjusted to select TE polarization and maximize the off-resonance transmitted
pump/signal intensity. Figure 6.4b and 6.4c show the image of the experimental setup and

microscopic image of microdisk resonator.

Optical spectrum analyser Computer

L
Tunable laser L-band EYDFA 0SA ll
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Polarization controller

\@_

FIGURE 6.4: Transmission and loss measurements: a) Experimental setup used for
measuring the on-chip hybrid TeO,: Tm3*-coated silicon microdisk lasers. b) Photograph of
the coupling setup during measure. ¢) Microscopic image of the hybrid microdisk laser
structure.

We describe the TeO2:Tm3**-Si hybrid microdisk laser results in figure 6.5. We
resonantly pumped the TeO2:Tm®*-coated Si microdisk resonators to investigate their
lasing potential, with up to 32.4 mW power launched into the bus waveguide. Lasing was
observed for a disk-bus gap of 0.6 um and the highest slope efficiency and laser output
power were observed for pumping at the fundamental TE mode around 1610 nm. The laser
output is bidirectional, and we observe similar output power at the pump input side of the
chip. As shown in figure 6.5a, we observe a single-mode silicon microdisk laser output

spectrum with up to 580 uW single-sided on-chip power and 1.16 mW double-sided output
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power. The inset shows the pump transmission and laser output spectrum measured at the
chip output. A single laser line at 1906 nm is evident with a side-mode suppression of > 30
dB. We observe the laser output signal to be highly stable at room temperature without
thermal control of the substrate or any adjustment of the pump wavelength required, even
though the device is pumped on a narrow resonance. This is a result of silicon’s relatively
strong thermo-optic effect which provides a natural closed-loop system for our microdisk
laser when pumped on the blue-side of resonance. Stable operation was observed for at
least 9 hours under 29 mW of pumping, with no external thermal stabilization of the laser
chip. As shown in figure 6.5b, we observed lasing at a threshold pump power of 16 mW
launched into the bus waveguide and 2.5 mW coupled into the microdisk resonator. The
single-sided laser slope efficiency versus launched and microdisk-coupled pump power is
4.2 % and 30 %, respectively, which yields a bidirectional slope efficiency with respect to

absorbed pump power of up to 60%.
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FIGURE 6.5: Hybrid thulium-silicon microdisk laser results: a) Single-mode laser emission
spectrum at 1906 nm of a TeO2:Tm3"-coated Si microdisk resonator under 1610-nm
pumping at a microdisk-waveguide gap of 0.6 um obtained with 32.4 mW on-chip pump
power. Inset in b: laser emission spectrum with a side-mode suppression of > 30 dB. b)
Laser output curve showing a single-sided on-chip output power of up to 580 pW, slope
efficiencies of 4.2% and 30% versus on-chip launched and absorbed 1610 nm pump power,
and threshold pump powers of 16 mW in the bus waveguide and 2.5 mW in the microdisk
resonator.

6.4 Discussion

With this result, we have demonstrated a straightforward and monolithic approach to gain
and lasing in silicon using a hybrid rare-earth silicon structure. Compared to prior work on
hybrid rare-earth silicon amplifiers and lasers [27,28], our entire structure is integrated on-
chip with light emission in a silicon photonic waveguide and the fabrication methods,
including low-temperature deposition of the tellurite gain medium, are fully compatible
with a silicon photonics foundry process. Furthermore, compared to recent rare-earth lasers
on silicon photonics platforms based on silicon nitride cavities [15,41], our cavity design

is significantly less complex, has more than an order of magnitude smaller footprint in
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terms of area, and is directly implemented in the silicon layer. The ultra-compact microdisk
cavity design allows for straightforward and large-scale integration of hybrid rare-earth
lasers within silicon photonic circuits, where potentially one fixed-wavelength pump
source could power multiple lasers for applications such as wavelength division
multiplexed systems or parallel sensing. In such a scheme, many on-chip lasers can be
effectively powered in a serial or parallel manner by partially coupling the pump light to
multiple devices on a single bus or using integrated power splitters, respectively, and
efficiently tuning each laser onto resonance. The performance of the lasers can be enhanced
by engineering the pump and signal coupling to achieve critical coupling at the pump
wavelength [46], increasing the cavity Q to reduce the threshold [47], and using feedback
into the cavity to force uni-directional emission [48,49]. Besides the microdisk cavity
design shown here, integration of rare-earth gain with silicon waveguides opens the
possibility to develop versatile integrated cavity structures and new cost-effective chip-
scale light sources such as tunable lasers [50] which leverage the monolithic and wideband
rare-earth gain and silicon’s active optoelectronic functionalities and highly efficient
thermo-optic tuning. By showing optical gain and lasing in a hybrid rare-earth silicon
structure we also build on recent advances on monolithic rare-earth-doped amplifiers on
silicon platforms [25,51] and provide incentive for developing new types of ultra-compact
optical amplifiers, which are another important missing element in commercial silicon
photonics process design Kits. In addition to thulium devices operating around 2 pum, these

results provide a guide for exploring other prospective dopants and host materials [38] for
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rare-earth silicon hybrid lasers and amplifiers which operate in near- to mid-infrared

wavelength bands of interest for silicon microsystems.

6.5 Low-Threshold Thulium-Silicon  Microdisk
Lasers

Following the initial results on TeO2:Tm3*-Si lasers, higher power lasers at lower threshold
was investigated to improve the lasers performances by adjusting the waveguide cross-
section including a thicker TeO.:Tm?3" layer for greater mode overlap with the active area,
pump wavelength, and Tm*®" ion concentration. The disks were fabricated with radii of 20
and 30 um and 60° pulley-coupled single-mode strip Si waveguides coated with a 385-nm-
thick TeO2:Tm3* layer as the active area. Compared to the point-coupled design
investigated in [52,53], the pulley-coupled design enables more versatility in adjusting the
pump input and laser output coupling strength. The prism coupling method was used to

determine a TeO2:Tm** thin-film propagation loss of < 0.3 dB/cm at 1510 nm.

FIGURE 6.6: a) Top-view b) Zoomed top-view SEM image of a TeO2:Tm*"-coated Si
microdisk laser with a radius of 20 um radius with the bus waveguide pulley coupled
around the resonator.
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The top-view and the zoomed top-view scanning electron microscope (SEM) image of
the hybrid lasers are displayed in figure 6.6a, and 6.6b for better visualization, respectively.
The intrinsic Q factors were measured as Q;,,; = 1.0 x 10° at 1530.43 nm and 1.0 x 10°
at 1526.11 nm for 20 um and 30 pm radii of microdisk, respectively, corresponding to the
estimated propagation losses of 0.60 dB/cm and 0.54 dB/cm, respectively [54]. To improve
the threshold and output power of the lasers, silicon microdisk structures were pumped with

varying Tm concentrations ranging from 2.5 x 10%° cm™ to 4.9 x 10 cm3,
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FIGURE 6.7: Laser emission spectra of TeO2:Tm®*-Si microdisk resonators under 1620-
nm pumping and for microdisk-waveguide gaps ranging from 0.3 um to 0.8 um for 20 um
and 30 pm microdisk radii. The laser emission shifts from ~1825 to 1939 nm by changing
the gap size.

The laser spectra were obtained under 1620-nm pumping up to 20 mW power launched

into the bus waveguide and at different gaps of 0.3, 0.4, 0.6, and 0.8 xm shown in figure
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6.7. Lasing is observed at wavelengths spanning from 1825 to 1939 nm in different
micrdisk resonators with 20 um and 30 um radii. The highest laser output power, lowest
threshold, and highest slope efficiency were observed for a disk-bus gap of 0.4 um and
pumping at the fundamental TE mode around 1620 nm with the thulium concentration of
4.3 x 10%° cm3. Single-mode lasing was observed at 1930 nm with up to 2 mW double-
sided on-chip power in a 20 um radius microdisk resonator with a gap of 0.4 um and multi-
mode lasing was observed at 1872 nm with up to 2.6 mW double-sided on-chip power in a

30 um radius microdisk resonator with a gap of 0.4 pm.
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FIGURE 6.8: a) Single-sided on-chip output power of up to 1.0 mW with a slope efficiency
of 5.9 % versus on-chip launched power pumped at 1620 nm and a threshold pump power
of 997 uW in the bus waveguide in a 20-um radius microdisk resonator. b) Single-sided
on-chip output power of up to 1.3 mW with a slope efficiency of 6.7 % versus on-chip
launched power pumped at 1620 nm and a threshold pump power of 918 uW in the bus
waveguide in a 30-um radius microdisk resonator.

Low threshold lasing is observed and the laser output signal to be highly stable at room

temperature without thermal control of the substrate or any adjustment of the pump
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wavelength required, even though the device is pumped on a narrow resonance. As shown
in figure 6.8a, a threshold pump power of 918 pW launched into the bus waveguide and
505 pW coupled into the microdisk resonator with 30 um radius was measured. The
single-sided laser slope efficiency versus launched and absorbed pump power is 6.7 and
12.2 %, respectively. The single-sided laser slope efficiency versus launched and absorbed
pump power is 5.9% and 11.3%, respectively, with the threshold pump power of 997 pyW
and 531 pW in the bus waveguide and microdisk resonators, respectively, in 20 um radius

of the microdisk resonator as shown in figure 6.8b.

The performance of the lasers was enhanced by engineering the pump and signal
coupling wavelength, thulium concentration, and loss mechanism. These laser results on
different chips show the consistent performance and high quality of the TeO2:Tm?*-Si
hybrid microdisk lasers and provide a guide for future work on optimization of integrated
hybrid silicon lasers. The results presented in this work will enable us for having highly
efficient thermo-optic laser control via implementing metal heaters operating in a wide
range of wavelengths with further work on other rare-earth-silicon hybrid lasers and

amplifiers.

6.6 Conclusion

We have demonstrated a single-mode hybrid thulium-silicon laser integrated on a chip. The
hybrid laser is ultra-compact and fabricated using standard silicon photonic processing
methods and cost-effective, low-temperature and wafer-scale post-processing steps

enabling large-scale integration, volume production and implementation within advanced
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silicon photonic microsystems. The laser emits at 1906 nm with a threshold pump power
of 16 mW and 2.5 mW with respect to the power coupled into the silicon bus waveguide
microdisk, respectively. We observe more than 1 mW bi-directional on-chip output power
and a slope efficiency versus absorbed pump power of 60%. Subsequently, low threshold
silicon microdisk lasers were fabricated with on-chip output powers up to 2.6 mW with
threshold pump powers as low as 505 uW absorbed into the microdisk resonator and emit
over a wide range of wavelengths spanning more than 100 nm from 1825 nm to 1939 nm.
The low thresholds demonstrate the potential for pumping using compact low-cost diodes
and the wide gain and emission range is of interest for applications including on-chip
broadband amplifiers and tunable lasers for emerging ~1.8-2.0 um silicon photonic
systems. These new, stable, compact, inexpensive, efficient, room temperature silicon
lasers have implications for ultra-compact light sources for silicon-based photonic
microsystems in the emerging 2-um wavelength band. Integrated silicon lasers are in high
demand for applications including data communications, quantum information systems,
artificial intelligence, nonlinear optical systems, mid-infrared light generation, humidity,

gas and bio sensors, detection and ranging, spectroscopy, and advanced metrology.

6.7 Methods

6.7.1 Laser Fabrication

The laser chips were fabricated on an SOI platform using the Advanced Micro Foundry
(AMF) silicon photonics fabrication process in Singapore. Silicon strip bus waveguides of

0.45 um width and microdisks with radii of 20 um and gaps varying from 0.2-1.6 pm
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between the outer walls of the silicon disk and bus waveguide, were patterned using deep
ultraviolet 193-nm lithography into a 0.22-um-thick silicon waveguide layer on a 2 um-
thick SiO2 buried oxide (BOX) layer, without top SiO> cladding, allowing for post-process
TeO2:Tm** thin film deposition. The silicon waveguides were tapered from 0.45- to 0.18-
pum width at the edge of the chip and deep trenches were etched into the BOX and silicon
handle wafer to allow for low-loss fiber-chip light coupling. The SOI wafer was diced
along the deep trenches into chips and the chips were transferred from the foundry. We
then deposited a 0.37-pum-thick TeO,:Tm>* coating layer onto the passive silicon chips at
McMaster University using a radio frequency (RF) reactive magnetron co-sputtering
process, which allows for fast deposition at room temperature and results in uniformly
doped films with low losses. The process is similar to that reported for fabrication of silicon
nitride hybrid amplifiers [55,56]. Three-inch metallic tellurium and thulium targets with
99.999 and 99.9% purity, respectively, were sputtered in an argon/oxygen atmosphere at
ambient temperature. We set the Te and Tm RF sputtering powers to 120 W and 85 W,
respectively, and the Ar and Oz flow rates to 12 sccm and 9.4 sccm, respectively, at 20°C.
The deposition rate for the TeO2:Tm?" film was 13 nm/min and its refractive index was
2.04 at 638 nm and 1.99 at 1550 nm wavelengths measured by spectroscopic ellipsometry.
TeO2:Tm®" thin film propagation losses of < 0.5 dB/cm at 1510 nm were determined using
the prism coupling method and a separate film prepared on a thermally oxidized silicon
substrate in the same deposition run. We measured a thulium ion dopant concentration of
4.0 x 10%° cm3 using Rutherford backscattering spectrometry (RBS). The TeO2:Tm®* layer

thickness of 0.37 um was chosen as a suitable top-cladding thickness to confine the mode
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within the hybrid resonator structure and for sufficient mode overlap with the gain medium,
while the thulium ion dopant concentration of 4.0 x 10%° cm™3 was selected to be high
enough to achieve greater gain than microdisk roundtrip losses, including propagation and
disk-waveguide coupling losses. It is important to note that although the chips were unclad
and passive-only in this study, the laser design allows for similar processing steps to be
carried out on silicon photonic chips with active device layers, including metals and
dopants, by etching a window into the top SiO2 cladding (a standard processing step
available within the silicon photonics foundry) and due to the low temperature TeO2:Tm?3*

deposition.

6.7.2 Optical Mode, Laser Loss and Gain Calculations

We calculated the electric field profiles, intensity overlap factors, effective indices and
effective areas of the hybrid TeO,:Tm3*-silicon waveguide and microdisk modes and
radiation losses of the microdisk using a finite-element method modesolver (RSoft
FemSIM) and the cross-sectional structure shown in figure 6.1b. The microdisk cavity Q
factor was converted to an equivalent propagation loss using the assumptions and method
outlined in reference [57] and a calculated group index of 3.53 at the pump wavelength.
We calculated the maximum Tm?3* gain achievable in the resonator, gr,, (in dB/cm), using

the following equation:

(6.1)
9tm = 10logige X ' X 0,4 X Ny
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where I is the calculated active medium confinement factor of the microdisk mode, o, is
the Tm** ion emission cross section on the *F4—2Hg transition and is estimated to be 5.8 x
102! cm? at the laser wavelength for tellurite glass from reference [58], Ny, is the Tm®*
ion concentration and we assume full Tm3* population inversion to give an upper limit to
the gain. The confinement factor (I') is calculated in terms of the electric field energy

density factor (y,), group index (n,) and active material index (n4) using the following

equation [59]:

F=n 7 (62)

We determine a confinement factor of 0.16 based on an energy density factor of 0.09,
group index of 3.45 and TeO,: Tm*" refractive index of 1.94 at 1906 nm. This corresponds
to a maximum Tm?®* gain of 1.6 dB/cm for the microdisk laser. We note that by using
similar calculations for the hybrid bus waveguide structure, the single-sided thulium-
related pump absorption and laser signal enhancement in the waveguide were determined
to be < 1 dB and have minimal impact on the pump threshold power and laser output power,

respectively.

6.7.3 Laser Measurements

We characterized the passive and active properties of the silicon microdisk laser using the
experimental setup shown in figure 6.4. The fiber-chip coupling loss was determined to be
7.5dBand 7.1 dB at 1610 and 1906 nm, respectively, by insertion loss measurements (with

a 2 um tunable laser coupled to the input WDM for the 1906 nm measurement), and is
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influenced by mode mismatch, Fresnel reflections and scattering due to the conformal
TeO,:Tm?* coating on the facet. We determined the launched pump power by measuring
the incident power from the input fiber using an integrating sphere photodiode power
monitor and accounting for fiber-chip coupling loss. The extinction ratio at the pump
wavelength is 0.6 dB, which means that 13% of the power in the bus waveguide is absorbed
in the microdisk resonator. The on-chip laser output power is considered to be the power
measured in the hybrid silicon bus waveguide, accounting for the output WDM insertion
loss and fiber-chip coupling loss at the laser wavelength. Transmission measurements were
carried out on the same setup without the L-band EYDFA and the OSA replaced with a
photodetector to determine the background microdisk propagation loss. We measured the
transmission in the wavelength range of 1520 to 1540 nm where we observe negligible
thulium absorption loss and the fitted intrinsic Q factor can be assumed to represent the
passive propagation loss of the structure. The error in the measured optical power, which
includes uncertainties in the fiber-chip coupling efficiency and power meter or OSA
accuracy, is within the size of the plotted data points.

6.7.4 Bus Waveguide Gain Measurements

The contribution of gain in the hybrid bus waveguide during laser measurements was
investigated in a device with a 1.4-um disk-waveguide gap where no resonances were
observed. We carried out pump-probe measurements on the laser setup by adding a 2-pm
tunable laser source coupled to a polarization controller, to select TE polarization, to the
input WDM and an additional WDM at the output to filter the residual pump light. We

observed signal enhancement at the laser wavelength of up to 1.8 dB in a 3-mm-long
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TeO,:Tm** silicon waveguide for a launched pump power of 32.4 mW. An upper limit to
the background waveguide loss was determined by measuring the Q factor at 1523.1 nm in
a 20-pum-radius microring resonator with same cross-sectional dimensions as the bus
waveguide on the same chip. We obtained a Q factor of 5.5 x 10° corresponsing to a
propagation loss of 1.0 dB/cm. Based on insertion loss measurements, we determined an
additional Tm-related absorption of 1.1 dB at 1906 nm, giving a total loss of 1.4 dB in the
unpumped waveguide. The internal net gain is given by the signal enhancement minus the
background waveguide propagation loss and Tm-related absorption. Therefore, we
determine an internal net gain of 0.4 dB. A schematic of the experimental setup used to
measure the gain in the hybrid thulium-silicon waveguide is displayed in figure 6.9a. Figure
6.9b shows the internal net gain versus launched pump power at the laser wavelength. The
propagation loss from 1870 to 2000 nm with the pump off corresponding to the same

waveguide is displayed in the inset of figure 6.9b.
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FIGURE 6.9: Gain measurements: a) Experimental setup for measuring the gain in the
hybrid thulium-silicon bus waveguide (wavelength division multiplexer (WDM);
photodetector (PD)). b) Signal enhancement versus launched pump power measured in a
0.3-cm long Tm-doped waveguide at 1610 nm pump wavelength. The inset shows the
propagation loss of the waveguide from 1870 to 2000 nm with the pump off.
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Chapter 7

Conclusion

7.1 Summary

The aim of this thesis was to develop low-loss high-quality thulium-doped tellurium oxide
(TeO2:Tm3") thin films as the active medium for photonic structures including efficient
amplifiers and lasers compatible with the current state of the art, foundry level, waveguide
processing techniques for silicon (Si), and silicon nitride (SisN4) for use in the thulium-

doped fiber amplifier (TDFA) wavelength band centered near 2 um.

An introduction and motivation of this thesis are given in chapter 1. Chapter 2 describes
the theory and background of the devices discussed in this thesis. This chapter also serves
as a general background chapter, presenting the majority of the theory and knowledge on
which much of the thesis is built. Beginning with the basic building block of silicon

photonics, principles of light, its behavior in optical waveguides, and properties are
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discussed on silicon-on-insulator (SOI) and silicon nitride (SisN4) platform. Afterwards,
details on the spectroscopy of rare-earth ions and the science behind thulium (Tm?3")

amplifier and laser are presented in this chapter.

Reactively co-sputtered TeO2:Tm3* thin films on SisNa4 chips fabricated at the LioniX
foundry, yielding conformally coated hybrid waveguide structures, were investigated for
active devices. Thulium-doped waveguide amplifiers integrated on a low-loss silicon
nitride platform were demonstrated. In the first demonstration, the total net internal gain
was measured to be 7.8 dB at 1870 nm in a 6.7-cm-long s-bend waveguide, corresponding
to 1.1 dB/cm. Similar devices with varying thulium concentration were characterized and
the optimum Tm?®* concentration was determined to be 4.2 x 10%° jons/cm?. A significantly
higher optical gain of 3 dB/cm was measured with a net internal gain of 15.0 dB at 1870
nm in a compact 5-cm spiral waveguide with a minimum bend radius of 200 um and
diameter of 1.6 mm. This work represented the first integrated TeO2:Tm3* amplifier on
SisN4 waveguides using a simple, monolithic, reactive co-sputtering deposition processing

step which is compatible with wafer-scale silicon nitride photonic circuits.

Thulium-doped tellurium oxide (TeO2:Tm3") lasers were fabricated on SisNa
waveguides in a similar manner. TeO2:Tm®* coated SisN4 ring resonators with a thulium-
dopant concentration of 4.1 x 10%° jons/cm? showed lasing at wavelengths in the range of
1815-1895 nm under 1610 nm resonant pumping at varying waveguide-microring gap sizes
with on-chip double-sided output powers up to almost 16 mW. The microlasers exhibit

thresholds as low as 18 mW (11 mW) and a single-sided slope efficiency as high as 11%
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(17%) with respect to the pump power coupled into the TeO2:Tm®*"-coated SisN4 bus

waveguide (absorbed pump power).

A tellurium-oxide-clad silicon microring resonator with an internal Q factor of 1.5 x
108, corresponding to a propagation loss of 0.42 dB/cm at wavelengths around 1550 nm
was demonstrated on a silicon-on-insulator (SOI) chip which was fabricated through the
AMF foundry. TeO> coatings on devices were shown to improve the device Q factor and
propagation losses in comparison with the propagation loss of 3.4 dB/cm for unclad
waveguides and 0.97 dB/cm for waveguides clad with SiO2 deposited at the foundry,
maintaining negligible radiation losses at a bending radius of 30 um. Then the experimental
results were compared with the Payne-Lacey model which verified that the lower
propagation loss in the TeO»-clad devices can be attributed to the reduced core-cladding

refractive index contrast.

Optical gain and lasing in an ultra-compact hybrid rare-earth silicon microdisk resonator
was demonstrated. The laser is fabricated in a manner that is compatible with the fabrication
steps and device dimensions available in standard silicon photonics foundries and the
thulium-doped tellurite gain medium is added in a low-temperature single-step sputter
deposition, enabling their integration in state-of-the-art silicon PICs. The hybrid laser is
pumped at standard telecom wavelengths around 1.6 pum and exhibits stable single-mode
emission at 1.9 um, with an internal slope efficiency of 8.4% and > 1 mW on-chip output
power. The laser design, fabrication, and characterization were improved to achieve low

threshold hybrid-integrated thulium-doped tellurium oxide silicon microdisk lasers, with >
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2 mW double-sided output power, sub-milliwatt thresholds, a bidirectional slope efficiency
of up to 13.4% with respect to power launched into the bus waveguide and lasing at
wavelengths over a range of > 100 nm. These lasers are compact, robust, and use a
straightforward fabrication method directly with silicon, enabling a low-cost, scalable

fabrication approach for realizing lasers in silicon photonic PICs.

In combination with the promising optical properties of TeO, these results provide
significant steps towards the development of compact, monolithic, and high performance
passive and active photonic devices on silicon and silicon nitride platforms with an
motivation for expanding applications in 2-um wavelength. Furthermore, the work
presented in this thesis suggests that TeO,:Tm®* integrated lasers and amplifiers designed
and fabricated for TDFA-band wavelengths are viable for emerging telecommunications
architectures and can be considered to aid in alleviating anticipated future bandwidth
limitations. The approaches used in the thesis allow for low-cost and high-volume wafer-
scale manufacturing and co-integration of rare-earth amplifiers and light sources with

silicon and silicon nitride passive and active devices in standard process flows.

7.2 Suggested Future Work

Several interesting avenues for future work are possible based on the results reported in
this thesis, which allow TeO,:Tm** as a competitive and useful active medium for
integrated optics. To push the device higher in terms of performance, optimized waveguide
design including shadow masking and optimized nanotaper designs can be used to increase

the coupling efficiency and decreasing fiber-chip coupling loss based on mode profiles and
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increase the confinement in the active area. The optimized structure design and reliable
deposition can allow for the development of many new active and passive devices and

applications which build on this work.

Internally, device performance can be improved through careful simulation. 0.2-um-
thick SisNa strip waveguides were used in laser and amplifier experimental demonstrations,
while thinner SisN4 layers can improve waveguide losses due to less sidewall scattering
and greater TeO> optical confinement. The experimental demonstration of gains >15 dB
and laser output power >16 mW across the TDFA wavelength band will be readily
achievable by optimizing the thickness of the active area, cross-section, and length.
Additionally, there are many details about the properties of TeO2:Tm3* films including their
spectroscopic properties to be explored. Deeper investigations into quenching mechanisms
and spectroscopic parameters of TeO2:Tm?3* films will be effective to model and optimize

the amplifier and laser performances.

The higher Q factor microring and microdisk resonators in combination with TeO2:Tm?®*
films are a promising pathway towards a highly efficient gain and lasing structure in both
silicon nitride and silicon platforms. To achieve large pump powers in the resonator with
low outcoupling losses, modified microring and microdisk designs with optimized pulley
couplers will be effective. Implementation of heaters in TeO2:Tm?* lasers on both silicon
and silicon nitride platforms will allow for demonstrating tunable lasers and integration of

light sources with high performance tunable passive, active and nonlinear PICs.
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Integration of TeO2:Tm3* amplifiers and lasers sources on silicon and silicon nitride
platforms with other silicon photonic waveguides and active devices provide a high level
of active and passive functionality in a monolithically integrated way that is highly
promising in the silicon photonics world. The design considerations and results measured
throughout this thesis can be more broadly applied to a wide variety of TeO> coatings doped
and co-doped with other rare earth materials such as Er®*, Yb**, and Ho3* for a wide variety
of passive, active, and nonlinear optical properties and new devices and functionalities in

Si and SizNg4 PICs.
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Appendix

A Kurt J. Lesker PVD Pro 200 deposition system was used to grow tellurium oxide (TeO,)
and thulium doped tellurium oxide (TeO2:Tm?") thin films, in the cleanroom of McMaster
University’s Centre for Emerging Device Technologies (CEDT). The system includes a
deposition chamber with a cryogenic-pump, a load-lock with transfer arm, and an
instrument control tower. Samples are loaded into the chamber through the load-lock in an
upside-down orientation. All depositions discussed in this thesis used radio frequency (RF)
power supplies with a 600 W maximum output. Figure A.1la and A.1lb show the PVD

deposition system in the CEDT and its diagram, respectively.

Vacuum
pump

FIGURE A.1: a) Kurt J. Lesker PVD Pro 200 thin film deposition system. b) Diagram of
the interior of the sputtering chamber.
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The samples were mounted onto a 150-mm diameter substrate holder with a bare silicon
test piece, an unpatterned thermally oxidized silicon wafer piece and a blank glass side.
After achieving a chamber pressure of 10 mTorr with argon gas, the sputtering guns were
turned on at forward powers of 50 W for the tellurium target and 30 W for the thulium
target, igniting the plasmas. The oxygen supply valve is opened and inlet at a flow rate of
typically 6.6 to 8.0 sccm. The forward powers ramp to the processing setpoint of 145 W
for the tellurium target and between 30 to 90 W for the thulium target. After the deposition
time is reached the butterfly shield is closed, the RF forward power applied to the sputtering
targets is ramped down to the initial value, and the powers are turned off. Then the argon
and oxygen gas flow rates decrease to 0 to close the valves. In this work, the depositions
for the purpose of TeO and TeO2:Tm3* thin films characterization were run for 15 to 20

minutes to obtain the desired film thickness of ~0.3 pum.

The fabricated films were characterized to achieve high-quality films with high-
deposition rates, high-refractive index, and low optical attenuation. Ellipsometry, prism
coupling, and Rutherford backscattering spectrometry (RBS), are the three main
characterization techniques that have been used to optimize the TeO, and TeO2:Tm?3* thin
film deposition recipes. The film’s refractive index and thickness was measured by variable
angle spectroscopic ellipsometry based on measuring the differences between the complex
refraction of transverse electric (TE) and transverse magnetic (TM)- polarized light from a
surface. The optical attenuation of the deposited thin film was measured by prism coupling
using evanescent beam coupling into the planar waveguide modes. The compositional ratio
of thin films fabricated by reactive sputtering was measured by Rutherford backscattering
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spectrometry (RBS) at the Tandetron Accelerator Laboratory at the University of Western

Ontario on bare silicon test pieces.

Co-sputtering of TeO,: Tm?** thin films was performed by running an optimized low-loss
TeO: deposition recipe and tuning the thulium ion concentration in the films based on the
RF forward power applied to the thulium sputtering target. A set of TeO2:Tm?" films was
deposited by varying the sputtering power applied to a thulium target mounted to a copper
backing plate and with a purity of 99.9% in the deposition system as shown in figure A.2a.
For this set of films, the tellurium target was sputtered with an RF sputtering power of 145
W with 6.8 sccm of oxygen flow at a passive TeO2 deposition rate of 20.0 nm/min. The
trend follows the expected exponential increase in thulium ion concentration versus RF
forward power applied to the thulium target. Based on these results, it becomes apparent
that the doping concentration is highly dependent on the power applied to the thulium target
thulium if the other conditions are the same. The optimal low loss deposition parameters,
including O flow and pressure, were found to vary depending on the target and chamber

conditions and typical values are summarized in figure A.2b.
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FIGURE A.2: a) Measured thulium ion concentration of TeO2:Tm** thin films versus RF
sputtering power applied to the thulium target with the sputtering power of the tellurium
target of 145 W and 6.8 sccm of O flow and 12.0 sccm of Ar flow. b) Optimized deposition
parameters for RF reactive co-sputtered TeO2:Tm®* thin films.
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