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Abstract (English)

This work reports on the design, fabrication and the optical characterization of a new
singular type of microtoroid high-quality silica resonator, which is monolithically coupled
to on-chip silicon nanowire waveguides. In order to enable monolithic waveguide coupling,
the microtoroid geometry is inverted such that the resonator is formed by thermal reflow
at the circumference of a hole etched in a suspended silica membrane. This configuration is
shown to be conducive to integration with a fully functional Silicon Photonics technology
platform.

Microresonators shaped by surface tension minimization of a melted silica film (mi-
crotoroids) are known for their extraordinarily high-quality factors on the order of a 100
million 1] and above, which enable the generation of frequency combs via nonlinear effects
with very low optical power thresholds [2]. In the field of integrated silicon photonics,
a high-quality resonator can provide a frequency-comb source. This frequency-comb can
be used for telecommunication applications. In this approach, optical comb lines act as
individual carriers and are modulated by the help of additional modulators [3-5].

Besides telecommunication applications, high-quality microresonators can be utilized
in spectroscopic, sensing applications and many more. Examples are heavy water de-
tection [6], DNA quantification [7], single protein detection [8], single virus detection [9),
integrated bio-sensing platforms [10], micro-optic gyroscopes [11], label-free bio-molecular
sensing [12,|13], narrow linewidth lasers with external resonant feedback [14}|/15], or tun-
able delay lines used in signal buffering [16], and optical or Radio-Frequency (RF) phase
arrays [17].

The first Kerr nonlinearity induced optical parametric oscillation in a microtoroidal
structure was reported by Kippenberg in 2004 in a resonator’s transition from a stimulated
Raman to an optical parametric oscillation regime [18]. This work enabled the generation
of a frequency comb by the interaction of a continuous mode source laser (A = 1550 nm)
with the modes of a high-quality microresonator via the Kerr nonlinearity. Repetition
rates exceeding 100 GHz and a comb uniformity over a 500 nm wavelength span [19].

During the last years, several materials have been explored for the fabrication of high-
quality cavities. Besides silica, for example, CaF,y |20, 21], TEOS [22], Si [23-25] and
SiN [26-28] have been utilized among many others.

The initially proposed silica microtoroids are typically coupled to an external tapered
fiber. Existing integration schemes of microtoroid type structures with on-chip waveguides
have either relied on silica waveguides [29] or suspended silicon waveguides fabricated in
stacked silicon-on-insulator (SOI) device layers with a rather complicated fabrication pro-
cess [30]. Here we introduce a device geometry allowing straightforward coupling with
silicon nanowire-waveguides and integration with existing Silicon Photonics (SiP) technol-
ogy, monolithically combining microtoroids with devices such as electro-optic modulators,
wavelength multiplexers, grating couplers or photodetectors.
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For coupling light into a high-Q cavity in principle, three different methods are in
use. In the case of a silica microtoroid, most commonly tapered fibers have been used in
which a fiber is tapered down to a diameter of several micrometers [1] and approaches the
desired cavity until the desired coupling strength is achieved. Previously, for spherical
cavities prism-coupling techniques have also been successfully demonstrated [31].

The central concept consists in combining a silicon waveguide fabricated in the device
layer of an SOI-chip with an inverted version of a microtoroid fabricated by reflowing
the buried oxide (BOX) of the same chip. Even though the inverted geometry results
in weakened confinement, simulations indicate that such a structure is able of achieving
comparably high Q-factors as conventionally designed microtoroids [32]. A balance has,
however, to be found in choosing the thickness of the BOX layer by trading off Si waveguide
substrate coupling losses against microtoroid bending losses.

This work shows that the proposed inverted silica-based microtoroid can be coupled
monolithically to a silicon waveguide and shows comparatively high-quality factors on the
order of a few million. Even though the generation of a frequency comb is not achieved in
this work, which is targeted in future work, and the measured quality factor is lower than
expected, the proposed device can be seen as a proof of concept for the outlined idea.
Also, an optimized in-house fabrication process is established, which can be scaled up for
fabricating many inverted microtoroids in parallel, for further testing and improving the
proposed device.



Kurzfassung (German)

In der vorliegenden Arbeit wird uber das Design, die Herstellung, und die optische
Charakterisierung eines neuartigen mikrotoroidalen Siliziumdioxidresonators mit extrem
hohen Giitefaktoren (high-Q), welcher monolithisch an einen on-chip-Siliziumwellenleiter
gekoppelt wird, berichtet. Um eine monolithische Wellenleiterkopplung zu ermoglichen,
wird die herkommliche toroidale Geometrie invertiert. Ein solcher invertierte Resona-
tor wird durch Schmelzen einer Siliziumdioxidmembrane, unter der Zuhilfenahme eines
COs-Lasers, gebildet. Diese Membrane verfiigt iiber ein Loch, welches dazu dient diese
zusétzlich zu unterédtzen. Der eigentliche Schmelzvorgang findet entlang des Lochumfangs
statt. Das Ziel dieser Konfiguration ist die Integration eines invertierten Mikrotoroiden
mit einer voll funktionsfahigen Silizium-Photonik-Technologie-Plattform.

Mikroresonatoren, welche durch die Minimierung der Oberflichenspannung eines ge-
schmolzenen Siliziumdioxidfilms geformt werden, kénnen einen auflergewohnlich hohen
Qualitatsfaktor in der GroBenordnung von bis zu 100 Millionen [1] und dariiber errei-
chen. Qualitatsfaktoren in dieser Groflenordnung erméglichen durch nicht lineare Effekte
die Erzeugung von Frequenzkdmmen mit sehr niedrigen optischen Leistungsschwellen [2].
Im Bereich der integrierten Silizium-Photonik kann ein solcher high-() Resonator somit
als Frequenzkammquelle dienen. Ein solcher Frequenzkamm kann zum Beispiel fiir Tele-
kommunikationsanwendungen eingesetzt werden. Bei diesem Einsatz werden individuelle
optische Kammlinien durch zusitzliche Modulatoren moduliert [3H5] und ein Datensignal
aufgepragt.

Neben Telekommunikationsanwendungen konnen high-QQ Resonatoren auch in spek-
troskopischen und sensorischen Anwendungen genutzt werden. Beispiele sind die De-
tektion von schwerem Wasser [6], DNS-Quantifizierung [7], Einzelproteinnachweise [§],
Einzelvirusdetektion 9], integrierte Biosensorik-Plattformen [10], mikrooptische Gyrosko-
pe [11], markierungsfreie Biomolekularsensoren [12,{13], schmalbandige Laser mit externen
resonanten Feedback [14,/15], oder abstimmbare Verzogerungsleitungen zur Signalpuffe-
rung [16], sowie Phasenarrays [17].

Die erste induzierte optisch-parametrische Schwingung in einer mikrotoroidalen Struk-
tur, basierend auf der Kerr-Nichtlinearitat, wurde von Kippenberg im Jahr 2004 in einem
Resonator-Ubergang von einem stimulierten Raman- zu einem optisch-parametrischen
Schwingungsregime gezeigt [18]. Dies ermoglichte die Generierung eines Frequenzkamms
durch das Zusammenwirken eines kontinuierlichen Quellenlasers ( A= 1550 nm) mit ei-
nem Mikroresonator. Es wurden Wiederholraten, bezogen auf den Abstand der einzelnen
Kammlinien, von tiber 100 GHz und eine Kammuniformitét iiber einen Wellenlangenbe-
reich von 500nm gezeigt [19]. In den letzten Jahren wurden verschiedene Materialien
fiir die Herstellung von hochwertige Resonatoren verwendet. Neben SiOy wurden unter
anderem CaFsy [20,21], TEOS [22], Si [23-25] und SiN [26-28] eingesetzt.
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Die aus der Literatur bekannten herkémmlichen SiOs-Mikrotoroide werden typischer-
weise mit einer optischen Faser extern gekoppelt. Eine solche Kopplungsfaser wird dabei
auf einen Durchmesser von einigen Mikrometern verjingt [1] und an den Resonator an-
genahert, bis die gewiinschte Kopplungsstéirke erreicht ist. Um im Gegensatz eine mono-
lithische Integration des Resonators mit einem Wellenleiter auf einem Chip zu erreichen,
wurden zum Beispiel in anderen Arbeiten Siliziumoxid-Wellenleiter [29] oder freischwe-
bende Silizium-Wellenleiter verwendet. Im letzteren Fall wurde ein aufwendiges Herstel-
lungsverfahren, basierend auf einer gestapelten Silicon-on-Insulator-(SOI) Plattform [30],
genutzt.

In dieser Arbeit soll eine Geometrie eingefithrt werden, welche es erlaubt einen in-
vertierten Mikrotoroiden mit Silizium-Wellenreitern zu koppeln und eine Integration mit
existierender SiP zu erreichen. Dies kénnte zum Beispiel die monolithische Kombinati-
on und Integration von Mikrotoroiden mit Bauteilen wie elektrooptischen Modulatoren,
Wellenlangenmultiplexern, Gitterkopplern und Fotodetektoren sein. Um dies zu erreichen,
wird der Wellenleiter in der Siliziumschicht (Device Layer) eines SOI-Chips hergestellt.
Der geometrisch invertierte Mikrotoroid wird in der vergrabenen Siliziumdioxidschicht
(BOX) desselben Chips fabriziert.

Auch wenn die invertierte Geometrie zwangslaufig zu einem geschwéchten optischen
Moden-Confinement fiihrt, implizieren optische Simulationen, dass eine solche Geometrie
in der Lage ist dhnlich hohe Qualitatsfaktoren, wie herkommliche Mikrotoroide, zu er-
reichen [32]. Es ist jedoch entscheidend die optischen Siliziumsubstrat-Kopplungsverluste
der Wellenleiter und die zu erwartenden optischen Kriimmungsverluste des invertierten
Mikrotoroiden, durch die Wahl der verwendeten Dicke der BOX-Schicht, zu optimieren.

Die vorliegende Arbeit zeigt, dass ein invertierter Siliziumdioxid-Mikrotoroid mono-
lithisch an einen Silizium-Wellenleiter gekoppelt werden kann und vergleichsweise hohe
Qualitatsfaktoren von einigen Millionen erreichen kann. Die Erzeugung eines Frequenz-
kamms konnte in dieser Arbeit noch nicht gezeigt werden, ist aber in zukiinftigen Arbei-
ten angestrebt. Die bereits gemessenen Qualitdtsfaktoren sind zwar niedriger als erwartet,
jedoch kann das erstellte Bauteil als ,,Proof of Concept® angesehen werden. Zudem wur-
de ein dediziertes und optimiertes hauseigenes Herstellungsverfahren entwickelt, bei dem
mehrere invertierte Mikrotoroide parallel fabriziert werden kénnen, um weitere systemati-
sche Testreihen durchzufithren, um eine stetige Verbesserung des Bauteils in der Zukunft
zu erreichen.
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Chapter 1

Outline



This thesis arose at the Institute of Integrated Photonics (IPH) at the RWTH Uni-
versity supervised by Prof. Dr. Jeremy Witzens.

1.1 Outline of this work

This work is subdivided into six main chapters that are summarized in the following:

Chapter [2|- Prior art - The theory of a waveguide and a coupled ring resonator:

This chapter summarizes and explains the underlying physics and the mathematical
description of the proposed monolithically coupled inverted silica microtoroid (IVT). It
covers the theory of light propagation in an on-chip waveguide. Furthermore, it deals with
the coupling of light from an optical fiber into an on-chip waveguide via an edge-coupler
and a grating coupler. Most importantly, it describes the mathematical model of a ring
resonator that is coupled to a waveguide. This mechanism will be the fundamental base
for analyzing and fitting measurement results and extracting intrinsic quality-factors of
the proposed device.

Chapter (3| - Prior art and state of the art - The ultra-high-Q resonator:

In the recent years, several attempts have been carried out to obtain high-quality
resonators (high-Q). For obtaining this goal, several material systems have been explored
including silica, silicon nitride, and calcium fluoride among many others for the fabrication
of high-Q resonators. This chapter summarizes which material system have been explored
so far. Further, it describes various applications, which are utilizing a high-Q resonator.
In particular, comb generation in high-(Q) resonators can be triggered, which can be used
in the field of optical telecommunications or sensing applications as well.

Finally, this chapter gives a summary about the conventional microtoroid, explains
fabrication attempts, and outlines its optical loss channels, which will determine the
maximum obtainable intrinsic quality-factor. As the proposed device of this work is based
on the concept of a conventional microtoroid, loss channels are of particular interest when
designing an inverted microtoroid.

Chapter [4] - Proposed device - The monolithically coupled inverted silica mi-
crotoroid:

This chapter illustrates the research idea. For proving the theoretical feasibility of the
inverted microtoroid, for example, in terms of the expected quality-factor, various optical
simulations are carried out. These simulations include the edge-coupling section (which
couples light from an external optical fiber to an on-chip silicon waveguide), the intercon-
nect waveguide section (which is routing the light across the chip), the coupling junction
(in which light is coupled from a silicon waveguide to an inverted microtoroidal resonator),



and the inverted microtoroid itself. Of particular interest are the bending losses of the
proposed device, which are assumed higher, compared to conventional microtoroids.

Chapter [5| - Fabrication - The monolithically coupled inverted silica micro-
toroid:

A significant part of this work is dedicated to the development and the realization
of the fabrication of the inverted microtoroid and is summarized and explained in this
chapter. The fabrication of the device is divided into two major parts, the part of the fab-
rication using cleanroom equipment (including electron lithography, optical lithography,
and material-etching processes) and the CO,-Laser-Reflow, which is forming the actual
microtoroidal shape of the silica microtoroid.

Especially the part of the fabrication using cleanroom equipment was explored exten-
sively, using different technologies, including dry- and wet-etching processes and different
optical mask designs.

The Laser-Reflow-setup that was built as part of this work is characterized regarding
optical output power, beam characteristics and in terms of melting results.

Chapter [6] - Characterization - The monolithically coupled inverted silica mi-
crotoroid:

For extracting the optical parameters of the proposed device, including its quality-
factors, its coupling regime and its free spectral range among others, a measurement
edge-coupling-setup was built. This chapter explains the setup and the procedure for
measuring and extracting the parameters of interest from an optical spectrum. For doing
so, two coupler designs are investigated and compared. Further, temperature-dependent
measurements have been performed. Also, this chapter discusses different parts of the
device regarding their optical and mechanical properties and gives an overview, and a
discussion of various challenges occurred during the fabrication of the devices and the
optical characterization.

Chapter [7| - Conclusion and prospects:

In the last chapter of this work, a conclusion is drawn, separately concluding on the
proposed design of the inverted microtoroid device, the fabrication of the device, and the
characterization of the device. In addition, the side benefits of this project are discussed.

Finally, a prospect focuses on potential improvements. The potential improvements,
which are discussed, involve a potential Front-end and Back-end integration, the improve-
ment of the fabrication flow, the improvement of the device design and the enhancement
of the intrinsic quality-factors.



1.2 Collaborators and partners

During the work on the inverted microtoroid project, several collaborators were in-
volved. Especially at the beginning, the fabrication of the IVT was not done in-house.
For the first proof of concept fabrication runs, the cleanroom situated at the University of
California San Diego (UCSD) and the cleanroom at the FZ-Jiilich (FZJ) have been used.
Furthermore, for testing a XeFy process, the facilities of the Fraunhofer-IPMS in Dresden
were used. For further simplifying the fabrication process, for example, for avoiding the
necessity of sending chips between different cleanroom facilities, which are equipped with
different tools, the Mesa+ cleanroom located at the University of Twente (UT) was used.
Finally, the fabrication process was modified to allow for an in-house fabrication, which
is carried out in a cleanroom located at the RWTH Aachen University (RWTH). In par-
ticular, equipment provided by the Institute of Semiconductor Technology (IHT) and the
Institute of Compound Semiconductor Technology (CST) is utilized.

For knowledge transfer and further discussion, we worked closely together with Dr.
Magziar Nezhad, who is a former member of our Institute, and now works as a senior
lecturer at the School of Electronic Engineering at the University of Bangor.



Chapter 2

Prior art - The theory of a waveguide
and a coupled ring resonator



The monolithically coupled inverted silica microtoroid (IVT) is the proposed device
of this thesis (Section [4).

This chapter will serve as fundamental theoretical background for the following re-
search work. In a short overview, it will summarize how light is propagated either in free
space (or bulk material) (Section or in a waveguide (Section 2.1.2).

An on-chip waveguide, which is used in this work, is coupled to an external source of
light. In this thesis, edge couplers are used for input and output-coupling (Section 2.2.1).
Coupling light from a waveguide into a ring resonator (or an inverted silica microtoroid)
can be described by a transfer-matrix method. The system of a waveguide and a resonator
can be modeled and characterized by different parameters, for example, its quality-factors
(Section . In practice, a measurement of this coupled device can be fitted to a
theoretical model, and various parameters can be extracted (Section .

Also, different sources of optical loss can occur in such a system. For example, coupler
excess losses need to be minimized by dedicated design approach (Section .

2.1 Propagation of light in an on-chip waveguide

One of the requirements when it comes to the design of integrated optical circuits is
a way of propagating light across a chip. In this work, this kind of waveguide will be
called transition or interconnect waveguide. An on-chip waveguide can be used to route
light efficiently, for example, from a coupling device (like an edge or grating coupler) to
an on-chip device (like a resonator or a modulator). In the field of silicon photonics (SiP),
waveguides are most often monolithically integrated on a chip. Depending on the material
and the geometry of a waveguide, different wavelengths can be routed with low loss. In
silicon photonics, a single-mode waveguide, which is used for routing light at the optical
telecommunication wavelength of 1550 nm is usually made out of silicon. Also, low loss
single-mode fibers can be fabricated for the optical telecommunication wavelength [33]

To understand which wavelength can be routed and which electromagnetic field distri-
butions (or also called a mode) can be excited in a waveguide, the propagation of light in
bulk media must be understood (Section . Furthermore, the theoretical description
of guided light, which is confined in a waveguide can be developed (Section 2.1.2).

2.1.1 Propagation of light in homogeneous bulk media

For describing the propagation of light in media, like solids, bulk materials, gases or in
a vacuum, different microscopic concepts need to be taken into account. The underlying
fundamental physics of the propagation of light in homogeneous media can be reduced
to a macroscopic description. The Maxwell equations in media [34] are describing the
interaction of matter and light.



In general, the electrical field E and the magnetic field H of a transverse plane wave
of light, which propagates along the x-direction (with x-components (z,y,2)), is changing
its phase ¢ as a function of traveled distance and time ¢. It can be described by the
following three equations fulfilling the Helmholtz equation [35, pp. 15]:

E(x,t) = Eye'lotw, (2.1)
H(X, t) _ Hoei(kx:lzwt)7
v = kxtwt

where ¢ is the imaginary number, w is the angular frequency describing the phase-change
over time (Eq. [2.4)), and k = (k,, ky, k) is the wave vector (Eq. [35, pp. 15].

9

5 = Y (2.4)
dp
. k (2.5)

Following these equations, it is possible to describe a wave of light in a medium. The
angular frequency w can be defined by the wavelength A in the medium, the phase speed (or
phase velocity) of the light ¢ in the medium and the frequency v (Eq. . Furthermore,
it is necessary to take the wavelength dependent media specific complex refractive index
N(w) into account.

As the refractive index N is a complex number, it can be written as N = n(w) +ir(w).
The real part of the refractive index, for simplicity also referred to as refractive index, n
plays the role of a factor which is reducing the phase speed ¢ and the wavelength A of the
light relative to its free space speed ¢y and its free space wavelength g (Eq. and Eq.
. Essentially, n is describing the ratio of the speed of light in free space compared to
the speed of light in a medium (Eq. .

In materials, the refractive index is greater or equal to one (n > 1). An exception
occurs in the field of meta-materials, which can show a negative index (n < —1) [36, pp.
60], as this is not within the scope of this thesis this case will not be further discussed.
Consequently, light in media always propagates slower than light in free space (assuming
n =1 in free space).

W o= 2771/—27T>C\—27T§(; (2.6)
C

¢ = 7; (2.7)

A = C”O (2.8)

n = C“ (2.9)



The direction of the wave vector k is the propagation direction (normal to the wave-
fronts) of the light and the direction of its energy flux. Its absolute value k = |k| is referred
to the wavenumber which is the spatial frequency of the light wave (Eq. . This fre-
quency describes the rate at which the phase of the light is changing with . Because
the factor n reduces the wavelength and the phase speed of the light in media, the spatial
frequency k is increased compared to the spatial frequency kg in free space (Eq. .

27
= == 2.1
- (2.10)
k = nky (2.11)

The field distribution in a medium changes in case electromagnetic boundary condi-
tions need to be taken into account. A waveguide structure, for example, has physical
boundaries and therefore its electromagnetic field distribution is affected. In analogy to
an infinitely long and wide bulk medium with refractive index n, an effective index neg(w)
can be introduced accounting for the modified field distribution due to electromagnetic
boundary conditions. The spatial frequency of a particular field distribution in a medium
(or in a device like a waveguide) is referred to as propagation constant 3 (Eq. .

B = negko = neffi7T (2.12)
0

When light travels through a homogeneous medium, it is attenuated due to absorption
and scattering what leads to extinction. In case another medium with a different refractive
index is present, reflections at the media’s interfaces has to be taken into account. In a
homogeneous medium, the initial irradiance or intensity I, of the light is exponentially
decaying as a function of the traveled optical path length |x| of the light (Eq. [2.13).
The imaginary part of the complex refractive index x(w) can be related to the absorption
coefficient o of a medium (Eq. [37). A common unit for the attenuation of light a

in optical engineering is dB/cm, which can be expressed as a function of « (Eq. 2.15).

I(x)) = L(|xol)e™™ (2.13)
a = 4)\7m (2.14)

dB 10 - logio(e) - 4k 55K
a = ~
Ao [cm] Ao [cm]



2.1.2 Guided propagation of light

Guiding light or waves via an optical waveguide can be achieved whenever at least two
suitable dielectric materials, of a different refractive index, are present and are forming an
interface at which light is internally reflected at the boundaries (Total Internal Reflection).
The core material of higher refractive index n, is embedded into a surrounding material
of lower refractive index ny < my and acts as a light trap , pp. 290]. The light can
be guided in the inner core without radiating into the surrounding material (cladding
and substrate). For example, an on-chip waveguide can be designed in a strip waveguide
configuration (Fig. 2.1 (b)). In this work, the silicon-on-insulator (SOI) strip-waveguide
will be used. Furthermore, optical fibers are used as interconnects between a tunable laser
source and a chip (Fig. 2.1 (c)).

a) Strip b) SOI Strip c) Fiber

Figure 2.1: This schematic is showing a strip waveguide (a), an SOI (Silicon-on-insulator)
strip waveguide (b) and a fiber (c) . A darker shading is related to a higher refractive index.

The field-distribution in SOI-Strip-Waveguides - TE and TM modes

A transverse electromagnetic wave (TEM) is describing a field distribution in which
the electrical field vector E, the magnetic field vector H, and the wave vector k are
mutually orthogonal.

TEM

<— Wavefronts

Figure 2.2: This schematic shows the orientation of the field vectors E, H, and k of a plane
TEM wave. The field vectors are mutually orthogonal to each other pp. 165]. The wavefronts
are surfaces of constant phase.
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The wave vector k is normal to the wavefronts (surfaces of constant phase) (Fig.
2.2) [34, pp. 165]. A transverse electromagnetic wave can occur in different polariza-
tions [34, pp. 199].When analyzing the electromagnetic field distribution of fields in a
waveguide geometry, it is common to distinguish between distributions in which the elec-
tric field vector E is predominantly parallel to the z-axis (transverse electric (TE)) or
predominantly parallel to the y-axis (transverse magnetic (TM)). Where the z and y
axes are defined in respect to a device (Fig. 2.3). Therefore, in the case of TM polar-
ization, the H field is predominantly parallel to the z-axis. Figure 2.3 shows an example
of the orientation of the electromagnetic field vectors for TE and TM polarization in an
SOI-Strip waveguide. Also, simulations of the ground modes TEq, and TM, are shown,
which were performed with a finite element method (FEM). The software tools, as well
as the simulation environment, are described in Section [4.2.1]

In fact, the simulation result for the TM mode shows a non-zero E, component (smaller
compared to the E,-component) (Fig. 2.3 (b)). Therefore, the mode is called a quasi-TM
mode (and vice versa quasi-TE mode for the TE case). The sum of the integral over the
whole field area shows that the total power stored in Ey is much smaller compared to E,
and vice versa for TE polarization. Note that pure TE and TM modes are only existing in
homogeneously filled metal waveguides. In the following quasi-TE modes and a quasi-TM
modes are simply referred to as TE and TM modes.

Figure 2.3: This schematic shows the orientation of the field vectors E and H for TE and TM
polarization. The inset (a) shows the simulated Ey field and the E, field of TE. The inset (b)
shows the simulated E, field and the Ey field of TM.

Due to boundary conditions, the field of the wave is mainly confined inside the waveg-
uide core with an exponentially decaying field leaking out of the waveguide. In case of a
multi-mode waveguide, there are several possible field distributions for TE,,, and TM,,,,
which can be excited.
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Each field distribution is a function of its surrounding medium, exciting wavelength,
and device geometry. The number of zero-field-crossings (in z- and y-direction) of an
eigenmode is indicated by indices (or mode-numbers) m and n. Most often, modes in
SiP are only described by their mode number m (TE, and TM,,) with fixed n = 0.
Usually, the high vertical confinement of the light in a thin waveguide does not allow for a
mode-number n > 0. Figure 2.4 shows the TE; and TM,; mode of an undercut SOI-Strip
waveguide together with its higher order modes TE;, TEy, TM;, and TMs.

by

1 um Ao = 1550nm Y

1.0
___________ = || g ]

v o, TE1 Neff=3.00| I TM1 Neff = 2.56
k’* _________ ..................
S TE2  Nege288 [TM2  Nefr=242

a) b) c)

0.0

Figure 2.4: The schematic (a) shows the geometrical parameters of an undercut multi-mode
silicon strip-waveguide on silica. (b) shows the higher order TE modes and (c) shows the higher
order TM modes.

Assuming a waveguide with a silicon core material, the confinement in a waveguide
is lower for higher order modes. As a consequence, the field is leaking more into the
surrounding material (for example silica or air).

It is convenient to define a complex effective refractive index Neg = nesr(w) + iKefr(w)
where neg(w) is referred to as effective index. The parameter reg(w) is describing the
optical losses of the mode. The surrounding material has a lower refractive index compared
to the core material. Therefore, the higher order modes have a lower effective index
compared to the ground mode. Also, the guiding of them is weaker. This effect is also
wavelength dependent, the higher the wavelength, the higher the leakage of a mode, and
the lower its effective index.

As silicon photonics and long-haul telecommunication often are based on single-mode
waveguides and fibers (only the propagation of ground modes is possible), it is im-
portant to understand under which circumstances higher order modes cannot propagate.
Easily spoken, when a waveguide is reduced in its geometrical dimensions (or the excit-
ing wavelength is increased), at some point a mode is not adequately guided anymore.
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The wavelength at which no propagation is possible anymore, for a given waveguide ge-
ometry, is referred to as mode-cutoff wavelength (or frequency). The modes are not
fitting into the waveguide anymore. In fact, an imaginary propagation constant is leading
to an evanescent field, which is exponentially decaying instead of being propagated in
k-direction.

Waveguide losses

The imaginary part of the effective index ke (w) of a waveguide is related to its optical
loss. It is describing how much light is lost due to coupling or leakage into the surrounding
material (for example, the substrate) and covers the loss of the light in the waveguide.
Further, absorption of the light in materials is included. With the help of equation [2.15]
it is possible to calculate the optical loss for a given effective index ke(w) of a waveguide.
Figure 2.5 a) shows a scheme of the interconnect-waveguide that is fabricated in this
thesis. Figure 2.5 b) shows the TMy mode for a waveguide width of 300 nm and 500 nm
respectively. For a width of 300 nm, the mode shows lower confinement in the silicon core
of the waveguide compared to a width of 500 nm. In the case of lower mode confinement,
more light is coupled to the underlying substrate, which is causing an optical substrate
leakage loss.

IV . IV i) E
3l , Widthy b) Y ho=1550mm 2

C—

=
m =

TMO TMO

Figure 2.5: Scheme of interconnect-waveguide and simulated field distribution. The schematic
(a) shows the waveguide structure which is fabricated as interconnect-waveguide in this work.
The schematics (b) and (c) show the simulated E, field of a TMy mode for a waveguide width
of 300 nm and 500 nm. For a smaller width, the field confinement is lower inside the silicon core
of the waveguide.

width =300nm width = 500nm
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2.2 Fiber-chip edge coupler

It is possible to distinguish between two leading technologies for coupling light into a
waveguide on a chip. In this work, primarily edge couplers will be used for coupling light
from an external laser source to on-chip waveguides.

Alternatively, couplers based on grating structures can be used. Both technologies
have several advantages and disadvantages when it comes to broadband functionality, TE
and TM compatibility, fabrication issues, design and actual on-chip space consumption.

2.2.1 Edge-coupling principle

Edge couplers can be designed as tapered or inversely tapered couplers. Tapering
the coupler is essential for matching the emitted light from a fiber with its Gaussian
field distribution to the input field distribution of the coupler. For finding matching field
distributions, it does not matter if the light is coupled from the fiber to the coupler or
vice versa, as this coupling-process is time-reciprocal.

a) Inversely tapered edge coupler c) Tapered edge coupler

d)

—

.

\i’u/

Exciting fiber Exciting fiber

Figure 2.6: Edge coupling mechanism of tapered and inversely tapered edge couplers. (a)
Schematic of inversely tapered edge coupler and lensed fiber. The inset (b) shows the top view
of (a) and the field distribution before and after coupling the light. The time reversal principle
implies that the edge coupler can be used for input and output coupling of the light. (c) Tapered
edge coupler. Inset (d) shows the top view of (c).
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In fact, when simulating an edge coupler often the field is excited in the waveguide, and
the field distribution of the light, which is emitted by the coupler, is analyzed. The length
of the tapering area and the width of the tapered coupler define the field distribution at
the coupler tip. Figure 2.6 shows a scheme of an inversely tapered and a tapered edge
coupler. For coupling light into an edge coupler, a lensed optical fiber can be used.

Throughout this work, inversely tapered edge couplers are used. In simulations, the
coupler can be optimized to show a high coupling efficiency by sweeping its tapering width
dy (Fig. 2.6(b)). For a specific value of d,, the mode field diameter of the coupler and
optical fiber show the highest match and therefore the highest coupling efficiency. With
the help of a simulation, the whole coupling mechanism can be simulated in 2D and 3D
before fabricating the device.

2.2.2 Comparison of a tapered and an inversely tapered edge
coupler

The mode characteristic is different when comparing a tapered and an inversely tapered
edge coupler. In the case of an edge coupler, the light is confined in the y— and in
z—direction (Fig. 2.7). The higher this geometrical confinement is, the more the mode is
pressed out of the coupler and is affected by the surrounding medium. The effective mode
diameter will change accordingly to the confinement. In case of an inversely tapered edge
coupler, the mode confinement in y— and x—direction can be tuned to be approximately
the same. Therefore, a Gaussian-like emitting characteristic with a high mode quality
(M?> 1) can be achieved. The propagation factor M? describes the relation of a real
beam compared to an ideal Gaussian beam pp. 424]. The final width of the tapered
structure can be designed to match the mode-diameter of a light-collecting optical fiber.
This way in principle a high coupling efficiency can be achieved.

1%

z

X
fast axis

L.

slow axis

a) Inversely tapered edge coupler b) Tapered edge coupler

Figure 2.7: Schematic of inversely tapered edge coupler (a) and tapered edge coupler (b) with
intensity field distribution. For a tapered edge coupler, the divergence in z— and y—direction
is different. One can distinguish between a slow axis (z—direction) with low divergence and a
fast axis (y—direction) with high divergence.
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In case of a tapered edge coupler, the confinement of a mode in z—and y— direction
is different (Fig. 2.7(b)). One can distinguish between a slow axis (in z—direction) with
low divergence and a fast axis (in y—direction) with a high divergence. Coupling such a
mode efficiently to an optical fiber mode is harder to achieve as the mode field diameters
cannot be matched efficiently in both axes at the same time. In practice, lenses can be
used to solve for this issue. Also, back reflection when coupling light into such a coupler
is higher compared to an inversely tapered edge coupler as the coupler facet has a larger
surface. This effect can be reduced by using an anti-reflection coating [35,40].

For overcoming these issues, throughout this work, inversely tapered edge couplers
are used (Fig. 2.7(a)). Indeed, inversely tapered edge coupler can be hard to align to
an external fiber. However, it has been demonstrated that the alignment tolerance in
the horizontal direction can be relaxed when using multiple input ports [41]. Alignment
tolerance describes how much the position of an optical fiber can be different from an
optimal position while still allowing for high coupling efficiencies. In practice, this is
expressed as the point where the signal is dropping by 3dB compared to the optimal
signal position.

The fabrication of an inversely tapered edge coupler can be challenging, as the final
tapering width can be in the order of 100 nm and below. In this work, this feature size
can be fabricated by the use of an electron lithography (EBL) system and an optimized

etching process (see Sections and [6.1]).

2.2.3 Advantages and disadvantages of an edge coupler com-
pared to a grating coupler

Another attempt of coupling light into a chip is the use of a grating coupler in which
light is coupled under an angle (depending on the design, for example under 10°) [42].
As a grating and an optical fiber have a specific radiation characteristic, they have to be
matched to each other as close as possible to achieve efficient coupling. The ideal angle
for coupling is a function of the wavelength and grating parameters |40, pp. 293].

The periodicity and the duty cycle of a grating can be adjusted to achieve a suffi-
cient coupling efficiency [43]. By apodizing the grating, even a Gaussian-like radiation
characteristic of a grating can be achieved which is further increasing the coupling effi-
ciency [44,45|. For minimizing the geometrical footprint, a grating can be fabricated as
focusing grating [42].

A grating coupler is usually designed to be efficient for TE polarization whereas cou-
pling TM polarized light is harder to achieve. It is reported that in principle it is possible
to couple both polarizations to a grating at the same time [46]. However, an inversely
tapered edge coupler can intrinsically couple both polarizations with a comparable effi-
ciency [47]. A grating is designed for a specific wavelength so that the 3dB bandwidth
of a grating coupler is approximately 30 nm — 40 nm whereas an edge coupler can be
considered to be more or less broadband [42].
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Figure shows a scanning electron microscope (SEM) image of an edge coupler and
a grating coupler in top view fabricated as part of this work. The grating coupler is an
apodized fully etched focusing grating coupler.

a) Inversely tapered edge coupler b) Apodized fully etched focusing
grating coupler

-

1um

Figure 2.8: SEM image of inversely tapered edge coupler (a) and apodized entirely etched
focusing grating coupler (b) in top view fabricated as part of this work.

For fabricating an efficient silicon grating coupler, shallow etch-processes are used to
reduce reflections between adjacent silicon bars, whereas an edge coupler can be fabricated
in a single etch process step. The main advantage of a grating coupler is that it can
be positioned in proximity to an optical device. Therefore, the need for an extensive
routing via interconnect waveguides across a chip is reduced. By using grating couplers,
the density of integration of devices on a single chip can be highly increased. Also, as
waveguides can be made shorter, the overall optical losses are reduced. Another advantage
is the uncomplicated chip handling, as on the contrary, an edge coupler by definition is
positioned at a chip edge and can be quickly broken or scratched.

However, in this work, inversely tapered edge couplers are used, as they provide effi-
cient coupling of TE and TM polarized light over a broad wavelength range (here, 1500 nm
to 1620 nm).
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2.3 Theoretical modeling of a coupled ring resonator

An optical ring resonator can store light for a particular time, depending on its loss
coefficient a. The lower the optical loss (for example, caused by scattering, material losses
or bending losses) the longer a ring resonator can store the light. This time is called the
lifetime 7. In high-quality resonators, this lifetime can reach about 40 ns [1]. The lifetime
is proportional to the quality-factor @) of a resonator. The higher the lifetime, the higher
the quality-factor, and the smaller the linewidth of an optical resonance.

The light is coupled, for example, with a tapered optical fiber approaching the res-
onator until the evanescent field of the light in the fiber is overlapping the evanescent field
of the resonator. In this work, the coupling step will be done monolithically by fabricating
a coupling waveguide in proximity to a resonator (see Section 4.1).

2.3.1 Basic coupling theory of a ring resonator and a waveguide

The normalized complex field amplitudes FE;i, E;s, Fy1 and Eyp of a system, in which
a ring resonator is coupled to a waveguide, can be described by a matrix equation (Eq.
, Fig. [48]. This 2z2-matrix consists of the coupler parameters ¢, x and their
complex conjugated values t* and —x*. These parameters are a function of the distance
between the waveguide and the resonator, the wavelength, the material, the mode that is
excited, and the ambient temperature.

The passive ring resonator has a time-reversal symmetry. Therefore, the light can be
coupled from the waveguide to the ring and vice versa. The related parameter s is called
the cross-coupling coefficient [49]. On the contrary, light can be transmitted through
the waveguide (not coupled to the ring) or stays inside the ring (not coupled to the
waveguide). The related coefficient ¢ is called the self-coupling coefficient [49]. In other
words, as the complex parameter ¢ is describing the part of the light which is transmitted,
it is also describing which part is lost due to coupling. For this reason, ¢ can be related to
the coupling losses, as no light is disappearing (conservation of energy) (Eq. . For
describing the coupling losses, ¢ can be written as ¢ = |t|e"?* where |t| is the coupling
loss, and ¢, is the phase of the coupler.

En e [ 1ELils] (i
= e . 2.16
(Et2> il 1t )\ By (2.16)
Conservation of energy within system implies:

W2+ = 1 (2.17)



18

Figure [2.9 shows a graphical representation of equation [2.16}

Figure 2.9: A complex electrical field E;; is partially evanescently coupled from a waveguide
to a ring resonator (with radius r) and partially bypassing the resonator. The strength of
the coupling from the waveguide to the ring depends on the cross-coupling coefficient —x*. The
strength of the bypassing field is dependent on the self-coupling coefficient ¢ where |x2| + [t2| = 1.
In the same manner, light which is stored inside the resonator (Ejp) is partially coupled back to
the waveguide (dependent on ) and is partially staying inside the resonator (dependent on t*).
The output field Fy; is the superposition of the directly transmitted field tE;; in the waveguide
and the field of the ring which is coupled back to the waveguide kFE;3 and can be described as
Ey; = tE;; + kF;». Finally, the field inside the resonator E;» is connected to the transmitted
field Eyo inside the resonator by Ejs = aeE.» where a is the internal loss coefficient, and 6
is the accumulated phase-change of the light when making one round trip. The schematic is

adapted from [48].

On average, each photon in the resonator has a lifetime 7. In the wave-picture, each
time a wave of light is circulating inside the resonator (performing a round trip) a portion
of its energy is lost due to different loss mechanisms. The loss mechanisms will be further
discussed in the context of silica resonators in Section [3.3l It is convenient to introduce
a combined loss coefficient a (the internal losses) for the ring which is describing the loss
accumulated in one round trip. The loss amplitude a can be related to the attenuation
coefficient a by the following equation [49):

a? = ek (2.18)

Also, a phase § = wL/c is introduced. In a non-active medium, the loss coefficient a
follows the relation 0 < a < 1. The parameters w and c¢ refer to the angular frequency
and the phase velocity of the light in the ring (see Eq. [2.1.1]).
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L = 277 is the circumference of the ring resonator and therefore one round trip length.
The phase 6 can also be expressed by the propagation constant 5 = kones (see Eq.
by 6 = SL. The phase 6 describes an accumulated phase change of the light when making
one round trip. Assuming F;; = 1, the round-trip loss in the ring is given by [48]:

En = acEj, (2.19)

The power Py; = |Eﬂ|2 is the power at the waveguide output which can be measured, for
example, by a photodetector. Based on reference [48], equations and lead to:

a? + [t|° — 2a|t| cos (0 + ¢;)

Py = |Eal® = |
1 | t1| 1+ a2 |t|2_2a|t|COS(9+S0t)

(2.20)

The power stored (circulating) in the ring is given by the Lorentzian shaped function:

2 _ 2
Py = |Ep|* = Z (1 ‘ ) : (2.21)
1+ a?t|” —2a|t| cos (0 + o)

P;; and P,y are functions of ¢, and 6. As a result, when evaluating the equations [2.20
and [2.21], for periodic values of ¢, and 6, the resonator can be driven into resonance:

0+¢, =pL= 47T2neff>\L0 =2mm, m=1,2.... (2.22)

The parameter m is an integer number. Finally, the powers on resonance Isﬂ and Ptg can
be described by:

5 (a—t)°
Py = 0 al? (2.23)

and

X a? (1 -t
Py = ———~. (2.24)
(1= alt)

In a real measurement, the resonance condition (Eq. can be fulfilled, for example,
by doing a wavelength sweep (changing \g) or changing the temperature (leading to a
change of nek). A local change in temperature, for example, can be triggered by the use
of dedicated heating elements [50]. In this work, metal-based modulators are not in use.
A temperature change will be done by heating up (or cooling down) the whole chip with
the help of a Peltier-element.
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2.3.2 Coupling regimes and parameters of a ring resonator

For describing the shape and the extinction of resonances in a waveguide-coupled
ring resonator-device (Fig. different parameters and concepts have to be taken into
account, for example, different coupling configurations (or regimes), dispersion effects and
other parameters like the width and the spacing of resonances.

Coupling regimes

Equations and are describing the power levels at a waveguide output and
within a ring-resonator (Fig. . In the case of resonance (Eq. , the power values
are only dependent on the internal losses a and the coupling losses |t|. In general, three
cases for the relation between a and [¢| can be distinguished [51, pp. 313]:

1. Critical coupling (cc) (a = |t|): The coupling losses |t| equal the internal losses a.
In this case, the measured power P,; at the waveguide output completely vanishes.
This can be seen as total destructive interference between the directly transmitted
field tE;; in the waveguide and the field of the ring that is coupled back to the
waveguide kF;y. Therefore, the output field of the waveguide can be described as a
superposition F;; = tE;; + kE;s.

2. Undercoupling (uc) (a < |t]): The device is on resonance. The light transmitted in
the waveguide, and the light coupled back from the ring are showing destructive
interference. The amplitude of the light that is coupled back from the ring into the
waveguide is not high enough to cancel out the transmitted wave in the waveguide
completely. For establishing critical coupling more light needs to be coupled into
the ring. For this reason, the light at the output is not entirely vanishing even on
resonance.

3. Overcoupling (oc) (a > |t|): Like in the case of undercoupling, the device is on
resonance, and the wave transmitted in the waveguide, and the light coupled back
from the ring are showing destructive interference. As there is too much light coupled
into the ring, the light that is coupled back from the ring into the waveguide has a
higher amplitude than the light transmitted through the waveguide. For this reason,
the light at the output is not entirely vanishing even on resonance.

Figure [2.10] shows an example of a ring-resonance for the three different coupling cases
as a function of wavelength. The internal losses a are constant whereas the coupling
losses |t| are different. Also, the internal losses @ and the coupling losses |¢| are functions
of the wavelength \g. Therefore, critical coupling usually cannot be achieved for every
wavelength. In this example, it is assumed that a and |¢| are constant in the considered
wavelength region.
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Figure 2.10: Theoretical model of an undercoupled a < |t| (dashed blue), critical a = |¢| (solid
orange) and overcoupled a > || (dotted yellow) resonance of a ring resonator based on equation
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Phase- and group velocity

For describing the parameters of a ring resonator, it is necessary to investigate what is
happening in the underlying material for different wavelengths. The refractive index n(w)
is a function of the angular frequency w and for this reason, a function of the wavelength
Ao (see Eq. . This phenomenon is called material dispersion and is material-specific.
Further, a guided mode (for example in a ring resonator) has an effective refractive index
neff(w). The effective index neg itself can change as a function of A\ even if the material
is nondispersive. As seen in Section 2.1.2 the effective index is bound to a particular
mode. This mode can change its effective index due to geometrical boundary conditions.
This type of dispersion is called geometric dispersion. The dispersion relates the change
of the angular frequency w with the wavenumber £ (Eq. . In addition to the phase
speed ¢ (or in the following described as v) of light in a medium, a group velocity v, can
be defined. A package of light consists of different wavelengths. The group velocity is
describing how fast this package (precisely the envelope) travels. This can be different
from the phase speed v of the wave.

In the special case of a nondispersive medium, the dispersion relation is given by
w = cko (with ¢ = const.) which leads to a group velocity of v, = ¢ which equals the
phase velocity v. In addition to the effective index neg, a group index n; can be defined
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which is related to the dispersion (Eq. [2.27)).

B dw (ko) . Co
vylko) = —— = o (ko) (2.25)
(ko) = “’(:0) (2.26)

Further, the group index ng can be expressed as a function of nes by utilizing equations

and [48]:

ONeefr
0o

Ng = MNeff — )\0 (2.27)
In case of a nondispersive bulk medium, the refractive index n is not changing with the
wavelength A\g. In a device in which the material- and the geometric dispersion can be

neglected, neg approximately equals ng.
We redefine 6 (see Eq. [2.22) (assuming ¢; = 0) the following way:

0 =pL= 472neff)\L0 = 2mm, m=1,2... (2.28)

Free spectral range

An important parameter of a ring resonator is the distance Ay between two resonance
positions. Two neighboring resonances can be identified by their spectral indices (or
orders) m and m — 1. The distance between them is called the free spectral range (FSR)
of a resonator. For evaluating an equation for the FSR, it is helpful to investigate the
resonance condition from equation and calculate the propagation constant [, ;
(assuming ¢; = 0), which leads to the following equation for 3,,_1 as a function of f,,:

2 2

ﬁmfl - 7(m_1>:6m I

. (2.29)

For further simplifying this condition, it is evaluated for parameters from a repre-
sentative resonator of this work. Taking a resonator with r = 125 pm, Ay = 1.55 pm and
Nesr = 1.4 the value for m is (assuming ¢; = 0):

125
m = 21-14. — 1 _ 709, (2.30)

1550 nm

From[2.30]it can be concluded that the absolute value m is much bigger than the difference
in the order of two neighboring resonances. In other words, the absolute spectral order of
a resonance m is much higher than one:

Am=m—-—(m—-1)=1<m. (2.31)
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This result is not surprising, as the wavelength in the material \,_;—14 = 845nm fits
multiple times into a resonator with a length of L. = 785 pm, which leads to a condition
for A) (taking the definition of 5 (Eq. [2.28)) into account):

ANy < Ao (2.32)

Aom 18 the free space wavelength which is fulfilling the resonance condition for m. This
result justifies doing a first order Taylor expansion around the m'" resonance of equation

2.29, which leads to |52, pp. 199]:

Bt ~ Bt D

—1 Al 2.
"t Ao (2.33)

m

This can be further evaluated (using Eq. [2.29)), leading to an expression for A\g:

or (dB\ "
A ~ —— | — ) 2.34
j o~ (CMO) (230

In the last step the derivative of the propagation constant 5 = 27 /) can be calculated
(with the help of Eq. [2.27):

dp s ONess ko

— =——+k = ——n,.

Do o e T A
Finally, the FSR can be defined as a function of n,, assuming that the FSR is much

smaller than the absolute wavelength \q:

(2.35)

o (ke N\ Al

Full width at half maximum

In case of a critically coupled ring on resonance, the measurable power at the waveguide
output is zero due to destructive interference, whereas there is measurable power in case
the ring is not on resonance. The full width at half maximum (FWHM) of a selected
resonance is a measure of how narrow this resonance occurs in a wavelength spectrum. It
is defined between the two spectral positions of a resonance at which the power dropped
by a factor of two (=~ 3dB) compared to the off-resonance case. The FWHM is related to
the inverse lifetime of light inside a resonator. The longer light can propagate inside the
resonator (before lost) the narrower the FWHM of a resonance gets.

The power Pj in a ring on resonance (at A ) is twice as high as the power P, in
the ring at A\es £ 6A. Where dX is half of the FWHM leading to the equation:

FWHM = 20\ (2.37)
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Combining the equations (the power in the ring) and (the power in the ring on
resonance) lead to the following condition:

Py

5

PiQ ()\res + 5)‘) =
Which further can be transformed to (assuming ¢; = 0):
1+ a?|t* — 2aft|cos (0) = (1 —at])*. (2.38)

When assuming a comparatively sharp resonance, the group index n, is only slightly
changing between Aes aAnd Ares = 0A. For this reason, the propagation constant [ is only
slightly changing, and 6 can be approximated by [48]:

A,

92

) ~ 1——. 2.39
cos ( ) 5 (2.39)
Therefore, 6 can be expressed by the following equation (combining equations and

2.39)):

s | (L—alt])’
0= AT (2.40)

As 6 is the shift of § accumulated over §), it can be approximated as:

A df
~ |— 241
0 ‘d)\ oA ( )

Assuming that n, is constant over d\ and using equations 2.28] [2.40| and [2.41] § can be
expressed as:

X (1—alt)® |0 ( L) L
0 — L = |— 2 — ]l =2 —0A 2.42
alf] ox ey ez (2.42)
therefore:
1—alt L
all _ g\l (2.43)
a ’t‘ /\reso

Finally, the FWHM can be defined using equation [2.43] (compare [49]):
(1 —a |t|) A?es

anL\/m .

FWHM = 26\ = (2.44)
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Finesse and quality-factors @, (),, and (c
The finesse F is defined as the ratio of the FSR (Eq. [2.36) and the FWHM (Eq. [2.44))

of a resonator:

FSR AN at|

FWHM 207 '1—alt]

(2.45)

An essential parameter is the quality-factor ¢).. The loaded quality-factor is describing
the stored energy in a resonator divided by the lost energy within one cycle time. For this
reason, it is also a measure of the spectral sharpness of the resonance. The loaded quality-
factor is defined as the ratio of the operation vacuum wavelength Ay and the FWHM (Eq.
2.46) and takes the coupling to the waveguide into account [49,53].

Q . Ares0 . 7TngL \/a|t| - ngLF (2 46)
T FWHM  Aeso 1—alt| Ao '

Furthermore, an unloaded (), can be defined, which is connected to the uncoupled res-
onator (neglecting a coupling waveguide). Other intrinsic channels of loss like bend-
ing losses, material losses and scattering losses due to sidewall roughness are implicitly
covered [b3]. Therefore, the unloaded quality-factor is also referred to as the intrinsic
quality-factor. In this case, the self-coupling coefficient |¢| is set to one [53] as we assume

no waveguide (|k| = 0) (see Eq. 2.17)).

Q. = el Va (2.47)

)\reso 1—-a

As the unloaded quality-factor @), lacks the coupling losses (and excess losses as well), the
loaded quality-factor @) is smaller than the unloaded quality-factor. For convenience, a
coupling quality-factor ()c can be defined which is describing how (). and @), are related.
Therefore, the coupling quality-factor is related to the coupling losses (Eq. .

1 n 1

Qu Qu Qc
It is obvious that without coupling light from a source (a waveguide) to a resonator, there
is no light in the resonator. Therefore, the unloaded @), cannot be measured directly. In
case of critical coupling (see Section , Q. equals @), and for this reason, the critical
coupled QL can be directly related to @), by:

(2.48)

o=
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2.3.3 The whispering-gallery mode - Field distribution in the
coupled ring resonator

The field distribution within the ring resonator excited by a waveguide or a fiber is
referred to as a whispering gallery mode. The term whispering — gallery — mode originates
from the field of acoustics.

1.0
FE; | 1 Niw TR T00 1—|E[LEt )

e o
%llw Ey IIL-0

Figure 2.11: The figure shows a simulation of the E, field of light (£;;) coupled from a
waveguide to a ring resonator. The field distribution inside the resonator is referred to as
whispering-gallery-mode.

A famous example can be found in the gallery of the St. Paul’s Cathedral in London.
This gallery itself can act as resonator making it possible to hear somebody whispering
on the opposite position within that gallery. Acoustic waves are guided by the gallery,
as the walls are stone-faced and smooth, which was first explained by Lord Rayleigh by
continuous reflections of the acoustic wave [54]. It has been shown that this acoustic con-
cept can be further transferred to dielectric resonators and therefore to the optical regime.
Figure shows the field distribution of E, of a waveguide coupled ring resonator. The
wavelength and the geometry are chosen to fulfill the resonance condition (Eq. .

2.3.4 Fitting the wavelength spectrum of a ring resonator

In a real ring-resonator, the critical coupling condition is not always achieved whether
deterministically, due to design issues, or missed fabrication targets. However, it is es-
sential to distinguish between losses arising from the coupling and the intrinsic losses of
the ring. This piece of information can be used to redesign a device and optimize the
fabrication process to achieve the desired spectral behavior finally.

In this Section, the spectrum of an in-house fabricated silicon ring (Fig. 2.12) is
analyzed. In fact, such silicon rings are used as test devices on the chips that are also
carrying the inverted silica microtoroids (IVTs). The model, which is used in the following
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for the extraction of the physical parameters, is used later on for the IVT system, as well

(Section [6.3)).
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Figure 2.12: (a) Microscopic image of an edge-coupled silicon ring resonator. (b) Recorded
wavelength spectrum (solid line) and extracted background.

Two parameters can be extracted straightforwardly from the spectrum of a resonator,
the absolute resonance positions Aes, (Where m is indexing the resonances) and the FSR.
An additional parameter that is known by design is the resonator length L.

Figure 2.12 a) shows a microscope image of the resonator. The resonator has a length of
L=511pm. The inset shows an SEM image of the coupling section. Furthermore, Figure
2.12 b) shows a measured raw data spectrum (solid line) together with the extracted
background (dashed line).

The analysis of the spectrum is done by fitting each of the resonance individually
with the help of equations m (assuming ¢, = 0) and The free parameters of the
fit are the internal resonator loss a, the coupling loss |¢t| and the group index ng. The
resonance conditionis linearly dependent on ng and L, that means at least one of these
parameters need to be known. Otherwise, ng and L can be mathematically exchanged.
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Fitting a single resonance

Figure shows the fit (dashed line) of a single background corrected resonance of
the spectrum shown in Figure 2.12 b).

-8 ——Background corrected raw data ||
L Fit with 95% confidence bounds: ||
-10 2
R“ = 0.9930

a = 0.7873 (0.7866, 0.7881)
12 r ng= 4752 (4752, 4.752) H

t = 0.6741 (0.6728, 0.6754)

Power at detector [dB]

_14 1 1 1 1 1
1580.4 1580.6 1580.8 1581 1581.2 1581.4

Wavelength /\0 [nm]

Figure 2.13: Fit of a single resonance of an edge-coupled ring resonator (after background
correction) with 95% confidence bounds. The parameters R? is the coefficient of determination
of the fit. The parameter a is the fitted internal loss of the ring, ng is the fitted group index,
and ¢ is the fitted self-coupling coefficient.

The initial start values for the fit were chosen to be astar = 0.76, |tsiart| = 0.69
and 7ng_star = 4.46. When multiple resonances are fitted, the initial start values or the
extracted values of a previous fit are taken as start values for a new fit. For fitting, the
fminsearch algorithm provided by the software package Matlab is used.

The chosen resonance (Aes = 1580.85nm) is slightly overcoupled (a > [t|). The
parameters a and |t| are functions of the wavelength. Therefore, in this spectrum, for
a wavelength of A\ = 1570.63nm the extinction is about 25dB and critical coupling is
almost achieved (ax=1570.63nm = 0.732, |tx=1570.630m| = 0.701).

The resonance position of a specific resonance A, is defined as the point of highest
extinction in a particular fitting window. The distance between two adjacent resonances

Aresm and Aresme1 is the FSR (equation [2.36]):
FSRlocal = )\resm - )\resmfl- (249)

Therefore, it is possible to pairwise calculate a local value for ng by utilizing the
equation for the FSR and the fitted values for \s,, and the adjacent resonance:

)\2
= —. 2.50
ngloca,l FSRlocalL ( )
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It is assumed that ng is constant between two neighboring resonances. This way ng as
a function of wavelength A\ can be extracted.

Finding an initial average FSR

For fitting the resonances of a whole spectrum (Fig. 2.12 b)), an initial start value
for the FSR needs to be extracted. By doing a fast Fourier transformation [55, pp. 78]
where Y()) is the Fourier transformed, an averaged FSR (Fig. can be calculated.
By using the FSR, a window can be defined in which a single resonance lies. This way
each resonance can be found and fitted separately. The FSR as a function of ) is based
on the absolute resonance positions that were fitted (compare Fig. 2.15(c)).

0.25 T T
FSR = 1.02 nm
0.2 :
0.15 :
=
>
0.1 i
7l J\I\A |
0 A\ L—A ] |
0 0.5 1 1.5

FSR [nm]

Figure 2.14: Fast Fourier transformation of a wavelength dependent edge-coupled ring res-
onator spectrum. The point of highest Fourier amplitude Y()) is defined as the FSR which is
the averaged free spectral range over a whole wavelength spectrum.
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Extracting the parameters a()\), [t| (Ao) , 15 (Ag), and FSR (\g)
Figure 2.15 shows the fitted parameters a, |¢| , n; and FSR extracted from Figure 2.12

(b).
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Figure 2.15: Fitted curves of an edge-coupled silicon ring resonator spectrum. (a) The
parameter a is the fitted internal loss of the ring, and ¢ is the fitted self-coupling coefficient as a
function of wavelength A\g. The confidence intervals are plotted as well, but they are too tight to
become visible in the graph. (b) The fitted group index ng as a function of wavelength Ao (c).
The parameter FSR is the derivative of all resonance positions Ares, of the analyzed spectrum.
(d) Zoom of (a) to show the confidence interval for a (compare Fig. .
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As the parameters are fitted for every resonance separately, it is possible to use the
resonance positions Aes,, as grid points for a spline interpolation and generating the
functions a(Xo), [t| (Ao) and ng (Ag) (Figure 2.15). The extracted FSR(\¢) is the differential
of Aresm- The confidence in the fitted parameters is high (Figure 2.15(d)). Of course,
discrepancies can occur as a background correction is done before processing the raw data
(compare Fig. 2.12 (b)). Therefore, the 95% confidence, relates to the fitted values of
the background corrected data.

Based on these results and the help of equations [2.44] [2.46] [2.47] and [2.4§] it is possible
to calculate the functions FWHM (Ag), QL (Xo), Qu (Ao) and Qc (No) (Fig. 2.16).
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Figure 2.16: Derived quality-factors Q, Qu, and Q¢ of an edge-coupled silicon ring resonator
spectrum (a). Graph (b) shows the FWHM as a function of Ag.

Generated spectrum based on extracted parameters

In the final step, a spectrum will be calculated and is compared to the background
corrected raw data spectrum. Figure 2.17 shows the final fitted spectrum together with
the background corrected raw data. The residuum is defined as the derivation between the
generated, and the original background corrected spectra. The coefficient of determination
R?, in this case, is related to each individual fit of the spectrum.

For evaluating that the fit quality is sufficient to extract the desired parameters, Figure
2.17 shows a residuum plot, defined as the difference between fitted and measured spec-
trum. The maximal discrepancy is in the order of 1 dB compared to an average resonance
extinction of 10dB.
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Figure 2.17: The upper graph (a) shows an overlay of the calculated spectrum (based on fits)
and the background corrected raw data spectrum. The middle graph (b) shows the residuum
of the spectra. The lower graph (c) shows the coefficient of determinations for each underlying
resonance fit.

Overview of the fitting algorithm

The proposed method for fitting a spectrum of a resonator can be summarized in the
following algorithm:

1. Do a background correction of the raw data spectrum.
2. Find an averaged FSR with the help of Fourier transformation.
3. Find the resonance with the highest overall extinction (globally).

4. Create a fitting window around this resonance based on the averaged FSR and the
current resonance position Aes.
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5. Recalculate the current ng and set it as start value based on Aes.
6. Fit the first resonance with initial values for a, |t| and n,.

7. For fitting the remaining resonances, repeat steps (a) to (e) until all resonances are

fitted.

(a) Save the fitting result and set values for a, || and n, as start parameters for
the next resonance.

(b) Move to the next resonance and define fitting window based on the FSR.

(c) Find the current exact resonance position A by taking the point of highest
extinction (locally) and create a fitting window around it.

(d) Recalculate the current n, and set it as start value based on Ayes.

(e) Do the fit for a, |t| and ng

For the implementation of this algorithm, the commercially available Matlab software
package was used.

2.3.5 Coupler excess losses and coupler-design

The directional coupler excess power losses per pass v are parasitic losses and are
caused by the coupler. This kind of losses can occur due to scattering losses, coupling into
unwanted higher order modes, or radiation modes and are limiting the maximal obtainable
loaded quality-factor Q. |27]. In case of low internal optical ring losses, equation of
the loaded quality-factor Q_ can be rewritten (using Eq. and extended [27,/56]:

QL = 2ming L (H2 +al + 7)71 (2.51)
>\res

In the case that the excess losses v are in the same order compared to the total
round trip loss aL of the resonator, the loaded quality-factor Q. is noticeably worsened.
Especially for high-quality resonators, this can become an issue. For minimizing the
occurring excess losses, and for avoiding the coupling of light into unwanted higher order
modes, the coupler design itself can be optimized. In this work, two different coupler
designs are considered, the straight coupler and the weakly tapered gap coupler (Fig.

i)
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(a) Straight coupler (b) Weakly tapered gap coupler

Figure 2.18: In contrast to a straight coupler (a) the mode mismatch (difference in the propa-
gation constant [3) between the two arms of a weakly tapered gap coupler (b) is reduced which
leads to a more efficient coupling into the fundamental modes instead of exciting higher order
modes. Also, the weakly tapering of the gap yields a more adiabatic transition region from the
input waveguide to the coupling section, which potentially lowers the excess losses compared to
other coupler designs.

Reference reports that a straight-coupler design has drawbacks. First, a straight
coupler shows an excess loss that is associated with the gap between coupler and res-
onator. Furthermore, the straight coupler shows appreciable coupling to higher order
modes, effectively lowering the quality-factor of the resonator due to multiple families of
resonances with different free spectral ranges.

The weakly tapered gap coupler is designed to overcome these limitations. The mode
mismatch (difference in the propagation constant ) between the two arms of the coupler
is reduced which leads to a more efficient coupling into the fundamental modes instead of
exciting higher order modes. Also, the weakly tapering of the gap yields a more adiabatic
transition region from the input waveguide to the coupling section, which potentially lower
the excess losses, compared to other coupler designs.

The intrinsic quality-factor can be expressed, in analogy to equation by (assuming
x = 0) [27156)

2mngL

Qu = A—(ozLJrfy)*1 (2.52)

Figure 2.19 shows the altering of the intrinsic quality-factor Qu, for fixed radii of
r = 140 pm, 200 pm and 400 pm, as a function of assumed excess losses . Further, it
is assumed that the propagation loss « in the resonator is 0.1dB/m (which translates
into an undisturbed Qu of about 60 million), a refractive group index of ny = 1.46 and
a wavelength of A5 = 1550 nm. The resonator length can be calculated by L = 2zr. In
this work, a typical resonator radius is about 140 pm.

For example, an excess loss of v = —30dB, means that the excess loss is 30 dB below
the transmitted power through the coupling junction. In other words, the excess loss is

0.1%.
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Figure 2.19: Altering of the intrinsic quality-factor Qu as a function of directional coupler
excess losses for fixed resonator radii. The graph shows the theoretically obtainable intrinsic
quality-factor as a function of excess losses for fixed resonator’s radii of r = 140 pm, 200 pm and
400 pm according to equation m The propagation loss « is 0.1dB/m, the refractive group
index is ng = 1.46, and the wavelength is A;es = 1550nm. An excess loss of v = —30dB, means
that the excess loss is 30 dB below the transmitted power through the coupling junction (excess
loss is 0.1 %).

For excess losses smaller than v = —50dB the quality-factor is almost not altered
anymore, as the propagation losses are about 10 times higher compared to the excess
losses. For a radius of 140 pm, an excess loss of v = —30dB would be sufficient to
spoil the quality-factor to ~1 million. For comparison, the graph also shows the trend
for longer resonators. Even for a resonator with a radius of 400 pm an excess loss of
v = —30dB would be sufficient to spoil the quality-factor to ~4 million. Therefore,
a longer resonator helps to decrease the sensitivity to excess losses, but the resonator
length is not considered to become a crucial parameter in case the excess losses are high
in the first place. Consequently, the excess losses need to be small.
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Chapter 3

Prior art and state of the art - The
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Resonators with high quality-factors have a number of applications in the fields of
communication and sensing. Nonlinear wavelength conversion with the help of Four-
Wave-Mixing (FWM), for example, can lead to the formation of phase-locked optical
combs [19], which can be used as frequency references |57], multi-carrier sources for optical
communications [4], or as multi-frequency sources for coherent spectroscopic sensing [58,
59].

Other applications consist, for example, in resonant micro-optic gyroscopes [11], label-
free bio-molecular sensing [12,/13], narrow linewidth lasers with external resonant feedback
[14,/15], or tunable delay lines used in signal buffering [16], or optical or Radio-Frequency
(RF) phase arrays [17].

For all of these applications, obtaining a high quality-factor is critical, as it reduces the
threshold for parametric comb generation, increases the obtainable time delays, increases
the sensitivity of refractive index sensing and improves the frequency discrimination that
can be obtained from the resonator. As the power-threshold for parametric generation is
inversely proportional to the mode volume (scaling as Q*/V with Q the quality-factor and
V the mode volume), smaller resonators are more likely to show a smaller power-threshold.
Also, a shorter resonator provides an increased Free Spectral Range (FSR).

This chapter summarize the prior art, as well as current work done by other scientific
groups, in the field of high-Q resonators, focusing especially on various potential applica-
tions. Therefore, this chapter tries to motivate future work and has the goal of putting
the work of this thesis into a bigger scientific context.

3.1 Example applications based on ultra-high-Q res-
onators and frequency combs

In this Section, various applications of high-Q resonators are presented. Some of the
applications rely on frequency comb generation, for example, based on femtosecond laser
pulses, but potentially allow for utilizing a comb source based on a high-Q resonator.

3.1.1 Comb generation in high-Q cavities and packaging

Silica microspheres were one of the first devices used as ultra-high-quality resonators
with low intrinsic losses [60,/61]. Whispering-gallery-modes (WGM) in spheres can be
excited by the use of an external tapered optical fiber and are showing small mode vol-
umes (which leads to high electrical fields) and low losses (long storage time of photons).
Previously, this was primarily found in Fabry-Pérot cavities [60].

Emerging from silica spheres an on-chip high-Q resonator has been developed. This so-
called microtoroid essentially is a disc of silica that is treated with a reflow process and can
be fabricated in an on-chip manner. The melting process is causing an almost atomically
smooth surface with a root-mean-square roughness in the order of several nanometers or
below and is leading to loaded quality-factors in the order of 100 million [1].
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Additionally, it has been shown that silica disks without any reflow process can also
be used as high-Q cavities [62-64]

The first Kerr nonlinearity induced optical parametric oscillation in a microtoroidal
structure was reported by Kippenberg in 200/ in a resonator’s transition from a stimulated
Raman to an optical parametric oscillation regime [18]. This work enabled the generation
of a frequency comb by the interaction of a continuous mode source laser (A = 1550 nm)
with the modes of a high-() microresonator via the Kerr nonlinearity. Repetition rates
exceeding 100 GHz and a comb uniformity over a 500 nm wavelength span were shown [19].

For using microresonator-based frequency combs as an optical ruler in applications
like gas sensing, molecular fingerprinting, astronomy and other fields the stabilization of
the comb is essential. The two determining parameters are the repetition rate of the
comb, which is given by the FSR of the resonator, and the comb mode, which can be
directly accessed by the wavelength of a pump laser. The mode spacing can be modified
by changing the optical path length, as the effective refractive index of the cavity is power
dependent [65]. The optical path length is a function of the resonators diameter, and
therefore the desired repetition rate can be targeted by design in the first place.

A significant milestone is the generation of a full octave-spanning frequency comb
based on a silica microresonator. It represents a crucial step for f — 2f self-referencing
of the optical comb spectra and therefore the precise determination of the absolute fre-
quency of individual comb lines [57]. Recent work targeted this self-referencing issue
successfully, and f — 2f self-referencing of a microresonator-based optical frequency comb
with a repetition rate of 16.4 GHz was demonstrated [66].

During the last years, several materials have been explored for the fabrication of high-
Q cavities. Beside silica, for example, CaFy [20,21], MgF, [67,/68], LiNbO3 [69], AIN [70],
Polymer [71,72] ,TEOS [22], Si [23-25] and SiN [26}28|/73] have been used.

For coupling light into a high-Q cavity in principle, three different methods are in
use. In the case of a silica microtoroid, most commonly tapered fibers have been used, in
which a fiber is tapered down to a diameter of several micrometers [1] and is approaching
a cavity until the desired coupling strength is achieved. Previously, for spherical cavities
prism-coupling techniques have been successfully demonstrated [31].

For real-world commercial applications, of course, a robust packaging is desirable,
which is challenging in case of an optical fiber. However, it has been shown that a silica
microtoroid together with an optical fiber can be put into a polymer matrix [74]. The
monolithic integration of a waveguide (instead of an optical fiber) with a high-Q cavity
has multiple advantages. First, the handling itself becomes easier as no movable parts
(like the optical fiber for coupling) are necessary. In the case of SiN-cavities, a monolithic
integration has been achieved [23]. The challenge when using silicon nitride as the base
material is to achieve a smooth cavity surface during etching, as there is no post-melting
process involved. The intrinsic quality-factors (in the order of Qu =1-10° [2,128]) of
SiN-cavities are currently some orders below the quality-factor of silica- or crystalline
fluoride based resonators (Qi,; = 1- 107 to 1-10?) [2,/75,76]. Since the threshold for comb
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generation (or the initiation for parametric oscillation) is a function of the inverse quality-
factor squared [228] a higher quality-factor is reducing the initially required optical power
level in the exciting waveguide or fiber.

3.1.2 Data transmission in telecommunications

In the field of integrated silicon photonics a high-Q- resonator can provide a frequency-
comb source if the resonator is engineered to show, or intrinsically shows anomalous
dispersion (as a prerequisite for comb generation) ,. Such a frequency-comb might
be used for telecommunication applications.

In this approach, optical comb lines act as individual carriers. Each line is modulated
with the help of additionally integrated modulators. In particular, this might be used in
ultrafast chip-to-chip optical data communications. In the field of silicon photonics, the
development of coherent optical sources for chip-to-chip communication is challenging as
creating lasers in silicon is not trivial due to the indirect band gap of silicon. The hybrid
co-integration of already demonstrated I11/V based lasers is challenging [3].

Watt
\r
Watt

Figure 3.1: A single pump laser with wavelength A is tuned to the resonance frequency of an
optical parametric oscillator (OPO). The light stored in the resonator enables the generation
of a narrow linewidth comb-source. The comb-lines are equally spaced. Together they can act
as sources for data communication. This can enable the parallel encoding of data streams and
therefore increase the communication bandwidth. This figure is adapted from [79].

A typical scheme for enabling high-bandwidth communication (e.g., 40 channels with
10 Gbits™! each) is wavelength-division-multiplexing (WDM). In this technique, many
data channels are transmitted simultaneously on different carrier frequencies but within
the same physical channel (e.g., a waveguide or an optical fiber). For providing multiple
carriers either multiple lasers or a comb source is required . By reducing the number
of optical parts the effort of packaging is reduced.
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The monolithic integration also provides a way to use on-chip electronics with inte-
grated feedback channels for the stabilization of the comb source. Figure [3.1] shows a
schematic of an optical parametric oscillator (OPO) based on a comb source.

Data communication system

For building an entirely (or partially) integrated chip that is providing data commu-
nication functionality several other devices have to be integrated [4] or packaged. Let us
assume that a feedback-stabilized comb is used as a source in a hypothetical scenario.
This source is based on an OPO that is pumped, for example, by an external I11/V laser,
and exhibits low phase noise. Furthermore, the pump polarization is already controlled.
In this case, several lines (or carriers) of the comb need to be preselected, for example, by
the use of a bandpass filter (BPF). Also, it is necessary to clean up the comb spectrum
from residual pump light, for example, by the use of a notch filter.

Only one physical channel carries all comb lines. For the modulation of each comb
line (individually), two different techniques can be used (Fig. [3.2). The more common
technique is splitting the spectrum by the use of a wavelength division demultiplexer

(DEMUX) (Fig. B3 a)) [A50).

Receiver

ffffff ’ = e ecven

Figure 3.2: Schematics of integrated comb modulation for data communication systems. (a)
An initial optical comb source is spectrally split by a wavelength division multiplexer (DEMUX).
Each comb line is modulated in amplitude and phase (IQ-Modulation). After modulation, all
lines are multiplexed again (MUX) and can be transmitted, for example, by a single-mode-
fiber to a coherent receiver. (b) The full comb is sent through an array of wavelength selective
modulators. The different lines of the comb are not spectrally split. Ideally, each selective
modulator is modulating one comb line. A wavelength selective modulator, for example, can be
a tunable ring resonator modulator (RRM) [80].
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For example, an on-chip division multiplexing in silicon can be achieved by using
an arrayed waveguide grating (AWG) [81]. The other technique is using a wavelength
selective modulation, for example, a tunable resonant ring modulator (RRM) [80]. In this
case, the demultiplexing and the multiplexing (MUX) are intrinsically integrated.

Using light for data communication involves the modulation of the amplitude or/and
phase of the light. Advanced modulation formats/protocols are using amplitude and phase
modulation at the same time. As the phase of light cannot be directly measured, data
that is encoded via phase modulation needs a coherent receiver (e.g., using a heterodyne
measurement setup). In a heterodyne measurement, a local oscillator interferes with the
signal, which enables the extraction of the signal’s amplitude and phase information [34,
pp. 1112].

The simplest of amplitude-shift-keying (ASK) is on-off-keying (OOK). Essentially,
light is turned on and off for representing logical zeros and ones. Each symbol can have two
states. All symbols together will create a signal stream. On the transmitter side, a driver
is used, which is providing two voltage levels, each representing one logical state. This
driver drives the modulator. As this will result in an intensity modulation on the receiver
side, no heterodyne measurement is necessary in the case of OOK, and direct detection is
possible. Each protocol relates to a particular constellation diagram on the receiver side
in which one axis is representing the imaginary and the other axis is representing the real
part of a transmitted symbol. The [—axis is the in-phase-component, and the @—axis is
the quadrature component.

In reference [80], the comb-providing source is a mode-locked laser from which in-
dividual comb lines are modulated by individual ring resonators using OOK. Reliable
data transmission rates per channel up to 14 Gbits~! are reported. As RRMs are in use,
parasitic phase modulation is present.

Other prominent modulation schemes are quadrature phase-shift keying (QPSK),
quadrature amplitude modulation (QAM) and pulse-amplitude modulation (PAM). QPSK
and QAM-4 will result in the same constellation diagram but differ in the way the sym-
bols are generated (or the light is modulated). QPSK is based on phase modulation,
and QAM-4 is based on phase- and amplitude modulation (IQ-Modulation). QPSK and
QAM can be implemented, for example, by the use of linear phase shifters [50]. This
kind of phase shifters can be based on the plasma dispersion effect [50}82,/83] or based
on the thermo-optic effect [84]. Technically, for QPSK only one linear phase shifter is
necessary, while for the generation of a QAM-4 signal usually interferometers (MZI based
IQ modulator) are used.

It also has been shown [85,86] that RRMs can act as IQ-Modulators. Also, different
alternative technologies have been carried out for fabricating high-speed and low voltage
electro-optic silicon photonics modulators [82]. This includes organic polymer modulators
[87,88] and strained silicon modulators based on the Pockels-effect [89,/90] among others.
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In a push-pull configuration, two Mach-Zehnder-modulators (MZM) are required with
one phase shifter in each arm of each MZM to implement QAM-4. Both arms of each
MZM have a fixed phase offset of 7/2, this way one arm is preforming the I- and one arm
is performing the Q-Modulation. In a push-pull configuration, the two different arms of
an MZM are configured to apply an opposing phase shift to an optical signal. Therefore, a
signal’s average phase is not changing at the output of an MZM. The voltages (modulating
each arm) which are necessary to create destructive or constructive interference (between
the two arms) are reduced by a factor of two, making a push-pull configuration more
efficient regarding power consumption and compatibility to drivers. Also, the additional
chirp of the signal is suppressed, as the signal’s phase is constant over the applied voltage.

OOK QPSK QAM-4 PAM-4

(10)(11)
Encoding: 1 bit/symbol 2 bit/symbol 2 bit/symbol 2 bit/symbol
Detection: Direct detection Coherent detection Coherent detection Direct detection
Modulation: Amplitude Phase Amplitude & Phase Amplitude

Figure 3.3: Example of IQ-constellation diagrams for different digital modulation protocols.
The I—axis is the in-phase-component, and the )—axis is the quadrature component. On-off-
keying (OOK) is using amplitude modulation and can be directly detected. Quadrature phase-
shift keying (QPSK) is based on phase modulation and needs coherent detection. Each symbol on
its constellation diagram is located on a circle. The angle of each symbol (in polar coordinates) on
this circle is connected to the phase of the symbol. Quadrature amplitude modulation (QAM-4)
is based on phase- and amplitude modulation at the same time. Each symbol in its constellation
diagram is located in one corner of a rectangle. The position is connected to the phase and
amplitude of the symbol. 4-level Pulse-amplitude modulation (PAM-4) is mostly like OOK but
uses four amplitude levels to provide a higher data rate.

It is shown that a SIN-OPO comb source system is capable of transmitting data via
QPSK and QAM-16. The lowest bit error rate (BER) for QPSK is below 11072 and
7.5-107* for QAM-16 providing symbol rates of 14 GBd and 18 GBd respectively. In case
of QAM-16, a maximum data rate of 1.44 Thits™! is achieved [4].
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The described system has one drawback that needs to be addressed in the future. For
generating an OPO comb with a SiN ring (with a Q-factor in the order of 1-10%) a 2.5 W
pump laser is used which is too high for a practical telecommunication application. Since
the power threshold for comb generation is inversely proportional to the square of the
quality-factor, increasing the quality-factor by a factor of 10 (e.g., by further optimizing
the fabrication process) will reduce the necessary pump power by a factor of 100. This
way the pump source could be replaced by a 20 mW laser diode. It has been demonstrated
in reference [19] that silica microtoroids can show comb generation with pump powers as
low as 50 pW.

Pumped high-Q-Cavities

By using erbium doping, an OPO can additionally act as a light source. A high-Q
cavity is pumped, like a conventional laser system, and is providing a coherent comb
source intrinsically. The pumping wavelength is not necessarily a resonance frequency of
the OPO. In the example of a silica-based microtoroid, it has been shown that erbium
atoms do not diffuse during a laser reflow process. Lasing in silica-based microtoroids at
1552 nm has been shown when being optically pumped at 1440 nm for both groups of pre-
and post-implanted microtoroids (before or after reflow) [91].

In [72] a sol-gel process based microtoroid is used to create a Raman microlaser. The
threshold for lasing is 660 nW, which is even lower than previously presented work of this
group with a threshold in the order of 100 pW and a slope efficiency of 10% [92]. For
comparison, a pure silicon Raman laser presented in [93] has a lasing threshold of 9 W
with a slope efficiency of 8.5%.

3.1.3 Spectroscopic and sensing applications

For some sensing and spectroscopic applications, high-Q cavities can be used. A high-
Q optical cavity shows an exceptionally narrow spectral linewidth, reaching values as low
as 0.01 pm on resonance, assuming an intrinsic quality-factor of 100 million. This narrow
linewidth is determined by the long average lifetime of photons in a low loss cavity. Slightly
changing the absorption of the cavity or the refractive index of the surrounding media will
cause a change of the intrinsic quality-factor Qu and a shift of its resonance wavelength
Ares- Furthermore, an OPO comb might be used as a device that provides mesh points
for analyzing the absorption of chemical samples at different comb line wavelengths.

Microresonator based detection

Reference [6] reports on heavy water (Dy0) detection at a wavelength of 1320 nm by
the use of a silica microtoroid. For different concentrations of heavy water in water (H20)
the intrinsic quality-factor of the microtoroid is studied.
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The microtoroid is put into a solution during a measurement. As the optical absorption
of water is higher than the optical absorption of heavy water, the measured intrinsic
quality-factor is lower for lower concentrations of D,O. This way it is possible to detect
concentrations of heavy water as low as 0.0001 % (1 part in 10° per volume or 1 ppmv).

This concept of either analyzing the decrease or increase of the intrinsic quality-factor
of a silica cavity or analyzing the wavelength shift of a cavity resonance is used, for ex-
ample, in DNA quantification [7], single protein detection [8], single virus detection [9] or
integrated bio-sensing platforms [10].

The influence of nanoparticles in the reach of high-Q cavities can cause a considerable
mode splitting. A small nanoparticle acts as an imperfection that scatters light from one of
the cavity modes (either clockwise or counter-clockwise) into free space and also partially
into the opposite mode direction. This mode splitting is dependent on the geometric size
of the nanoparticle. The intrinsic quality-factor decreases when the light is scattered out
of the cavity by the nanoparticle due to Rayleigh scattering . Considering these two
effects, the authors of reference determine the size of different dielectric nanoparticles
with diameters between 50 nm to 170 nm (Fig. . The nanoparticles are sprayed onto
the microresonator using a differential mobility analyzer and a nozzle. Other sensing
applications, for example, are force sensing and temperature sensing .
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Figure 3.4: Mode splitting of a high-Q silica cavity resonance induced by a nanoparticle. (a)
Experimentally obtained transmission spectrum (blue) after the deposition of a single nanopar-
ticle and the curve fitting (red). A single nanoparticle is detectable if § > (1 +72)/2 is satisfied.
(b) Field distributions of symmetric modes (left) and asymmetric modes (right) relative to the
position of the nanoparticle using a finite-element-method simulation. The insets show the mode
along the periphery of the resonator. (c) Estimated sizes of particles as a function of their ac-
tual sizes are shown for potassium chloride (KCl) particles. (d) SEM image of a nanoparticle of
radius R = 150 nm deposited on the resonator surface. All figures and descriptions were taken

from .
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Comb based spectroscopy

In the past, numerous applications in the field of spectroscopy and detection rely on
optical combs, based on femtosecond lasers or quantum-cascade lasers (QCL) [97].

In the field of spectroscopy, the analysis of known or unknown material compositions
is of high interest. Each material, gas or liquid consists of molecules that have unique
spectral absorption features. In the far-infrared this is called the fingerprint region and
an FTIR-spectrometer (Fourier-transform infrared spectroscopy) equipped with a broad-
band light source can be used to measure an absorption spectrum. However, dual-comb
spectroscopy has shown to have several advantages compared to the use of an FTIR. The
frequency accuracy that can be achieved with dual-comb spectroscopy is several orders
higher (2-8 orders) compared to an FTIR [5859,9§].

The second significant advantage is the compact design of the device, as the resolution
is determined by the comb repetition rate instead of the scan distance in the case of
an FTIR. Furthermore, no moving parts are involved in dual-comb spectroscopy, which
further increases the stability of the setup. On the other hand, dual-comb spectroscopy
also suffers from disadvantages. The range of operation of comb-based spectroscopy is
much more limited compared to an FTIR (an FTIR covers the terahertz range down
to the ultraviolet). Also, the realization of high-frequency accuracy and high-resolution
requires stabilized, phase-coherent frequency combs.

One approach of sampling gasses with dual-comb spectroscopy is presented in [58],
where two combs, with slightly different repetition rates, are interfered with each other.
Figure shows a simplified setup of a dual-comb spectrometer.
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Figure 3.5: The pulse train from a source comb passes through the sample (and is possibly
split as well to pass around the sample to yield a time-multiplexed normalization signal). It
is then combined with a local oscillator (LO) pulse train. The heterodyne signal between the
source and LO is detected and digitized to yield the gas sample’s response. In this configuration
where the LLO bypasses the sample, both the phase and magnitude of the sample response are
measured. The Figure and description are taken from [58].

The source comb is providing a pulse passing through a sample (for example a cell
filled with gas). This pulse is subsequently combined with a local oscillator comb (LO
comb). In contrast to traditional FTIR measurements (which are only providing the
intensity absorption spectrum) in dual-comb spectroscopy, both magnitude and phase
can be measured. For measuring both simultaneously, the combs should be combined
after one of them has passed through the sample (similar as in nondispersive Fourier
transform spectroscopy (DFTS)) [58].
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A challenging task when doing dual-comb spectroscopy or adaptive real-time dual-
comb spectroscopy [99] is the stabilization of combs. A frequency comb is not accurate
by itself. A frequency comb needs to be locked or monitored against a pair of absolute
references. There are different ways of achieving a frequency accuracy. If an absorption
band of a spectrum is known regarding its absolute frequency, it can be used as an ab-
solute reference. However, this method usually provides an accuracy below what can be
achieved with stabilized combs. Alternatively, as done in [58] a tooth of a comb can be
locked to an underlying continuous-wave-reference laser of known frequency.

It has also been reported that a single comb, provided by a femtosecond laser, can
be used to measure the absorption spectrum of iodine vapor in the visible and the near
infrared range |[100]. A high-resolution virtually imaged phased array (VIPA) disperser is
used together with a diffraction grating to spatially resolve a stabilized frequency comb,
making it possible to resolve each selected comb line on a 2-D power detector (e.g., a
CCD-camera). Each mode/line will be represented by a dot in a 2-D array spaced by the
VIPA free spectral range (in one direction) and by the initial combs mode spacing (in the
other direction). Therefore, it is possible to extract the intensity spectrum of a sample
inserted into the beam path before the VIPA.

3.1.4 High-Q-Resonators as a gyroscope

The Sagnac-effect causes a phase difference between two counter-propagating modes
in a resonator with respect to a rotation axis. By rotating a passive resonant micro-
optical gyroscope (RMOG), based on an ultra-high @ resonator, an excited clockwise
(CW) and counterclockwise (CCW) mode are experiencing an opposite Sagnac frequency
shift [11,[101]. This shift can be related to the rotation speed of the resonator. References
[101},|102] and [103] are using either a tapered fiber or prisms for the excitement and
out-coupling of the CW and CCW modes.

A chip-based gyroscope is more immune against shock and vibrations leading to higher
stability for applications. In reference |[101], a ring resonator is bidirectionally pumped by
an external cavity diode laser. An initial first counterclockwise propagating Stokes wave is
generated. With the help of Brillouin-scattering and further pumping, in which an optical
pump wave is interacting with microwave-rate phonons, a second Brillouin-Stokes wave is
excited and further pumped by the first Stokes wave. The second wave is propagating in
the opposite direction shifted to a lower frequency (Fig. a)) relative to the first wave.
This process can even trigger higher and higher order Stokes waves (each propagating in
the opposite direction compared to its previously generated pump wave).

The FSR of the resonator is precisely designed to match an integer-fraction of the
Brillouin shift so that the excited CW and CCW modes can propagate within the cavity.
For the detection of the Sagnac induced frequency shift, the CW and CCW modes are
combined on a fast photodetector to generate a microwave beat tone. The beat note is
electrically processed and contains the rotation information.
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This way a minimum detectable rotation rate of 22°/h is measurable (Fig. b)).
The whole setup was mounted in a box (Fig. ).
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Figure 3.6: (a) Simplified schematic illustrating the principle of Brillouin laser gyroscope
operation. Optical pumping (clockwise) induces Brillouin laser action, which results in cascaded
odd (counter-clockwise, CCW) and even (clockwise, CW) order Stokes lasers. These lasing
modes experience opposing Sagnac frequency shifts. Detection of the beat frequency of these co-
lasing signals followed by a frequency-to-voltage readout (f-V) provides rotation sensing. Laser
action on odd Stokes (red) and even Stokes (blue) lines are shown. CW, resting, and CCW
rotation induces beat frequency shifts as indicated. (b) The plot of root-mean-square (RMS)
Sagnac frequency shift versus RMS angular rotation rate measured. (c) A gyro resonator was
packaged into a fiber connectorized box for rotation measurement. The lid of the box is removed,
and the 18 mm diameter resonator is visible as the gray silicon chip. The figures and descriptions

are taken from [101].
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3.2 The conventional silica microtoroid

Lately, high quality-factors, on the order of 10° have been obtained with discrete
resonators formed by macroscopically polishing crystalline materials such as CaFy or MgF,
. However, the highest quality-factors for smaller, chip-scale devices, in excess of 100
million, have been obtained with microtoroids obtained by melting and reflowing a SiO,
membrane with a CO, laser [1]. Since these microtoroids are formed by the minimization
of surface tension energy of the molten SiO,, they feature very little roughness minimizing
scattering induced optical losses. A silica microtoroid belongs to the class of whispering-
gallery resonators (compare Section with an exceptional long storage time of light
(which is related to an exceptional high-quality-factor, for example, in excess of 100
million). A silica microtoroid consists of a microtoroidal resonator structure made from
silica on top of a silicon pillar.

The critical requirement for a long photon lifetime is to reduce optical losses of the
resonator as much as possible by primarily reducing its sidewall roughness. Of course,
there are also other sources of losses like intrinsic material absorption, scattering due to
material induced imperfections, tunneling losses and coupling losses pp. 12]. In this
Section, the fabrication of a conventional microtoroid is explained. The second part of
this Section deals with the intrinsic and external optical loss channels of a microtoroid.

3.2.1 Initial fabrication steps

When fabricating a conventional silica microtoroid, the base material is silicon (Si)
with a silicon dioxide (SiOs) layer on top. Figure 3.7 shows the three essential fabrication
steps of a silica microtoroid. In a first step, a circle is defined in the top silica layer (Fig.
3.7 a)).

Circular SiO2 pad

Undercut etch

a) Circle definition b) Silicon undercut etch

Figure 3.7: (a) A circular pad is etched into a SiOg layer with the help of a dry- or a wet
etch process. (b) The silica pad is isotropically underetched with the help of XeFy or an other
suitable dry etch process (e.g., using SFg), which is creating a partially free-standing silica disk
on top of a silicon pillar.
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As the diameter of the ring usually is at least in the order of 100 pm optical mask
lithography can be used. This feature size primarily arises from the fact that smaller
diameters will cause higher bending losses for the light in the cavity, which will degrade
the intrinsic quality-factor. By creating structures with a radius in the order 170 pm, a
resonance spacing (FSR) of 200 GHz is achievable. For structures with a radius of 670 pm,
a mode spacing of 50 GHz can be achieved. For etching a circular pad, either a wet-etch
process |1] or a dry-etch process can be used [105].

In a second step, an isotropic silicon-undercut-etch is performed (Fig. 3.7 b)). It is
essential that the etch selectivity between silicon and silica is high enough so that the
undercut-etch process is almost not affecting the circular pad. Typically the undercut-
etch depth is in the order of 30 — 50 pym whereas the height of the silica pad is in the order
of 2 pm or below. It has been shown, that dry-etch processes can be used for this purpose
either by the use of xenon difluoride (XeFs) [1] or Sulfur hexafluoride (SFg) [106]. Using
XeF, for isotropic etching is known to show an extraordinary high selectivity between
etching silicon and other materials like SiO9, SiC and SigNy [107]. It is possible to optimize
a XeFg-etch to provide a low surface roughness (down to about 175 A) by lowering the
charge pressure, with a selectivity against SiOy of about 1:10000 [10§].

Using SFg as a base for an isotropic undercut in silicon shows a lower selectivity
against SiOs. For example, when using a PlasmaPro 100 Cobra ICP-RIE system, the
vendor (Oxford) specifies the selectivity to be bigger than 500:1.

3.2.2 COs-laser - reflow process

The last step in the fabrication of a conventional microtoroid is a CO,-Laser-Reflow to
remove residual roughness and create the actual resonator [1]. A CO, laser is a gas-based
laser that can be designed to be a powerful mid-IR device and was developed by Patel in
1964 [109).

The previously underetched silica disk (Fig. 3.7 b)) is surface-normal-irradiated with
a nearly Gaussian distributed focused beam of COs laser light (A = 10.6 pm) (Fig. 3.8 a))
leading to power density levels of about 100 —400 W/mm? at the undercut disk. A typical
beam radius that will be used for the fabrication in this thesis is about 150 — 400 pm
(Section , depending on the position of the focusing optics. The optical output
power of the laser is typically between 10 W — 20 W.

Selective absorption of the laser light, thermal isolation of the rim (the part of the
disc that is undercut) and surface tension are causing a melting along its periphery into
a microtoroidal shape. The optical absorption of fused silica is about 100 times stronger
than that of silicon at a wavelength of 10.6 pm [110/111]. Even thin silica disks can absorb
light at this wavelength very efficiently [111]. This way the supporting silicon pillar is
acting as a heat sink for the silica disc on top. Therefore, the silicon pillar is not melted
or physically affected due to its low optical absorption and high thermal conductivity.
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As the thermal transmittance of fused silica is significantly reduced with increasing
temperature , the melting process starts suddenly, due to thermal runaway, whenever
a specific laser power level is reached , and the silica is heated up above its melting
temperature of about 1650 °C . It is reported that evaporation of silica can lead to
redeposition, which leads to surface defects. These surface defects can likely alter the
quality of the resonator, as they serve as additional sources for scattering , pp. 62].

» = " e {"
CO2 laser beam L X
—

SiO2 microtoroid

60pum

Figure 3.8: Schematic of COq-Laser based reflow process for creating conventional silica micro-
toroids. (a) A silica disk is irradiated with COj laser light (A = 10.6 pm). Selective absorption
of the laser light, thermal isolation of the rim (the part of the disc that is undercut) and surface
tension are causing a melting along its periphery into a microtoroidal shape. (b) Schematic of
the cross-section of a microtoroid after reflow. Two radii can define the microtoroid. The major
microtoroid radius rmajor and the minor microtoroid radius rminor. (¢) SEM image of conventional
silica microtoroid taken from reference [1].

The heat sink effect of the silicon pillar gets more pronounced as the rim approaches
the pillar during reflow. This combination of decreasing absorption cross-section and
increased heat sinking leads to a self-quenching process. The final microtoroid radius
Tminor a1 the radius rmajor (Fig. 3.8 b)) are primarily determined by the preform diameter
and the silica layer thickness. In practice, it is also possible to interrupt this process
before this steady state is reached and create microtoroids with smaller 1o and bigger

T'major-
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3.3 Loss mechanisms in a conventional silica micro-
toroid

In a microtoroidal shaped ring resonator like a conventional silica microtoroid, multiple
optical loss channels exist. These losses are arising from intrinsic material absorption,
scattering due to material induced imperfections, tunneling losses and coupling losses (to
an external coupler) [115, pp.12]. Tt is possible to distinguish between intrinsic losses and
external losses like the coupling losses to an external fiber. It is convenient to relate these
loss channels to individual loss rates. The light either stays inside the cavity or is lost due
to a loss channel during one resonator round trip. The loaded quality-factor Qp, describes
the ratio of the stored energy (or light) in a resonator divided by the lost energy within
one cycle (see Section . Therefore, 1, describes the joined ratio of all loss channels
and it is possible to define a quality-factor accounting for each loss channel:

1—1+1—<1+1+1+1>+1 (3.1)
QL B Qu Qc B Qmat qurf Qcon Qrad QC‘ .

In the following, each of the quality-factors Qmat, Qsurf, Qeon, Qrad, and Q. are explained
[57,113,[116].

1. Material losses - Qmat: The material-limited quality factor is given by [113,116, pp.6]:

2mn

mat = ——. 3.2
Qe = 32
Where « is the absorption coefficient including absorption and Rayleigh scattering.
For the telecommunication wavelength of A = 1.55 pm, a Qmat for microspheres as
high as 10" and more is predicted [116] and reported [117].
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However, it has been shown that the material losses and intrinsic scattering losses
in principle are small, so that they are considered not to be the primary limitation
for the intrinsic quality-factor Q,. Other sources of loss, especially surface con-
tamination loss induced by water, turned out to be more severe for spheres and
microtoroids [1,|{118§].

. Surface-inhomogeneity losses - Qg,f: The surface quality regarding the roughness of
the microtoroidal structure plays a significant role. The reflow process itself is creat-
ing an almost atomically smooth surface. However, it is reported that redeposition
of evaporated silica can cause surface impurities that can lead to a degradation of
Qsure [114]. The quality-factor Qg,s scales with the wavelength A, the root-mean-
square surface roughness ¢ and the correlation length B and its dependency can be
roughly described by [604/113] pp.6]:

/\3

02B?’

qurf X (33)
For melted silica spheres values of o = 2nm and B = 5nm are reported [60]. In
reference [118], loss mechanisms of microtoroids are investigated. This analysis is
done with the help of the thermal bistability effect |[119], which is describing the
partial absorption of light and the subsequent heating that is causing a shift of the
resonators resonance frequency due to its temperature dependent refractive index.
The arising losses depend on the distribution of the mode, which is guided by the
resonator. In particular, the ratio of stored light inside the resonator, and the light
that is leaking out of the resonator that is affected by the surface roughness. It
is reported that the mode volume for silica microtoroids is comparatively small,
enabling scattering loss limited quality-factors in the order of a few hundred million

[118).

. Contamination losses - Qcon: Optical high-quality resonators are often character-
ized under the ambient environment. The chip temperature, for example, can be
controlled by using a temperature controller (TEC) based on a Peltier-element.
Chemical water absorption due to ambient humidity by the resonator can cause a
severe effect on its quality-factor [60,116|118]. The surface of the silica microtoroid
is highly hygroscopic leading to water molecules on the surface. Water absorbs light
quite efficiently in the near-infrared (A = 1.55 pm), and even a monolayer on the res-
onator’s surface leads to additional losses and is decreasing the quality-factor |113].
The quality-factor is altered to a steady state within about 100 s but can be partially
recovered when the resonator is baked out at about 400 °C [116].
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4. Radiative losses - Qaq: For conventional microtoroids (Fig. 3.8 ¢)) the radiative
loss due to the bending of the resonator is negligible, in case the major radius is
not too small. For example, for a conventional microtoroid with a major radius of
I'major = o0 pm and a minor radius of ryiney = 2um the Qaq is reported to be bigger
than 10! in the visible and near-infrared range [113,/120,121]. In this thesis, a novel
design for a microtoroidal structure is presented in which radiative losses needs a
higher attention compared to conventional microtoroids. In Section 4.2.4 a detailed
comparison of the two design attempts is given.

3.4 Discussion

High-quality resonators based on different materials have the potential to be used in
different scientific fields, and their use can even be extended to industry-relevant environ-
ments and applications (Section . The relevant fields involve, for example, telecom-
munication and spectroscopy (Section . Also, high-quality microresonators
might be used in the field of astronomy, waveform generation or optical clock setups [2].

In the field of integrated photonics, significant challenges are arising for high-quality
resonators. For example, one major challenge is the integration with other components
like couplers and waveguide architectures. Of course, integration with more complex
systems, like chip based interferometers is desirable. For achieving the integration ideally
high-quality resonators need to be integrated monolithically, or it should be possible to
make them a part of a robust package. A monolithic integration scheme would allow for
a more cost-efficient design flow, as the high-quality resonator is fabricated along with all
other devices. Another benefit would be the avoidable alignment procedure when it comes
to the packaging of different photonic chips (each chip containing different devices). In
the example of an integrated silica microtoroid, the integration scheme should also allow
for back-end integration.

Most non-monolithically integrated resonators are coupled with the help of fibers or
prisms. In the case of an optical fiber, the fiber is tapered down by heating up and
pulling it to generate an inbuilt coupling section with a diameter in the order of 1pm.
The tapering causes the light in this section to spread out of the fiber. Fabricating the
tapered fiber itself can become challenging and requires specially designed holders and
additional equipment.

If a resonator is positioned close to this coupling section, light can be coupled from the
fiber to the resonator and vice versa [114, pp. 27]|. This procedure involves different mov-
able control stages and suitable holders for the resonator and the fiber and aligning can
become challenging. The primary advantage of this procedure is that in principle, all cou-
pling regimes (Section can be accessed and fine-tuning of the coupling strength by
moving the fiber is possible. Furthermore, a broadband comb spectrum can be generated
allowing a spectral width of an octave and more [57].
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For targeting an entirely integrated version of a high-quality resonator, different ap-
proaches have been carried out. For example, packaging a silica microtoroid into a polymer
matrix [74]. This Packaging, which is not considered a monolithic integration, allows for
more structural resistance in a harsh environment.

In the recent years, promising attempts have been made with silicon nitride resonators
[4] that can act as fully monolithically integrated high-quality resonators.

However, their primary drawback up to now is the comparable high threshold for comb
generation due to their lower quality-factor compared, for example, to reflown silica-based
resonators |19]. In reference [27], silicon nitride resonators have been fabricated that are
showing an exceptional high intrinsic quality-factor of 81 million. This quality-factor was
achieved by increasing the bend radius of a resonator to 9.65 mm and the use of a custom
layer-stack of material. In the case where a smaller footprint of the resonator is desirable,
the intrinsic quality-factor is dropping to below 1 million for a bend radius of 1 mm. For
applications, in which high confinement, anomalous dispersion (as a prerequisite for comb
generation), or large FSRs are not needed, low confinement SiN waveguides might be
applicable [27].
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Chapter 4

Proposed device - The monolithically
coupled inverted silica microtoroid
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The targeted device of this work is an integrated, high-quality microtoroidal shaped
optical resonator based on silica that is monolithically coupled to an on-chip silicon waveg-
uide. This class of reflown silica microtoroidal resonators in principle can achieve quality-
factors in the order of Quy > 10® [66].

However, conventional silica-based microtoroid-resonators typically need to be coupled
to a free-standing tapered fiber. This results in a complex assembly of optical and mechan-
ical components. Further, it is preventing monolithic chip-scale integration with further
photonic devices inside a Photonic Integrated Circuit (PIC). Especially, the monolithic
integration of a high-quality-resonator was studied extensively, and several ideas have
been outlined for targeting this issue of missing on-chip integration capabilities.

For example, on-chip silica waveguides, which were created by the same reflow process
as the microtoroids themselves, facilitate packaging and quality-factors on the order of 4
million were achieved [29]. Even though such a device in principle can be edge-coupled,
instead of using a suspended optical fiber next to a resonator, arbitrary waveguide routing,
which is required for forming complex on-chip devices is difficult. For example, high-speed
modulation capabilities are not achieved.

Also, the use of silicon directly for forming resonators has been studied. For example,
annealing of waveguide-coupled micro-disks out of silicon has been shown, but suffers from
low quality-factors up to 110,000 [30]. Indeed, quality-factors up to 3-10° have been shown
with monolithically coupled silicon micro-disks. However, silicon-based resonators suffer
from Two-Photon-Absorption (TPA) at higher power levels which makes them unsuitable
for cascaded FWM as the basis for frequency comb-generation.

Recently, silicon nitride (SiN) as a promising material candidate has received a lot of
attention. On-chip comb generation with SiN waveguides [79] as well as with high index
glass waveguides [78] was first shown in 2010 by the use of high-confinement waveguides
which were engineered to show anomalous dispersion as a prerequisite for comb generation.
Also, it was possible to increase the quality-factors in high confinement SiN platforms up
to several millions with the help of various process improvements [122]. For applications,
in which high confinement, anomalous dispersion, or large FSRs are not needed, low
confinement SiN waveguides with quality-factors in excess of 80 million might be applica-
ble [27]. An approach for combining SiN waveguides with electro-optically enabled Silicon
Photonics (SiP) technology is the use of vertically coupled multi-layer stacks [123]. In
this case, typically Plasma Enhanced Chemical Vapor Deposition (PECVD), due to con-
straints related to the thermal budget of the SiP Front-End-Of-Line (FEOL) devices, is
used to deposit SiN layer (which are used for SiN waveguides) rather than a Low Pressure
Chemical Vapor Deposition (LPCVD) process, typically used in low loss platforms (due
to its low hydrogen material content). Thus, the combination of high quality-resonators
suitable for parametric comb generation (requiring suppressed TPA) with electro-optic
devices in a monolithically integrated SiP chip remains challenging.

Of course, multi-chip assemblies are possible, in which multiple chips are connected,
for example, by the use of wire bonds [4].
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However, bonding and packaging can become quite costly, and a fully integrated so-
lution like monolithically combining parametric comb generation with a fully functional
SiP platform on a single chip might be superior.

For targeting these challenges, Section describes the research idea of the mono-
lithically coupled inverted silica microtoroid. For a proof of concept, various optical
simulations of the targeted device have been performed which are described in Section
4.2l

4.1 Hypothesis - Research idea

An ultra-high-quality resonator can be used as a base for various applications (Section
. By integrating this device onto a chip monolithically, it can overcome limitations
arising from a lab environment and make packaging less complicated and therefore less
costly. Furthermore, an optimized fabrication flow can enable the back- or even front-end
integration with other photonic on-chip devices.

In this thesis, a novel type of silica-based microtoroid is presented that can be inte-
grated monolithically and is compatible with integration with a fully functional silicon
photonics platform. For allowing monolithic integration, the conventional microtoroid ge-
ometry is inverted. A thermal reflow step creates the resonator itself at the circumference
of a hole etched in a suspended silica membrane [32]. The resulting device is coupled
monolithically to a previously created on-chip silicon waveguide. The figure of merit,
besides the integration capability, is the resulting intrinsic quality-factor of the device.
The quality-factor is dependent on the internal bending losses of the device that play a
critical role (4.2.4).

Simulations are indicating that the proposed inverted microtoroid (IVT) theoretically
can achieve a higher quality-factor for TM, polarized ground modes (instead of TE
polarized ground modes). Therefore, the whole design of the device (including waveguides)
is adapted for TM polarization. For example, the light from a tunable laser source that
will be used is aligned to TM polarization with the help of an external rotatable polarizer
before being coupled to the chip holding the IVTs.

For enabling this design scheme, a silicon-on-insulator (SOI) wafer is used for fabrica-
tion. The wafer is diced up into chips. The exact fabrication flow is described in Section
5.2] and Section 5.3. The central concept consists in combining a silicon waveguide fab-
ricated in the device layer of the base chip with an inverted version of a microtoroid
fabricated by reflowing the buried oxide (BOX) of the same chip [32].

The design flow, besides the reflow process, relies solely on dry etch process and is not
including metal or other metallic components directly on the CMOS-chip. The absence
of metallic components makes it potentially compatible with standard semiconductor
technologies.
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Figure 4.1 (a) shows a top view of a fabricated device before reflow, already including
a silicon waveguide and a heat spreader.

(a) Heat spreader z (b) [sioz] Gap Initial silica
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Figure 4.1: Monolithically coupled inverted silica microtoroid before and after melting. (a)
Top view microscopic image of the fabricated structure before melting. The zoom image shows
the waveguide coupling section. The waveguide is shaded in red. (b) A schematic of the cross-
section of the device after melting. Selective absorption of the laser light by the silica membrane
results in melting and reflow of its circumference into a microtoroidal shaped structure with
a minor (inner) radius rminor and a major (outer) radius rmajor. (c) SEM image of the melted
device in cross-section view.

The heat spreader is an additional silicon frame (fabricated in the silicon device layer of
the chip) (Fig. 4.1(a)). It is used to manipulate the melting process of the silica membrane
during the thermal reflow process and additionally acts as a mechanical stabilizing frame.

During the reflow, the heat spreader helps to achieve a predictable gap between the
center of the microtoroid and the center of the coupling waveguide. The heat spreader
and the on-chip silicon waveguides are created during the same etch process. The mask
for this etch process is written with the help of electron lithography (EBL). The inset
of Figure 4.1(a) shows the position of the waveguide (highlighted in red). Figure 4.1
(b) shows a scheme of the cross-section of the IVT and its geometrical parameters after
reflow. The following geometrical parameters are introduced: The major radius rmyajor,
the minor radius rpyiner, the initial undercut depth d; and the remaining undercut after
reflow dg, the Buried Oxide (BOX) thickness hpox, as well as the gap that defines the
microtoroid-to-waveguide distance (center to center). Figure 4.1 (¢) shows an SEM image
of a cleaved IVT after melting.
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4.2 Modeling - Simulation of the optimized device

The optical properties of the proposed inverted silica microtoroid (IVT) needs to be
simulated before the actual fabrication takes place to verify its theoretical functionality.
A functional device is able to couple light from a silicon waveguide to an inverted micro-
toroid, and the theoretically expected intrinsic quality-factor is comparable to the ones of
conventional microtoroids [19].

In fact, up to now, comparable quality-factors in the order of 100 million are not
achieved in real measurements. Of course, during the process development, based on
literature research, new findings, availability of cleanroom equipment, different new ideas
have been developed and alternative attempts were incorporated into the design and
fabrication processes of the proposed device. The primary purpose of this Section is to
get initial evidence whether the targeted design, regarding the expected quality-factor
and the expected coupling parameters, is feasible.

In Section [4.2.1] the simulation environment is explained. Section deals with
the edge-couplers that are used for input and output coupling of light to and from the
chip. The transition/interconnect waveguides are explained in Section 4.2.3. Transition
waveguides are routing the light from the edge-couplers to the inverted microtoroids. In
Section 4.2.4, the inverted microtoroid’s intrinsic quality-factor is calculated based on
simulation results. The intrinsic quality-factor is limited by the microtoroid’s geometric
bending. The waveguide that is used for coupling light to the microtoroid is not present
in this simulation.

Subsequently, Section deals with the coupling between the waveguide and the
microtoroid. As an additional heat spreader is used, its impact on the expected quality-
factor is analyzed in Section 4.2.6. The last Section 4.2.7 presents the full 3D simulation
of the coupling mechanism between waveguide and microtoroid.

4.2.1 Simulation methods and simulation environment

For the simulation of the proposed device, different simulation tools are used. For
performing optical simulations, the design software RSoft by Synopsys® is used. RSoft
is providing different tools for simulating 1D, 2D—, and 3D-structures. All simulations
were carried out on different high-performance multi-core computer systems. In this work,
the simulations were performed on a computer with four AMD-Opteron 6380-Processors
(2500 MHz clock speed with 16 logical cores each) and a random access memory (RAM)
of 512 GB.

Cross-section and conformal mapping simulations

In this work, two simulation packages are primarily used. One is a mode solver
(FemSIM™) based on the finite element method (FEM). This mode solver can solve the
vector wave equation with boundary conditions for an arbitrary structure of an arbitrary
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anisotropic material. Simulation boundaries, for example, can be defined by perfectly
matched layers (PML). A PML is added to the simulation domain boundaries to minimize
reflections for all angles of incidence and wavelengths. This way the structure ideally is
not affected by the boundaries and can be regarded as being situated in an infinite box.
The PML itself is terminated at the domain edge with a perfect electrical conductor
(PEC) [124]. The use of finite elements helps to subdivide the structure into different
independent parts that can be treated separately to calculate the optical field distribution.
The solution of the structure is the sum of all sub-solutions from each finite element. In
the end, a matrix eigenvalue equation needs to be solved, leading to the squared complex
propagation constants 3% and the corresponding mode field distributions, where m is
indicating the m*" eigenvalue. The resulting eigenmodes can be analyzed regarding their
spatial distribution and their optical losses. Further information about this method can
be found for example in [125/126] or in the RSoft manual.

An essential feature of FemSIM™ is the possibility of extending a 2D cross-section
simulation to a quasi-3D simulation with the help of conformal mapping. In this method,
bending of a structure is emulated. The design of a 2D-cross-section of a structure is
sufficient and can be virtually extended to solve for optical modes as if the structure were
bent in 3D. When using conformal mapping the material specific p— and e— tensor (or
the effective refractive index profile) of the underlying material are adjusted in a way
that each FEM component is a function of the bending radius. An artificial material is
created, that has the desired bent geometry imprinted [127,[128]. This method is valid as
long as the segment width that is bent (in the case of this work twice the minor radius
T'minor) 18 much smaller than the bending radius (in the case of this thesis the major radius
I'major) (compare Fig. 4.1 ¢)).

The second software package of RSoft, which is primarily used, is a full-vectorial
field simulation tool (FulWAVE™), which is based on the finite-difference-time-domain
method (FDTD). The finite-difference-time-domain method is replacing the Maxwell
equations by a set of finite difference equations, which can be solved numerically |129].
An appropriate choice of the underlying field points makes these equations applicable to
boundary conditions. FullWAVE™ is using a Yee mesh [130] for this discretization. The
result is a set of six equations, describing the electrical and magnetical fields for each
Yee-mesh point.

Simulation issues - Advantages and disadvantages of simulation tools

Most often, simulations are based on numerical calculations that are subdividing a
complex problem, which is not solvable analytically, into smaller solvable sub-problems.
Therefore, different assumptions have to be made, and usually numerical inaccuracies
have to be accepted. The number of sub-problems that need to be solved can be high,
leading to high computational requirements for computer systems. The trade-off consists
in having a suitable and sufficient resolution of a simulation domain by still finishing a
simulation in an acceptable period.
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When the resolution (or the number of sub-problems) is getting too low, for example,
the resolution is smaller than the smallest feature size of the device, numerical artifacts can
appear, like non-physical reflections or inaccurate results. On the other hand, increasing
the resolution too much can cause long simulation times. A convergence study can be
carried out for picking a suitable resolution (the number of sub-problems). A simulation
with a high resolution is compared to a simulation with a lower resolution. If the difference
in the results is negligible, using a lower resolution will result in a lower computational
effort and therefore in a decreased run time of the simulation.

For further decreasing the computational time most often, adaptive meshing is used.
Areas, which are considered bulk areas, have a coarse mesh with a lower resolution than
areas that include corners, like small geometrical features. It is vital that the different
mesh size areas are transferred to each other as smooth as possible by adding transition
areas of adjusted mesh size. Otherwise, reflections can occur at neighboring mesh cells
leading to numerical artifacts.

Another effect that needs to be taken into account is the staircasing effect. The
staircasing effect becomes pronounced when using a Cartesian mesh for a radial structure.
As the resolution is limited, the Cartesian cells are not able to mesh the rim of a radial
structure. These corners can be a numerically induced source of optical loss as they scatter
light and can act as sharp field enhancement spots. This artificial field enhancement leads
to wrong and distorted simulation results. Internally this issue is automatically targeted
by RSoft using triangular meshes and non-uniform meshes along with a suitable interface
alignment of cells.

4.2.2 Optical simulation of the edge-coupler

Light needs to be coupled from an external laser source to the on-chip inverted micro-
toroid. As mentioned in Section 2.2, this can be done either by using grating couplers or
edge-couplers. In this work, primarily inversely linear tapered edge-couplers without top
cladding are used. Due to the underlying fabrication process of the proposed device, the
edge-couplers show slight differences compared to conventional edge-couplers regarding
their geometry. Furthermore, due to the comparable thin BOX-layer of about 800 nm and
the missing top cladding and an accompanied asymmetric refractive index distribution in
the y-direction, the performance of the edge-coupler is slightly degraded [131}[132].

Figure 4.2 (a) shows a top view of an edge-coupler that is used for coupling light from
and to the chip carrying the inverted microtoroids. The tip of the inverse coupler has a
width of about 90nm (Fig. 4.2 (b)). Figure 4.2 (c) shows a three-dimensional scheme
of the edge-coupler. The inverse taper is situated mainly on top of a free-standing silica
membrane with a depth of d; (Fig. 4.2 (a) and (d)). In order to protect the membrane
from breaking, silicon stabilizers are integrated. These stabilizers are situated partially on
the undercut and partially on the non-undercut region. The undercut of the edge-coupler
is created simultaneously to the undercut of the inverted microtoroids. The distance s
from the tip of the edge-coupler to the rim of the membrane is about 2 um to 3 pm.
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Edge coupler

Figure 4.2: Inversely tapered edge-coupler design. (a) Top view SEM image of edge-coupler
used for the proposed IVT. The edge-coupler tip is positioned on top of a free-standing silica
membrane. For avoiding cracks in the membrane, dedicated stabilizers are defined. (b) Zoom
image of the same edge-coupler tip with a width of about 90nm. (c) 3D-schematic of the
edge-coupler. The stabilizers and the edge-coupler are fabricated in the device layer of an SOI
chip. (d) Schematic of a cross-section of the edge-coupler. The distance s from the tip of the
edge-coupler to the rim of the free-standing silica membrane is crucial for its optical coupling
efficiency. Usually, s is in the order of about 2 pm to 3 pm.

Initially, the inversely tapered coupler was not planned to be situated on top of a
membrane. However, the undercut is advantageous as since otherwise light in the tapered
region of the edge coupler can couple to the substrate leading to higher substrate leakage
losses. Once the mode is adiabatically converted into a confined waveguide mode the
leakage loss through the comparatively thin silica BOX layer of 800 nm is reduced. The
waveguide height is 310nm. A thin layer with a thickness of approximately 20nm of
Hydrogen silsesquioxane (HSQ) is still present. HSQ is used as a resist during electron-
beam lithography.

For coupling light into the chip, a lensed fiber is used, which radiates light in a Gaussian
ground distribution with a spot diameter of 2.5 pm. The spot diameter is defined by the
two points for which the intensity is dropping to 1/e* of the peak intensity.
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Figure 4.3 (a) shows the result of a 3D-FDTD simulation in which a Gaussian ground
source mode is used for excitement. The light initially has a Gaussian field profile with
2.5pm spot diameter 1) before being converted into a TMy-waveguide mode 2). The
performance of the coupler can be calculated by solving a full-vectorial overlap integral
[133] of the field distribution at 2) with the TMy-eigenmode calculated with the help of
FEM at the same position. The overlap value is normalized with the initial power of the
exciting source field of the FDTD simulation.

The taper width d,, plays a significant role, as this width will define the mode-field-
diameter at the input of the taper. The smaller d,, gets, the bigger the mode-field-diameter
gets that is needed for efficient coupling. The distance s is an additional offset between
the rim of the chip and the input coupler. This distance is chosen to be 2pm in the
simulation and is causing additional optical loss. During the fabrication process, this
distance is needed to guarantee a sufficient mechanical and chemical protection for the
input coupler. Throughout the etch-process, an optical resist is protecting the coupler’s
facets.

For providing an efficient coupling from a lensed fiber mode into the desired TM, -
waveguide mode the power-coupling efficiency 1 needs to be as high as possible. The
power-coupling efficiency 1 between two field distributions is a measure of how much
power between two modes can be exchanged and is connected to the overlap integral OI
which can be defined in its scalar form as |35, pp. 81] |40, pp. 295]:

B [ [ E1E5dS
VI [EE;dS - [ [ EyE5dS
where E; and Es are the fields to be overlapped, and dS is the surface-element. In our

case dS equals dxdy. For further extracting the power-coupling efficiency 7, the following
relation holds [40, pp. 295]:

0l (4.1)

n = O (4.2)

The parameter n (Eq. has a value between zero and one and describes how much
power is coupled from a mode E; with power I; into a mode Ey with power I.

For the determination of an effective taper tip width d,, and the optimized spatial
position of the Gaussian launch field, the FDTD simulation is done the other way around
making use of the reciprocity principle. An eigenmode, which is calculated with FEM,
is launched inside the waveguide, and the field that is radiated from the tip of the taper
is analyzed and overlapped with a pure Gaussian ground mode at different positions in
z and x, y-directions. The Gaussian ground mode is adjusted to show the same caustic
as one would expect from a lensed fiber. This way the theoretical optimal x,y, z position
of a lensed fiber as a function of d,, can be calculated and the global maximum of power
transfer between lensed fiber and edge-coupler can be extracted.
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Due to the asymmetric refractive index distribution in the y-direction and the offset
distance s, the light is partially coupled to the membrane (see Fig. 4.3 (b)) and is then
loosely guided before being finally coupled into the taper. Therefore, the undercut itself
is helping to improve the coupling efficiency of the coupler as no light can leak into the

substrate.
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Figure 4.3: Optical 3D FDTD simulation of an undercut edge-coupler. (a) Top view of

simulation setup for an inversely tapered edge-coupler of length d;. A Gaussian source mode 1)
with a spot diameter of 2.5 ym is launched. The light is coupled partially to the free-standing
silica membrane before being coupled into the inversely tapered edge-coupler with a tip width of
dy. The field coupled to the waveguide 2) can be analyzed to calculate the coupling efficiency.
For the determination of an effective taper tip width dy, and the optimized spatial position
of the Gaussian launch field, the FDTD simulation is done the other way around making use
of the reciprocal principle. An eigenmode that is calculated with FEM is launched inside the
waveguide, and the field that is radiated from the tip of the taper is analyzed and overlapped

with a pure Gaussian ground mode. (b) The side view of the simulation.

The described overlap at position 1) between the field distribution found by FDTD and
the original TMj-eigenmode solution found by FEM can be translated into an expected
coupling loss in dB by:

(Edge—Coupler [dB] = 10- loglO (77) (43)
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Finally, the Fig. 4.4 shows the expected optical insertion loss per coupler as a function
of the taper tip width d,,. The span for d,, is chosen to hit a realistic fabrication target.
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Figure 4.4: Simulated optical coupling insertion loss of one inversely tapered edge-coupler.
The span for d,, is chosen to hit a realistic fabrication target. The final selected fabrication
range is resulting in a tip width d, of 90 nm to 100 nm and a simulated coupling loss per coupler
of about 1.8 dB.

The fabrication target for d,, is set to be in the region between 90 nm and 100 nm.
This region shows an acceptable coupler performance, can be fabricated reproducibly and
the aspect ratio of the tip width and height is high enough to show satisfying mechanical
stability. For an inversely tapered edge-coupler with a tip width of 90 nm, the optical
insertion loss including input and output coupling is expected to be in the order of 3.6 dB
as the lower limit.

4.2.3 Optical simulation of the transition/interconnect waveg-
uides

As pointed out in section 2.1.2 the width of a waveguide can have a significant impact
on the expected substrate coupling losses.

In order to find the eigenmodes of a transition waveguide, from which the substrate
coupling loss can be found, FEM simulations have been performed, and the imaginary
part of the effective refractive index x(w) is analyzed for TE, and TM, polarization. Since
the goal pursued here is the integration of inverted microtoroids with a fully functional
silicon photonics platform, waveguide substrate coupling losses should be low enough to
allow efficient waveguide routing over several centimeters.

The SOI that is used for the chip fabrication has a top-Si (device) layer thickness of
310nm and a BOX thickness of 800 nm. A thin layer with a thickness of approximately
20nm of hydrogen silsesquioxane (HSQ) is still present. HSQ is used as a resist during
electron-beam lithography. The BOX thickness is comparably thin, compared to widely
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used SOI wafers with a BOX thickness of 2 um. Therefore, particular attention has to be
drawn on potential substrate coupling losses of a waveguide fabricated in the device layer
of the chip.

Figure 4.5 shows the simulated losses for TE; and TM, polarization as a function
of waveguide width. For a waveguide width of 500 nm and above, these coupling losses
become small even for the TMy-mode. As primarily TMy-polarization is of significant
interest in this work, the expected optical loss for a transition/interconnect waveguide
wider than 500nm is evaluated, which drops below 1dB/cm. The inset of figure 4.5
shows the setup of the transition waveguides that will be used in this work.
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Figure 4.5: Simulated optical leakage losses in dB/cm of a waveguide for TEy and TMg ground
modes as a function of waveguide width. The inset shows a 3D-schematic of the simulated
waveguide design.

4.2.4 Optical simulation of the intrinsic inverted microtoroid
modes

An inverted microtoroid is created when an initially undercut silica membrane (see
Section is irradiated with COs-laser-light. The melting process causes the micro-
toroidal shape. In order to simulate the optical loss, caused by the bending with a radius
I'major (See Fig. 4.1 b)), an FEM simulation with conformal mapping was performed. Also,
the expected bending loss is connected to the minor radius ryiner-
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The minor radius of the inverted microtoroid

A simple model can be used for estimating the final minor radius rminer. It is assumed
that during the melting process the volume of the silica, which is melted, is conserved.
Figure 4.6 (b) shows a scheme of the microtoroid’s cross-section after melting. The initial
membrane depth d; collapses to a final undercut depth of d,. This way the core radius
can be calculated by the length of the reflown part of the membrane and the thickness of
the buried oxide (BOX) hgox with the help of volume conservation by:

™

Figure 4.6 (a) and (c) show an example of a melted microtoroid and the minor radius
I'minor @s & function of d, for a value of d; = 30 pm and hgox = 800 nm.
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Figure 4.6: Melted inverted microtoroid’s minor radius rminer as a function of remaining silicon
substrate undercut dz. (a) Example of a melted inverted microtoroid with a remaining undercut
of dg = 8pum. (b) Schematic cross-section view with geometric parameters. (c) Graph of the
inverted microtoroid’s minor radius ryiner as a function of silicon remaining substrate undercut
do assuming hgox = 800 nm and d; = 30 pm.
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The minor radius ryiner is only changing slightly with the remaining undercut d,, which
is caused by the square root dependency of rminor With ds. As the remaining undercut is
dependent on the process parameters during the reflow process, it can only be adjusted to a
particular amount, until a heat sinking effect, and a screening effect due to increasing rminor
becomes so pronounced that even further irradiation with COs-laser-light is not changing
the inverted microtoroid’s minor radius anymore [112]. In most of the experiments in
this work, the final radius rminer is assumed to be between 2.2 pm — 2.6 pm. Indeed, it
is challenging to cleave a device in a way to measure its minor radius, for example, by
means of an SEM. However, Figure 4.1 (c¢) shows a cleaved microtoroid, whose I'miner is in
accordance with equation 4.4.

Bending losses of an inverted microtoroid

A primary difference between conventional microtoroids (Section 3.2) and inverted
microtoroids are the expected optical bending losses. The mode confinement towards
the outer region of the microtoroid’s circumference is weaker in the case of an inverted
microtoroid compared to a conventional microtoroid. In a conventional microtoroid, the
mode is pressed towards the outer rim of the core located opposite to the suspended
silica. membrane. This region shows a high dielectric index contrast between the silica
and the surrounding air. On the contrary, in the case of an inverted microtoroid, the
mode is pressed into the opposite direction, which can lead to higher bending losses, due
to leakage into membrane modes, which have a higher effective index than the refractive
index of air [32].

(a) Inverted microtoroid (b) Conventional microtoroid
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Figure 4.7: Comparison of TMy ground-modes between (a) an inverted microtoroid and (b)
a conventional microtoroid (from optical FEM mode-solves using rigorous conformal mapping).
The mode confinement towards the outer region of the inverted microtoroid’s circumference is
weaker since the mode is pressed towards the suspended silica membrane. This effect becomes
even more pronounced for thicker BOX layers, compare cases 1) versus 2).
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Figure 4.7 (a) and (b) are showing a qualitative comparison of how a TM, mode
appears in the case of an inverted microtoroid and a conventional microtoroid. The lower
the BOX thickness hpox gets, 1) versus 2), the less the mode is pressed into the direction
of the non-suspended BOX (in the case of an inverted microtoroid). Nevertheless, the
smaller the major radius rm,jor gets, the higher the bending losses get.

In order for the bending losses not to become the limiting factor for the microtoroid’s
quality-factor, without requiring excessively large bending radii, the BOX thickness needs
to be thin enough, as a reduction of its thickness reduces the effective index of the slab
modes and thus also suppresses optical leakage into the slab. On the other hand, reduc-
tion of the BOX thickness also increases substrate leakage losses of silicon waveguides
fabricated elsewhere on the chip [134]. Therefore, a trade-off exists between reducing the
bending losses of the microtoroid and reducing the waveguide substrate leakage losses.

Figure 4.8 shows the simulated loaded quality-factor Qpenq limited by bending losses,
assuming critical coupling to the coupling waveguide, as a function of the BOX thickness
for two major radii I'ajor 0f 125 pm and 150 pm and for both the TE, and the TM, ground
modes.
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Figure 4.8: Simulated bending loss limited loaded quality-factor for an inverted microtoroid
for TEg (blue) and TMy (red) modes as a function of the BOX thickness hgox. The core
radius ryiner is implicitly varied according to equation 4.4. The parameter d; is assumed 22 pm,
and dg is assumed 5pm and therefore, d; — do = 17 um. The BOX thickness is assumed to be
hgox = 800nm. The solid lines correspond to a major radius of rmajor = 125 pm and dashed
lines to a major radius of rmajor = 150 pm.

A Qgengq of more than a 100 million is ideally targeted since this is on the order of the
highest quality-factors measured with conventional microtoroids and can be considered as
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the limit constrained by material properties such as impurities, residual roughness, SiO,
redeposition or water adsorption.

From Fig. 4.8 it can be concluded that the BOX thickness hgox needs to be smaller
than 0.9 pum (1.0 pm for ry.je, = 150 pm) for the transverse electric ground mode (TE)
and smaller than 1.1 pm (1.3 pm for ry.je, = 150 pm) for the transverse magnetic (TM,)
ground mode. The core radius 1y is implicitly varied according to equation 4.4. The
parameter d; is assumed 22 pm, and ds is assumed 5 pm. For example, an 800 nm BOX
thickness hgox is resulting in a ryper of 2.1 pm. The actual layer thicknesses of our SOI
chips are also constrained by our vendor’s offerings so that I decided on using a 310 nm Si
device layer thickness and an 800 nm BOX layer thickness. Since 800 nm is substantially
thinner compared to the 2 pm BOX SOI wafers, which are more commonly used in silicon
photonics, particular attention has to be given to potential substrate coupling losses of
silicon transition/interconnect waveguides fabricated in the device layer of the chip, which
are used to route the light over several millimeters in total.

4.2.5 Optical simulation of the coupling section between the
waveguide and inverted microtoroid

A fundamental part of the proposed IVT system is the waveguide-to-microtoroid cou-
pling section. This junction needs to be analyzed regarding its expected optical loss
and under which circumstances index matching between a mode of the waveguide and a
mode of the microtoroid can be achieved. The coupling mechanism is dependent on the
wavelength and the geometric parameters of the waveguide and the microtoroid.

Total expected optical losses of the coupling section

Since the coupling section is located on top of the undercut silica membrane (Fig. 4.9
(a) inset), coupling to the silicon wafer substrate is not an issue (even though the silicon-
waveguide is tapered down in the coupling region). However, since the waveguide width
in the coupling section is chosen to verify phase matching with the microtoroid mode, and
the waveguide’s effective index is thus close to the refractive index of SiO,, a coupling of
the waveguide mode into the underlying silica membrane can occur. Figure 4.9 (a) shows
the simulated effective index of a silicon waveguide situated on top of a freestanding silica
membrane as a function of its width. For a width above ~150 nm, the effective index rises
above the refractive index of silica. While critical coupling is then no longer maintained,
a sufficient coupling strength can still be obtained (as will be shown later on in Fig. 4.13)
for a 160 nm wide waveguide. In the fabricated devices, the waveguides are tapered down
to approximately 120-150 nm. At this point, the effective index of the silicon waveguide
is already slightly below the bulk refractive index of silica. However, the waveguide losses
in the coupling region remained small and did not present a problem for the experimental
characterization (they are simulated as being below a few tens of a dB).



73

1.7 ‘ |
(a) ide width
; y
1.6 X —
. 10pm
Z
,;% 1.5
________ bulk silica_
147 (n=1.46)
13 ‘ ‘ ‘ ~ Jwidth=1200m
120 140 160 180 200 bl e st Lol EEESE

waveguide width [nm]

Figure 4.9: (a) Effective index neg of the coupling section waveguide as a function of its width.
The inset shows a 3D schematic of coupling section waveguide. (b) SEM image of a coupling
section of an inverted microtoroid-to-waveguide before melting with an inversely tapered gap
coupler. The inset shows the coupling waveguide with its minimal width of about 120 nm. In
this thesis, the width of the coupling section is between 120 nm and 160 nm.

Figure 4.9 (b) shows an SEM image of the coupling junction (before reflow) with a
width of 120nm and a heat spreader (see Section 5.2.3). The heat spreader is situated
at least several microns apart from the coupling section. Therefore, no additional loss
for the coupling junction is expected from simulations. The total length of the coupling
section is approximately 180 pm where 60 pm of the length is dedicated to the smallest
waveguide width.

Refractive index, phase matching, and power transfer

To maximize the optical power build-up inside the microtoroid, for example, to mini-
mize the threshold for parametric wavelength conversion, it is crucial to reach a coupling
point at, or close to critical coupling [114]. For conventional microtoroids, this can be
achieved by adjusting the gap between a suspended tapered fiber and a conventional mi-
crotoroid. In an integrated solution, the gap is fixed and needs to be well targeted by
design and fabricated on the spot.

The coupling strength can be corrected to some extent by tuning the wavelength or
the temperature in an inverted microtoroid. The silicon waveguide and silica microtoroid
are made out of different materials. Silicon has a substantial thermo-optic coefficient
compared to silica. Therefore, thermal tuning can be used for fine-tuning the coupling
strength by moving in and out of the phase matching condition. Moreover, due to the
high geometric dispersion of the tapered silicon waveguide, changing the wavelength can
also serve to tune the coupling strength [32].

As the coupling system out of waveguide and microtoroid is sensitive to wavelength
and temperature changes, an initial design wavelength has to be formulated.
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The designs described in the following are targeted to reach critical coupling at a
wavelength of 1550 nm and room temperature, with further wavelength, and temperature
tuning applied experimentally to correct for deviations.

In case the effective refractive indices of the tapered waveguide section and the inverted
microtoroid are almost equal (n,, ~ nr) the light is traveling in both at quasi-identical
speeds. In this system, the tapered coupling section is bent with approximately the
same curvature as the microtoroid. In fact, the coupling section’s bending is slightly
lower (compare to Fig. [2.18]). Therefore, the propagation constants (/3,, & 1) are quasi-
matching, and the phase speeds of light in the waveguide and in the microtoroid are
nearly the same. When choosing the right wavelength, temperature, and curvature, the
system will accumulate almost no phase difference during the coupling process. In other
words, the system is phase-matched. When changing the wavelength or temperature, this
phase-match condition might not be fulfilled anymore.

For comparison, we assume a system of two coupled non-identical waveguides W;
and W, in Mach-Zehnder geometry. Further, the waveguides have independent non-
coupled propagation constants 5, and (3, and are exchanging power along z—direction. In
case of small coupling (the cross-coupling coefficientx is much smaller than one), it can
be shown [135, pp. 192] that the power transfer function for power P; and Py can be
formulated with the help of perturbation theory as:

Py(z) k> ., sin?(K z)
= —sin*(Kz) = ——5 <1 (4.5)
P(0)  K? 1+ (%)
where:
K =/(AB)* + |k|? (4.6)
and:
Aﬁzﬁl_ﬁ2. (47)

2

Only in the case of 8; = (35, a full power transfer between two waveguides is possible.
Additionally, the power stored in each waveguide is oscillating as a function of the distance
z. After a coupling length of Lo = 7/2|k| the power is completely transferred from one
waveguide to the other waveguide in case of symmetric waveguides. A widely used optical
device is a 3 dB-splitter that splits the power equally between two coupled waveguides.
This device would have a coupling length of L3y = L¢/2.

Further, the coupling leads to a symmetric solution with propagation constant 5, and
an asymmetric solution with propagation constant 5_ as eigensolutions. The splitting of
the two propagation constants can be related to the fundamental non-coupled propagation
constants by:

B1+ Bo

pu =22

+ K. (4.8)
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Figure 4.10(b) shows the simulated effective indices (FEM using rigorous conformal
mapping in cylindrical coordinates) of an uncoupled waveguide mode and an uncoupled
microtoroid mode as a function of wavelength, obtained by either removing the silicon
waveguide from the simulation setup or by extending the silica film. Following geometrical
parameters are assumed: T'yajor = 145 1M, Iipiner = 2.311m, gap = 3.2 pm (with a gap
defined as the center-to-center distance, see Fig. 4.10(a), for experimental reasons as this
quantity could be more precisely determined from microscopic images). The width of the
waveguide in the coupling section is 140 nm. The very strong geometric dispersion of the
silicon waveguide is visible. Phase matching is predicted to occur at 1572 nm for the given
geometrical parameters.
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Figure 4.10: Simulated optical power transfer between the silicon waveguide and inverted
microtoroid as a function of the coupling length and wavelength based on super-mode modeling
with the help of FEM using conformal mapping. (a) Schematic of the simulation setup. (b)
The effective index of the uncoupled silicon waveguide’s (solid blue) and microtoroid’s (dashed
red) TMy ground modes. The effective indices are crossing at a wavelength of A~1572 nm.
(c) Coupled symmetric and antisymmetric TM( super-modes for two different wavelengths of
A1=1550nm and Ae= 1572nm. (d) Maximum possible power transfer as a function of the
coupling length between waveguide and microtoroid for the two selected wavelengths.
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Figure 4.10(c) shows the field distributions for the symmetric and the antisymmetric
super-modes of a silicon waveguide coupled to a microtoroid at two selected wavelengths
of \g =1550nm and 1572 nm. The theoretical maximum power transfer is between 35 %
for Ay = 1550 nm and reaches up to 100 % for Ay =1572nm (Fig. 4.10(d)).

Therefore, even for a lithographically defined waveguide-to-microtoroid distance, phase
matching can be achieved by tuning the wavelength if the gap is sufficiently close to the
target. Also, the desired coupling point can be accessed in case the coupling length is long
enough. In this work, the coupling length is about 60 pm for a weakly tapered junction
(see Section [2.3.5)).

These 2D-simulation results act as a proof of concept study for the proposed inverted
microtoroid. The gap between the waveguide and the inverted microtoroid is fixed by
design and can only be slightly adjusted by changing the power level or spot size during
laser reflow. Therefore, a significant result of this 2D-simulation is the dependency of the
coupling efficiency on the wavelength, due to the different dispersion of the silica micro-
toroid and the silicon waveguide (Fig. 4.10 (b)). In case of a conventional microtoroid,
the gap can be almost freely adjusted and therefore the coupling strength. In case of an
inverted microtoroid, the wavelength tunability primarily takes over this role.
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4.2.6 Optical simulation of a silicon heat spreader

Another potential issue that needed to be validated by simulations is whether the heat
spreader out of silicon can spoil the resonator’s quality-factor due to the nearby presence of
a high refractive index structure. A series of simulations, using conformal mapping, were
performed, assessing the quality-factor of a microtoroid with a major radius of 145 pm
and a minor radius of 2.3 pm as a function of the distance (d3) between the center of
the inverted microtoroid and the edge of the heat spreader. The offset to the rim of the
suspended silica membrane is fixed to be 8 pm. Figure 4.11 (a) shows a schematic cross-
section view of the simulated structure. In Figure 4.11 (b), the simulated loaded bending
limited quality-factor is shown as a function of ds.
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Figure 4.11: FEM simulations of the loaded quality-factor as limited by bending losses and
evanescent losses to the heat spreader as a function of the distance d3 between the microtoroid
center and the edge of the heat spreader. (a) Schematic of the simulation setup. (b) Graph
of the loaded quality-factor as a function of the distance to the heat spreader. Simulations are
indicating that a distance above 3 pm is sufficient to provide a loaded quality-factor of about 100
million so that the simulated loss channels should then become negligible compared to excess
coupler losses and fabrication related losses.

The presence of the heat spreader is expected not to spoil the expected quality-factors
if ds is larger than 3 pm since the loaded quality-factor as limited by evanescent coupling
to the heat spreader then stays above 100 million. Since in the fabricated devices ds is
always larger than 5 m, direct evanescent coupling to the heat spreader should not play
a determining role in the recorded quality-factors.
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4.2.7 Optical simulation of the final device

The final intrinsic quality-factor of an inverted microtoroid is not known apriori. Also,
the simulation tools in use are not taking any surface roughness, structural inhomo-
geneities, like a melting-induced varying 1o into account. However, in order to simulate
the 3D-geometry of the coupling section, several 3D-FDTD simulations are performed,
assuming a weakly tapered silicon waveguide (see Section located at different gaps
from an inverted microtoroid. The microtoroid in the simulation has a major radius rmajor
= 1451m and a minor radius ryine, = 2.31m. Inside the coupling section, the weakly
tapered waveguide has a curvature 1.2 times larger than the major radius of the micro-
toroid. As a full 3D-Simulation of the whole device would take too long only the coupling
part together with a section of the ring is simulated. The simulation area has a size of
200 pm times 48 pm. Simulating this reduced area still takes approximately five days on
a high-performance computer, even when using adaptive meshing.

Figure 4.12 shows the setup of the 3D-FDTD simulation. A power-normalized TMq
mode, which was previously calculated with FEM, is used as a source mode. The light is
propagated through the waveguide (from the left). The waveguide is tapered down while
approaching the rim of the microtoroid. A gap (defined as the center-to-center distance)
between the microtoroid and the waveguide is causing a particular coupling x of the light
from the waveguide into the microtoroid.
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Figure 4.12: Simulation setup of a 3D-FDTD simulation of a monolithically coupled inverted
silica microtoroid using a weakly tapered silicon waveguide as a coupler. A previously simulated
TM, waveguide source mode is launched inside a weakly tapered gap coupler (from the left) and
is coupled to an inverted microtoroid. The gap is defined as the smallest distance from the mi-
crotoroid center to the waveguide center. Due to the high computational effort, it is not possible
to simulate the full structure. Therefore, only a segment of the structure is simulated (200 pm
times 48 um). At the end of the simulation time, the resulting fields inside the microtoroid are
full-vectorial overlapped with a previously simulated TMy mode.
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This way it is possible to calculate how much of the light from the source mode is
ending up in the microtoroid’s TMy mode. The gap required to obtain critical coupling
for a given loaded quality-factor Qy,, assuming no excess losses, can be extracted from
the simulated coupling strengths x (for example, assuming Qp to be half the intrinsic
quality-factor).

Figure 4.13 shows the theoretical loaded quality-factor Qp, for TMq that is related to
the simulated coupling strength x (assuming critical coupling) as a function of the gap
for different wavelengths and waveguide widths on a logarithmic scale.

1010 ¢ ‘ . ’
[ [=fe=TM  A=1550 nm width=140 nm

| =E=TM  A=1600 nm width=140 nm
9 |
107 ¢ = ‘A=
; .e.TMo A=1600 nm width=160 nm

[|=#=TM_ A=1572 nm width=140 nm

8
10 - 100 Million

o 107

40 nm
.T 310 nm

Ny ,,;7
[800 nm v

Gap

10

3000 3200 3400 3600 3800 4000 4200 4400 4600
Gap [nm]

Figure 4.13: Graph showing the waveguide-to-microtoroid gap required to obtain critical
coupling as a function of the expected microtoroid quality-factor. Qr, is the resulting loaded
quality-factor, for example, half the assumed intrinsic quality-factor, assuming no excess coupling
losses. Simulations were done with 3D- FDTD. The inset shows a schematic of the microtoroid
and waveguide cross-section in the plane where the waveguide is closest to the microtoroid.

For a fixed gap, a longer wavelength means a lower potential quality-factor, as the
light is less confined inside the waveguide and is causing a stronger coupling into the
microtoroid. As evanescent power transfer causes the coupling, a wider gap causes an
exponentially decaying coupling strength x with increasing gap. Also, by comparing
different tapered silicon waveguide widths in the coupling section, it is apparent that
for wider waveguides the light is more confined, therefore resulting in lower coupling
strength. By changing the wavelength within a range of 50 nm, the coupling strength can
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be adjusted for quality-factors that differ by one order of magnitude, which is an essential
feature as the intrinsic quality-factor, as limited by fabrication related non-idealities, is not
possible to be predicted apriori. For example, a microtoroid with a fixed gap of 3400 nm
to the center of a waveguide with a width of 140nm can be critically coupled with real
quality-factors between 2 - 10° and 2 - 10° by changing the wavelength from A = 1550 nm
to A = 1600 nm.

However, as simulations might not be perfectly accurate since they rely on Perfectly
Matched Layers (PML) acting as absorbing boundary conditions, which can be problem-
atic when extremely small losses are being modeled, the results of these simulations are
understood to help to formulate initial fabrication goals.

4.3 Discussion

Several attempts can be carried out to improve the proposed IVT. First, the initial
input coupling efficiency from a lensed fiber to the inversely tapered waveguide can be
improved by adding an oxide cladding. This way the symmetry in y—direction is im-
proved which can lead to a higher coupling efficiency. Also, an oxide cladding would
improve the handling stability and cleanliness of the waveguides (including interconnect-
transition waveguide) in general as they are not exposed to the environment directly
anymore. Cleanliness here is meant that foreign particles cannot directly deposit onto a
waveguide. Even though this seems quite manageable, the current fabrication flow and
the environment do not allow this step to be done straightforwardly.

The transmission waveguides themselves are situated on top of a comparably thin
buried oxide layer, which can cause substrate leakage when their width gets too small
(Fig. 4.5). The oxide layer needs to have a minimal thickness avoiding this leakage. In
principle, a thinner BOX would allow for a higher bending radius of the microtoroid by not
affecting its intrinsic quality-factor. Therefore, a thinner BOX layer from the perspective
of the microtoroid would be desirable. As an undercut-etch in the silicon substrate is done
anyway, an attempt would be to define small circles placed in parallel to the waveguides as
opening holes in the BOX. These opening holes will cause the waveguide to be undercut,
which would allow for thinner BOX thickness as the substrate leakage is reduced. This
attempt will be further discussed in the prospect Section 7.2.3 of this work.

A fundamental parameter that is used for adjusting the coupling strength between
microtoroid and waveguide is the wavelength, which can change the coupling strength
by approximately one order of magnitude (Fig. 4.13). In return, this means that the
bandwidth (the span in which resonances of the microtoroid have an acceptable extinction
as a function of wavelength) is smaller compared to a conventional microtoroid. Of course,
this implies that the proposed IVT can become unemployable for applications that need
a broader bandwidth than the device can support.

Up to now, only TM-polarization is under consideration as this theoretically leads to
higher intrinsic quality-factors for the inverted microtoroid. However, most devices in SiP
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rely on TE-polarization due to the usage of grating couplers. In principle, it would be
purposeful to test the proposed device with the common TE-polarization, avoiding the
necessity of integrated polarization converters when coupling to other devices on the same
chip. Also, grating couplers are usually more suitable for TE-polarization allowing for a
denser integration of the microtoroid as no extensive routing of waveguides to the chip
edges is required.

Combining a grating coupler with an oxide cladding and a local undercut, the coupling
efficiency can be high. In the current setup entirely etched TE grating couplers showed a
coupling loss per coupler in the order of 8 dB at a wavelength of A = 1590 nm. This high
coupling loss is likely caused by the relative thin BOX.
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Chapter 5

Fabrication - The monolithically
coupled inverted silica microtoroid
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A significant part of this thesis is dedicated to the development and the realization of
the fabrication steps of the proposed inverted silica microtoroid described in Section [4.1]
Each fabrication step needs to be optimized, tested and designed to create the device in the
desired monolithic way. The following chapter deals with the two fabrication parts. The
first part (Section is entirely done in a cleanroom environment, whereas the second
part is done in a lab environment (Section 5.3). Section gives a detailed outlook of
the two fabrication parts. The subsequent Sections explain the different fabrication steps
in further detail.

5.1 Fabrication outlook

As a fabrication platform, a high-grade, industry compatible 8-inch silicon-on-insulator
(SOI) wafer is used. It is desirable to use SOI wafers that can be bought out of stock,
avoiding costly contracted work. Furthermore, the integration with other devices would
be more straightforward, in case the design of the microtoroid is in accordance with
standard wafer specification. The SOI system, provided by Soitec with the part number
G8P — 208 — 01, has a nominal silicon device-layer thickness of 310 nm with a 10nm 3o
deviation. The crystal orientation of the silicon is specified to be in (100) direction. In-
house SEM measurements showed excellent conformity. The BOX layer is specified to
have a target thickness of 800 nm with a 6 nm 3o deviation. The handle silicon wafer has
a thickness of 725 pm and crystal orientation in (100) direction.

The first part of the fabrication flow can be subdivided into four process modules
carried out entirely in a cleanroom environment: The waveguide definition, the circular
opening definition, the silicon undercut, and the final dicing and cleaning step. The second
part of the fabrication consists of the COs-laser reflow carried out on a dedicated setup.
Figure 4.1 (a) shows the targeted device after performing the first part of the fabrication
process, whereas Figure 4.1 (c) shows an SEM image of the melted device in cross-section
view after additionally performing the second part of the fabrication process.

In the following, the two fabrication parts with their submodules are summarized:

1. Part 1 - Fabrication of the device (Section [5.2)):

(a) Preparation and electron-beam lithography (EBL): An 8” SOI-wafer is diced
up into 20 by 20 mm chips. After a standard cleaning procedure (Appendix
, the chips are further processed by writing a waveguide mask into HSQ
resist using EBL. Also, heat spreaders, stabilization bridges, and other parts
are defined in this step.

(b) Device layer fabrication: Subsequently the silicon-structures are etched, by a
mixed gases dry-etch process using SFg and C4Fg, into the silicon device layer
of a chip at a processing temperature close to room temperature.
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(¢) Circle definition: A chip is spin-coated with optical resist (Appendix [C]). By
using optical lithography, holes are defined that are subsequently etched into
the BOX by a dry-etch process, using CHF3 plasma and Argon. For improving
the anisotropy of the etch process, the inert argon is added [136].

(d) Undercut of the BOX: Undercut into the substrate-silicon below the BOX-layer
of about 30 pm in the lateral direction by a dry-etch process using SFg. Due to
the use of zero acceleration voltage, the dry-etch process becomes dominated by
isotropic chemical etching. Also, no oxygen is involved in the etch process, as it
would attack the photolithography resist used to protect the silicon structures.

(e) Dicing and cleaning: Each chip is protected (Appendix [C]) and diced along the
input and output edge-coupling sections.

(f) Cleaning the chip: A wet-cleaning process is performed, and subsequently an
oxygen plasma is applied. This cleaning step removes the resist layers accumu-
lated during the previous fabrication steps which would disturb the subsequent
reflow step.

2. Part 2 - Melting of the microtoroid (Section 5.3):

(a) COy laser reflow: The undercut circular silica-membrane is melted to form
the inverted microtoroid silica-resonator in close proximity to the previously
defined silicon-structures.

5.2 Part One - Fabrication of the device

The first part of the fabrication takes place in a dedicated cleanroom environment.
Each sub-flow of the first fabrication part is studied and optimized separately before
assembling the process steps for fabricating the final device.

Special care was taken when developing the process for fabricating the waveguides.
Roughness, geometrical offsets (like missed fabrication targets) can lead to waveguides
with increased optical loss. In the coupling section between the waveguide and micro-
toroid, the tapering is optimized in a way that the desired width is met. Furthermore,
the transition sections in which an interconnect waveguide was tapered down was op-
timized to be as smooth as possible, providing adiabatic mode coupling between the
different sections of the waveguide.

In particular, the undercut-etch process was studied as surface-roughness induced by
the etching plays a significant role, as any roughness will affect the shape of the final
microtoroid.

For all the etching processes of the first fabrication part, an Oxford PlasmaPro 100
ICP system with an ICP source diameter of 300 mm was used.
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A silicon wafer was used as a carrier for the chips, potentially allowing scaling up of
the process from chip to wafer level without changing process biases, as the underlying
silicon carrier wafer was etched simultaneously resulting in the same loading effects during
critical silicon etches. In fact, up to four chips were processed in parallel without noticeable
process bias. Fomblin oil was used for establishing a thermal coupling between the chips
and the carrier wafer, cooling them down, and keeping them at a constant temperature
of 15°C to 20°C.

5.2.1 Preparation and Electron-beam lithography

First, a wafer (see Section specifications) is protected with resist and diced into
chips with a size of 20 by 20 mm each. After a standard cleaning method (Appendix ,
to remove contaminations, the chips are prepared for further processing.

Electron-beam lithography

Electron-beam lithography (EBL) is widely used for creating features down to the
nanometer scale. Initially, EBL systems were developed based on SEM systems [137].
Throughout this work, a RAITH 150 TWO - EBL system is used for fabrication. In an
EBL system, a beam of focused accelerated electrons is used to interact with photoactive
resist like polymethylmethacrylate (PMMA) (positive) or like HSQ (negative). In the case
of positive resist electron irradiation breaks polymer bonds in the resist that is causing
a lower molecular weight, which can be selectively washed away by a developer, leaving
a resist pattern with a positive tone. In case of a negative resist, irradiated areas are
cross-linked. A suitable developer is only removing the non-cross-linked areas, leaving a
negative resist pattern [137]. As EBL is a sequential writing process, the downside of
this technology is the long writing time. It would take too long to write all parts of the
proposed IVT system with the help of an EBL system.

For the proposed device of this thesis, a chip is coated with a layer of negative HSQ
resist (Dow Corning XR-1541) with a thickness between 20 nm to 100 nm. For electron
exposure, an acceleration voltage of 10 KV, a beam current of 198 pA and a base dosage
of 185uC/ cm” are used. The resist is developed subsequently in tetramethylammonium
hydroxide (TMAH) developer (concentration 25%) for 75seconds. Afterward, the chip is
cleaned in high purity water (DI-water).

Figure 5.1 shows a top view of an extract of a standard EBL-pattern used for the
proposed device and a zoom of the different parts, including the output section with
an inversely tapered edge coupler and the microtoroid section that consist of the heat
spreader and the coupling section with its weakly tapered gap coupler. The waveguide is
defined to possess a left turn which ensures that the input- and output- coupling sections
are not situated on a straight line, which reduces direct light illumination from the input
to the output and therefore suppresses direct stray light when coupled later on to an
external laser source.
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Figure 5.1: (a) Top view of an extract of a standard EBL-pattern used for the proposed
IVT. The EBL-pattern consists of the input and output section, the microtoroid section, and
the transition waveguides. The pattern in the input and output section defines the inversely
tapered edge-coupler and stabilizers (c) that are protecting the coupler from breaking off. This
protection is necessary as the coupler, later on, sits on an undercut membrane (see Section
[6.1.2). The microtoroid section (b) contains the weakly tapered gap coupler (d) and the heat
spreader.

For hitting the desired fabrication target, regarding the waveguide width in each sec-
tion, the dosage used during EBL needs to be adjusted and tested. Special care has
to be taken in the tapered sections of the waveguide and its connection points to the
regular transition/interconnect waveguides. The dosage is gradually adjusted from the
base dosage of 18511C/cm2, depending on the desired feature size. Figure shows a
comparison of an optimized writing process and an unoptimized writing process of the
coupling section (see also Fig. 5.1(d)). In the unoptimized case, the point between
thinnest waveguide width and tapering region is not matched (labeled as Defect in Fig.
5.1(a)). Therefore, the connection area acts as a non-adiabatic transition area, which in-
duces optical loss. This can be crucial in the coupling section as the mode is only loosely
guided and is affected by the waveguide sidewalls.
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Figure 5.2: Comparison of coupling section waveguides after silicon-etching for two different
EBL-dosages. (a) SEM-image that shows slight defects origin by an unoptimized EBL writing
process versus (b) SEM-image of the optimized result.

The dosage needs to be further adjusted to guarantee smooth edges when the structures
are subsequently developed. Rough edges in the resist cause the structures to take up the
roughness during etching, which can lead to a substantial optical loss.

Figure |5.3| compares a resist test pattern (for transition/interconnect waveguides) for
an unoptimized dosage versus an optimized dosage for EBL exposure. An optimized
dosage leads to a structure with the targeted width while additionally having smooth
edges. For finding the optimal dosage as a function of the structure’s geometric parame-
ters, several dosage tests for various structure sizes have been done and analyzed.

Figure 5.3: An example of EBL-dosage optimization for two different transition waveguide
test structures before silicon etching. (a) Unoptimized rough pattern after development due to
unoptimized dosage during EBL writing. (b) The dosage, which is used during EBL-exposure
and the development process is optimized and shows smooth edges.

Furthermore, the time the chip is developed in TMAH has a crucial impact on the
geometric properties of the structures. If the developing-time is too long, the structures
can get overdeveloped. Overdevelopment can lead to undercutting the resist among other
problems. On the other hand, in case the structures are not developed long enough,
residual resist can remain on the chip in the region where it should have been normally
removed, acting as parasitic micro-masks.
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5.2.2 Waveguide fabrication

In the following, the fabrication process of the silicon waveguides is described.

Etching process

For etching the waveguide based on the written EBL resist pattern (see Section ,
different processes can be used alternatively. In this work, two dry-etch processes for
silicon etching were investigated. Both dry-etch processes rely on reactive-ion etching
with inductively coupled plasma (ICP-RIE) technology.

One dry-etch process which was investigated is a cryogenic process at a temperature of
—130°C. The process is based on sulfur hexafluoride (SFg) and oxygen O,. In a cryogenic
etch process, SF¢ is used to provide fluorine radicals that have the capability of etching
silicon in the form of silicon tetrafluoride (SiFy) gas. During cryogenic etching, a blocking
layer of oxide and fluoride with a thickness of 10 nm to 20 nm is formed on the sidewalls.
Due to the low temperature, the attack of fluorine radicals on this layer is inhibited,
leading to sufficient sidewall protection, which is enabling vertical etch profiles, as desirable
in the case of a waveguide. Usually, the etch rate of mask material is reduced drastically
leading to a higher etch selectivity between mask material (for example photoresist or
SiO9) and silicon [138]. Table is showing typical process parameters for a cryogenic
ICP-RIE silicon-etch used in this work. As long cooling time and process stability was
an issue in this process, later on, it was not further used and investigated.

Temp. SFg 02 Chamber ICP RIE DC Duration
Pressure Power Power Bias
-130 °C | 37 scem | 9 scem 6 mTorr 700 W 100 W 0V 30 s

Table 5.1: ICP-RIE process parameters for cryogenic anisotropic silicon dry-etch.

The second dry-etch process that has been investigated is a mixed gases process using
SFe and octafluorocyclobutane (C4Fg) close to room temperature. The SFg is used to
provide fluorine radicals for etching silicon. The sidewall and mask protection is provided
by fluorocarbon polymer originating from the interaction of C4Fg and the inductively
coupled plasma (ICP) [138]. Table shows the typical optimized process parameters
that were used for etching waveguides in this work.

Temp. SFg C4Fg Chamber ICP RIE DC Duration
Pressure Power Power Bias
15°C | 25 scem | 50 scem | 20 mTorr 1200 W 30 W 240 V 75 s

Table 5.2: Optimized ICP-RIE process parameters for mixed gases silicon dry-etch. This
table shows the optimized process parameters for the silicon-etch used in this work. During
this process step, edge couplers and their stabilizers, transition waveguides, coupling section
waveguides and heat spreaders of the IVT system are fabricated.
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As the mixed gases process has the advantage that it can be done at room temperature,
no time-consuming cooling-step of the process chamber needs to be done. Furthermore,
even small temperature deviation of a few kelvins can lead to a change in the sidewall
angle when doing a cryogenic etch. The mixed gases process showed to be much more
tolerant of temperature deviations. Therefore, the mixed gases process is primarily used
in this work.

Sidewall roughness and optical waveguide losses

As a figure of merit for the waveguide fabrication, the sidewall roughness and the
steepness of the sidewalls need to be investigated and optimized. Any significant roughness
can act as scattering points for the guided light and therefore can cause optical losses.
Steepness is related to the angle of the sidewall of the waveguide. The sidewall ideally
needs to be perpendicular to the surface of the chip.

It should be noted that during the etching process, two other defects could occur.
One is caused by a lateral attack of the mask (lateral mask erosion) during etching, which
can induce roughness that later on is taken up by the waveguides sidewalls. In Bosch
or cryogenic-like processes, the vertical etching relies on a sidewall protection mecha-
nism during etching. If this sidewall protection mechanism locally breaks down, so-called
notching can occur. Notching is a lateral undercut of the waveguide at the point between
underlying BOX and waveguide bottom. It can be caused by the partial charging of the
underlying BOX, which pushes ions into the corner of the etched waveguide and therefore
can remove the sidewall protection of the waveguide in the bottom region.

Figure (a) shows a part of the heat spreader together with a fabricated waveguide.
The sidewall angle is found to be perpendicular to the chip surface.
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Figure 5.4: SEM images of optimized transition waveguides after fabrication. (a) Top view
SEM image that shows a part of the heat spreader together with a fabricated waveguide. (b)
Slightly tilted top view zoom SEM image of the fabricated waveguide shown in (a). (c) Further
tilted SEM image of the same waveguide.
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The sidewall roughness was not further investigated once no defects or etching induced
roughness was noticeable. Figure [5.4] (b) shows a zoom image of the waveguide and (c)
shows an image of the same waveguide taken under an angle.

5.2.3 Silicon heat spreader

Supporting silicon frames (or heat spreaders) are introduced in the silicon device layer
(like any interconnect waveguide elsewhere on the chip) with the dual function of acting
as a heat spreader for fine-tuning of the silica membrane melting process as well as to
provide substantial mechanical stabilization of the free-standing membranes (compare also
Fig. 4.1). In the same manner, the input and output edge-coupling regions at the chip
edges are stabilized by silicon stabilizers (compare Fig. |4.2.2] (a)), which will be further
discussed in Section

Suppression of wobbling

The region in which the silica membrane merges with the non-undercut silicon sub-
strate is subjected to high local strain, which can lead to a deformation of the membrane
(wobbling) (see Figures 5.5(a) and (b)).

(a) Undercut SiO2 - Membrane
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Figure 5.5: Wobbling of the undercut silica membrane in the absence of a heat spreader.

(a) The Top view is taken with an optical microscope and (b) side view SEM image revealing
wobbling of the membrane (green shaded) with a wobbling-amplitude of several pm.

Even in top view, the wobbling is visible. Wobbling of the membrane, after undercut
due to built-in strain in the thermally grown BOX, has been observed in all fabrication
runs. Even though this wobbling typically was suppressed after reflow, it leads to concerns,
as residual wobbling might lead to a reduction of the resonator’s quality-factor.
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In addition to the wobbling, broken membranes have been observed in extreme cases.
As the severity of the wobbles increases with the depth of the undercut, this can restrict
the addressable design space. For these reasons, it was concluded that it would be highly
advantageous to have a mechanically stabilizing structure in the form of a frame etched
into the silicon device layer and straddling both the undercut and non-undercut regions
of the silica film.

An annularly shaped silicon heat spreader, etched into the silicon device layer at the
same time as the waveguide, surrounding the microtoroid and the silicon waveguide carries
out two functions, the desired stabilization effect and the heat spreading effect for fine-
tuning of the silica membrane melting process (see Figs. [5.6(a)). The heat spreader is
partially situated on top of the undercut region and partially on top of the non-undercut
region. This overlay is resulting in a more mechanically stable membrane. Figures [5.6]
(a) and (b) show a top view of the heat spreader and the undercut membrane with an
overlay of 3pm. It is apparent that the wobbling of the free-standing silica membrane is
suppressed, which greatly increased the reliability of the fabrication process.

As the heat spreader is written in the same step as the waveguide by EBL, the relative
position between the heat spreader and the silicon waveguide is only limited by the pre-
cision of the electron lithography machine (in the order of nanometers) (see Fig. [5.6(b)).
The opening hole in the silica layer is defined, later on, by optical contact lithography.
The relative position of the waveguide to the center of this hole has a precision in the
order of 1pm, limited by the precision of the mask aligner.
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Figure 5.6: Mechanical stabilization of the undercut membrane by means of a heat spreader.
(a) An intact membrane with much-reduced wobbling by means of a heat spreader. (b) Detailed
view showing the heat spreader reaching 3 pm into the undercut region of the silica film (blue:
non-undercut region with no heat spreader, yellow: non-undercut region with heat spreader,
green: undercut region with heat spreader (partial overlay), light mauve: undercut region with-
out heat spreader, deep mauve: etched away silica film).
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The introduced stabilizing heat spreader also reduces the thermal resistance to the
substrate once the microtoroid approaches its vicinity and stops the reflow process. Since
it is defined at the same time as the waveguide, it dramatically improves the overlay
accuracy between the waveguide and reflown microtoroid. Moreover, since the anisotropic
dry etch used for waveguide definition has nanometric roughness, the latter is also greatly
improved.

Thermal simulation of heat spreading performance

For validating the heat spreading functionality of the silicon frame (the heat spreader),
a 3D thermal simulation was done, corresponding to the modeling in cylindrical coordi-
nates of the device cross-section shown in the inset of Figure 5.7 with FEM using the
commercially available COMSOL package.
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Figure 5.7: Simulation of the effect of the heat spreader on heat sinking during microtoroid
reflow. The cross-section shown in the inset is simulated in cylindrical coordinates. In the
simulation setup, the microtoroid itself is designed as a heat source calibrated to result in the
typical temperatures for high-purity silica reflow (~1650 °C). The distance ds between the heat
spreader and the microtoroid is varied and the simulation repeated for different values of the
parameter “Offset” that would in practice result from fabrication tolerances (overlay between
lithography steps and depth of undercut). It is apparent that even though a large span of Offsets
is considered, the curves remain clustered, pointing to the distance to the heat spreader ds as
the primary determining factor.
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In the simulation setup, the microtoroid core is heated by a constant heat source, cal-
ibrated to lead to a maximum temperature of approximately 1650 °C at the microtoroid’s
surface when the heat spreader is not present, and the distance ds between the edge of
the microtoroid and the edge of the undercut is 8 pm. The simulation is done for differ-
ent microtoroid to heat spreader distances dz in order to monitor the effectiveness of the
silicon frame as a heat spreader (see Fig. 5.7) for a constant, typical heat spreader width
of 10 pm.

The heat spreader overlays with the undercut region by an amount labeled as “Offset”.
For example, when offset equals 0 um, the heat spreader is located entirely in the non-
undercut region, and when the offset equals 10 pm, the heat spreader is located entirely
in the undercut region.

As the offset is varied from 2pm to 8 um, the distance dsz resulting in a 1650 °C
microtoroid temperature sustaining melting of the silica varies by less than 1 pum (with an
average value around ~10.7 pm). It is apparent that even though a large span of Offsets
is considered, the curves remain clustered, pointing to the distance to the heat spreader
dz as the primary determining factor for the reflown microtoroid radius.
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5.2.4 Circle definition and silica-etching

Subsequent to the fabrication of the waveguide and the heat spreader, in the next step,
a circle definition is performed. A chip is coated with hexamethyldisilazane (HMDS),
which is an adhesion promoter for optical resist. The optical resist in use is AZ 5214E by
MicroChemicals in its positive form with a final thickness of about 1.5 pm.

For defining the circles, optical contact lithography is used. As the circles have at
least a radius of 125 pm, EBL would be too time-consuming for their definition. With
the help of markers, an optical mask is aligned to the previously created waveguides and
heat spreaders with a precision of approximately 11m and better. For optical contact
lithography, a SUSS MicroTec MA6BA6 mask aligner is used. Figure 5.8 (a) shows a
scheme of the device after circle definition and resist development in top view. Also, the
markers ((b) and (c)) for performing the mask alignment (after fabrication) are shown.
In this case, the alignment precision in z—and z—direction was about 500 nm.

Coarse marker after processing Fine marker after processing

Figure 5.8: Setup and markers for optical contact lithography for circle definition in silica.
(a) Top view schematic of a circle after optical lithography and resist development. The circle
(light blue) is defined using optical lithography and needs to be aligned. (b) Coarse alignment
marker after fabrication. The coarse-marker is aligned with crosses previously defined via EBL.
Three coarse-markers with an inter-chip-distance of about 10 mm are available. By aligning two
coarse-markers simultaneously, also a chip rotation can be balanced out. (c) Image of the fine-
marker after fabrication. For further increasing the precision of the alignment during optical
lithography, two fine-markers are available. The fine-markers consist of a center cross and two
Vernier structures. This way a final alignment precision of better than 1pm is possible.

After optical lithography, the opening holes are developed with AZ 726 MIF. For
etching the circles, the same Oxford PlasmaPro 100 is used as for etching the waveguides
(see Section [5.2.2)). The dry etching of silica in the RIE is done with fluoroform (CHF3)
gas. This gas provides the fluorine radicals and leads to a primarily isotropic chemical
etch, whereas the additionally added inert Argon gas causes inert ion bombardment (ion
milling) of the surface and therefore gives rise to an anisotropic etch profile [136].
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The ratio of CHF3 and Argon mainly determines the etch profile. The available ICP-
RIE system is a shared system for silicon and silica-etching. For maintaining the Si process
stability, a silica-etch is only allowed without using the ICP mode. Figure a) and b)
show the etching result. The sidewall angle is approximately 70°. As the sidewall part
will be reflown, the sidewall angle was not further optimized but might be the subject of
future investigations.

a)

Figure 5.9: Steepness and roughness of SiOs circle etching result. (a) SEM side view image
of etched SiO2. The sidewall angle is approximately 70°. (b) Tilted SEM side view image of
etched SiOy. The optical resist mask used during etching is still present.

By adding additional Argon gas into the RIE-chamber, the sidewall angle may be
improved to become more vertical since the ratio between CHF3 and Argon is mainly
determining the etch profile. An additional resist reflow before etching may lead to a
smoother resist and therefore a smoother sidewall profile. However, as this part will be
reflown, it is not considered the primary limiting factor, but can be the subject of future
investigations. Table gives an overview of the parameter set that is used for the
Si04-etching.

Temp. | CHF3 Argon Chamber ICP RIE DC Duration
Pressure Power Power Bias
15 °C | 50 sccm | 50 scem | 30 mTorr 0w 100 W 430 V 50 min

Table 5.3: Optimized RIE process parameters for anisotropic mixed gases silica dry-etch. This
table shows the optimized process parameters for the silica-etch used in this work. During this
process step, the circles in the BOX-layer of the chip are opened. Later on, these circles will
be undercut leading to free-standing membranes, which will be reflown, creating the inverted
microtoroid.

Since the subsequent undercut-etch is highly selective between Si and SiO, (Section
5.2.5)), it is essential that the circle is entirely etched through the BOX down to the
substrate. The optical resist is not removed after this step.
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Moreover, it serves as protection for the silicon structures (waveguide, heat spreader,
stabilization bridges, and couplers) during the subsequent undercut.

Later on, these circular opening holes in the BOX layer of the chip will be undercut,
leading to a formation of a free-standing membrane.

5.2.5 Undercut-etching in silicon

For performing an isotropic etch in silicon, two technologies are investigated. Xenon
difluoride (XeFs3) has primarily been used for creating the undercut of conventional mi-
crotoroids [1]. In some cases also etches based on Sulfur Hexafluoride (SFg) have been
done [106]. XeF, is a solid (crystalline powder under ambient conditions) which can be
sublimated with a vacuum pump. The chemical reaction of XeF5 and Si leads to silicon
fluoride SiF, [107,[108]. Since the existence of water in the etching chamber would lead
to the formation of hydrofluoric acid (HF) (which attacks SiOs), the chamber is purged
with nitrogen before the etch step [57]. An unoptimized XeFs-etch can lead to surface
roughness. By adjusting the ratio between XeFs and nitrogen, the etch roughness can
be minimized. Furthermore, using cycles of etching and purging of the chamber also
influences the etch roughness. Figure shows a comparison of an unoptimized and
optimized XeFy-etch (100 minutes etch time with 1:20 mass ratio of XeFy:Ns).

Figure 5.10: Comparison of an unoptimized XeFs-etch versus an optimized XeFg-etch. (a)
A tilted SEM image shows one of the first XeFs undercut tests performed in the scope of this
work. The inset shows a zoom of the same image. (b) Optical image of optimized XeFs-etched

inverted microtoroid with adjusted process parameters (100 minutes etch time with 1:20 ratio
of XeFQZNQ).
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However, even the optimized XeFs-etch shows considerable roughness, which will man-
ifest in the melted resonator and will cause defects like micro-bendings which can lead
to non-adiabatic mode transitions and therefore to a degradation of the intrinsic quality-
factor. Also, the XeF5 process is time-consuming, is not directly available in the clean-
room, and needs to be done by a collaborator.

As an alternative, a pure SFg dry-etch ICP-RIE process has been investigated for cre-
ating an isotropic undercut in the silicon substrate. SFg plasma lacks a native passivation
mechanism at room temperatures. Therefore, pure SFg can be the base for an almost
isotropic silicon-etch [139]. The SFg is used to provide fluorine radicals that have the ca-
pability of etching silicon in the form of Silicon tetrafluoride (SiFy) gas . By turning
off the plate HF-power of an RIE and leaving the ICP power turned on, a high-density
plasma can be generated with a low individual kinetic ion energy. The mechanism is con-
sidered to be radicals dominated instead of ion dominated . This way the etch-process
becomes isotropic.

Figure (a) shows an optical image of an undercut silica membrane together with
a zoomed image (Fig. [5.11] (b)). The roughness of the optimized SFg-etch is lower than
the roughness of the optimized XeFs-etch. The SFg-undercut-etch rate of approximately
6 pm/min is much higher compared to a XeFa-etch rate of 250 nm/min. The SFg turned
out to have several other advantages. Prolonged treatment with XeF; can make it very
hard to remove an optical resist layer later on. Shorter treatment with SFy turns out to
make the resist removal easier. However, the removal of the resist can be still challenging
after a considerable processing time inside an ICP-RIE system. Another advantage is
that the SFg etch can be done on the same machine as the other etch steps.

a) b)

Figure 5.11: SFg based dry-etch process for etching an undercut in silicon. (a) Optical top
view image of the inverted microtoroid. The undercut was etched using SFg. (b) Zoom image
of (a). The undercut is about 50 pm deep. The roughness of the etch-process is less compared
to an optimized XeFg-etch (see Fig. [5.10] (b)).

Table[5.4] gives an overview of the etch parameters used for the SFg undercut to achieve
an undercut of about 30 pm. There is no oxygen involved in the etching, as this can attack
the optical resist, which is used to protect the silicon structures.
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The manufacturer Oxford is specifying the selectivity between Si and SiO, of a com-
parable process using a PlasmaPro 100 Cobra ICP-RIE system to be bigger than 500 : 1.
The lower selectivity compared to XeFy (10000:1 [108]) turned out not to be a limiting

factor.

Temp. SF¢ 0, Chamber ICP RIE DC Duration
Pressure Power Power Bias
20 °C | 50 scem | O scem | 30 mTorr | 2000 W 0W - 290 s

Table 5.4: Optimized ICP-RIE process parameters for isotropic silicon-etch used for fabricating
a silicon undercut.

Figure [5.12] (a) and (b) shows a comparison of how the undercut-etch-roughness of
the two different etching processes manifests later on after reflow. The melting process
with an SFg based undercut leads to a smoother microtoroid (Fig. [5.12] (b)). The heat
spreader is even supporting this desired behavior.

~ Heat spreader

Figure 5.12: Comparison of the heat spreader and undercut-etch technology influence on the
reflow homogeneity of an inverted microtoroid. (a) The roughness of the XeFs-etching process
manifests later on after reflow. The roughness is averaged out to a certain extent during the
melting process of the microtoroid but still leads to undesired micro-bendings. (b) The melting
process with an SFg based undercut has a more homogeneous melting rim. The heat spreader
is even supporting this desired behavior.

5.2.6 Dicing and cleaning

A challenge for the proposed device is the dicing and cleaning procedure. As edge
couplers are used later on for coupling light in and out, an optical fiber needs to be
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brought close for this purpose. For doing so, the chip is diced along the input and output
edge-coupling-sections. Before dicing the chip, it is coated with a protective resist (AZ
520D by MicroChemicals) and baked out at approximately 110°C for 5 minutes. The
optical resist from the previous coating step is not removed, which makes the additional
resist coating challenging.

For the dicing procedure, an ADT 7100 series dicer with an MCT R46 54130 blade
is used. The cut has a width of about 30pm. A dicing-blade can be aligned in the
horizontal direction with a precision of about 5 pm to 10 pm. Importantly, the BOX layer
dry-etch and the silicon undercut are also applied to the dicing lanes, which are forming
the trenches, so that edge couplers used to couple in and out of the waveguides are also
undercut. Nonetheless, edge couplers were able to systematically withstand dicing and
cleaning without breakage, after design improvements were introduced to increase their
mechanical stability (compare Fig. [£.2.2)(a)). In the current chip-design (Fig. [5.13] (a)),
a trench is located in front of the edge coupler section (Figures[5.13| (b) and (c)).

a) Chip before dicing c) Chip edge after dicing and cleaning
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Figure 5.13: Dicing procedure to make inverted microtoroid’s edge-couplers available for cou-
pling light by an external fiber. (a) Optical top view image of the chip carrying multiple inverted
microtoroids and test structures before protective resist coating and dicing. Two cuts (cut 1 and
cut 2) are performed after the chip is coated with a protective resist. For each step, the blade
is positioned in an edge-coupler trench. (b) Schematic side view of the edge-coupler trench.
Usually, the blade is intentionally slightly misaligned to be closer to the edge coupler region. (c)
Optical top view image of the edge-coupling region of a diced chip. After cutting and cleaning
the chip, the edge-couplers are accessible to be coupled with external fibers.
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The trench is fabricated during the silica-etching process (Section 5.2.4) and is there-
fore undercut during the final silicon-etch step (Section [5.2.5). The trench rim has a
distance of about 2 pm to the tips of the edge couplers and has a width of 100 pm. During
the dicing step, it is sufficient to hit this trench with the dicing blade (Fig. |5.13| (b)) and
additional accuracy is not required. It is essential that the protective resist had enough
time to flow into this trench before dicing. Otherwise, the undercut edge-couplers may
break off during dicing. Using these trenches effectively relaxes the necessity of horizontal
dicing precision. Also, no polishing of the of the edge couplers’ facets is necessary as
they are defined in the previous etch-steps. Further, the blade is not dicing through the
edge-couplers.

Figure [5.13] (a) shows a top view image of the chip after undercutting but before
protective resist coating and dicing (the optical resist from previous etch-steps is visible).
After performing a protective resist coating, two dicing steps are performed (cut 1 and
cut 2). For each step, the blade is positioned in the edge-coupler trench. Usually, the
blade is intentionally slightly misaligned to be closer to the edge coupler region (Fig. |5.13
(b)). After cutting and cleaning the chip, the edge-couplers are accessible to be coupled
with external fibers.

The final cleaning procedure itself can be quite challenging. First, after several bakings
and dry-etching steps resist removal is challenging. The free-standing membranes can be
quite sensitive to any mechanical shock such as using an ultrasonic bath. In the end, the
following cleaning procedure was assessed to be adequate for avoiding residual resist on
the chip and avoiding cracked membranes:

1. As a pre-cleaning step, the chip is put into TechniStrip P1316 by MicroChemicals
for about 5 minutes to remove the majority of the resist. The chip is moved slightly
(paddling) for supporting the resist removal. TechniStrip is a TMAH based stripper
for optical resist.

2. In the next cleaning step, another beaker of TechniStrip is heated up to about 90 °C,
and the chip is left in it for 50 minutes.

3. Subsequently, a short high-purity water dip is done to remove residual TechniStrip
from the chip. Subsequent the chip is put into Isopropanol for about 5 minutes.
Acetone is not in use, as it turned out that prior treatment with acetone leads to
non-removable resist crumbs.

4. In the last step, an oxygen plasma (300 W for one hour) is used to remove last resist
residuals.
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5.2.7 Summary of fabrication flow (part one)

In Figure 5.14, the fabrication flow of the previous sections is summarized.

| Top view and cross-section view

| Description
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An 8-inch SOI wafer is diced
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Figure 5.14: Summarized fabrication flow for creating an inverted microtoroid. The final laser

reflow step is not shown.
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5.3 Part Two - CO,-Reflow of the device

For performing a laser reflow, as already described in Section [3.2.2] a Laser-Reflow-
setup has been built and characterized. The optical absorption of fused silica is about
100 times stronger than that of silicon at a wavelength of 10.6 pm ,. A circular
free-standing membrane of silica can be melted in the lateral direction into a microtoroidal
shape until its supporting silicon substrate’s heat sinking effect gets high enough to cool
down the membrane below its melting temperature of 1650 °C . Since laser-induced
heating is confined to the immediate vicinity of the microtoroid, it is in principle compat-
ible with PICs that are more complex. This comprises electro-optic or heterogeneously
integrated active devices as well.

5.3.1 Setup

Figure 5.15 shows an overview of the nitrogen-purged reflow setup that is used for
creating inverted microtoroids (see also Fig. A.1).

Alternative
beam path

> Chip carrier/
L d /’!_,

Figure 5.15: Overview image of the nitrogen-purged reflow setup used to reflow inverted
microtoroids. The laser beam is routed with the help of a flip mirror to hit a thermal power
sensor directly or to enter the setup. When entering the setup, the beam is focused by the use
of a ZnSe Bi-Convex lens with a focal length of 100 mm. Before the focused beam hits a chip
to be processed located on a chip carrier, a ZnSe-beam combiner is used to overlay a camera
system, which makes it possible to get a live view camera image of the melting process.
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The free space setup uses an air-cooled Coherent DIAMOND C-20A CO, laser with
a maximal optical output power of around 20 W with a mode quality of M? < 1.2 and an
aperture beam size of 1.8 mm. Therefore, the laser beam can be considered to lase in the
Gaussian ground mode. The laser beam can be routed with the help of a flip-mirror to hit
a thermal power sensor (Thorlabs S314C) directly (alternative beam path) or to enter the
actual setup. When entering the actual setup, the beam is focused by means of a ZnSe
Bi-Convex lens with a focal length of 100 mm (Thorlabs LB7638-F). Before the focused
beam hits a chip, located on a chip carrier, a ZnSe-beam combiner (Acal BFi BCZ-1.03-3)
is used to overlay a camera system, which makes it possible to have a live view camera
image of the melting process.

Figure [5.16] shows the front part of the reflow setup.
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Figure 5.16: Front part picture of the nitrogen-purged reflow setup used to reflow inverted
microtoroids. The chip carrier itself can be moved computer-controlled in z, y, z -directions. The
z, y -directions are used for selecting the desired area to be illuminated by the COs-laser beam,
whereas the z-direction of the carrier is used for hitting the working distance of the camera
system to generate a sharp live view image.
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The laser beam’s absolute focus position depends on the position of the ZnSe lens. By
a computer controlled movement of the lens (in z—direction), it is possible to either put a
chip into the beam waist or to use another desired beam radius for processing. This way
different spot sizes and different beam power densities can be used for processing.

The motion of the chip carrier itself can be computer-controlled in z, ¥y, z-directions.
The z, y-directions are used for selecting the desired area to be irradiated by the beam,
whereas the z-direction of the carrier is used for hitting the working distance of the camera
system to generate a sharp live view image.

The setup also records the transmitted power of the laser through a sample, as the chip
carrier has a rectangular hole in the center and the laser light is routed subsequently to
the thermal power sensor. Indeed, this is helpful to guarantee that the chip is positioned
in the right way, covering the center of the rectangular hole, as only then the light is
transmitted instead of being reflected at the underlying metal-sample-holder.
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5.3.2 Beam characterization

By using the knife-edge method (see for example, [141]), it is possible to characterize
the caustic of a beam (the beam radius as a function of z). The knife-edge method is used
to measure the beam radii w, in z— and y— directions separately (Fig. [5.16]). For the
final fit of the caustic function, both series of measurements were taken into account, as
it turned out, that the differences for the caustics in z— and y— directions are negligible
(as expected from the mode quality of M? < 1.2). For fitting the caustic, the following
model for the beam radius w, as a function of z is used:

wy, (2) = w0J1+(Z_fT>2. (5.1)

<R

Where wy is the beam waist radius (defined by a power drop to 1/e? of the peak
power), zg is the Rayleigh length and f; is the focal position in z—direction in table coor-
dinates. Figure [5.17] shows the result of this fit. The beam waist radius is wo = 137 pm,
the Rayleigh length is zg = 3.13mm, and the focus position in table coordinates is at
fi = 18.1 mm.
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Figure 5.17: Measured and fitted caustic parameters of COo reflow laser. The knife-edge
method has been used to measure the beam radii w, in z— and y— direction separately. The
fitted beam wait radius is wg = 137 pm, the fitted Rayleigh length is zg = 3.13mm, and the
fitted focus position in table coordinates is at fy = 18.1 mm.



107

5.3.3 Reflow process

The reflow process is done by first positioning a sample on the chip carrier. Initially,
the laser beam is routed directly onto a power sensor. By moving the chip in z— and
y—directions, a targeted device can be selected. A LabVIEW graphical user interface
(GUI) is used for controlling the whole melting process. The laser spot position on the
chip is fixed in z— and y—directions, during processing, and a crosshair is indicating its
position. By flipping a mirror, the laser beam is routed to the chip, which triggers the
melting process.

Melting a microtoroid in two different ways is feasible. Either doing a single-shot
melting in which the laser spot is positioned in the microtoroids center throughout the
whole melting process. Another way is to use a spiral movement. The chip is moved so
that the laser beam is approaching the rim of the microtoroid in a circular movement with
increasing radius. In most of the cases in this work, the single-shot approach has been
used. The benefit of the second method is that large microtoroid radii can be handled,
but the control of the spiral-movement can be challenging.

Finding a suitable parameter set for laser power and laser spot size is done experimen-
tally. As an example, the result for two different parameter sets used on the same chip is
shown in Figure [5.18] The left microtoroid shows fractures due to a too high initial laser
power of 13 W. The right microtoroid shows an almost ideal result regarding circularity
and rim offset. The left microtoroid is melted partially too far, even though the spot size
is slightly smaller compared to the right microtoroid. Both microtoroids were irradiated
for the same time span.

Figure 5.18: Comparison of reflown microtoroids for two different sets of melting parameters.
The left microtoroid shows fractures due to a too high initial laser power of 13 W. The right
microtoroid shows and almost ideal result regarding circularity and rim offset.
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From chip to chip, slight variations regarding ideal melting-parameters have been
observed. For initial melting tests, several test rings are fabricated, which can be used
for adjusting the laser power and examine the integrity of the reflow setup regarding
its target-accuracy. At first a laser power level of 10 W to 11 W with a spot size with
a radius of wo = 420 pm, for a major microtoroid’s radius of rpajo = 125pm, and an
initial undercut of 30 um, is used and further optimized. For increasing undercut sizes or
increasing microtoroid radii, this set of parameters has to be adapted.

A significant challenge is the alignment of the microtoroid and the coupling waveguide.
The optical resolution of the camera system is not high enough to visualize the gap
between microtoroid and a waveguide during the melting process. However, the melting
process usually takes about a few seconds, therefore a precise manual control would be
challenging anyway.

A possible approach to overcome this issue is a local remelting step of the microtoroid
in the coupling section. By locally performing a second melting step with reduced power,
it is possible to melt the microtoroid further into the direction of the waveguide. This
way a small correction in the order of 1 um is possible. The same way it is also possible to
correct the shape of the microtoroid, in case of the melting process not flawlessly worked
out locally.

Figure [5.19] shows an example of a remelted coupling section. By locally remelting,
the gap was decreased from 7 pm down to 5 pm.

a) After first global melting b) After second local remelting
I7p.m I Sum

Figure 5.19: Example of second local remelt of an inverted microtoroid in the waveguide
coupling section for adjusting the coupling strength. By locally performing a second melting
step with reduced power, it is possible to melt the microtoroid further into the direction of the
waveguide. This way a small correction in the order of 1pm is possible. (a) Inverted micro-
toroid’s coupling section after the first reflow. The center-to-center gap between microtoroid
and waveguide is about 7pm. (b) The same inverted microtoroid after a second local reflow.
The gap is reduced to 5 pm.
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5.4 Discussion

There are some points that need to be improved in future fabrication runs. First,
the silica-circle-etch (Section 5.2.4) can be improved regarding steepness and smoothness.
The steepness might be improved by doing further experiments on the right ratio between
CHF3 and Argon. Alternatively, another fabrication process might be explored. As the
silica~etch is quite time-consuming (about 50 minutes), using an etch involving an ICP
may be a beneficial alternative. The smoothness may be improved by using an additional
resist reflow step.

It is not ideal to perform the dicing and cleaning step after the undercut is etched
(Section [5.2.6). First, there is the danger that the free-standing membranes are breaking
off during the dicing or the previous protective resist coating step. Even though the
stability of the membranes is higher than one might first expect, residual resist or any
other source of dirt could severely decrease the quality-factor of a microtoroid. In the
current fabrication flow, this process order is necessary for two reasons.

First, during the silicon-undercut, the waveguides (out of silicon) need to be protected.
Otherwise, they would be etched away. There are two possible solutions for protecting
the waveguides from being etched away. Either, depositing an additional layer of oxide
before doing the circle-etch (keeping the restrictions regarding maximum BOX thickness
(Fig. 4.8)), or performing an oxidation step of the waveguides. The oxidation step, for
example, can be done in a dry oxidation oven. As a test of this approach, a bare SOI chip
was oxidized for 17min at 1050 °C, which resulted in an oxide layer of about 40 nm. In
fact, early fabrication attempts intended an oxidation step.

Second, it is critical to dice up the chips before the silica-etch is done. The edge-
couplers need to be located as close as possible on the chip edges. Otherwise, no efficient
light coupling is possible. In EBL, it is not possible to write a structure close to the
chip edge. Therefore, a dicing step is unavoidable. Cutting through the waveguide edge-
couplers is critical, as they can easily break off if no top cladding is present. Indeed, this
was observed in earlier fabrication runs. Furthermore, this would involve a facet-polishing
step, as a dicing edge can be rough. Even if this can be achieved, the facets need to
be protected during a subsequent silicon-undercut-etch as the blank silicon-facets of the
edge coupler would act as entrance opening. In fact, in early-stage experiments, even a
capillarity effect was observed, meaning the waveguide edge couplers are entirely etched
away, leaving a hollow core of silica, which is indeed an interesting way of fabricating
such structures but is not helpful at all in this work. As an alternative, there is also the
possibility of using multiple optical lithography steps. An alternative to the edge couplers
would be grating couplers. Grating couplers would be more suitable for TE polarization
instead of TM polarization. However, designing an efficient grating coupler could be
challenging as the desired high-quality-factor of the microtoroid is causing limitations
on the BOX and device layer thicknesses of the used SOI. In fact in this work, grating
couplers were fabricated with about 8dB insertion loss each, for TE polarization.
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Chapter 6

Characterization - The
monolithically coupled inverted silica
microtoroid
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For coupling light into the proposed monolithically coupled inverted silica microtoroids
(IVT) (Section [A.1)), it is necessary to couple light from an external laser source. For
this purpose, an edge-coupling setup was designed and built (Section . The edge-
coupling setup was used to measure the spectral response of chips carrying the IVT
devices. Each chip consists of multiple devices and additional test structures. One test
structure, a silicon ring resonator, which is coupled to a waveguide, is used for measuring
the waveguide losses. Other test structures serve as melting test targets to adjust the
reflow process before melting a waveguide-coupled IVT.

An entirely fabricated and melted microtoroid needs to be characterized regarding
various aspects. The central figure of merit is the quality-factor of the proposed IVT-
system. Cleanliness plays a crucial role in the proposed devices as any contaminations
can degrade the quality-factor of the device (compare Section . Therefore, parasitic
residuals like optical resist, inhomogeneous melting areas or other defects like a micro-
toroid, which was melted too far to the rim of the undercut (Section , need particular
attention. Also, the roughness of the microtoroid itself is of importance, as any roughness
leads to a degradation of the intrinsic quality-factor of a device (Section as well. The
roughness is evaluated by using an atomic force microscope (AFM) (Section 6.2.3).

Finally, the optical properties of the proposed device need to be measured and char-

acterized (Section [6.3).

6.1 Edge-coupling setup and fiber alignment

The edge coupling setup is the essential tool for measuring the optical properties of
the proposed IVT. By sweeping the wavelength of the external laser light, the spectral
response of the inverted microtoroid can be measured. By extracting a spectrum as a
function of wavelength, parameters like the full width at half maximum (FWHM), the
free spectral range (FSR) and the extinction of occurring resonances can be measured
and evaluated. Furthermore, by changing the temperature and keeping the wavelength,
the thermal effects can be measured as well.

6.1.1 Setup

Figure 6.1 shows an overview image of the edge coupling setup. A chip (red) is mounted
on a vy, z -stage equipped with a chip holder. The chip-holder uses a Peltier-element for
setting a desired chip temperature via a temperature controller (TEC). Furthermore, the
chip-holder uses vacuum to ensure that the chip is not moving during the measurement.
Two lensed fibers (from OZOptics with a spot diameter of 2.5 pm and a working distance
of 14 pm) are used as input and output to connect the chip (green) optically. Each lensed
fiber is positioned on an z, y, z -stage. One stage serves as the input coupling stage, and
the other stage serves as the output coupling stage. The lensed fibers are coupled to the
chip by moving the stages to a suitable position.
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Furthermore, each stage can be slightly rotated in the transverse and in the axial
direction to compensate for undesired angular misalignment. Generally, in this work, the
input fiber is aligned to TM polarization. A top mounted computer-controlled IR-Camera
(Xenics X-XEVA-Large HS) helps to find the z — y — z position at which the laser light is
efficiently coupled into the input-coupler, as the waveguide starts to light up on a camera
image. Precisely, the light that is collected by the IR-camera is the portion of light that
is lost and not guided by the waveguide structures.

Figure 6.1: Overview picture of the edge coupling setup with a mounted chip. The edge
coupling setup uses two z, y, z -stages. Furthermore, each stage can be slightly rotated in the
transverse and in the axial direction to compensate for undesired angular misalignment. On
each stage, a TM aligned lensed fiber (from OZOptics with a spot diameter of 2.5 um and a
working distance of 14 um) is mounted. One stage serves as the input coupling stage, and one
stage serves as the output coupling stage. A top mounted computer attached IR-Camera (Xenics
X-XEVA-Large HS) helps to find the z — y — z position at which light is efficiently coupled into
the input coupler, as the waveguide starts to light up on the camera image. Precisely, the light
that is collected by the IR-camera is the portion of light that is lost and not guided by the
waveguide structures.



114

Various tunable laser systems are available as a source for the edge-coupling setup.
Primarily, an Agilent 81600B laser source with a typical linewidth of 100kHz and an
Agilent 81634B power sensor is used for the measurements. Both modules are plugged
into an Agilent 8164B chassis that is controlling the sweeping of the wavelength and the
communication of the modules. This laser source has a tunable wavelength range from
1490 nm to 1620 nm with a resolution of 0.1 pm and a maximal output power of 6 dBm.
The scan speed of a wavelength sweep depends on the resolution, but a wavelength sweep
covering the full range at highest resolution takes approximately one hour.

In practice, for doing a test measurement to examine the quality of a spectrum, re-
garding artifacts and low signal levels, a lower resolution is sufficient. Such an overview
sweep at a resolution of 10 pm can be accomplished in less than one minute.

The lensed fibers are connected to an external laser source by polarization maintain-
ing optical fibers. An additional polarization validation is performed by using an external
detector equipped with a rotatable polarizer for aligning the output of the lensed fiber
to TM-polarization in table coordinates (and therefore, in chip coordinates). Typically,
the measurements are performed using TM-polarization, as this polarization, theoreti-
cally, leads to a higher intrinsic quality-factor for the proposed IVT-system (see Section
.The edge couplers of the chip can couple TE and TM polarized laser light with similar
efficiency.
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6.1.2 Optimization of the edge-coupler’s input and the output
signal

Inversely tapered edge-couplers are used for coupling light into the chip and out of
the chip (see Section . Their coupling efficiency leads to an offset for the overall
detectable power signal at the output. When recording a spectrum as a function of input
wavelength, a pronounced signal level helps to distinguish between a real effect (like a
resonance) and noise.

Due to the developed fabrication process, each edge-coupler is situated on top of an
undercut SiO,-membrane. For stabilizing this membrane, silicon-stabilizers are fabricated
(Section . Due to the asymmetric refractive index distribution in the y-direction and
an offset distance s (between the rim of the undercut and the tip of the edge-coupler),
the light is first partially coupled into the membrane and is loosely guided before being
coupled into the edge-coupler. Therefore, the undercut itself helps to improve the coupling
efficiency of the coupler, as no light can be lost due to substrate leakage in the first place.
Figure shows an image of a typical edge coupling section with membrane-stabilizers
out of silicon.

50 pm Input coupler
H a3 B

Stabilizer

!
SN
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Figure 6.2: Optical top view image of a typical edge coupling section with inversely tapered
edge couplers and silicon-stabilizers sitting on an undercut silica membrane after fabrication.
The offset distance s (between the rim of the undercut and the tip of the edge-coupler) is usually
in the order of 2 — 3 pm.

For coupling light into an edge-coupler, the input and output coupling stages are
manually coarse-aligned in a way, that the tips of the mounted fibers are facing the
input- and output-couplers. A top mounted computer attached IR-Camera (Xenics X-
XEVA-Large HS) helps to find the z — y — z position at which light is coupled into the
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input-coupler as the waveguide starts to light up on the camera image. Figure [6.3| shows
an IR-image of the coupled waveguide with its input and output section together with a
coupled microtoroid. The waveguide is lighting up, which is of considerable help during
the initial fiber alignment. Also, the output is lighting up which is an indication that the
waveguide’s or the microtoroid’s coupling section are not broken or partially damaged.
As the waveguide is tapered down in the coupling section (to form a weakly tapered gap
coupler) to the microtoroid, the light is less guided. Therefore, the coupling section is also
lighting up. Likewise, the IR-Camera can be used as debugging tool for finding broken
waveguides, as a broken section is usually accompanied by a bright spot on the IR-Camera
image since the light is lost due to scattering.

[~] [

Coupled Toroid

Figure 6.3: IR-image of the coupled waveguide with its input and output sections together
with a coupled microtoroid. TMy polarized light from an external lensed fiber is coupled to an
input edge-coupler. The light is routed to an inverted microtoroid before coupled out again by
an output edge-coupler. The IR-mode of the camera makes it possible to see the scattered light
on the IR-Camera image.

After light propagates in the waveguide and an initial power signal at the output-fiber
is found, the stages can be fine-aligned. Each stage has a piezo motor built in with a
traveling range of about 30 pm. The fine-alignment is done for each stage separately by
sweeping the position of the fiber with the piezo motor, controlled by a computer. This
sweep is done in the form of a spiral-like movement in the z— and y— directions. By
tracking the signal, it is possible to find the “sweet spot” with the highest power signal.
By doing this multiple times between input and output stages, the best coupling point is
usually found after a few cycles. This whole procedure takes about 1 minute.



117

Figure 6.4 shows a schematic of the spiral algorithm.

Edge coupler

X-Y Spiral Stop

Power detector measurement @

Lensed fiber Sweet spot (highest signal) @

Figure 6.4: Schematic of an automatized spiral algorithm for optimizing the signal strength of
a coupled IVT. Two lensed fibers (only one is shown in the schematic) are brought close to an
input and an output edge-coupler. After an initial coarse-alignment, which is done manually,
the lensed fibers are performing spirals in the z— and y—direction, one after each other. For
each position, the measured signal strength is recorded, and finally, the lensed fibers are moved
to their “sweet spots” of highest signal strength. By repeating this process in quick succession
for each fiber respectively, the signal strength can be optimized.

Alternatively, a simplex search method can be used. This method is provided as
fminsearch by Matlab. Since this method searches for the minimal value the measured
signal is digitally inverted (the highest signal value becomes the most negative value).
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6.1.3 Waveguide losses and insertion loss caused by the edge-
coupler

The chip waveguides are optimized to propagate the coupled light with a low optical
loss (Section . For extracting the upper limit for the expected optical losses, a
waveguide is critically coupled to an on-chip silicon ring resonator (length L = 511 1um)
(see Fig. . The silicon ring resonator has the same width as the attached waveguide
of w=>570nm. In the current setup, based on optical simulations, a waveguide with a
width of w =570nm acts as a single-mode waveguide, which is only able to guide the
TEy and TM, polarized modes efficiently.

Figure 6.5: IR-Camera image of an edge coupled silicon ring resonator. The inset shows an
SEM image of a silicon ring resonator. For extracting the upper limit for the optical waveguide
losses, a waveguide is critically coupled to an on-chip silicon ring resonator (length L = 511 pm).
The silicon ring resonator has the same waveguide width as the width of the coupling waveguide
(w =570nm). By measuring the loaded quality-factor Q| , and calculating the intrinsic quality-
factor Qu, the loss in dB/cm of the resonator can be calculated to be approximately 38 dB/cm
for A = 1575 nm for TMg input polarization.

By measuring the loaded quality-factor Q_ and extracting the intrinsic quality-factor
Qu (Fig. 2.16 b)), the optical loss in dB/cm of the resonator can be calculated.
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This optical loss value is assumed to be the upper limit for the expected waveguide
losses and is found to be approximately 38 dB/cm for A = 1575 nm for TM, input polar-
ization. Figure 6.5 shows an overview IR-Camera image of the waveguide with its input
and output coupling sections together with an SEM image of the silicon ring resonator.

Alternatively, cutback structures can be used to extract the optical loss of waveguides.
In this method, multiple waveguides of different lengths are fabricated. Each waveguide
shows a particular optical loss as a function of its geometric length. Therefore, the optical
loss of a waveguide can be extracted by considering all measurements. This method as-
sumes that the coupling efficiency of all waveguides is approximately equal. Furthermore,
a considerable space is taken up on the chip.

The extracted and calculated optical loss of 38 dB/cm is high compared to the simu-
lated loss (compare Fig. 4.5). However, this loss value is considered the upper limit for
the expected waveguide losses. In fact, the measured total loss (including the input and
output coupling losses arising from the edge coupling) of a waveguide (which is attached
to a silicon ring resonator) with a length of approximately 6 mm is in the order of 15dB
or below (compare Fig. 2.12 b))

The high optical losses of the silicon ring resonator are most likely a result of the
EBL-writing process as SEM images revealed mechanical defects, like gaps within the
waveguides, that can act as severe sources of optical loss.
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6.2 Structural characterization of the proposed de-
vice

The structural properties of the proposed device are profoundly affecting the possibility
of achieving its desired functionality. In particular, the circular shape of the microtoroid
is analyzed regarding its homogeneity. Furthermore, the surface roughness is analyzed
with the help of an atomic force microscope (AFM) (as a part of a scanning near-field
optical microscope (SNOM)).

During the development of the fabrication flow, different problems arose that impaired
the structural quality of the proposed IVT system. In an early stage of this project, the
SOI quality of the wafer was not sufficient regarding layer thickness homogeneity and layer-
to-layer adhesion. An inhomogeneous device layer thickness makes it almost impossible
to simulate the properties of the proposed IVT.

Especially, the missing adhesion between BOX- and device-layer was leading to de-
laminated waveguides in the coupling section between waveguide and microtoroid, caused
by induced mechanical stress during fabrication. The SOI was later on exchanged by a
higher quality industrial grade material, which solved these issues. As an example, Figure
shows an SEM image of delaminated coupling section waveguides.

Figure 6.6: Delaminated waveguide due to mechanical stress because of insufficient adhesion
between BOX and device-layer in the coupling-section to the inverted microtoroid. (a) SEM-
Image of a delaminated coupling-section waveguide taken under an angle. (b) SEM-Image of
an EBL waveguide writing test after processing and etching. All waveguides are tapered down.
The delamination effect gets more pronounced the thinner a waveguide gets.

Another crucial parameter is the quality of the silica undercut before reflow. A rough
undercut is leading to micro-bendings. These micro-bendings are affecting the quality
of the melted microtoroid (Section [5.2.5). The newly introduced heat spreader (Section
solved various problems. First, the fabrication tolerance for the gap between waveg-
uide and microtoroid was reduced. Furthermore, the microtoroid’s shape became much
more circular and homogeneous leading to lower bending losses and fewer micro-bendings.
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The additional stabilization of the underlying membrane also makes the undercut
more resistant to mechanical damage and suppresses a wobbling of the membrane, due to
built-in strain (Section 5.2.3).

The fully processed chip needs a final dicing step (Section [5.2.6]). Therefore, the input
and output coupling sections can break off quickly if they are not sufficiently protected.
The stabilizers are providing this stability.

6.2.1 Heat spreader and stabilizers for the prevention of broken
silica membranes

Besides their original planned heat spreading capability during reflow, the heat spread-
ers are also providing a substantial stabilization effect for an underlying membrane. In
parallel, the input and output coupling regions are stabilized in the same way by stabi-
lizing silicon bridges. Figure (a) shows an extreme case in which a membrane of an
unprotected IVT shows multiple cracks. Usually, an initial crack occurs at the intersection
(rim) between the membrane and underlying silicon substrate. Cracks seem to occur more
likely for deeper undercuts and most probably originate from a lever in case the membrane
is pressed down due to external handling forces. Furthermore, lacking mechanical rigidity
(wobbling) of the membrane, due to built-in strain, amplifies this effect. Figure (b)
shows an IVT with a heat spreader. The wobbling and the cracking of the free-standing
silica membrane are suppressed.

a)

Rim is broken Heat spreader

50 um
] —
Figure 6.7: Stabilization effect of a silicon heat spreader on an inverted microtoroid. (a) An
extreme case of a cracked membrane of an inverted microtoroid before reflow without a full
stabilizing heat spreader. (b) Intact inverted microtoroid that is protected by a heat spreader.
Furthermore, a wobbling or cracking of the membrane, due to built-in strain is suppressed.

A broken microtoroid membrane is a severe problem as a subsequent successful reflow
process is not possible anymore. In fact, a broken microtoroid membrane is not a usual
fabrication result, but for some chips (without heat spreaders), nearly every device showed
at least some cracks.
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As the undercut, in general, was increased during the process development, this phe-
nomenon became more and more of a substantial problem and led, among other reasons,
to the use of heat spreaders.

A similar problem occurred for the input and output edge-coupler sections. As the
inversely tapered edge couplers are also situated on top of an undercut membrane, a
levering effect can break them off. Especially, during the dicing step, this could happen.
Figure 6.8 (a) shows an input coupling section after dicing without stabilizers. The
membrane is partially broken, which makes a coupling of light into the on-chip waveguide
impossible. Figure 6.8 (b) shows a coupling section after dicing with stabilizing bridges.
Even though cracks sometimes can occur, most often the coupling sections stay at least
partially intact as further cracking is blocked between neighboring stabilizing bridges.

a) & Rim is broken

b)

Figure 6.8: Stabilization effect of silicon-stabilizers on the input coupling section of edge-
couplers. (a) Cracked membranes are causing the inversely tapered edge-coupler to lose their
functionality. (b) Intact input coupling sections, which are protected from cracking by silicon-
stabilizers.

6.2.2 The shape of the inverted microtoroid after CO,-Reflow

The circular shape of the microtoroid is of importance. In case of micro-bendings
(see Section the intrinsic quality-factor may be reduced notably, as micro-bendings
can act as scattering points, areas of non-adiabatic mode transition and areas of high
bending losses. After the implementation of the heat spreader, an homogeneous melting
of the microtoroids is more consistently achieved and the control over the microtoroid-to-
waveguide distance improved. One remaining difficulty remains however with handling the
two corner regions where the waveguide is routed away from the microtoroid (Fig. [6.9)(a)).
Since the heat spreader has to be interrupted in that region, it can locally make things
even worse by introducing a sharp discontinuity in the thermal environment resulting in
a deformation of the sectional microtoroid shape (notch with a locally decreased bending
radius at its tip). In the worst case, the reflow can even break the waveguide (inset of
Figa)). In order to alleviate this, the heat spreaders were extended along both sides
of the departing waveguide, locally increasing its effectiveness, in an effort to partially
compensate for the reduced heat sinking in the middle of the gap.
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This approach relies on sufficient averaging in the thermal environment to smooth out
these micron-scale variations. It did, however, prove necessary to carefully dial-in the
reflow parameters (COs-laser beam diameter and optical output power) to obtain notch

free results (Fig. (b)).

a) g b) :
50 um 50 um
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Figure 6.9: Examples of the influence of different COs-laser beam sizes during the reflow
process of inverted microtoroids with silicon heat spreaders. One remaining difficulty remains
in handling the two corner regions where the waveguide is routed away from the microtoroid
(a) Broken silicon waveguide entry section at the heat spreader as a result of unoptimized COz-
laser beam size.(b) Optimized reflow process parameters with increased beam spot size of the
COs-laser beam and optical laser output-power.

On average the microtoroids with heat spreaders have a smoother and more homoge-
neous melting result, and the targeted gap between microtoroid and waveguide can be
met more precisely (see also Section 5.2.3). Figures (a) through (c) show the melting
result for three selected microtoroid designs.

a) b) c) 50 um
w@ 5.%.@"

Figure 6.10: Comparison of reflow results of three inverted microtoroid designs. (a) An
inverted microtoroid with additional spreader extensions to avoid an inhomogeneous melting
result in the waveguide entry section of the heat spreader. (b) An inverted microtoroid with a
smooth melting result in the waveguide entry section by adjusting the COsz-laser beam spot size
and power. (c) An homogeneous melted inverted microtoroid without heat spreader, which is
showing a slightly varying distance to the rim of the undercut.
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Figures (a) and (b) show two designs with heat spreaders and a weakly tapered
silicon waveguide-to-microtoroid coupling junction. In Figurem (a), additional spreader
extensions are used to avoid an inhomogeneous melting result in the waveguide entry
sections of the heat spreader. Unfortunately, this attempt showed to have only a minor
or even worsening impact. Figure m (b) shows a design, including a heat spreader,
which is providing the best achieved melting result so far and Figure m (c) shows a
design attempt without heat spreaders and a straight waveguide-to-microtoroid coupling
junction.

Reducing the micro-bending in the heat spreader’s entry section for the silicon waveg-
uide (see inset of Fig. [6.10] (b)) is of vital importance. The bending radius of such a
micro-bending is usually on the order of about 50 pm and way below. A microtoroid with
a major radius of ryajor = 50 pm would have a bending limited quality-factor of about 8
to 9 million. Therefore, it is assumed that micro-bendings can have a degrading influence
on the expected intrinsic quality-factor of inverted microtoroids. For full integration with
other components on the same chip, the reproducibility of the melting result is essential.
Using a heat spreader leads to melting results with lower variability and therefore to
better integration capabilities.
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6.2.3 Surface roughness of the inverted microtoroid after CO»-
Reflow

Another critical parameter of the microtoroid is its surface roughness after COs-reflow
(see Section 5.3). Any major or minor surface roughness of the microtoroid can lead to
a degradation of the intrinsic quality-factor (Section. In principle, the reflow process
generates an atomically smooth surface. However, it is reported that evaporation of silica
can lead to redeposition that leads to surface defects. These surface defects alter the
quality of the resonator, as they serve as additional sources for light scattering [114} pp.
62].

For analyzing the surface roughness of a melted microtoroid, a scattering near-field
optical microscope (SNOM) in AFM-mode is used to extract its topology after reflow.
Figure 6.11 (a) shows an initial test-version of a double microtoroidal structure that was
already melted with the current reflow setup. The topological measurement shows a low
roughness root mean square (RMS) of Rrms = 0.45nm in the region that is affected by
the reflow process (Fig. 6.11 (c)). The area that is unaffected by the melting process is
showing a higher roughness in the order of nanometers.
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Figure 6.11: Surface roughness of an inverted microtoroid measured with a SNOM in AFM
mode. (a) Optical top view image of the inverted microtoroid and the measurement needle.
The scan direction of the needle is indicated. (b) Raw data measurement of y position of the
tip as a function of scan distance in micrometers. A background (perfectly smooth) is fitted
to the raw data spectrum. (c) Extracted surface roughness defined as the residuum of raw
data measurement and background. The topological measurement shows a roughness-RMS of
Rrys = 0.45nm in the region that is affected by the reflow process between x; > Opm and
x9 = 10 pm.
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6.3 Experimental characterization of the Waveguide
Coupled Microtoroids

The primary goal of this research is to couple light from a monolithic on-chip silicon
waveguide to an inverted silica microtoroid. Ideally, the average lifetime of light coupled
to the microtoroid is exceptionally high, originating from a high intrinsic quality-factor
Qu-

Coupling light from a monolithic on-chip silicon-waveguide to an inverted silica mi-
crotoroid is more challenging than one might expect. Various challenges had to be faced
regarding the development of a working and reproducible fabrication flow (Section 5.2.7).

6.3.1 Spectral resolution of the measurement setup and impli-
cations for the microtoroid’s quality-factor

The edge coupling setup that is used for measuring the spectral response of the inverted
microtoroids is connected to a tunable laser source with a maximum resolution of 0.1 pm
between two adjacent measurement points at a maximum output power of 6 dBm. The
linewidth of the laser is specified as 100kHz. On site, it and was measured to be about
90 kHz. Especially, when doing a fast sweep measurement, this linewidth is an adequate
value.

Assuming, for example, a loaded quality-factor Qy, in the order of 50 Million with
a resonance at A = 1550 nm implies a FWHM of about 0.03pm (see Eq. . The
measured linewidth of the microtoroid is a convolution of the actual linewidth and the
linewidth of the laser. Therefore, the linewidth of the used laser is limiting the measurable
loaded quality-factor to less than 1-10° [142]. More severe is the step size of the laser
measurement, itself, which is about three times more than a FWHM of 0.03pm. For
overcoming this issue, the laser can be externally frequency-modulated and scanned over
a preselected frequency range [1].

For measuring the quality-factor, either the FWHM of a resonance can be measured,
or a cavity ring-down measurement can be done. A ring-down measurement is more
precise for determining the intrinsic quality-factor Qu (by measuring the loaded quality-
factor Q) as it is unaffected by thermal distortion of the microtoroid’s linewidth and
the laser’s linewidth [142]. A ring-down measurement is done by scanning a laser into an
ideally critically coupled resonance of a microtoroid. At some point in the elapsed time, a
stabilized power transfer is attained. By turning the laser off (for example by the use of a
high-speed external modulator), the microtoroid starts discharging [1]. This discharge can
be measured as power over discharging time. As the microtoroid is necessarily coupled to
a waveguide during this measurement, the ring-down measurement can extract the loaded
quality-factor Qy, of a microtoroid [1,142].
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To calculate the intrinsic quality-factor Qu loading effects of the coupler and the
excitation of the counter-propagating mode due to scattering centers in the resonator
should be accounted for ,.

Nonetheless, the present tunable laser source (Section is capable of acquiring a
full spectrum at highest resolution in considerable short time. As the inverted microtoroid
design has a fixed gap to its coupling waveguide, it is essential to have a procedure in
place to distinguish between microtoroids that show resonances of considerable extinction
and microtoroids that have are defective.

For evaluating that even for high loaded quality-factors this decision can be made
based on the current setup, different computer-generated resonance spectra (assuming
almost critical coupling) of varying loaded quality-factors (Qr, = 5 - 10°, 10 - 10°, 25 - 10°
and 50 - 10%) are sampled with a resolution of 0.1 pm (Fig. [6.12)).

: | " | ||| | " || l O "||| | " ||| | I
z 0 o -10 —
=) =)
= -20 | [
Qo 9207 1
@30 8
= € .30
2 40| 2
s 8
T 50t 1 A
-60 : ‘ ‘ : -50 : ‘ ‘ :
1500 1520 1540 1560 1580 1600 1500 1520 1540 1560 1580 1600
Wavelength /\0 [nm] Wavelength /\0 [nm]
0 u||||||u |||I|||l 0
-5
m'-10 1 o
5, S.-10¢
S -207 5
= = _15+
0 0
L -20
5 a0 ;
40t 1 [
- — 30t —
-50 : : : : -35 : ‘ ‘ :
1500 1520 1540 1560 1580 1600 1500 1520 1540 1560 1580 1600
Wavelength /\0 [nm] Wavelength /\0 [nm]

Figure 6.12: Computer-generated resonance spectra (assuming quasi-critical coupling) of vary-
ing loaded quality-factors (Qr, = 5-10%, 10-10°,25- 105 and 50 - 10°) sampled with a resolution
of 0.1 pm. Even though the FWHM for a loaded quality-factor Qr, of 50 Million is only about
0.03 pm, the resonances are still recognizable. For the determination of the quality-factor, an
external frequency modulation of the laser can be used (for scanning over the desired resonance),
or a cavity ring-down measurement can be done.
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Even though the FWHM for a loaded quality-factor Qp, of 50 Million is only about
0.03 pm, the resonances are still recognizable when sampling at 0.1 pm (Fig. [6.12)). Of
course, in case a loaded quality-factor is that high, this can only be seen as an indication
that a resonance exists. For evaluating the quality-factor, laser modulation or a ring down
measurement needs to be done.

6.3.2 Coupling light to a microtoroid with a straight coupler

The initial design of the proposed device was based on a straight coupler design with-
out a heat spreader. Figure [6.13] shows such a device, which is optically characterized
in the following. This microtoroid has a major radius rmajor = 147 pm, a minor radius
I'minor = 2.2 pm (calculated based on Eq. 4.4), and a waveguide-to-microtoroid gap of
approximately 2.4 um (+ 300 nm) which was measured with the help of an optical micro-
scope. The width of the tapered waveguide in the coupling section is 120 nm.

IZ.4 pm

Figure 6.13: Optical image of a monolithically straight overcoupled inverted silica micro-
toroid with a major radius of 147 pm. The microtoroid shows some micro-bendings and inho-
mogeneities. The coupling section has approximately a gap of 2.4 pm (£ 300 nm) (inset). This
gap is comparatively small and is explaining the low resonance extinction (=~ 1dB), assuming
an overcoupling of the microtoroid.

Figure 6.14(a) shows the raw data transmission spectrum of this straight TM-coupled
microtoroid without a heat spreader at a temperature setpoint of 25°C. The spectrum
after background removal and the fitted resonances are shown in Fig. 6.14(b). As the gap
is comparatively small, the low resonance extinction (= 1dB), assuming an overcoupling
of the microtoroid, can be explained.
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Figure 6.14: Transmission spectrum of an inverted silica microtoroid without heat spreader
coupled to a straight Si waveguide at a temperature setpoint of 25 °C. (a) Raw data transmission
spectrum (blue) as a function of wavelength A. The black arrows are indicating the positions of
the high-Q resonances. (b) Background corrected spectrum (blue) and fitted resonances (green).
The inset shows a detailed view of a representative resonance.

The free spectral range of the resonances can be directly extracted from the spectrum
(FSR ~ 1.84nm) (Fig. 6.14). The confidence (95%) interval and the coefficient of deter-
mination R? are tracked to evaluate the fit quality. For all fits shown in this work, the
confidence on the extracted values for the internal resonator loss a, the coupling loss |¢|
and the group index ng are high, in case the extinction of a resonance is sufficient (about
1dB). Therefore, they are not shown as separate confidence interval plots anymore (com-
pare Fig. 2.15 (b)). For example, the confidence interval (95%) for a at A ~ 1596.64 nm
is between ags% Lower = 0.9585 and agsy upper = 0.9596 for a fitted value of a = 0.9590 for
the fitted data shown in the inset of Figure 6.14 (b).

While Qu and Q¢ can both be extracted from a fit (by fitting the resonator loss a and
the coupling loss |t|) they are interchangeable and cannot generally be distinguished from
each other unless it is known whether the resonator is under- or overcoupled.
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6.3.3 Temperature dependent straight-coupled microtoroid pa-
rameters

In order to verify that the recorded resonances (Fig. 6.14) are indeed from the micro-
toroid, further measurements were performed at different temperatures, and the shifts of
resonances as a function of temperature were recorded.

Figure 6.15 (a) shows three recorded spectra (of the same microtoroid) after back-
ground removal at different temperatures (25°C, 45°C, and 55°C) in the wavelength
range between 1560 nm — 1600 nm. Figure 6.15 (b) shows different families of resonances.
Each family corresponds to the same resonance only shifted by applying a different tem-
perature.
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Figure 6.15: (a) Background corrected transmission spectra of a single monolithically straight
coupled inverted silica microtoroid as a function of wavelength \ at different temperatures (25 °C,
45°C, and 55°C). Each resonance is experiencing a spectral shift to higher wavelengths with
increasing temperature in the order of dA\/dT = 0.012nm/K. (b) Each family corresponds to
the same resonance only shifted by applying a different temperature level.

The group indices n, were extracted from the FSR. Figure 6.16(a) shows the FSR and
(b) the extracted group index n, at three different temperatures (25°C, 45 °C, and 55 °C)
and Figure 6.16(c) shows the dependency of n, on the temperature, in the wavelength
range between 1565 nm to 1600 nm. Both, the group index and the thermo-optic coefficient
confirm that the resonances correspond to light circulating in silica.
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Figure 6.16: Measured FSR and group index of a monolithically straight-coupled inverted silica
microtoroid for different temperatures as a function of wavelength A (1560 nm — 1600 nm). (a)
The FSR as a function of wavelength and temperature. In the region between 1575 — 1585 nm,
the graphs show some slight deviations. These artifacts origin from the fitting algorithm as the
extinction of the resonances in this spectral region is comparably small. (b) Group index n, as
a function of wavelength and temperature. The free spectral range and the group index meet
the theoretical expectation (see Eq. . (c) The shift of group indices n, as a function of
wavelength and temperature.

The thermo-optic coefficient is reported to be about dnpy siticon/dT = 1.87TE~*1/K for
silicon and about dnpysiica/dT =8.57E7¢ 1/K for silica (at T = 295°C and A = 1550 nm)
[143]. While the extracted thermo-optic coefficient of dn/dT = 2.20E-°1/K is about a
factor 2 above the textbook value for silica [143], confinement effects and mechanical
deformation might play a role. Moreover, it is a full order of magnitude too low to
correspond to high confinement silicon interconnect waveguides, as present elsewhere on
the chip.

Further, the intrinsic quality-factor Qu and the coupling quality-factor Q¢ can be
extracted by analyzing the measured transmission spectrum by extracting the FWHM
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of each resonance and fitting the internal resonator loss a, the coupling loss |t| and the
group index n, (see Section . The loaded quality-factor Q is directly connected to
the FWHM (Eq. of a resonance and therefore is directly accessible. Qu corresponds
to the Q-factor as limited only by internal losses and excess coupler losses (the internal
Q-factor in the absence of excess coupler losses), while Q¢ corresponds to the Q-factor as
limited only by the coupling losses at the junction. Figures 6.17(a) and (b) are showing
the quality-factors as a function of wavelength A and temperature.
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Figure 6.17: Measured quality-factors of a monolithically straight coupled inverted silica mi-
crotoroid for different temperatures (25 °C,45°C and 55°C) as a function of wavelength \. (a)
The fitted coupling quality-factor Q¢ as a function of wavelength and temperature. (b) The
fitted intrinsic quality-factor Qu as a function of wavelength and temperature. The intrinsic
quality-factor Qu is found to be in the order of up to 2 million. As the coupling section of
the microtoroid consists of two different materials (the waveguide is out of silicon and the mi-
crotoroid is out of silica), it is expected that the coupling quality-factor Q¢ shows an explicit
wavelength dependency whereas the intrinsic quality-factor Qu has only a negligible dependency
on the wavelength.

While Qu and Q¢ can both be extracted from a fit of the spectra, they are inter-
changeable in the fits and cannot generally be distinguished from each other unless it is
known whether the resonator is under- or overcoupled. It can be seen in Fig. 6.17 that the
Q-factor identified as Qu has a low sensitivity on the wavelength, as is expected from the
intrinsic Q-factor, while the Q-factor identified as Qc, is highly dependent on wavelength,
as is also expected from the coupling strength.
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Interestingly, the coupling strength goes down (as Q¢ goes up) as the wavelength
increases. While this may appear contra-intuitive at first, as longer evanescent fields at
longer wavelengths are usually expected to lead to higher coupling strengths in phase
matched directional couplers, here the coupling strength is expected to be limited by
phase mismatch, with phase matching improving at shorter wavelengths (since the device
was designed to feature phase matching at 1550 nm). The extracted coupling Q-factor Q¢
is fifteen to thirty times lower than the intrinsic quality-factor Qu. Thus, the microtoroid
is highly overcoupled. The intrinsic quality-factor Qu is found to be on the order of up
to 2 million.

6.3.4 Coupling light to a microtoroid with a weakly tapered gap
coupler

During this process, the silica membrane melts until the microtoroid moves sufficiently
close to the rim of the undercut region, at which point improved heat sinking slows
down and eventually almost stops the reflow process. This also means that any non-
uniformity in the thermal environment is transferred to the shape of the microtoroid.
One such disturbance that is systematically present by design in case of a straight silicon
waveguide junction is the silicon waveguide itself, which locally increases heat sinking
(Fig. [6.18((a)). Adiabatically tapering the distance between the microtoroid and a curved
waveguide already improves this (Fig. [6.18(b)). A weakly tapered gap coupler, on the
other hand, fits well with the natural shape of the microtoroid and results in a weakly
tapered (adiabatic) deformation.

(a) | 50 um I(b) | 50 um :

Figure 6.18: Reflow results for waveguide coupled inverted silica microtoroids with (a) a
straight coupler and (b) a weakly tapered gap coupler. In case of a straight coupler (a), the
coupling section itself acts as a disturbance to the melting process and locally deforms the
microtoroid. A weakly tapered gap coupler (b), on the other hand, fits well with the natural
shape of the microtoroid and results in a weakly tapered (adiabatic) deformation.

Moreover, this adiabatic tapering also reduces the excitation of higher order modes
inside the microtoroid and thus the excess losses of the junction (Section [2.3.5)), which
can have a substantial effect on the quality-factor of ultra-high-Q resonators [27]. The
mode mismatch (difference in the propagation constant ) between the two arms of the
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coupler is reduced in the case of a weakly tapered gap coupler, which leads to a more
efficient coupling into the fundamental modes instead of exciting higher order modes.

In the following, another microtoroid is characterized (Fig. . In contrast to the
previously characterized microtoroid (Fig. , this microtoroid has a weakly tapered
gap junction design, and a heat spreader is added. The microtoroid has a major ra-
dius I'jajor = 140 pm, a minor radius I'yinor = 2.3 pm (calculated based on Eq. 4.4), and a
waveguide-to-microtoroid gap (center to center) between 3.0 and 3.4 pm. This value was
measured with the help of an optical microscope. The width of the tapered waveguide
in the coupling section was targeted to be 140 nm, and the distance from the waveguide
to the edge of the heat spreader is 4.8 pm. For providing the weak tapering of the cou-
pling junction, the bend radius of the coupling section is 1.2 times the targeted major
microtoroid’s radius. The heat spreader has a width of 10 pum and has an overlap with
the undercut region of 2 pm.

After an initial reflow step, the microtoroid has an intrinsic quality-factor Qu on
the order of 400,000 (Fig[6.20(a)). This value for the intrinsic quality-factor is smaller
compared to the microtoroid with a straight-coupler and without a heat spreader (compare
Fig. 6.17 (b)). However, optical simulations are indicating (Fig. 4.11 (b)) that the heat
spreader is too far away from the microtoroid’s resonator to affect the quality-factor due
to evanescent coupling losses directly. Indirectly, process related interactions might be
responsible for this degradation. Proximity effects during the Si device layer patterning
may result in increased surface roughness that likely is transferred to the silica film at the
bottom. Furthermore, etching reactants might (re)deposit during processing itself or in
the final cleaning step. Additionally, the defects in the microtoroid formation associated
with the opening of the heat spreader (see Figs. [6.10| (a) and (b)) remained sufficiently
large to spoil the quality-factor. It is also possible that the simulations which are shown
in Fig. 4.13 are not entirely accurate, as very small losses are difficult to model.

After initial characterization of the device, a second reflow step is applied. The reason
for this is to distinguish the intrinsic and coupling quality-factors from each other. A
part of the microtoroid about 200 pm away from the coupling section is locally reflown a
second time without affecting the coupling section. The CO, laser’s beam size and the
optical power are decreased for that purpose.

Figure [6.19|shows this microtoroid with a heat spreader, which is coupled via a weakly
tapered gap junction. The image shows the microtoroid after the second local reflow that
was causing the microtoroid to approach the heat spreader (the remaining distance is
about 2m to 3pm). The coupling gap of about 3.0 pm to 3.4 pm was not affected during
the second local reflow.
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Figure 6.19: Optical image of a monolithically inverted silica microtoroid with a weakly tapered
gap junction and a heat spreader. The image shows the microtoroid after a second local reflow
that was causing the microtoroid to approach the heat spreader (the remaining distance is about
2pm to 3pum). The coupling gap of about 3 pm was not affected during the second reflow (inset).

Figures [6.20] (a) and (b) show the transmission spectra after the first reflow step and
the second local reflow step. The sharp resonances are occurring together with broader
resonances whose origin is not completely clear yet. The broad resonances’ free spectral
range is slightly smaller than the sharp resonance spacing, which might be evidence for a
higher-order mode of the microtoroid with a slightly higher group index.

Figure [6.20] (¢) shows a comparison of the transmission spectra before and after the
second reflow step exemplary for an individual resonance. The spectral resonance position
is shifted by 0.12nm as a consequence of the deformation. Further, the extinction of the
resonance is also significantly increased, indicating a coupling regime closer to critical
coupling.
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Figure 6.20: Transmission spectrum of an inverted silica microtoroid with weakly tapered gap
coupler and heat spreader after a first (a) and a second (b) local reflow. (c) Direct comparison
of a selected resonance before and after the second local reflow. The background corrected
data after the first reflow is fitted with a resonance at A,es = 1615.71 nm with an extinction of
1.62dB (solid red). The background corrected data after the second local reflow is fitted with a
resonance at Ares = 1615.59 nm with an extinction of 5.35dB (solid blue).

Figures 6.21(a) and 6.21(b) show Q¢ and Qu as extracted from the transmission
spectra before and after the second reflow. It is assumed that the coupling quality-factor
Q¢ is not impacted by the second local reflow step, as it was not applied in the vicinity
of the coupling junction. Apparently, the second reflow step reduced the intrinsic quality-
factor to 100,000 — 200,000. This reduction is expected as this highly localized reflow step
locally deformed the microtoroid.
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Given the microtoroid-to-waveguide gap is on the order of 3.0 pm to 3.4 pm, the ex-
pected coupling quality-factor Q¢ would be in the range of 100,000 to 460,000 (A =

1600 nm) (see Fig. 4.13). Therefore, the Q¢ of 40,000 that is extracted from the experi-
mental data is significantly lower than the expected coupling quality-factor.
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Figure 6.21: Semi-logarithmic plot of the intrinsic and coupling quality-factors Qu and Q¢ of
the inverted silica microtoroid with a weakly tapered gap coupler and a heat spreader after a
first and a second local reflow as a function of wavelength A. The coupling quality-factor Q¢ (a)
and the intrinsic quality-factor Qu (b) extracted after the second reflow. (c) Comparison of the
extracted quality-factors after the first reflow and after the second local reflow step in a limited
wavelength range. The quality-factors could not be extracted over the entire wavelength range
after the first reflow step as the extinction of the individual resonances are not high enough in

that region for a reliable fitting.
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In fact, the obtained intrinsic quality-factor Qu, especially after the second reflow is
way below state of the art integrated SizN, resonators [26,28,73]. However, this test
structure serves primarily as confirmation that a distinction between the roles of the
intrinsic and the coupling quality-factor Qu and Q¢ can be made. Furthermore, it proves
that in the current state of the development the inverted microtoroids are generally found
to be in the overcoupled regime.

6.4 Discussion

The initial simulation results of the inverted microtoroid (see Section 4.2.4) are indi-
cating a higher intrinsic quality-factor for TM polarization compared to TE polarization
for the proposed inverted microtoroid. The whole process flow and design flow, therefore,
is adapted to work in TM polarization. In principle, the latest simulation showed that a
high intrinsic quality-factor is also achievable with TE polarization (Fig. 4.8) which would
enable the use of efficient grating couplers instead of edge couplers. As efficient grating
couplers are most often based on a shallow-etch fabrication process, this would lead to a
revised fabrication flow. The benefit would be that no final dicing step is necessary. A
drawback would be the reduced spectral bandwidth of the edge-coupler compared to a
grating coupler. However, the present bandwidth of the proposed device is comparatively
small compared to conventional microtoroids. The reason for this reduced bandwidth
is the asymmetric coupling between a silicon waveguide and a silica microtoroid. Both
materials have a different dispersion relation, and therefore mode matching and effective
coupling length are a function of wavelength. In the case of TE polarization, the width of
the weakly tapered gap coupler needs to be increased from about 140 nm to about 240 nm
to achieve mode matching as the TE; mode has a lower confinement in the waveguide
compared to the TMy mode. The increase in width can potentially also solve another
issue. For very thin waveguides, the losses in the coupling section seem to be higher than
expected after reflow. A wider waveguide is thermally and mechanically more resistant
during the melting-process and can even further act as a heat sink, protecting itself from
being melted away.

The edge coupling setup itself can be further optimized. First, using a controlled
cleanroom environment would help to stabilize the temperature and the relative humidity
during measurements. Additionally, a nitrogen-purged box around the edge coupling
setup can help to reduce the problem of the altering of the intrinsic quality-factor due to
water deposition (see Section [3.3)). This cover box can also help to reduce the problem of
vibrations at the fiber tips, which can be caused by air movements.

The obtained quality-factors of the two inverted microtoroid systems (Section [6.3.2]
and Section are not as high as theoretically expected. In fact, the obtained intrinsic
quality-factor Qu of the second device, which is a weakly tapered gap coupled microtoroid
(Fig. , especially after a second reflow, is way below state of the art integrated SigNy
resonators [26,28,|73].
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However, this second test structure serves primarily as confirmation that a distinction
between the roles of the intrinsic and the coupling quality-factor Qu and Q¢ can be
made. Furthermore, it proves that in the current state of the development the inverted
microtoroids are generally in the overcoupled regime. Regarding the coupling quality-
factor, it appears as if a simulation or process bias has caused a significant higher coupling
strength than initially targeted.

Several explanations can be carried out to evaluate why the obtained quality-factors
are significantly lower compared to conventional microtoroids, which are not waveguide-
coupled nor inverted [1].

The mode inside an inverted microtoroid is pushed into the direction of the non- or
only partially reflown area of the silica film (compare Fig. 4.7), which might be rougher
and therefore leads to residual scattering loss. Furthermore, the rather complicated fab-
rication process of the device, caused by the necessity of defining transition waveguides
and couplers, might result in (re)deposition of unwanted residuals, like particles or resist,
which are not sufficiently removed during processing and therefore leading to unwanted
sources of optical loss. For encountering this contamination issue, the cleaning time in
TechniStrip (see Section [5.2.6)) was partially increased to above 2 hours. This extended
cleaning step seemed to be beneficial regarding the reduction of occurring contaminations.

Also, excess coupling losses (see Section , which cannot be independently ex-
tracted from the experimental data, might play a role. For example, assuming an inverted
microtoroid with a ryajor = 140 nm, excess junction losses of 0.1 % (meaning the junction
excess loss is 30 dB below what is transmitted through the junction) would be sufficient
to limit the quality-factor to about one million (see also Fig. 2.19).

The primary difference between the two presented devices is the geometry of the
coupling junction and the heat spreader. Excess losses can explain the limitation of the
straight-coupled microtoroid’s quality-factor and might be even higher for the weakly
tapered gap coupled microtoroid. However, the second local reflow of the gap-coupled
microtoroid caused a significant reduction of the intrinsic quality-factor even though the
coupling junction was not affected. Therefore, the excess coupling losses might play a
significant role for the overall-limitation of the quality-factor after the first reflow, but
cannot be made responsible for the further reduction of the intrinsic quality-factor after
the second reflow. This reduction of the quality-factor after first and second reflow seems
to imply that the quality-factor has an additional processing dependent factor. Before
performing a second local reflow, the chip is exposed to ambient environment. Indeed,
this is also an issue before performing the first reflow step.

However, after a first reflow, the chip is analyzed under a microscope and optically
characterized with an edge-coupling setup. During this characterization, the chip likely
collects particles or water deposits on its surface. When doing a second reflow, these con-
taminations can be integrated into the resonator, severely degrading the intrinsic quality-
factor. Furthermore, water deposition cannot be avoided which has been shown to trigger
a severe degradation of the intrinsic quality-factor [1,[118].
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Geometrical defects occurring during the microtoroid formation associated with the
openings of the heat spreader (see Figs. [6.10| (a) and (b)), and defects like micro-
bendings might spoil the quality-factor. Reducing the micro-bending (notches) in the
heat spreader’s entry section for the waveguide (see inset of Fig. b)) is targeted. The
bending radius of such a micro-bending is about 50 pm and way below. A microtoroid
with a major radius of ryajor = 50 pm would have a bending limited quality-factor of about
8 Million.

It is not clear in which way the resonator reacts when locally melted again. The
already melted and solidified part of the microtoroid is locally melted again and formed
to a new part of the resonator, whereas the rest of the resonator stays unaffected. This is
comparable to the situation in which a microtoroid is formed by moving a COs-laser beam
around the circumference of the initial silica-membrane. During this circular movement,
the microtoroid is only partially fabricated, whereas the rest of the membrane stays mostly
unaffected. The major difference is the remelting of an already fabricated part of the
resonator in this work. In [144] it is reported that using a moving COs-laser beam for
the fabrication still can lead to extremely high intrinsic quality-factors for conventional
microtoroids. Therefore, it is expected that the remelting or a partial fabrication is not a
limiting factor, as long as the chip’s surface is contamination free.

Since the inverted microtoroid is highly overcoupled (up to 30 times), it is possible to
see a substantial improvement of the excess coupling losses if the microtoroid-to-waveguide
gap is increased to yield the required coupling strength and might also substantially
increase the quality-factor of the device. While we have so far only shown the integration
of the microtoroid resonator with a silicon interconnect waveguide, the device, and process
flow was conceived to be in principle compatible with monolithic integration with electro-
optic devices.
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Chapter 7

Conclusion and prospects



142

The following chapter summarizes the achievements of this work. Furthermore, a
prospect is outlined as help for future work.

7.1 Retrospective

In conclusion, a new type of reflown microtoroidal silica resonator with an inverted
topology that is monolithically coupled to a silicon waveguide, as part of a monolithic
silicon PIC, was demonstrated. Intrinsic quality-factors of up to 2 million have been
achieved and may be improved by further process development.

The most challenging part of this work was establishing a working and reproducible
fabrication flow for the proposed silicon photonics IVT system. For developing this fab-
rication scheme, several fabrication techniques were engineered, and various fabrication
attempts were tested with the support of multiple international collaborators. Finally,
all fabrication steps were successfully moved to an in-house facility, making it possible
to create new samples comparatively fast and straightforward. In particular, the time
(excluding EBL writing) spent for fabricating up to 4 chips in parallel (each carrying 26
microtoroids) takes approximately two working days and might be further reduced in the
future.

The systems built and used for the fabrication and characterization can be used in a
variety of other projects. Notably, the COy laser-reflow setup turned out to be useful is
other scientific fields including micro-machining of nanocrystalline diamond films [145] as
well as the edge-coupling setup and the designed isotropic silicon undercut process |146].

The initial goal of creating a monolithically integrated microtoroid based on silica
with a CO, laser-reflow process was fulfilled. The target intrinsic quality-factor of 100
million was not achieved so far. The highest observed quality-factor, so far, is in the
order of 2 million. In principle, there is confidence that the targeted intrinsic quality-
factor is feasible as simulation results are indicating, but further development and process
stabilization are necessary. Substantially, the measurement environment can be further
improved by using a vacuum measurement setup and a controlled cleanroom working
atmosphere for the optical characterization. Also, the coupling between the waveguide
and the microtoroid needs to be further optimized, as the microtoroid in its current state
is highly overcoupled.

Future work will also involve combining this device with electro-optic components.
For enabling this monolithic integration, a process-flow for a local deprocess of the Back-
End-Of-Line (BEOL) prior to microtoroid fabrication, needs to be developed.

7.1.1 Design of the IVT system

Originally, the IVT was designed as TM and TE polarization compatible integrated
photonic device for the field of optical telecommunication. Existing integration schemes of
microtoroid-like structures with on-chip waveguides have relied either on silica waveguides
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or on suspended silicon waveguides, fabricated in stacked silicon-on-insulator device-layers
with a rather complicated fabrication process, which makes integration with standard sil-
icon photonics devices, like electro-optic modulators, wavelength multiplexers, grating
couplers or germanium photodetectors challenging. In the presented approach, for pro-
viding the full integration capability, a silicon waveguide is monolithically coupled to a
melted inverted microtoroid. As the base material, a standard silicon-on-insulator wafer
is used, making integration with other photonic devices more feasible.

The primary issue in the design of an IVT is its bending loss limited intrinsic quality-
factor. In contrast to conventional microtoroids, the proposed design attempt is suffering
more from bending losses, caused by its inverted design (Section . However, it is pos-
sible to define requirements for the base-wafer specification and the inverted microtoroid
itself with the help of optical simulations. For example, the BOX thickness has to be
smaller than 1.3 um for an inverted microtoroid with a major radius of 150 pm in case of
TM polarization. Following this requirement, an intrinsic quality-factor of 100 Million,
not limited by the bending losses, is theoretically achievable.

In contrast to a conventional microtoroid, in an IVT system, waveguide interconnect-
sections and coupling-sections have to be designed. The design trade-off consists of re-
ducing optical waveguide losses by still not degrading the potential intrinsic quality-factor
of an IVT. For example, a standard SOI wafer with a BOX thickness of 2pm and a sil-
icon device layer-thickness of 220 nm cannot be used as a base for an IVT system. The
BOX thickness is violating the previously defined condition of a maximum BOX thick-
ness. Furthermore, by using SOI with a thinner BOX layer the substrate leakage losses
of a waveguide (fabricated in the device layer) become high. Therefore, a device layer
thickness of about 300 nm is necessary to allow for an efficient guiding of TEy and TM,
waveguide modes.

The coupling of light to an on-chip device was more challenging than initially expected.
For an efficient coupling of light from an external laser source to an on-chip device, either
an edge-coupler design or a grating-based attempt is feasible. Based on simulation results,
at the beginning of this project, it was decided to base the IVT on TM polarization as
the TMy mode of an IVT shows the highest bending limited intrinsic quality-factors.

Therefore, edge-couplers are chosen as coupling devices as they provide similar effi-
ciency for TE and TM polarization. The edge-coupler design for an IVT is challeng-
ing. First, in the current design, there is no top cladding (for example, SiO3) for the
edge-couplers. In case of a top cladding, the mode would show a symmetric refractive
index distribution, as the underlying material (the BOX) is out of silica. The missing
top cladding is causing substrate leakage losses, as the used BOX is comparatively thin.
Furthermore, the final undercut-etch of the BOX layer requires sufficient protection of
the edge-coupler, which was done by using photoresist. A fundamental problem was the
control of the distance of the edge-coupler to the chip-edge. Any dicing (through the edge-
couplers) before undercutting the BOX caused the edge-coupler to be etched away as its
facet was not protected anymore during the undercut. Furthermore, an edge-polishing of
the edge-coupler’s facets would cause severe damage to the undercut membranes.
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For overcoming this issue, it was decided to make use of the undercut itself. By
designing trenches close to the edge-coupler tips in the BOX layer, the edge-couplers
were undercut themselves. First, this solved another fundamental issue, as the inversely
tapered edge-coupler has no silicon substrate underneath, the substrate leakage losses
are not playing a role anymore. In particular, the light is even loosely coupled into the
underlying BOX before being coupled into the edge-coupler. Furthermore, the dicing
blade, in this case, has only to be positioned in the trench. Therefore, cutting through
the edge-couplers is not necessary, which leaves their facets unaffected. The distance from
the tips of the edge-couplers to the rim of the undercut coupling section membrane is only
defined by the initial trench position relative to the edge-coupler tip. Therefore, this final
distance is about 2 yum, which is better than the precision of conventional dicing systems.
Finally, the edge of the trench does not need to be polished since it is defined during the
silica dry-etch in an earlier fabrication step.

In a conventional microtoroid, the coupling distance between an existing fiber and a
microtoroidal structure itself can be more or less freely defined with the help of mechanical
stages. Therefore, the coupling strength in a conventional microtoroid can be adjusted
by moving in and out the coupling-fiber.

In the current design, this gap is fixed by design. In case of an inverted microtoroid,
therefore, the wavelength tunability is used primarily to adjust the coupling strength
between bus-waveguide and microtoroid.

Furthermore, the coupling-section waveguide and the inverted microtoroid are defined
by two different lithographic processes. The coupling section waveguide is defined by EBL
and the hole, as the basis for the microtoroid, is defined later on by optical lithography.
Since an alignment deviation of about 1 pm during optical lithography is present usually,
the relative position of the coupling section waveguide and the hole is also showing this
deviation. The deviation is critical, as the underlying silicon substrate will act as a
heatsink during the subsequent reflow process. For example, assuming a deviation of
1pm will lead to an offset for this heat sink, leading to an undetermined heat sinking
during reflow. Moreover, the subsequent melting process, which forms the microtoroid, is
a function of laser power, especially the stability of the power level, and the laser focus
size, leading to another source of deviation for the gap. The deviation is a fundamental
issue of the proposed device, as a reproducible gap, in this design, from one device to the
other (on different chips) is hard to achieve.

The melting process can be controlled to some extent, but an over-melting of the
microtoroid can happen which, in the worst case, can burn and, therefore, destroy the
coupling junction. Writing the holes with EBL is not an option as this is too time-
consuming due to their geometric size. For overcoming this issue, heat spreaders were
designed. The prerequisite for using a heat spreader as effective device is that it is
positioned with high precision relative to the coupling-section waveguide. This way, it
can manipulate the melting process in a predetermined way relative to the waveguide.
Logically, the heat-spreader needs to be located in the device layer of the chip patterned
together with the waveguide.
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Therefore, the relative position of the heat-spreader and the coupling section waveguide
can be well controlled, only limited by the precision of the EBL-system itself. These silicon
heat-spreaders are used to manipulate the melting process of the undercut membrane.
Once the microtoroid is approaching the waveguide and the heat-spreader, the heat-
spreader acts as a heat sink, which can stop the reflow process. Therefore, the effect
of the deviation accumulated during the optical lithography step is reduced, leading to
a more reproducible gap (Section 5.2.3). As a consequence, the whole reflow process
becomes more stable, and it is even possible to correct the gap in a second reflow step, as
the melting process is slowed down when approaching the heat spreader (Section .

Furthermore, the heat spreader shows a stabilization effect on the undercut membranes
during fabrication. Accordingly, the idea of a heat spreader was extended to be used as
stabilization bridges for the undercut edge-coupling membranes (Section .

7.1.2 Fabrication of the IVT system

Developing a working and reproducible fabrication flow for the proposed IVT system
was the most challenging part of this work.

In contrast to conventional microtoroids, which can be fabricated comparatively straight-
forwardly and do not need expensive SOI material as a base, inverted microtoroids require
SOI and a sophisticated fabrication process.

Initially, the usage of XeFs for developing the undercut process with collaborators
in Twente (MESA+) and Dresden (Fraunhofer IPMS) was used, but the smoothness of
the undercut was not sufficient. Furthermore, undercut-etch recipes developed with a
standard silicon wafer which was oxidized did not show the same etching roughness as
the final high-grade SOI wafers.

Due to the extensive fabrication time, up to several weeks, as samples needed to be
fabricated in serial at different cleanroom locations, the fabrication process was redevel-
oped to allow for a complete in-house fabrication. As XeF, was not available, a dry-etch
SFg process was introduced. This way the time spent for creating up to 4 chips in par-
allel (each carrying 26 microtoroids) is two working days, excluding EBL writing time of
several hours, and can be further reduced.

For fabricating an IVT system, two masks are used. One mask is an EBL written
pattern. This pattern, transferred vial EBL-lithography, is used to define all structures
in the device layer of an SOI chip. Another optical mask is used later on to define all
structures in the BOX layer of the chip. For aligning the device-layer structures to the
structures of the BOX-layer, particular markers are used. The precision of this alignment
process is about 1 pm. By the use of dedicated heat spreaders this unforeseeable alignment
deviation can be balanced out leading to a reproducible gap between coupling section

waveguide and microtoroid during reflow. Small additional corrections on the gap can be
done by using a second reflow step (section [5.3.3)).
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7.1.3 Characterization of the IVT system

This work shows that an IVT system can be designed and fabricated in a way to allow
for monolithic coupling. Furthermore, it is shown that a reproducible and comparatively
fast fabrication flow can be established (Section and 5.3). The final chosen coupling
section design fits well with the natural shape of the IVT, which further promotes a
smooth melting result (Section 6.2.2).

The reason for the discrepancy of the current intrinsic quality-factor of up to 2 million
and the targeted quality-factor of 100 millions might be a result of contaminating resid-
uals (like resist), the redeposition of water on the microtoroid’s surface, micro-bendings
(section or high coupler excess losses (section [2.3.5), as in the current state the
microtoroids are highly overcoupled (compare Figures 6.17 and 6.21).

The microtoroids spectral response is measured in a lab environment. It would be
beneficial to move the whole setup for reflow and optical measurement into a cleanroom
to reduce any external contamination.

Additionally, the entrance section for the silicon coupling waveguide within the heat-
spreader (Section 6.2.2) needs to be optimized to avoid undesired micro-bendings, which
can degrade the intrinsic quality-factor due to their high local bending losses caused by
their small bending radius.

A crucial step in the current fabrication flow is the final dicing step. First, a chip
carrying the fabricated devices needs to be coated with a protective resist. Since the
undercut is already performed during an earlier etch process, the protective resist coating
can lead to damage. By systematically testing the structural integrity, when being coated
with resist, it turned out that the undercut membranes are more stable than expected.
More critical is the presence of the resist itself, as the removal becomes hard and residual
resist can stick in the undercut area and on the surface. This residual resist can negatively
influence the intrinsic quality-factor of the final device. The dicing step itself is the most
dangerous step when it comes to the structural integrity of the device. In case the resist
had not enough time to entirely flow into the undercut areas severe damage during the
dicing was observed.

7.1.4 Side benefits of the IVT project for other work

During the work on the IVT-project, multiple techniques were developed, and various
systems were built. It turned out that these results are useful in other scientific work. In
the following, these side benefits are collected, and the potential benefits for other work
is outlined.

1. CO, Laser-reflow setup: The melting setup is a high precision tool for illuminating
a desired sample with a focused beam of light at a wavelength of 10.6 pm. Due
to the comparable high optical power level of up to 20 W this setup shows micro-
machining capabilities. In fact, diamond was structured on top of a doped silicon
substrate [145].
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Additionally, this tool has the capability of measuring the transmission of a sample
(on the fly) during processing, making the acquisition of absorption measurements
possible. Furthermore, user-defined arbitrary patterns can be adapted. This way,
for example, gratings and dot matrices can be written. By adjusting the spot size,
the reflow process can be conducted at various power densities on the sample. This
tool might also act as a tool for cutting samples with a glass substrate.

. Establishing of the Knife-Edge-Method: For the determination of the caustic of a
COy -Laser beam the knife-edge-method is used. In principle, the setup can be
equipped with another laser source. When replacing the ZnSe-optics with suitable
optical components, laser sources of other wavelengths can be characterized. De-
pending on the wavelength, possibly the thermal detector has to be replaced for
this purpose as well. Of course, in the case of a CO, -Laser beam this method is
particularly precise as the wavelength is comparably long compared to near-infrared
or visible light sources.

. Edge-Coupling-Setup: The edge coupling setup is semi-automatic and can be used
to connect an external laser source to measure the optical spectrum of on-chip
devices. Two stages are present, each is carrying one lensed optical fiber, which
is suitable for near-infrared light, but in principle, it could be exchanged by any
other fiber. The coarse alignment of the fibers needs to be done manually, whereas
fine-alignment, to achieve high coupling efficiency, is done automatically (Section
. Furthermore, each stage can be slightly rotated in the transverse and in
the axial direction to compensate for undesired angular misalignment. An optical
microscope and an infrared camera help to align the fibers to a chip. With the help
of a Peltier-element, it is possible to heat or cool the chip to a desired temperature
(up to about 50°C). A computer program (written in Matlab) helps to control the
setup and an external laser source as well. In fact, this setup was shared as a lab-
tool as the setup is flexible enough to reassemble the present stages in the desired
way to account for various chip layouts, chip sizes, and desired wavelengths.

. Undercut process: Among other developed fabrication processes, the highly-selective
silicon undercut-etch is worthwhile for the use in other projects. For example, it is
possible to undercut waveguide structures locally with the help of this process. By
under-etching a waveguide, fabricated on top of a BOX layer of a SOI chip, substrate
leakage losses can be reduced. Since the effective index of an optical waveguide-
mode is a function of its environment (and therefore possibly of the substrate), a
local undercut can also manipulate the effective index of a mode. In principle, this
process can also be used to undercut thermal tuners (as is already done) to enforce
a stronger and more efficient tuning capability as no heat is dissipated due to a
thermally conductive substrate directly.
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7.2 Prospect

The presented IVT system can be further improved. First, the intrinsic quality-factor
needs to be increased to allow for efficient frequency comb generation. Consequently, a
front- or/and back-end integration flow needs to be developed to allow the integration
with other on-chip devices. In the following various ideas and possible attempts are
collected to target several potential improvements regarding the integration with other
optical components, the reproducibility and general enhancement of the workflow and the
enhancement of the intrinsic quality-factor.

7.2.1 Front- and Back-End integration

It is desirable to fabricate an IVT device to be part of a system of other optical
components, which would be superior to a hybrid integration since no additional fiber
connections and alignment procedures are necessary. Depending on the fabrication process
of the other components, a front- or back-end integration would be desirable.

In case of a front-end integration, an IVT system can be tested regarding its optical
and mechanical properties and a potential adaption of other optical components can be
triggered accounting for the IVT’s optical properties.

A potential back-end integration can be desirable in case the fabrication process of
other components is restricted regarding cleanliness issues. While so far only integration of
the microtoroid resonator with a silicon interconnect waveguide was shown, the device and
process flow were conceived to be in principle compatible with monolithic integration with
on-chip electro-optic devices. One remaining issue would then be the deprocessing of the
Back-End-Of-Line (BEOL) dielectric layers in the immediate vicinity of the microtoroid,
prior to microtoroid fabrication out of high-quality BOX oxide. The sides of a silicon
rib-waveguide could, for example, form an etch stop for local BEOL removal, after which
the silicon-slabs on the sides of the waveguide could be locally removed. Details of the
envisioned process flows can also be found in [147].

Figure[7.1| shows a potential back-end integration scheme for the proposed IVT adapt-
ing the ideas from [147]. In the described back-end integration scheme for an inverted
microtoroid, it is assumed that an already existing silicon layer is beneath a dielectric
silica layer. This silicon layer carries a waveguide structure that later on is used for cou-
pling light to an inverted microtoroid. Therefore, the rib-waveguide already needs to be
connected to different optical devices/components. Underneath this silicon, a layer of
silica is present (most likely the BOX). This additional buried silica layer is required for
fabricating the inverted microtoroid later on.

In the first step, a working area is opened up, in which the inverted microtoroid is going
to be fabricated, or more precisely, all other areas of the chip need to be protected (Step
1). All other devices, carried by the chip, are masked by a cladding that is sufficiently
protecting the devices from a subsequent silica-etch that uses the silicon layer as an etch-
stopping layer (the side of a rib-waveguide) (Step 2).
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Subsequently, the waveguide area itself is locally protected by resist (Step 3), and a
silicon-etch is performed (Step 4). Afterward, an oxidation step (Step 5) ensures that
the exposed waveguide gets a protecting oxidation layer for an undercut step that is per-
formed later on. For defining a hole for the actual microtoroid, another resist coating
step is necessary before performing a silica-etch step down to the underlying silicon (most
likely the substrate of the chip) (Step 6). After assigning a cleaning procedure, an under-
cut, either by using XeF, or another isotropic silicon-etch, is created (compare Section
(Step 7). The oxide cover of the waveguide (resulting from the oxidation) acts
as protection during the undercut step. In the last step, the microtoroid is created by
thermal CO,-Laser-reflow (Step 8).

1. Define area for IVT 5. Oxidation:
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f Rib waveguide

2. Timed SiO2 etch:
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[

6. Define circle, Etch SiO2 :

2
H

7. Clean and undercut:

:

4, Etch Si: 8. CO:2 Laser reflow:
I

I
<

I
E?

X

Figure 7.1: Back-end fabrication flow for an inverted microtoroid with different devices (not
shown). (1) A chip is protected by resist except for an IVT working area. The rib-waveguide,
within that area, is buried under an oxide layer. (2) A dry-etch removes the silica layer and is
using the buried silicon layer as etch-stop. (3) The waveguide is protected by the resist. (4)
A silicon-etch is exposing the rib-waveguide structure. (5) An oxidation step ensures that the
exposed waveguide gets a protecting oxidation layer for an undercut step that is performed later
on. (6) A circle as a base for the microtoroid is defined and is exposed by a silica-etch. (7) The
chips are cleaned and subsequently undercut. (8) A thermal COs-laser-reflow step is creating
the final inverted integrated microtoroid.
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In contrast, to the present fabrication flow from Section 5.2.7, an oxidation step is
used in the described back-end fabrication scheme (Fig. . This way the cleaning of
the chip can be done before performing an undercut, as the waveguide is protected by an
oxide layer. In fact, the cleaning procedure is challenging once the undercut is performed,
as the free-standing silica membranes can become fragile and can break. Performing the
cleaning step before the undercut may lead to better control on mechanical damage and
parasitic resist residuals.

7.2.2 Improvement of the CO, -reflow setup

The COsq-reflow setup (Section 5.3) in its current state is capable of creating the desired
microtoroidal shaped microtoroids. In the following various ideas are outlined to improve
the current reflow system further, regarding reliability, melting precision, and melting
quality.

Camera System

During the melting progress, a camera system acquires a live image of this process. A
significant drawback of the current system is the limited resolution and magnification of
the acquired image. A higher image resolution would help to analyze the melting result
before removing the sample from the setup.

However, as the duration of the melting process is usually on the order of seconds,
a higher resolution image cannot help to improve the precision of the melting in the
first place. Especially the gap between microtoroid and waveguide is too small to be
precisely measured with an optical camera system. However, when performing a second
local reflow on the same waveguide-coupled microtoroid a higher resolution image (or
increased magnification) could help to improve the precision as a second local reflow
usually takes much longer as the heat sinking effect becomes strong. This way the gap
between waveguide and gap could be targeted with higher precision. In the current state,

the camera image shows approximately an area of 1 mm?.

Laser power level

A laser that lases in the Gaussian ground mode shows the highest energy density in
its center position, due to the Gaussian power distribution. Therefore, the power level is
dropping exponentially in the radial direction. Comparing an inverted microtoroid and
a conventional microtoroid, regarding the power level during reflow the melt “sees”, two
significant differences are arising which are leading to a higher necessary laser power level
for melting an inverted microtoroid compared to a conventional microtoroid.

First, in case of a conventional microtoroid, the center consists of a silicon pillar with
a silica disc on top (compare Fig. 3.8). The silica disc can only be melted in the area,
which is not directly lying on top of the silicon pillar that acts as a direct heat sink.
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In case of an inverted microtoroid, the heat sink is not situated in the center of
the microtoroid, caused by its inverted shape. Therefore, in the center of an inverted
microtoroid the silicon is directly exposed during the undercut and the laser light, in that
area, is not affecting the melting behavior of the microtoroid. In fact, the light is directly
passing through without heating up the chip. Therefore, a higher laser power level for
melting is needed comparing a conventional and an inverted microtoroid.

Second, in case of a conventional microtoroid, during the reflow, the melt is approach-
ing the central pillar. Therefore, the melt “sees” an increasing power level while melting
and stops when the heat sinking effect, induced by the pillar, becomes too strong to keep
the temperature above the melting temperature of 1650 °C. Additionally, the microtoroid
itself has an intrinsic termination behavior, as the minor radius of the microtoroid (see
Fig. 3.8 (b)) increases during melting and therefore is shielding the microtoroid itself
more and more from being further melted as its volume increases. In the case of an in-
verted microtoroid, the melt is approaching the outer rim of the microtoroid. Therefore,
the melt is moving out of the focal position of the laser and sees a decreasing power level
during reflow.

In the current setup, the laser can be utilized to fabricate inverted microtoroids in
a single-shot (see Section . In the current state, for fabricating microtoroids with
a major radius of Ipajor = 250 pm, the necessary optical power is already close to the
maximum accessible power level of the laser system of around 20 W of optical output
power.

The alternative to the single-shot attempt is a spiral movement, in which the laser
beam is approaching the rim of the microtoroid in a circular movement with increasing
radius by moving the chip. In the current state, the chip is positioned on an x —y
stage. Therefore, the circular movement needs to be mimicked by controlled x- and y-
movements. A badly behaving movement can lead to a staircasing effect, which can
degrade the quality-factor of the resulting resonator. Ideally, a rotation stage is integrated
to provide a stable and precise circular movement, either of the chip or the laser beam.
Further, a laser with a higher maximum optical output power might be beneficial. As
an increased total optical output power of a laser is often accompanied by lower power
stability, maybe using a donut-mode (TEMjg;,) would be superior, as it fits better with
the shape of the microtoroid, and therefore does not require an extensively increased
power level. Alternatively, an axicon lens might be used, which could replace the current
bi-convex ZnSe lens. Of course, this would imply to run multiple optical simulations to
decide which system is most suited.

Contamination issues

The reflow setup, as well as the measurement setup for the optical characterization,
are currently located in a standard lab environment without precisely controlled temper-
ature and humidity. The possibility cannot be excluded that contaminations, for example
originating from an air condition, are dropping onto a microtoroidal device. These par-
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asitic contaminations can lead to defects during the reflow or manifests as an unwanted
component after melting inside the resonator. Therefore, the CO4 setup should be moved
into a cleanroom atmosphere and the microtoroids should be boxed before being exposed
to the ambient environment.

7.2.3 Device design improvements

In the following different attempts are collected to improve the current design of the
inverted microtoroid.

Relaxing BOX thickness requirements

The interconnect waveguide of the inverted microtoroid device is situated on top of
a comparably thin buried oxide layer which can cause substrate leakage when its width
gets too small (Fig. 4.5). The oxide layer itself needs to have a minimal thickness to
avoid optical leakage. In principle, a thinner BOX would allow for higher bending radii
of a microtoroid by not affecting its intrinsic quality-factor. Therefore, a thinner BOX
from the perspective of the microtoroid, regarding space consumption, would be desirable.
Also, by relaxing the limit for the BOX thickness other commercially available SOI wafers
might be used for the fabrication, which can increase the integratability with other optical
device systems.

As an undercut-etch in the silicon substrate needs to be done in any case, an attempt
to relax the BOX thickness requirements would be to define small circles placed in parallel
to the waveguides, used as opening holes in the BOX. These opening holes will cause the
waveguide to be undercut, which would allow for thinner BOX thickness as the substrate
leakage is reduced (Fig. 7.2).
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Figure 7.2: Undercut silicon transmission waveguides built on SOI platform. (a) Scheme of

a partially undercut silicon interconnect waveguide. (b) Holes (in the BOX layer), placed in
parallel to a silicon transmission waveguide, which are used for undercutting the latter.
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Grating Coupler

Up to now, only TM-polarization has been under consideration, as this theoretically
should lead to higher intrinsic quality-factors for the microtoroid. However, most devices
in silicon photonics rely on TE-polarization. In principle, it would be desirable to test the
inverted microtoroid device with TE-polarization as well. Grating couplers are usually
more suitable for TE-polarization allowing for a denser integration of the microtoroid as
no extensive routing of waveguides to the chip-edges is required.

By the combination of a grating coupler with an oxide cladding and a local undercut,
the coupling efficiency could be reasonably high. In the current setup entirely etched TE
grating couplers show a coupling loss per coupler in the order of 8 dB at a wavelength of
A = 1590 nm. This high coupling loss is most likely caused by the relative thin BOX and
the fact that the gratings are fully etched.

7.2.4 Intrinsic quality-factor and power level
Water contamination

The surface of a silica microtoroid is highly hygroscopic, leading to water molecules
on the surface. Water absorbs light efficiently in the near-infrared (A = 1.551um), and
even a monolayer on the resonator’s surface leads to additional losses and is decreasing
the quality-factor [113]. The quality-factor is altered to a steady state within about 100s
but can be partially recovered when the resonator is baked out at about 400°C [116]. In
the current state, the optical characterization of the inverted microtoroids is done under
ambient conditions. Therefore, the measurement setup would need to be equipped with
a nitrogen-purged box, or with another inert gas. As the handling of a chip outside the
box still will be done under ambient conditions, additionally a heating system needs to
be added that can heat up the chip sufficiency to recover its quality-factor before the
optical measurements. Ideally, once characterized, the device is held under a nitrogen
atmosphere, or even is boxed separately.

Micro-bendings

Micro-bendings of the microtoroid’s resonator can degrade its intrinsic quality-factor,
as a micro-bending is a defect, which is causing enhanced optical bending losses. For
example, a microtoroid with a major radius of 50 pm has a bending-limited intrinsic
quality-factor of 8 to 9 million (see Section 6.2.2). The radius of such a micro-bend can
be even smaller, leading to a higher bending loss. Also, an adiabatic mode transition
between the optical resonator mode and the mode of the micro-bend is not achieved.
This mode mismatch can lead to an additional optical loss. Even though the occurrence of
micro-bendings was reduced during the process development, future developments should
target the reduction of micro-bendings especially in the waveguide-entrance region of the

heat spreader (see Fig. [6.10)).
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Excess losses

Directional coupler excess losses per pass 7 are parasitic losses, which are caused by
scattering losses, a coupling into unwanted higher order modes, or radiation modes as
the coupling gap decreases. They are limiting the maximum attainable quality-factor of
a resonator [27] (see also Section . Especially the scattering might become a prob-
lem in the monolithically coupled microtoroid in which a silicon waveguide is coupled
monolithically to a silica resonator. The microtoroids presented in Section [6.3] are highly
overcoupled, and indeed the intrinsic measured quality-factors are below what simulations
predict (compare Section 4.2.4 and Section 4.2.7). For reducing excess losses of the mi-
crotoroid, the coupler design was improved (compare Section . However, for finally
achieving the desired high intrinsic quality-factor the microtoroid needs to be coupled in
the critical- or under-coupled regime. Therefore, the distance between the heat spreader
and the coupling junction waveguide needs to be increased. Further, additional systematic
sweeping of the distance needs to be done.

Microtoroid size

The microtoroid’s intrinsic quality-factor is limited by its optical bending losses.
Therefore, fabricating microtoroids of an increased major radius may lead to higher in-
trinsic quality-factors.
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Figure 7.3: Mode spacing of microtoroid’s resonances as a function of major radius. A major
radius of 140 pm leads to a mode spacing of approximately 250 GHz. By further increasing the
major radius, a modes spacing of 50 GHz can be targeted.
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With increasing radius, higher excess losses can be tolerated, as the intrinsic total
propagation losses in the resonator are higher nonetheless, due to its increased length

(compare Section [2.3.5). Furthermore, a repetition rate (mode spacing) of resonances of
50 GHz (ryajor = 670 1m) can be achieved (Fig. 7.3).
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Appendix A

COs2 Reflow-Setup Overview
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Figure A.1: Overview image of the nitrogen-purged reflow setup used to reflow inverted mi-
crotoroids. The laser beam is routed with the help of a flip mirror to hit a thermal power sensor
directly or to enter the setup. When entering the setup, the beam is focused by the use of a
ZnSe Bi-Convex lens with a focal length of 100 mm. Before the focused beam hits a chip to be
processed located on a chip carrier, a ZnSe-beam combiner is used to overlay a camera system,
which makes it possible to get a live view camera image of the melting process.
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Standard cleaning procedure
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For preparing the samples before fabrication, the following standard cleaning
method was used:

1.

Leave for 10 minutes in acetone — 10 minutes Isopropanol — Rinse for 5 minutes
in high-purity water

. Leave for 10 minutes in HyO9:H5SO,4 (1:2) — Rinse for 5 minutes in high-purity

water

Leave for 10 seconds in a buffered oxide etch (BOE) — Rinse for 5 minutes in
high-purity water

Leave for 10 minutes HoO:Hy049:NH;3 (4:1:1) — Rinse for 5 minutes in high-purity
water

Leave for 10 seconds in BOE — Rinse for 5 minutes in high-purity water

Leave for 10 minutes HoO:HyO05:HCI (4:1:1) — Rinse for 5 minutes in high-purity
water

Leave for 10 seconds in BOE (before next processing step) — Rinse for 5 minutes
in high-purity water
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Appendix C

Optical resist coating, exposure, and
development
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Treatmend - After silicon etching and before silica etching:

1.
2.

Adhesion promotion: Coat chips with HMDS at 135°C on a sealed hot plate.

Spin-coating: Spin AZ5214E resist (by MicroChemicals) for 3 seconds at 1000 rpm
followed by 30 seconds at 3000 rpm to get a resist thickness of about 1.8 pm.

Soft-bake: Heat the resist for 2 minutes at 120 °C on a hot plate.

Optical lithography: Use a MAG6BAG6 mask aligner (in hard contact mode) and
expose resist for 5 seconds at 15mW /cm? at a wavelength of 405 nm.

Development: Develop the resist for 50 seconds in AZ726MIF (by MicroChemicals)
(include paddling).

Cleaning: Rinse with high purity water (DI-water).

Treatment - After silicon undercut etching and before dicing:

1.

Coating: Add AZ520D (by MicroChemicals) in the edge-coupler and microtoroid
section of a chip by mean of a pipette (as thin as possible).

First short bake: Put the chip on a heating plate for 1 minute at 100 °C. The resist
will start sticking to the chip.

(Optional) Spread resist: In case, the resist thickness is too high (the structures are
not visible through the resist); carefully move the chip in a way that gravitational
forces are spreading the resist.

4. Bake: Heat the chip at 110-120°C for 5 minutes.
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