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Chapter 1

Introduction

1.1 Motivation

Integrated photonic circuits (PICs) have become crucial components of many tech-
nological applications, spanning: telecommunications, (medical) sensors, environ-
mental sensors, laser technology, quantum computing, and many more [1]—[8]. Su-
percontinuum generation (SCG) is a key process used for several of these applica-
tions. This is the nonlinear broadening of an input spectrum into an often dramati-
cally wider spectrum. Also called white-light generation, supercontinuum generation
finds its use in applications like spectroscopy, wavelength-division multiplexing, and
metrology [9], [10].

While SCG in optical fibers has been demonstrated since the 1970s [11], SCG
in PICs has been getting more traction as fabrication technology advances. The
increased performance of the integrated platforms has facilitated many benefits like
easy integration with other optical systems on chip, and devices becoming more
compact. The latter of which has significance, as the denser the confinement of the
light, the higher the power density can be as well, which allows for more efficient
nonlinear processes like that of SCG. Another great benefit is that PICs allow for
more freedom in dispersion engineering by varying the geometry of waveguides,
which unlocks new dimensions for optimization.

While there have been great advancements in SCG technology in PIC platforms,
such as Si3N4 [12], there is one major drawback that exists in many platforms. The
transparency windows are often limited to above UV wavelengths, placing a hard
barrier on the high-energy end of SCG [13]. For this reason, Al;Os is identified as a
material of interest for SCG expending into the blue and UV, as it has a very broad
transparency window ranging from 170 nm UV to the mid-IR [14]. It can also readily
be manufactured today and exhibits low propagation losses of the order of < 0.1

1



dB/cm in the C-band. Although Al,O; is known to have a relatively low nonlinear in-
dex around 2-1072° to 3 - 1072° m?*/W in bulk materials [15], with the exact nonlinear
index in polycrystalline waveguides unknown, the large transparency window should
give it an edge over more conventional materials used in nonlinear optics on chip.

To further explore the possibilities for SCG in Al,O; PICs, this thesis aims to
bridge the gap between theoretical simulations and practical implementations by
measuring fabricated Al,O5; waveguides with high-power pulses of light to obtain the
parameters of interest for nonlinear engineering. Aiming to gather valuable infor-
mation about real-world SCG, as well as information on physical limits such as the
damage threshold of the platform. Moreover, as measurements of the nonlinear re-
fractive index of polycrystalline Al,O; waveguides have to the best of our knowledge
not been published, this research will include measurements aimed at acquiring a
dependable value. Information like this is very valuable for future research and the
development of nonlinear systems and should aid in pushing the Al,O3 forward.

1.2 Research objectives

This thesis focuses on the feasibility of broadband supercontinuum generation in
Al,O; waveguides. The main objective is to gather more information about the be-
haviour of Al,Os in the nonlinear optical regime through measurements. As this
project is divided into two parts, there will be two research questions, the first being:

Is it possible to demonstrate supercontinuum generation in
Al,O; based integrated waveguides?

Which will include the following sub-question:
What is the damage threshold of Al O; for ultra-fast pulsed lasers?

To better understand, model, and design for nonlinear applications, it is also of
great importance to have more accurate knowledge of the material parameters at
play. For this reason, the second research question will be:

What is the nonlinear refractive index of polycrystalline Al,O;
based integrated waveguides?

Which will include the following sub-question:
What is the damage threshold of Al O; for continuous-wave lasers?
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1.3 Report organization

In this thesis, the chapters are organised by experiment.

Chapter 2 will describe the work done on supercontinuum generation. It starts with a
general introduction to the theory and underlying principles of supercontinuum gen-
eration. This is followed by an explanation of the design choices and procedures
for the PICs. After this, simulations are shown of the theoretical performance for a
high-power pulsed laser at the design wavelength of 1064 nm. Finally, lab results
of measurements with a 1550 nm high-power pulsed laser are shown and further
discussed.

Chapter 3 will describe the work done on the determination of the nonlinear refrac-
tive index. It highlights the measurements regarding characterization of the micro-
ring resonator and the measurements of four-wave mixing used for the analysis,
closing by presenting the nonlinear index of Al;Os.

Finally, an overall conclusion is given with outlooks for future research.






Chapter 2

Supercontinuum Generation chips

2.1 Introduction

Supercontinuum generation (SCG) is the process of transforming laser light of a
narrow bandwidth, into a broad continuous spectrum [16]. It is a process that works
through a collection of nonlinear effects that together can drastically change the
spectral bandwidth of the input to the system.

SCG is usually achieved by propagating high-power light pulses through a non-
linear material, which can be waveguides, as used here, fibers or bulk materials.
SCG can be classified in two types: normal dispersion SCG and anomalous dis-
persion SCG [17]. The group velocity dispersion (GVD) of the material determines
which type occurs (this is covered more in Section 2.2). To get a feeling for the differ-
ences, Figure shows examples of both. Notice the smooth spectral transition of
the normal dispersion SCG compared to the dramatic and more chaotic broadening
of the anomalous SCG. It is this dramatic broadening that we want to leverage with
this research, working towards SCG extending into the UV. Thus making anomalous
dispersion SCG the central objective of our design choices.

This chapter will explore the feasibility of using Al,O5 for supercontinuum gener-
ation, with the goal of working towards SCG that extends into the UV. The primary
focus is on the design and theoretical capabilities of PICs made in the Al,O; plat-
form at the University of Twente spin-off ALUVIA [18]. Also covered are high power
bands in the spectrum called dispersive waves, whose wavelength can be tuned
with dispersion engineering. Finally, the results of experimental measurements are
highlighted to demonstrate nonlinear processes in Al,Os.

Sections 2.2.1 and 2.2.2 will cover a general explanation of some fundamental
concepts and processes that are involved in SCG. Including the optical Kerr effect
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and x® nonlinearities. Section 2.3 will cover the design choices made for the fab-
ricated PICs and fabrication. Section 2.4 will cover the methods and will present
experimental results, and finally Section 2.5 will conclude the chapter with a general
conclusion and discussion.
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Figure 2.1: Examples of supercontinuum generation with a) normal dispersion, b)
anomalous dispersion. Image taken from internship report, see Ap-
pendix A
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2.2 Theoretical groundwork

2.2.1 Fundamental Concepts
Optical Kerr effect

The Optical Kerr effect is a fundamental concept in nonlinear optics. It governs
the change in refractive index of a material based on the intensity of light passing
through it [19], [20]. This process is at the base of many of the processes in super-
continuum generation.

In general, the dependence of the electric dipole moment per unit volume P(t)
can be described by a power series [21]:

P(t) = eo(xVE®) + XPEX (1) + xOE3 () + ...) (2.1)

Where E(t) is the electric field, ¢, is the permittivity of free space and x* is the
i-th order susceptibility of the material. In the linear photonics regime, the suscepti-
bilities of the response of the material to the E-field is limited to x(), with any higher
susceptibilities being negligible, leading to a polarization that is directly proportional
to the electric field:

Plinear(t) = EOX(I)E(t) (22)

In the nonlinear photonics regime however, this approximation is insufficient.
When the intensity of the electric field is high, or when the medium material is
strongly nonlinear, the higher order susceptibilities terms can become significant.
Note that even-order susceptibilities are often still negligible as many materials, in-
cluding Al,O3, display inversion symmetry. In material with inversion symmetry the
physical properties of a material, including the response to electric field, must re-
main the same when all spatial coordinates are inverted. For even-ordered powers,
there is no cumulative sign change when all electric field are inverted (—1%¢" = 1)
meaning that the susceptibility of the material in both positive and negative direction
must be equal, i.e. " = —y(en) which can only be true is the susceptibility is
zerQ [21].

The Optical Kerr effect arises from the third-order susceptibility x*), which leads
to a nonlinear polarization component:

Pnonlinear(t) = 6())((S)Eg(t) (2-3)

This nonlinear component results in an intensity / dependent change in the re-
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fractive index of the medium, and this specifically is what the Kerr effect refers to,
following the equation below [19], [20]:

n = ng+ nal, (2.4)

where ny is the linear refractive index and ns is the nonlinear refractive index due
to the x©® susceptibility.

Group velocity dispersion

Another fundamental concept in nonlinear optics is dispersion. Dispersion describes
how different wavelengths of light can travel at different speeds through a medium.
This can have a significant effect on the propagation of light pulses through a medium.

Group velocity dispersion, as the name implies, is the dependence of the group
velocity on the wavelength of the light. The group velocity itself is the speed at
which the envelope of a pulse of light travels through a medium [22]. GVD can be
responsible for dispersive broadening or compression of pulses, something which is
essential in our supercontinuum generation. Mathematically, the GVD (3,) can be
describes as:

2
5= T

where (5 is the wavenumber or phase constant in a waveguide, and w is the angu-
lar frequency of the light. The sign of 3, indicates the dispersion regime. A positive
B2 denotes the normal dispersion regime, while a negative 3, denotes the anoma-
lous dispersion regimell]

(2.5)

For normal group velocity dispersion (so g, > 0) the short wavelength compo-
nents of the pulse travel slower than the long wavelength components. This is the
most common situation and leads to temporal broadening (unless the initial pulse
is downchirped [23]). For anomalous group velocity dispersion (3, > 0) the shorter
wavelength components of the pulse travel faster. This can be used to counteract
the effects of self-phase modulation (SPM) in a medium, which is useful as this al-
lows the creating of solitons, i.e. wave packets that can keep their shape for long
distances [24], and is discussed more in Section 2.2.3.

Although the intrinsic group velocity dispersion of a material is constant, the total
GVD can still be influenced by the geometry of a waveguide or fiber. Dispersion en-

'In fiber optics, group velocity dispersion is often expressed as Dy = —% - B2. In this definition,
the anomalous dispersion region is indicated by a positive GVD.
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gineering relates to the manipulation of the GVD through both material choice and
geometry, and is used to achieve desired dispersion characteristics [25]. Something
that can also be levered to optimise systems for supercontinuum generation.

2.2.2 Mechanisms of Supercontinuum Generation

Someone once told me that “supercontinuum generation is like a black box, where
all kinds of nonlinear processes are mixed and no one quite exactly knows what
happens inside” (K.J. Boller, private communication, Feb., 2024). But even so, we
can look at the different nonlinear processes dependent on the x® susceptibility
as SCG is an interplay of many of these effects [16], [26]. Figure shows a
visual overview of a number of nonlinear effects governed by x(®, split into different
categories. The rest of this section will highlight these processes and give a short
recap of each.

> QI —> raren
o< (|A|?A) Self-steepening
—> SPM

o< 3(|A|?A) Y=+—> XPM

-—>» FWM

3
3

o 4 |nstantaneous

Figure 2.2: A number of x® based nonlinear processes



Raman scattering

Raman scattering is an inelastic scatting process where energy can be transferred
from lower wavelength to higher wavelength (or in reverse for anti-Stokes Raman
scattering) [21]. It is caused by an interaction between the light and the molecular
lattice of the medium, and as the movement of the vibrational states of the material
is very slow to that compared of electrons, it is placed as the only ‘delayed’ effect in

Figure[2.2

The most prevalent form is Stokes-Raman scatting which occurs when a pho-
ton excites the medium to a higher (virtual) energy state, after which the medium
relaxes to a vibrational state with higher energy still than the original state. This
energy transfer to the medium leaves the photon with less energy and thus a lower
wavelength [ref], see also Figure [2.3p.

Anti-Stokes-Raman is the opposite. When the medium is excited while already
being in a higher energy vibrational state, it can relax down to a state with lower en-
ergy after decay, leaving the photon with more energy and thus a higher wavelength.
Here the energy transfer is from the medium to the photon, see Figure [2.3p.

Typically, Stokes-Raman scatting is much more common than its opposite Anti-
Stokes-Raman scattering [27]. For the supercontinuum spectrum this means that on
average Stokes-Raman scatting is prevalent, resulting in a red-shift of the spectrum.
Raman scatting can also effectively act on soliton pulses, where the process is also
called soliton self-frequency shift [27].

Virtual Energy Level Virtual Energy Level
Vibrational States Vibrational States
A A
Energy lost Enery gained
i In vibrational mode i From vibrational mode
A Y
a b

Figure 2.3: A schematic overview of a) Stokes-Raman and; b) Anti-Stokes-Raman
scatting. Notice the difference in energy that is being lost or gained to
the vibrational modes in the medium.
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Self-steepening

Self-steepening is a nonlinear effect that refers to the temporal distortion of an op-
tical pulse. More specifically it causes the steepening of the trailing edge of the
pulse, due to a dependency of the group index n, of the pulse on the intensity of
the light, where n, increases for higher intensity [16]. The effect can be explain by
a combination of the Kerr effect and the contribution of the time-derivative of the
intensity to the nonlinear phase, which accumulates towards the trailing edge of the
pulse. This time-derivative dependency on the intensity or envelope of the light is
why Self-steepening is placed in a separate section in Figure[2.2]

Due to self-steepening, a symmetric pulse gets stretched out in the temporal do-
main, as the leading edge moves faster (lower n,) compared to the higher intensity
center (higher n,). The slowed energy accumulates at the trailing end, giving it a
steeper slope, see Figure

10

optical power (kW)

-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25
time (ps)

Figure 2.4: The effect of self-steepening on a Gaussian pulse. Notice the steeper
slope at the right-hand (trailing) side of the pulse. Image source: [28]

Self-steepening typically leads to a blue-shift in the spectrum. The asymmetry
leads to a higher power density at the trailing (blue) edge. This leads to faster,
i.e. more broadband, modulation due to the Kerr effect, while the opposite is true
on the leading (red) edge. Self-steepening has also been shown to decrease the
self-frequency shift induced by the Raman effect [29].
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Self-Phase Modulation (SPM)

Self-Phase Modulation (SPM) is a nonlinear effect that plays a significant role in
SCG, both in normal dispersion and in anomalous dispersion [21], [30]. The effect
itself describes how the phase of a pulse is modulated by its own intensity, which
arises directly from the Kerr effect (see Equation [2.4). It is typically written as:

¢nonlinear, spm — ’YPL (2.6)

With L the length of the medium, P the peak power of the pulse and ¢ the phase
of the light. As the intensity of a pulse at a given location varies with time, so too
does the nonlinear phase shift caused by SPM vary over time. This time-varying
phase shift is in effect the same as the generation of new frequency or wavelength
components.

SPM is expected to continuously broaden the bandwidth of pulse, as long as the
intensity of the pulse remains large enough for the Kerr effect to be significant. When
propagating in an anomalous dispersion medium the effects of SPM can actually be
compensated by the effects of dispersion itself. This is of high interest in anomalous
supercontinuum generation as this is what enables the formation of solitons [24],
which are discussed more in Section 2.2.3 below.

Cross-Phase Modulation (XPM)

Cross-Phase Modulation (XPM) is a nonlinear processes very similar to SPM. It too
describes how the phase of a pulse is modulated by light, but instead of the intensity
of a wave influencing itself, a wave is influence by the interaction with another wave.
This is possible as the Kerr effect has an influence on the light through the (shared)
material [31]. XPM leads to a phase shift very similar to that of Equation [2.6]

o\ =2.4P?L (2.7)

nonlinear, xpm

Where the superscripts identify unique waves. For the influence of waves be-
tween each other to be constructive, phasing matching of the propagation constants
is required. For supercontinuum generation, like SPM, XPM is expected to have an
influence in generally broadening the spectrum.
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Four-Wave Mixing (FWM)

Four-Wave Mixing (FWM) is a nonlinear process that involves the interaction of three
light waves that generate a new wavelength component [32], [33]. The new wave-
length component lies at a phase matched frequency that is the sum- or difference-
combination of the three incoming waves. Some of the incoming waves excite the
material to a higher state, which then relaxes in a combination of waves consisting
of both existing frequencies and newly generated frequencies. Figure shows a
diagram of what is called difference-frequency generation where the new frequency
components f, has a frequency:

fa=fi+fo—fs (2.8)

Virtual Energy Level Virtual Energy Level

c d

Figure 2.5: Schematic overview of the energy levels associated with Four-Wave
Mixing. a) Non-degerate FWM; b) Degenerate FWM

Note that many more combinations are possible. This is an example of non-
degenerate FWM where all wavelengths are unique. When two photons with the
same wavelength interact in FWM, it is called degenerated FWM. In principle any
linear combination of f, f> and f3 is possible, as long as the phase matching condi-
tions allows it. Degenerate FWM is often used for selective generation of sidebands.
The degenerate wave is then typically called the pump, which in combination with a
signal can generate a converter on the opposing side of the pump, described as:

fc = 2fp+f3 (29)

Aside from the modelling through excitement and relaxation of electrons, FWM
can also be described by side-band generation through a time-varying refractive in-
dex due to the Kerr effect. When two waves with differing frequencies propagate
through a material, the intensity of the combines waves will vary over time with the
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beat frequency between the two waves, see Figure [2.6] Through the Kerr effect,
this varies the refractive index of the material with the beat frequency as well. This
causes and frequency shift of the waves present inside the material, modulated at
the beat frequency, which in turn generates frequencies at the input frequencies +
the beat frequency.

Figure 2.6: Two waves with offset frequencies (background, red and blue) interfer-
ing to crease a wave with varying envelope (foreground, purple and
black).

For new wavelength components to continue there is a phase matching condition
that needs to be satisfied (otherwise the newly generate waves would destructively
interfere). This phase matching conditions is described as [34]:

Aw?By +yP ~ 0 (2.10)

Where Aw is the spacing between waves, also called the beat frequency, and
~P is the nonlinear phase shift. From this condition it is clear that for the highest
efficiency of FWM j; needs to be negative, as the nonlinear phase shift will always
be positive. In other words, for FWM to be most efficient, the light needs to propa-
gate in the anomalous dispersion regime. For this reason, FWM can have a large
influence on the spectrum in anomalous supercontinuum generation, in practise es-
pecially when j, is close to the zero dispersion wavelength. Through FWM a large
number of new distinct frequencies can be generated as long as enough ’'seeds’ or
starting waves are present. Because of the phase matching condition, FWM would
have a limited influence in normal dispersion supercontinuum generation.
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2.2.3 Soliton dynamics and Dispersive Waves

Soliton dynamics play an important role in anomalous supercontinuum generation.
They are stable wave packets that can keep their shape over long distances, or un-
dergo fission and dramatically broaden the spectrum of a pulse. First discovered in
waves in canals [35] they now play an important role in many applications. Solitons
are for example widely used in telecommunications as their stability allows for long
distance transmission, and are of great importance to nonlinear optics as well [36].

Soltions are formed on a precisely balanced cancellation between SPM and
GVD. In a medium the group velocity dispersion will lead different frequencies of
light travel to travel at different speeds, which results a pulse of light spreading out
temporally. In a sufficiently nonlinear material however, and with a pulse of the right
shape, the effects of SPM can cancel out the spreading of the pulse, keeping it
components travelling at the same speed [24], see Figure As SPM will induce
a shift where high energy waves will travel slower and low every waves will travel
faster, solitons can only be created in a medium with anomalous dispersion, where
dispersion causes high energy waves to travel faster and low energy waves to travel
slower.

GVD <0 SPM
Red faster than blue Blue faster than red

Al
4
N
-

Amﬂ@mmm@mm_

Soliton

J

Keeps shape for long distance

Figure 2.7: A schematic overview of how anomalous GVD and SPM can cancel out
to allow the propagation of solitons. Image adjusted from: [37].
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Solitons can be described by their soliton number expressed as:
21 - Nng - P()
N =4 / 2.11
\/ Ba| - A - Aeff 11)

» Lp is the dispersion length.

Where:

* Lyt is the nonlinear length.
* Ty is the pulse duration, also called pulse width. Typically measured in fs.
» P, is the peak power of the pulse.

For N=1 a fundamental soliton is formed. For N > 1 higher order solitons are
formed, which can interfere with each other to form oscillatory shapes, see Figure
Higher order solitons are especially interesting with regards to SCG as they
can undergo soliton fission. This is a processes where the higher order soliton is
broken up into multiple fundamental solitons, each with their own temporal and and
spectral shapes [38]. This generates new wavelengths and can drastically broaden
the spectrum of a pulse, especially as the new wavelengths can interact with each
other to broaden the spectrum even more through processes as described in Section

2.2.2.

80

60 -
40 | I
20 .
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propagation length (m)

Figure 2.8: Temporal evolution of a third-order soliton. Image source:



Dispersive Waves

Aside from the spectral broadening, another property of solitons is that they can
shed some of their energy while being in the process of conforming to their optimal
shape. The resulting light is called a dispersive wave because it is no longer strongly
influenced by SPM, as its peak power will be much lower compared to that of the
soliton [40]. The wavelength of this propagating dispersive wave can be predicted
using the matching equation [41]:

(Baw = B = (@i — ) - 2, 2.12)

Wdw

Where the subscript s denotes the soliton (or pump) and dw the dispersive wave.

At this dispersive wave wavelength there will be relatively high power in the gen-
erally broadened spectrum, as the direct energy transfer between the soliton and
the dispersive wave is typically much more efficient than the energy transfer through
multiple nonlinear processes. See Figure for an example of a dispersive wave
inside a spectral evolution of SCG. As the propagation constant 5 and its derivative
can be influenced by changing the geometry of a waveguide, the expected location
for a dispersive wave can also be influenced by changing the geometry of a waveg-
uide. In other words, through dispersion engineering the location of the dispersive
wave can be chosen. This is a powerful tool as it allows to selectively generate high
power bands in a supercontinuum for efficient energy conversion between the pump
and an arbitrary wavelength. This is why the expected location of dispersive waves
is taken into account when designing the chips.

Propagation through waveguide

0.8

o
ES

Propagation distance [mm]

I
[N

0.0

0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
Wavelength [um]

Figure 2.9: An example of the generation of a dispersive wave (outlined box). No-
tice how the intensity suddenly spikes much higher compared to sur-
rounding wavelengths.

17



2.3 Chip Design

The section will document the design process for the SCG photonic chips, as well
as cover different layout components presented in the design layout. The goal of
the designs is to create PICs that allow for a multitude of (future) experiments with
regards to SCG in Al;Os, including SCG that can reach into the UV and the placing
of dispersive waves through dispersion engineering.

In all simulations and calculations, the Sellmeier values from the ALUVIA design
manual were used to determine the refractive index n of the Al,O5. With those, n is
described as:

AN?
n()\)—\/Eoo+m—P>\2, (213)

with the wavelength A in um and:

* € =1

« A=10912

* B =0.09566
e P =0.00306

The SCG chips have been designed to operate at a pump wavelength of 1064
nm, the choice of which is explained in more depth in Section 2.3.1 below. At 1064
nm, the refractive index of Al,O3 is n = 1.71. The thickness of the Al,O5 structure is
451 nm +5%, set by the wafer available at ALUVIA. The design choices were mostly
governed by this and available laser sources.

Although the chip are designed to operate at a pump wavelength close to 1 um,
in the final stage before fabrication, extra edge couplers were added to also support
lasers operation at 1.55 um as a backup against unforeseen circumstances (which
turned out to work in our favour). The SCG chips are also designed to be partially
uncladded as a SiO cladding prevents the waveguide from being in the anomalous
dispersion regime. The input edges of the chips will always remain cladded, facili-
tating a symmetric mode allowing for lower coupling losses, see also Section 2.3.3.
Through Lumerical MODE simulations, it was found that uncladded waveguides on
the available wafer, at a wavelength of 1064 nm, are single mode between widths of
approximately 0.72 um and 1.55 um, assuming a sidewall angle of 70°, as specified
in the ALUVIA design rule manual. See Figure [2.10|for a schematic representation
of the waveguides.
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Figure 2.10: A schematic representation of an Al,O3; waveguide. The viewing direc-
tion is parallel to the propagation direction.

2.3.1 Anomalous dispersion region

As discussed in Section [2.2] the group velocity dispersion 3, needs to be negative
at a specific wavelength for it to be in the anomalous dispersion region. Anoma-
lous dispersion is essential to allow solitons and their associated dramatic spectrum

broadening and dispersive waves.

The effective refractive index nes for a specific waveguide is found through MODE

simulations in Ansys Lumerical. With this, the propagation constant 5 can be calcu-
lated using:

2T

p= Meft -

From j, the GVD g, is calculated (see Equation [2.5). For the determination of
the design wavelength, these steps were repeated for a range of waveguide widths
from 0.2 um to 5 um, with an assumed thickness of 451 nm for the Al,O; wafer,
and a wide range of wavelengths. Figure shows the resulting 3, values. This
graph displays the GVD of many waveguide geometries (fixed thickness and varying
width, see Figure [2.10), for a wavelength of light on the y-axis. The color/intensity
scale indicates the GVD value, and the dotted lines separate the anomalous- and

normal-dispersion regions.

Notice how, for uncladded 451 nm thick Al,Os, there is a considerable range of
wavelengths for which the dispersion regime is anomalous. This figure shows that a
pump wavelength of around 780 nm would likely be ideal as it is close to the zero-
dispersion wavelength (where nonlinear processes tend to be more efficient, see
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Section 2.2). Wavelengths above 1500 nm, such as those in the telecom C-band,
will always be in the normal dispersion regime given the wafer thickness. Using
information from Figure and considering the general availability of high-power
pulsed lasers, the choice was made to design for 1064 nm. This wavelength lies
squarely in the anomalous dispersion regime (providing some tolerance to fabrica-
tion variances), while allowing for low-dispersion waveguides on the smaller end of
the single-mode regime. Notably, this wavelength was also available through a laser
source at LPNO research group from the University of Twente.

Group velocity dispersion [fs? /mm]
Waveguide Thickness of 451 nm

T 2000

2000
1750 Normal 1500
1500
1 1000
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Figure 2.11: Simulated group velocity dispersion values for uncladded Al,O; at
thickness of 451 nm. Dotted lines indicate the boundary between nor-
mal and anomalous dispersion (zero-dispersion wavelengths)

2.3.2 Dispersive Wave Phase Matching

The dispersive wave phase matching condition (see Equation [2.12) is solved sim-
ilarly to the above method. The propagation constants for the modes of the Al,O;
waveguides are calculated for a range of wavelengths from 0.17 um to just above
the design pump at 1.2 um. With this data, the dispersive wave phase matching
condition can be solved for a range of waveguide widths. Figure shows at
which wavelength a dispersive wave is expected (x-axis), given a simulated waveg-
uide width (y-axis) and a 1064 nm pump. The dotted lines indicate the boundaries
of single- and multi-mode propagation. Note that having an expected location does

20



not mean there will always be a dispersive wave at this spectral location; it only high-
lights where the phase matching condition would allow dispersive waves, assuming
solitons arise and can shed enough energy to reach the correct wavelength (see

Section[2.2).
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Figure 2.12: Dispersive wave phase matching locations for uncladded Al,O3; waveg-
uides. The x-axis show the expected location for a dispersive wave.
The dotted lines indicate the boundary between single- and multi-
mode propagation.

Looking at Figure the dispersive wave location ranges from very close to
the 170 nm bandgap of Al,O5; to around 400 nm in a nearly linear fashion. After
this, the dispersive wavelength asymptotically approaches approximately 550 nm.
The smallest guiding waveguide exhibits phase matching at around 250 nm, making
this the lower limit of dispersive wave generation for this wafer. The upper limit for
single-mode pump propagation lies close to 400 nm.

The choice was made to fabricate a large number of waveguides, spread out
in widths, to allow extensive testing in future research for a holistic picture of SCG
and dispersive waves. This also provides flexibility to switch between closely related
waveguide by simply switching to another geometry. Finally it also provides a form
of tolerance in case of fabrication variances or failure..
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In total, 10 waveguides were selected in the single-mode region, spanning from
0.6 pm to 1.5 um with a spacing of 0.1 um. Another 20 waveguides were selected
in the multi-mode region, spanning from 1.6 um to 5.78 um with a spacing of 0.22
um. Finally, 6 waveguides were placed from 6 um to 11 um, with a spacing of 1 um.
More details on the selected waveguides, including edge couplers, can be seen in
Appendix [Al

2.3.3 Layout

Each PIC was given a die area of 1 cm by 3 cm. Every chip can support up to 72
waveguides with this size, taking into account the need for a bend to reduce stray
light at the output, and the spacing of the waveguides. There were a total of four
chips available for this project. Figure shows an overview of the layout of the
chip. The oblong chip size was chosen to provide a long enough interaction length
for the chips to be able to exhibit SCG. From left to right there will be an edge cou-
pler to couple in light from free-space or fibers onto the chip (this includes a long
adiabatic taper), followed by a double 90° adiabatic (Euler) bend, and then a straight
section.

Air Cladding

Si02 Cladding

0% 33% 66% 100%

Figure 2.13: Schematic layout of the PIC.

22



The edge couplers and bends will always be covered with a SiO, cladding to
reduce losses for the input tapers and to initially suppress anomalous SCG (which
can only occur in uncladded regions). The final straight section is meant to host the
anomalous SCG. In the four chips available, each will have a different amount of
cladding on this last straight section. This is to have the ability to compare anoma-
lous propagation lengths within the same chip design. The cladding of the four chips
ranges from 0% to 100% cladding in the final section, denoted by the dotted lines
in Figure 2.13] The two bundles of waveguides on the chip, see Figure [2.13] will
be identical except for the edge coupler: the topmost bundle has an edge coupler
for 1 um light, the bottom one for 1.55 um light. Note that there are no edge cou-
plers at the outputs. This is to maximize the supported spectrum of light coming from
the chip, which can be captured using a large mode field diameter fiber at the output.

The chosen waveguide diameters can be seen, together with further information
about which waveguides are single- or multimode in their cladded and uncladded
regions, in Appendix[Al The choice of waveguides was made based on the simulated
data from Sections 2.3.1 and 2.3.2.

Edge Couplers

Edge couplers are an essential structure when coupling in light, especially as there
is a wide range of waveguide widths which each would have their own effective mode
area. They are designed to minimize the coupling losses of a device by matching the
mode fields of the incoming light and that of the waveguide. The mode field diameter
of the edge couplers is designed to match the mode field diameter of the incoming
light (be it either from free-space or fiber). This width, at the input edge of the chip,
is then tapered to the designed width of the waveguide over a long range, e.g. 1.5
mm, to adiabatically transfer the light from the input to the waveguide. Figure
shows a schematic overview of an edge coupler. Notice that in this design the start-
ing width of the edge coupler is smaller than that of the normal waveguides, as the
mode diameter of the input light is typically large compared to waveguide structures.

The edge couplers were designed using the MODE solver of Ansys Lumerical.
Figure shows the simulated performance of an edge coupler with a 1.5 mm
length against different incoming mode areas. The peak power coupling is at ap-
proximately 82% and lies close to the fiber mode field diameter. Notice how the
power coupling is relatively flat around this peak, meaning that the edge coupler still
has some margin in which it is effective, around the design wavelength.
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Figure 2.14: a) Schematic of an edge coupler, including an adiabatic taper to the
waveguide; b) The power coupling performance of the edge coupler,
simulated using Lumerical MODE.

Euler Bends

The bends in the layout are necessary to offset the input and output of the chip
to minimize stray light entering the output fiber. The two 90° bends are both adia-
batic Euler bends, which means that they have a gradually increasing curvature, in
comparison with a normal circular bend where the radius directly switches from oo
to a fixed value. Adiabatic bends are used because they minimize the loss in the
bends caused to the mode mismatch between the straight and curved section of the
waveguides. The minimum bend radius was chosen based on the ALUVIA design
manual and the design of the Euler bends was based on the methods described

in [42].

Cladding

The cladding that is placed on part of the chips is a Plasma-Enhanced Chemical
Vapor Deposition (PECVD) SiO, cladding deposited on parts of the chips using a
shadow mask. The refractive index can be determined using the following Sellmeier
coefficients and Equation[2.13]

* o =1

« A=1.117

« [/ =10.09161
* P =0.00882

At the design wavelength of 1064 nm, this gives a refractive index of ngag = 1.45.
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2.3.4 Fabrication

The Al,O; structures were defined on a 451 nm thick film using electron-beam
lithography (EBL). A negative resist of 1000 uC/cm? was patterned and reactive ion-
etching (RIE) was used to define the waveguides and rings. The film deposition was
performed using reactive magnetron sputtering on a 10 cm diameter silicon wafer
with an 8 um thermal oxide layer. After this, an 8 um thick SiO, cladding was de-
posited using Plasma-Enhanced Chemical Vapor Deposition (PECVD) on specific
regions using a shadow mask. Deposition and lithography were performed in the
MESA+ Nanolab following procedures outlined in [43], [44]. This process is iden-
tical, with the exception of the used wafer, for the micro-ring resonator fabrication
presented in Chapter 3.

The fabrication was mostly successful. The waveguide are nicely defined and
text layer is clearly visible. Figure shows a few example images taking with a
microscope. The quality of these waveguide is representative of the majority of the
four chips.

There were a small number of exceptions where a section of the waveguide
was not defined. Because the missing sections do not show any rough edges or
scattering, it was believed that they were not waveguide breaks, but more likely
fabrication defects. An example can be seen in Figure [2.76] These very occasional
defects did not pose a problems to the experiments.
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(b)

Figure 2.15: Some example photographs of the PICs, taking with a microscope. a)
the IOS research group logo; b) The edge of the chip, showing a clearly
legiable text layer; c) The transistion between cladded and uncladded
sections on chip.

Figure 2.16: Photograph through a micrscope of the occasional fabrication defects.
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2.4 Simulation performance

During the design phase, multiple nonlinear simulations were run to demonstrate
the theoretical capabilities of the Al,O; waveguides. These simulations are based
on the opensource Pychi [45] library in Python. This library contains a custom 5
order solver, designed to simulate short pulses through nonlinear materials. It is
capable of simulating a wide range of nonlinear effects, including all mentioned in
Section The pulses used for simulation have a width of 130 fs at 1064 nm and
have an average on-chip power of 95 mW, with a repetition rate of 40 MHz. Together
giving a pulse energy of 2.37 nJ. These values are based on the Ekspla LightWire
FF200 laser and a 5 dB coupling loss. The simulations cover a wavelength range of
170 nm to 2200 nm over a propagation distance of 3 mm with a step size of 6 um.
Figures[2.17]and [2.18| show the time-domain and wavelength-domain evolutions for
two waveguides, as well as their final spectra. The waveguides chosen for simula-
tions have a with of 0.8 um and 1.4 um. This places them at the lower and upper
edge of the single mode regime for 1064 nm light (these are waveguides 3 and 23
on chip, please see Appendix [A).

For the 0.8 pm width, the waveguide exhibits a GVD of -678 fs2/mm and a soliton
number of 14. The phase matching condition in Equation predicts a disper-
sive wave at 268 nm, see Figure A dramatic broadening of spectrum can be
seen after approximately 0.7 mm of propagation in Figure [2.17p, which is the point
of soliton fission. Here the -40 dB intensity just crosses into the UV reaching from
400 nm to 2100 nm. Please note that the intensity is relative to the peak of the input
pulse, and not relative to the local maximum. A dispersive wave is also visible in
the waveguide evolution. It comes into existence after the soliton fission, which is
expected as the shedding of energy from the solitons creates the dispersive wave.
This dispersive wave remains stable even after propagation. The final peak intensity
of the dispersive wave is -25 dB, relative to the peak intensity of the input pulse. lts
location is at 250 nm, which is slightly lower than the predicted 268 nm.

For the 1.4 um width, the waveguide exhibits a GVD of -283 fs?/mm and a soliton
number of 16. The phase matching condition in Equation predicts a dispersive
wave at 415 nm, see Figure For this waveguide the dramatic broadening can
be seen after approximately 1.2 mm of propagation in Figure [2.18p. The difference
between the soliton fission locations between the waveguides can be explained by
their difference in effective area. The smaller waveguide will have a higher power
density and thus a higher effective nonlinear coefficient. For the 1.8 um waveguide
the bandwidth at -40 dB at soliton fission is even broader, reaching from approxi-
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mately 300 nm to outside the simulation window above 2200 nm. Again a dispersive
wave is clearly visible. Notable is how this dispersive wave has a larger bandwidth
compared to the dispersive wave in Figure Also notable is how its location
is considerably blue-shifted at 350 nm compared to the predicted 415 nm. This
might be due to red-shifting of the solitons, which would change the phase matching
condition [46].
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Nonlinear Propagation Simulation, 0.8 um Waveguide Width

a) Final Waveguide Spectrum

c) Final Temporal Spectrum
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Figure 2.17: The above images shows the evolution of both the wavelength and

temporal spectra of a sech? pulse, simulated in 0.8 pm Al,O; waveg-
uide. a) Wavelength spectrum at the end of propagation; b) Evolu-
tion of wavelength spectrum through waveguide; ¢) Temporal spectrum
at the end of propagation; d) Evolution of temporal spectrum through

waveguide.
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Nonlinear Propagation Simulation, 1.4 ym Waveguide Width

a) Final Waveguide Spectrum

c) Final Temporal Spectrum
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Figure 2.18: The above images shows the evolution of both the wavelength and
temporal spectra of a sech? pulse, simulated in 1.4 pm Al,O; waveg-
uide. a) Wavelength spectrum at the end of propagation; b) Evolu-
tion of wavelength spectrum through waveguide; ¢) Temporal spectrum
at the end of propagation; d) Evolution of temporal spectrum through

waveguide.
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2.5 Experimental results

The following section will detail the experimental methods used, as well as the ex-
perimental results. Unfortunately the intended 1 um laser source has broken before
the start of measurements, and could not be repaired within the time-scope of the
project. Because of this, the backups edge couplers were used to couple in light
from a 1544 nm FF ULTRA 1560 high-power pulsed laser (capable of pulse ener-
gies of up to 28 nd). As discussed in Section 2.3.1, the wavelength of this laser is
too high to propagate in the anomalous dispersion regime, this limits us to only a
potential broadening predominantly due to SPM. Nevertheless, this should still yield
interesting quantities like the pulsed damage threshold of the material and visible
confirmation of nonlinear processes in Al;O3; (and of course, valuable lab experi-
ence).

2.5.1 Ekspla 1 um laser

The Ekspla LightWire FF200 1064 nm posed as the original guide for the design of
the chips. For this laser a characterisation was planned, due to an extended period
of inactivity. This characterisation was important as the properties of the laser-pulse
can have a strong influence of the measured processes, and can change over time.
Aside from this, and as proved in this project, a characterisation can discover prob-
lems with the laser in an earlier stage of the experiments. The characterisation orig-
inally included an average power measurement using a photodiode and measuring
the pulse duration using an autocorrelator, which is a device capable of resolving
ultra-fast pulses of light (which for a photodiode is too slow).

For the pulse duration measurement an APE PulseCheck autocorrelator was
used, see [2.19a] The processed involved aligning the IR beam of the laser to the
input of the PulseCheck, this was sped up considerably with the help of a phone
camera that happened to not fully filter out the 1 um light, see Figure [2.1908] The
settings for delay, beam distance and focus were adjusted according to the manual.
Unfortunately no pulses coming form the laser were detected, with the output of the
PulseCheck only indicating noise, see Figure[2.179¢

The average power of the laser was measured at 188 mW, approximately 2/3
of the 300 mW expected average power. To look further into possible problems,
the pulse train output of the laser (with an expected repetition rate of 40 MHz) was
connected to an oscilloscope, but showed no pulsing behavior. With this, it was con-
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firmed that the laser would not be able to supply the required high-power pulses and
was deemed broken.

The secondary laser, the 1544 nm FF ULTRA 1560, was already in use in the
lab and had extensively been tested, so no autocorrelator measurements were per-
formed. A detailed Quality Control can be found in Appendix B}

(a): (b): (c):

Figure 2.19: From left to right: a) APE PulseCheck (image from [ref]); b) IR beam
made visible through a phone camera, used for alignment to the
PulseCheck; ¢) Output of the PulseCheck showing only noise.

2.5.2 Methods

A high-power free space laser system (Toptica FF ULTRA 1560) was used for these
experiments. This laser has a:

+ central wavelength of 1544 nm;

* pulse duration (width) of 164.0 fs;

* repetition rate of 78.5 MHz;

* maximum average power 2.245

free space beam diameter of 1.4 mm.

This together give a maximum peak power of 174.4 kW and a maximum energy
per pulse of 28.60 nJ assuming a dominantly sech? pulse. For the full detailing of
the performance of the laser, please see the Quality Control sheet in Appendix [B]
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Figure [2.20] shows a schematic overview of the setup used. An isolator is used
to protect the laser from back-reflections into the source. An adjustable Half-Wave
Plate (HWP) in conjunction with a Polarizing Beam Splitter (PBS) forms an ad-
justable attenuator for the signal. Any light that is changed from the pass-through
polarization of the PBS by the HWP is reflected out of the system and caught in
a beam stop. The continuing light is rotated back to TE polarization by a second
HWP. An aspheric lens is used to focus the light into a beam diameter as close as
possible to that of the designed edge couplers, see Section 2.3.3. The chip and the
output fiber are placed on separate three degrees of freedom (DoF) stages. The
laser beam can be controlled through various mirrors (not shown in the diagram).
Figure [2.21] shows a photograph of the used three-DoF stages.

Aspherical lens
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Figure 2.20: A schematical overview of the setup used for free-space SCG.

Figure 2.21: Photograph of the used stages with annotation.

For alignment to the chip, a visible green laser is injected into the system through
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a dichroic mirror. The IR laser and the alignment laser are made to overlap with the
help of a number of pinholes spaced between the second HWP and the aspher-
ical lens in Figure The reason this method was chosen over, for example,
back propagation of an alignment laser through fiber coupling, is that there are no
edge couplers at the end of the chip, making coupling in light for back propagation
impractical.

Measurement Procedure

1. Rough Alignment

The IR laser and the green alignment laser are first aligned using a number of
pinholes and mirrors. The pinholes are adjusted to allow the IR laser to pass
through. The alignment laser is then adjusted to also pass through all pinholes,
with adjustments moving from the mirror closest to the alignment laser to the
furthest. The chip is aligned to the alignment laser through a three-DoF stage
and with the help of a microscope. Maximum coupling is determined by the
amount of visible light scattering in the waveguides.

2. Fine Alignment

Once the chip is guiding visible light, the alignment laser is shut off. Fine
alignment is done with very low IR laser power (in the order of nW/uW) and
optimized through a fiber power meter connected to the output fiber. The out-
put fiber is first aligned to the chip using a microscope and then the system
is adjusted in the following order: mirrors, chip stage, fiber stage. Where the
last two are often repeated many times per mirror adjustment to determine the
local optimised position.

3. OSA Measurement

After fine alignment, the output fiber is connected to the OSA through a 99:1
splitter. The siphoned 1% is used to record the output power. The input power
is measured in front of the aspherical lens using a free-space power meter.
Following that, an OSA spectrum measurement is taken. Then the power is
increased incrementally and the measurements repeat. For each step, the
input and output powers are recorded, as well as the spectrum through the
OSA.

Figure [2.22 shows a photograph with the green alignment laser in place. Notice
how the light enters on the left side of the chip (top-left in the image), bends upwards,
and then bends toward the output of the chip.
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Figure 2.22: Photograph of alignment laser to chip

2.5.3 Results

The measurements shows in the section were done on waveguide 56 (see Appendix
[Al for more information). This waveguide has a width of 3.58 pm and is uncladded,
save for the in-coupling section, see Figure Using the Toptica FF Ultra 1560
laser, a maximum averaged power before the chip of 1.7 W was set. After coupling
losses, this resulted in an estimated maximum on-chip averaged power of 664 mW,
together with a maximum peak power of 48.5 kW and a pulse energy of 8.47 nJ. Fig-
ure [2.23| shows multiple measurements taken on the same waveguide with increas-
ing powers. The figure shows broadening of the pump spectrum, with a steadily
increasing bandwidth. As all waveguides exhibit normal dispersion at wavelengths
close to 1550 nm, this broadening is predominantly due to Self-Phase Modulation.
At maximum power the chip shows an approximate 3x bandwidth increase.

To demonstrate that these results are actually due to nonlinear effects in Al,O4
and not due to nonlinear effects in the fibers and adjacent components after the
chip, the output fiber was defocussed (moved away from the chip) in steps given
a certain on-chip power. This creates a situation with constant power on chip and
varyingly decreasing power in the fiber (components) after the chip. Figure
shows the resulting spectra. The power was decreased by 4, 7, 10 and 13 dB. Aside
from the expected downward shift, the shape from the spectra remains predomi-
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nantly unchanged. If any significant nonlinear effects were taking place in the fibers,
a change in spectrum would be expected. As this is not the case, we conclude that
the nonlinear broadening of the light was indeed due to the Al,O; chip.
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Figure 2.23: Recorded spectra of broadening with increasing pulse energy on chip.
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Figure 2.24: Recorded spectra of broadening with constant power on chip, but de-
creasing output power through defocussing.
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Damage threshold

Although no failure of the waveguide due to the high-power pulses has been found
during experiments, we can still conclude a lower-limit of the pulsed laser damage
threshold of Al,O3. The value is expressed in the maximum determined fluence F
in the waveguide, where:
EP
F = Ay (2.14)
Here E, is the pulse energy and A the effective mode area of the pump. The
Aei of the waveguide was found to be 2.847 pm? through simulations with Lumerical
MODE. Combined with the maximum pulse energy of 8.47 nd, this gives a minimum
power handling capability of 0.298 J/cm?, with a pulse width of 164 fs at a wavelength
of 1544 nm.
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2.6 Discussion

This chapter started with a general theoretical overview to introduce the concept of
SCG in PICs. Although these models have been refined and successfully used for
many years, SCG is still a hugely complex process and many approximations and
simplifications were used in the design and simulations.

The design of the PIC focused on dispersive waves and SCG reaching into the
UV, with one of its primary design choices being the 1064 nm light source. Although
the addition of extra edge couplers for 1550 nm provided some flexibility and proved
very useful as a backup in this case, the chips are still limited in terms of their
optimally compatible pump wavelengths, with 1064 nm being the only one in the
anomalous dispersion regime. In hindsight, it might have been beneficial to include
structures to allow for more possible wavelengths for future research outside that
of my own. That being said, the use of free-space lasers offers more flexibility for
coupling, making other lasers not completely impractical to use, and the structures
were shown to work well at 1550 nm.

Simulations have shown significant potential for SCG and dispersive waves into
the UV. A large point of discussion is that the simulations did not take into account
the material losses, which might especially influence the lower wavelengths where
losses tend to be higher. Additionally, a blue shift is observed in the dispersive waves
locations, compared to the predicted wavelength due to phase matching. The esti-
mation is still in the correct order of magnitude and thus remains functional for ap-
proximate design. This deviations suggests more complex effects are at play. More
accurate predictions would require a more elaborate approximation of the phase
matching or possibly a set of experimental results which can be fitted to a predictive
model. Future work could benefit from classifying the effects at multiple waveguide
widths and creating a relation for experimentally determined dispersive waves for
each width, which would function as a valuable reference to future dispersion engi-
neering.

The chip fabrication was successful and inspected using a microscope. In simu-
lations and design, the dimensions and value for properties like nef, thickness and
width are taken as constant and do not take into account any variance in the wafer.
Variances in fabrication are inevitable, and could lead to significant deviations be-
tween experiments and simulation, thus, there is likely a benefit from high-resolution
characterisations of the dimensions (for example using SEM imaging) for future re-
search.
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Of course, the largest influence on the experiments was the use of the 1550
nm laser instead of the 1064 nm laser. This prevented validation of the simulated
anomalous dispersion results. It did, however, show that the structures on the chip
are guiding properly and it allowed for both the demonstration of some nonlinear
effects in Al,O3; based waveguides as well as for the determination of a lower limit
on the damage threshold.

In summary, this work has demonstrated the potential for using Al,O3 for SCG
and provided physical PICs for future research. Future work can focus on charac-
terizing the design wavelength and validating simulation results with experiments to
provide a more complete understanding of the capabilities and limitations of Al,O;
for SCG. All working together towards being able to generate into the UV spectrum
in Al,Os.
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Nonlinear Refractive Index in Al,O3 Waveguides
through Four-Wave Mixing

Abstract—Nonlinear photonics in integrated photonic cir-
cuits (PICs) is a revolutionary technology, but still challenged
in extending their range into the UV range. In this work the
nonlinear properties of AlO3s are explored, a material with
broad transparency from 170 nm to the IR. Though analysis
of four-wave mixing in micro-ring resonators with an intrinsic
Q of 2.2 million, we experimentally determined the nonlinear
refractive index of AlO3 to be ny = (2.6 £0.17) - 1029,
which is consistent with bulk measurements. We also deter-
mined a power handling capability of at least 21 W in the
C-band, making Al2O3 a valuable material in both high- and
low-power photonics.

Index Terms—Aluminium oxide, nonlinear photonics, four-
wave mixing, integrated photonics

I. INTRODUCTION

Aluminum-based materials are emerging as very
promising in the photonic space due to their broad
transparency window, extending from 170 nm in the UV,
into well into the IR [1]. While AIN is known for a
relatively high nonlinear index, comparable to that of
SiN, Al;Og3 is less explored. Research on bulk materials
indicates a nonlinear index for AlsOs comparable to that
of SiO2 [2]-[5], which is about an order of magnitude
smaller than SiN [6]. This could position Al,O3 as a great
linear companion to AIN in a multi-material platform
or as a material that can selectively exhibit nonlinear
performance in high-power-enhancing structures like
micro-ring resonators (MRR) with high Q factors.

In this work, we determine the nonlinear index no
of Al;Os through an analysis of the four-wave mixing
performance in high-Q, low-loss MRRs. Using ring charac-
terization and measured conversion efficiencies, we report
what is, to the best of our knowledge, the first nonlinear
index of polycrystalline Al;O3 in a waveguide.

II. FABRICATION

The Al;O5 structures were defined on a 447 nm
thick film using electron-beam lithography (EBL). A
negative resist of 1000 uC/cm? was patterned and reactive
ion-etching (RIE) was used to define the waveguides
and rings. The film deposition was performed using
reactive magnetron sputtering on a 10 cm diameter silicon
wafer with an eight um thermal oxide layer. After this
an eight um thick SiOs cladding is deposited using
Plasma-enhanced chemical vapor deposition (PECVD).
Deposition and lithography were performed in the MESA+
Nanolab following procedures outlined in [7], [8].

Figure 1 shows a schematic of the micro-ring resonator
design. The waveguides have a width of 1.5 pm with a
sidewall of approximately 70°. The gap distance between
the bus waveguide and the ring is 1.8 pm, making the ring
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slightly under-coupled. The radius of the ring is 250 pm.
Figure 2 shows a mode-analyse made using Lumerical
MODE solver. The waveguides exhibit an effective mode
area Aegr of 1.892 at a 1550 nm wavelength me for the
fundamental TE mode.

Erip g

Fig. 1. A schematic of the micro-ring resonator with the cross-coupling
coefficient k, the self-coupling coefficient r, and the round trip attenuation
a.
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Fig. 2. E-intensity modal field. Made using Lumerical software.

III. CHARACTERISATION

To characterize the performance of the ring, a Superlumi-
nescent Diode (SLD) was used to illuminate the rings with
a broadband signal, with a fiber polarizing beam splitter
(PBS) to filter the input to isolate the TE polarization. The
output power was recorded using a high-resolution Optical
Spectrum Analyzer (OSA) (Finisar 1500S WaveAnalyser)
from 1546 nm to 1554 nm with a resolution of 0.16 pm.
After normalising the output with respect to the transmis-
sion, we applied a Lorentzian fit to the resonances (see
Figure 3). From the full width half maximum (FWHM)
and minimum transmissions of these fits the loaded quality



factor (); and the intrinsic quality factor Q;,: [9], [10] can
be calculated using:

Lorentzian fit

14

Normalised transmission [-]

0.04
Wavelength [nm]

1 1
0.02  0.01
+1.5479 x 103

1 1 1
0.06 0.05 0.03

Fig. 3. Measured ring resonance with Lorentzian fit.
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Where )¢ is the central wavelength of a resonance. The
Free Spectral Range (FSR) is the average distance between
the resonant peaks. The group index n, is determined
using:

Ng = A%
9 L-FSR’

3)

The cross power coupling coefficients k2 is expressed
as: [11]

k2 = (1 — VTmin)

m
- FWHM. 4
FSR @

The self power coupling coefficient 72 is equal to 1 —
k2 assuming a lossless coupling section. The round trip
loss a can be determined from the general equation for
transmission of a micro-ring resonator [9], [10]:

2TAN 2
rr ) ta

27rA/\) 4 (ra)2 )

FSR
where A\ is the detuning with respect to the center
wavelength. Note that when A\ = 0, T = T,,;,. The
instrinsic loss « can be found using a = exp(—alL/2).
This intrinsic loss is used to determine the effective length
L' of the ring resonator:

r2 — 2ra cos(

®)

Tl 2ra cos(

1— efozL

«

L (6)

Following measurements and the above equations, the
intrinsic loss of the material was determined to be a =
0.37dBcm~!. The average intrinsic Q-factor was found to
be Qint = 2,210,454 and the average loaded Q-factor was
Q1 = 895, 580.
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IV. METHODOLOGY FOUR-WAVE MIXING

Two tunable lasers, in conjunction with two high-power
erbium-doped fiber amplifiers (EDFAs), were used to
excite the rings. The lasers were combined in a 50:50
fiber coupler and TE polarized through a PBS controlled
with polarization controllers, schematically depicted in
Figure 4. The output spectra were measured with a high
resolution OSA (Finisar 1500S WaveAnalyser [12]). The
signal laser power was set to 20 dBm and the pump
laser power was gradually increased from 30 dBm until
38 dBm. The lasers were tuned to be in resonance with
the MRR by maximizing their extinction ratios and the
polarization was tuned to TE by minimizing the rejected
power form the PBS.

PoOwW

Fig. 4. Schematic overview of measurement setup.

For FWM, the conversion efficiency 7 is defined as
the ratio between the off-resonance signal power and the
highest generated side band, called the converter. It follows
the following relation [13]:

P
P, s,in
where the PFE terms denote the power enhancement fac-

tors for the pump, signal, and converter, respectively. These
power enhancement factors follow the general equation [9]:

k

2T AN
FSR

n= = |L'yP,|* - PE.PE,PE,, (7

PE =
1 — 2racos (

®)

) + (ra)?’

The power enhancement is significantly dependant on
the detuning, which in many cases the detuning should not
be assumed negligible. Especially at higher powers due to
thermal instability. Detuning can be determined using the
measured transmission 7' and the properties of the rings.
Solving Equation 5 for the detuning gives:

a’>r?®T —a?> —r2+T
4 -ra(T — 1)

Note that the detuning of the converter is calculated
using 2A\, = A\, with the assumption of a constant FSR
between the resonances. The calculation for PE is repeated
for the pump, signal, and converter for each measurement.
With that the conversion efficiency from Equation 7 can be
normalised with respect to the power enhancement:

AN = FSR

®)

Ui

————— = |L'yP, %
PE2PE,PE, 1LY B|

(10)

Nnorm =

Which can be rewritten in dB units for v as

exp( +3>,

1

:L/

TInorm,dB

—_ 11
Py, apm - 20 (b

7y



where T2ermdB g the slope of normalised conversion

,dBn . .
efficiency measurements taken at multiple powers in a dB
plot. From this the nonlinear index can be extracted using:

YA\
2
V. EXPERIMENTAL RESULTS

ng (12)

b

Figure 5 shown an example spectrum with an overlay
of both in- and out-resonance tuning of the input lasers.
We can see clear sidebands with a spacing equal to
the FSR when in-resonance, indicating the presence of
four-wave mixing. No sidebands outside of resonance is
a strong indication that the power enhancement inside of
the MRR is responsible for the nonlinear effects and not
the (external) fiber or components.

Four wave mixing Al,O3

o T T —————1
—— Off resonance

—— On resonance ]

Power [dBm]

1549

1550
Wavelength [nm]

1551 1552

Fig. 5. Superimposed output of spectra with lasers on- and off-resonance.
FWM side bands are clearly only visible with the lasers on-resonance.

The average power enhancement over all measurements
was 48.7, resulting in an averaged total enhancement
PEZ%PESPEc ~ 5.2 - 10° The pump power was
successfully increased until 38 dBm, above which which
the critical damage threshold for the facets of the
photonic chip was found between the bus waveguide
powers of 437mW and 580mW. Using the average power
enhancement of 48.7 we estimate the minimum power
handling of the waveguides to be over 21 W for constant
wave (CW) lasers in the C-band.

Figure 6 shows the measured normalised efficiency
against the bus power in the chip. Note how the slope
is nearly two which is expected for FWM in a dB plot,
due to the quadratic dependence on the bus power, see
Equation 7. From this data a v of 5.6 - 1072 W—im™!
was extracted, which resulted in a nonlinear index of
ng = (2.6 £0.17) - 10720 m?/W.

This value falls nicely in the range of nonlinear index
measurements done in bulk materials, see Figure 7 for a
comparison with values from [refs]. For a comparison to
other photonic waveguide materials, see Table I.
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Fig. 6. Measured normalised efficiency. Equation shows the linear fit
through the data. From the fit 7y is extracted, with an A.g of 1.892
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Fig. 7. Comparison with difference measured value for the nonlinear
refractive index in bulk AloO3. Values from [2]-[4], collected in [14].

VI. CONCLUSION

In this study, we demonstrated clear four-wave mixing in
a material not known for high non-linearity. The waveguide
micro-ring resonator exhibited a power enhancement of
48.7 with an intrinsic Q factor of 895,580. We achieved
a maximum conversion efficiency in the ring of -21.46dB,
corresponding to an effective conversion efficiency of -
88.45dB, resulting in a nonlinear index of n2 = (2.6 +
0.17) - 10720 m?/W. This demonstrates that indeed Al,O3
does not easily exhibit nonlinear effects, showing a similar
nonlinear index to SiO5 and being about a approximately
an order of magnitude lower than AIN and SiN. We’ve also
shown a power handling capability of at least 21 W in the
C-band. To the best of our knowledge, this ns value is the
first experimentally determined nonlinear index value for
polycrystalline Al,O3 in a waveguide structure.
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Chapter 4

Conclusion

In this thesis, the potential of Al,O3 for supercontinuum generation (SCG) and its
nonlinear refractive index has been studied. The work was divided into two main
research questions: demonstrating SCG in Al,O; integrated waveguides and deter-
mining the nonlinear refractive index of polycrystalline Al,O; waveguides.

The first research question focused on demonstrating SCG in Al,O3; waveguides:

”Is it possible to demonstrate supercontinuum generation in AI203 based
integrated waveguides?”

With the sub-question:
What is the damage threshold of AL Os for ultra-fast pulsed lasers?

The theoretical groundwork and design choices were centered on achieving SCG
into the UV, with a primary design wavelength of 1064 nm. Despite challenges like
the unavailability of the intended laser source, the backup 1550 nm laser still al-
lowed experiments. The simulations showed potential for SCG and showed disper-
sive waves extending into the UV spectrum. Although the experiments were limited
to normal dispersion regimes, they confirmed nonlinear effects in Al,O3; and a lower-
limit on the damage threshold of 0.298 J/cm?, with a pulse width of 164 fs at a
wavelength of 1544 nm. This together makes it very likely that SCG can be demon-
strated in Al,O3; waveguides, even though it could not be achieved in this study.

The second research question aimed to determine material properties of Al,O3
through four-wave mixing (FWM) in micro-ring resonators (MRRs), more specifically:

What is the nonlinear refractive index of polycrystalline AL Os; based integrated
waveguides?

With the sub-question:
What is the damage threshold of Al O; for continuous-wave lasers?
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Using the characterised high-Q MMRs and through the analysis of measurements of
the FWM process, we determined the nonlinear refractive index n, to be (2.6 + 0.17)
1072 m%/W. This value is consistent with previously reported values for bulk Al,O;
and linear approximations, making a argument for the relative accuracy of the value
for PICs. Additionally, the power handling capability of the waveguides was demon-
strated to be over 21 W in the C-band, indicating their suitability for high-power
photonic applications.

Overall, this thesis has demonstrated that Al,O; is a promising material for SCG,
especially for applications requiring UV transparency. lts relatively low nonlinear
refractive index is compensated by its high power handling and transparency into
the UV. My hope is that this work will serve as the foundation for numerous future
experiments, possibly including the validation of the design of these PICs through
the intended laser source, to further explore the potential of Al,O5 for SCG into the
UV and other Al,O; based nonlinear applications on chip.
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Chip number

W N R o

Uncladded length [cm]

2.12
1.42
0.72
0.00

Total length [cm]
2.12
2.12
2.12
2.12

All four chips are identical save for the uncladded region

First 36 waveguides have an edge coupler for 1064nm light
Last 36 waveguides have an edge coupler for 1550nm light
See information below

Values for 1064nm light

Number on chip Mode field {edge coupler}

©0ONOU A WN R

WWWwWwWwwWNNNRNNNNNNNRERRRRRRB B P B
AU BEWNROLVLONOONNREWNROOOOWNOONAWNRO

7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06

Values for 1550nm light

Number on chip Mode field {edge coupler}

37
38
39
40
a1
22
43
a4
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58
6.58

Width [um] {edge coupler}
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17

Width [um] {edge coupler}
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38

Width [um] {waveguide}
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.60
1.82
2.04
2.26
248
2.70
292
3.14
3.36
3.58
3.80
4.02
4.24
4.46
4.68
4.90
5.12
5.34
5.56
5.78
6.00
7.00
8.00
9.00

10.00
11.00

Width [um] {waveguide}
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.60
1.82
2.04
2.26
248
2.70
292
3.14
3.36
3.58
3.80
4.02
4.24
4.46
4.68
4.90
5.12
5.34
5.56
5.78
6.00
7.00
8.00
9.00

10.00
11.00

Thickness [um]
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451

Thickness [um]
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451
0.451

Length [cm]
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12

Length [cm]
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12

TE Modes {cladded}
Single
Single
Single
Single
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi

TE Modes {cladded}
Single
Single
Single
Single
Single
Single
Single
Single
Single
Single
Single
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi

TE Modes {uncladded}
Poor confinement
Single
Single
Single
Single
Single
Single
Single
Single
Single
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi
Multi

TE Modes {uncladded}
Poor confinement
Poor confinement
Poor confinement
Poor confinement
Poor confinement
Poor confinement
Poor confinement
Single

Single

Single

Single

Single

Single

Single

Single

Single

Single

Multi

Multi

Multi

Multi

Multi

Multi

Multi

Multi

Multi

Multi

Multi

Multi

Multi

Multi

Multi

Multi

Multi

Multi

Multi
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Production and Quality Control TOPTICA
Data Sheet FF ULTRA 1560 01083 ‘m

QM-Form: F-360 | Date: 16.03.2021 | Version: 04 Page 1 of 5
01 General
Part No.: FF ULTRA 1560 : 01083
Version: 1VvO0
Firmware version: 3.2.1
Production date: 28.04.2021

02 Components / IP Configuration

laser head SN control unit SN

Arm 0 01083 null /- /-

TOPTICA Photonics AG - Lochhamer Schlag 19 - D-82166 Gréfelfing - Tel:+49-89-85837-0 - Fax:+49-89-85837-200
www.toptica.com



Production and Quality Control TOPTICA
Data Sheet FF ULTRA 1560 01083 ‘m

QM-Form: F-360 | Date: 16.03.2021 | Version: 04 Page 2 of 5
03 Oscillator
specification measured
Repetition rate: typ. 80 MHz 78.5 MHz

Optical emission spectrum:

RF - spectrum:
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plot1
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TOPTICA Photonics AG - Lochhamer Schlag 19 - D-82166 Gréfelfing - Tel:+49-89-85837-0 - Fax:+49-89-85837-200
www.toptica.com



Production and Quality Control TOPTICA
Data Sheet FF ULTRA 1560 01083 ‘m

QM-Form: F-360 | Date: 16.03.2021 | Version: 04 Page 3 of 5

04 1560 nm - Output

specification measured
Central wavelength: typ. 1560 nm 1544 nm
FWHM: - 8 nm

Optical emission spectrum:

0.12-

plot1
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0.1
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Optical Emission Spectrum

Intensity Autocorrelation:

specification measured
Pulse duration (assuming Sech?2) : <200 fs 164.0 fs
Output power : >2W 2.245W
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Production and Quality Control

> TOPTICA
Data Sheet FF ULTRA 1560 _ 01083 PHOTONICS

QM-Form: F-360 | Date: 16.03.2021 | Version: 04 Page 4 of 5
05 Optical Alignment
specification measured
X-Axis Beam Diameter (1/e?): typ. 2 mm 1.38 mm
Y-Axis Beam Diameter (1/e?): typ. 2 mm 1.41 mm
Ratio: 0.98
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06 Quality Control

Production:
Final Check:

1000 2000 3000 4000

null
Nguyen Thanh-Long 28.04.2021
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FemtoFiber ultra

TOPTICA
Unpacking Instructions O_PHOTONICS

QM-Formular: F-513 ‘ Stand Formular: 01.03.2021 | Version Vormular: 02 Page 5 of 5

01
Laser head and supply rack are connected by optical fibers during transportation

We recommend not to detach the fiber connection if not absolutely necessary!

02
It is recommended to lift the laser + supply rack by two persons in parallel!

03

Please make sure that the fiber is not suffering heavy pulls and bends when removing the
system from the box.

04 Laser safety class 4 protection

After start-up of the laser (switching on power supply) the lase is in a locked status in
order to prevent laser emission without manual confirmation.

In order to start the laser emission it is therfore necessary to manually confirm the laser
start by either

* pressing laser emission button onse or
» switching the key switch "ON" -"OFF"-"ON"

After confirmation the laser emission can be startet either by pressing the laser emission
button once again or by remote control interface

05 Optional AOM
Apply 5 Volt DC voltage to analog input for enabling laser emission output
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www.toptica.com










