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Abstract
The generation of supercontinuum (SC) is a long standing research field with applica-
tions in metrology, imaging, spectroscopy and telecommunication. While SC in fibers
and bulk media have dominated the field, in recent years generating SC in on-chip
waveguides have been a heavily researched topic. Especially the on-chip generation of
octave spanning SC for stabilized optical frequency combs (OFC) has been a major
driving force. On-chip SC is vital component for broadband integrated photonics.
The miniaturization of optical components would enable devices with smaller foot-
print, lower power consumption and reduced cost. On-chip SC has been generated in
waveguides of various materials. The material used throughout this thesis is silicon
nitride (SiN). It is a CMOS compatible material with low loss and high nonlinearity.
It does not suffer from two photon absorption (TPA) and fabrication techniques are
mature enough that a large range of waveguide sizes can be fabricated. Throughout
the thesis, both Si3N4 and silicon-rich nitride (SiRN) waveguides are used. Increas-
ing the silicon content increases the nonlinearity, but also increases the loss. Because
of this it is necessary to use the low loss Si3N4 for long waveguides, while in short
waveguides the increased nonlinearity of (SiRN) makes it preferable. Research has
tended to focus on using the waveguide geometry to dispersion engineering waveg-
uides with anomalous dispersion. This method of supercontinuum generation (SCG)
suffers from a number of limitations, as it is governed by the dynamics of the soliton.
Here, we have studied several different techniques for generating SC in silicon nitride
waveguides. By engineering the dispersion profile of the waveguides dramatically
different SC can be generated. Initially, the use of SiRN waveguides for SCG is inves-
tigated. The increased silicon content increases the nonlinear effect and modifies the
dispersion. In these anomalous dispersion waveguides the well known combination of
soliton compression and dispersive wave (DW) emission generates an octave spanning
SC. It is numerically shown that by increasing the silicon content, the phase matching
wavelength of the mid infrared (MID-IR) DW is pushed further into the infrared. The
concept of increasing silicon content, as a way to dispersion engineer the waveguide,
is shown to be a simple way of enabling a larger range of DW wavelengths with phase
matching all the way to 5 µm. Previous results in on-chip SC are mainly based on
anomalous dispersion waveguides. We have performed a thorough investigation of SC
generated in an all normal dispersion (ANDi) Si3N4 waveguide. A 20 cm Si3N4 spiral
waveguide is designed with all normal dispersion. The SC is found to retain very
low relative intensity noise (RIN) for all pump powers while generating a SC from
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1150nm to 1950nm. This is compared to the spectrum and noise of an anomalous dis-
persion waveguide. It is shown that the RIN of the anomalous dispersion waveguide
rapidly increases after soliton fission. Even at soliton fission simulations show that
the anomalous waveguide cannot retain low noise over the full bandwidth. One key
result is that an octave spanning SC is generated using 22 pJ of pulse energy in an
anomalous dispersion spiral waveguide. The ANDi SC has a much flatter spectrum,
and numerical simulations show that the flatness could be improved by shaping the
input laser pulse to a gaussian. Additionally, it is numerically shown that ANDi
waveguides retain coherence for longer pump pulses, and the main decoherence is
caused by the noise seeded Raman gain, which is expected to be significantly weaker
in SiN waveguides when compared to silica fibers. It is clear from these simulations
that for long pulse SCG it is necessary to use long waveguides. These waveguides
could be implemented using a spiral design. The observations confirm that ANDi
waveguides enable a flatter SC to be generated with a lower RIN using longer input
pulses. The key limiting factors are the need for higher pulse energies and a flat
dispersion profile.

Finally, we numerically study SCG by pumping a SiRN waveguide with two zero-
dispersion wavelengths (ZDW). The waveguide dispersion is designed so that the
pump pulse is in the normal dispersion region (NDR). We show, that because of self
phase modulation (SPM), the initial pulse broadens into the anomalous dispersion
region (ADR) and forms a soliton. The interaction of the soliton and the broadened
pulse in the NDR causes additional spectral broadening through formation of DWs by
non-degenerate four-wave mixing (FWM). It is shown that pumping in either NDR
results in broadening towards the other NDR. This effect is reproduced in a micro
structured fiber (MSF) with a similar dispersion profile. Finally, it is shown that by
increasing the input pulse power, the soliton generated can be launched through the
ZDW into the opposite NDR.

We are confident that the presented research sheds new insight on generating
supercontinuum in on-chip waveguides using any of the mentioned concepts. This
paves the way for small footprint supercontinuum sources with improved performance
in terms of bandwidth and noise.



Dansk resumé
Superkontinuumgenerering er et langvarigt forskningsfelt med anvendelser indenfor
metrologi, billeddannelse, spektroskopi og telekommunikation. Feltet har været domineret
af superkontinuum dannet i fiber, men i de senere år har superkontinuum i chip-
baserede bølgeledere været et meget aktivt forskningsfelt. Specielt muligheden for at
anvende superkontinuum, der dækker over en oktav, til stabilisering af optiske frekven-
skamme har været en af drivkrafterne bag den øgede interesse. I denne afhandling har
vi undersøgt flere forskellige teknikker til at lave superkontinuum i siliciumnitrid bøl-
geledere. Til at starte med undersøges superkontinuumgenerering i bølgeledere med
et øget indhold af silicium. Det øgede silicium indhold forstærker den ikke lineære
effekt og forandrer lysets dispersion i bølgelederen. I bølgeledere med anormal disper-
sion er det den velkendte kombination af solitonkomprimering og dispersive bølger,
som danner et superkontinuum. Det vises numerisk, at man ved at øge siliciumind-
holdet kan justerer bølgelængden, hvor disse dispersive bølger bliver dannet. Dette
kan udnyttes til at generer lys dybere i de infrarøde bølgelængder. Dette sker ved at
siliciumindholdet ændrer lysets dispersion i bølgelederen, og derved kan fasematching
af de dispersive bølger justeres helt op til 5 µm.

Tidligere resultater i chipbaserede bølgeledere bygger hovedsageligt på anormale
bølgeledere. Vi har lavet et gennemgående studie af Si3N4 bølgeledere med normal
dispersion. En 20 cm spiralformet bølgeleder er designet til at have normal dispersion
ved alle bølgelængder. Dispersionen bliver bekræftet med en interferometrisk måling.
Derefter måles den relative intensitets støj og superkontinuumet. Støjen er lav for alle
anvendte pulsenergier, og ved maximal effekt dannes et superkontinuum med bredde
fra 1150 nm til 1950 nm. På samme måde måles spektrum og støj i en anormal bøl-
geleder. Det viser sig at i disse anormale bølgeledere stiger støjen hurtigt efter soliton
spaltningen. Desuden viser simuleringer, at selv ved soliton spaltningen er der ikke
lav støj over hele spektret. Både eksperimenter og simuleringer af støjen viser lavere
støj i de dispersive bølger end i resten af spektrummet. Et nøgleresultat er, at et ok-
tavdækkende superkontinuum bliver genereret med kun 22 pJ pulsenergi. Vi finder
at normal dispersion superkontinuum har et langt fladere spektrum, og simuleringer
viser, at udjævnhederne i spektret kan reduceres ved brug af en laserpuls med en
mere gaussisk form. Numerisk vises det, at kohærent superkontinuum kan genereres
i en bølgeleder med normal dispersion, selv ved brug af picosekundt laser pulser. Hov-
edbegrænsningen er støj introduceret af Raman forstærkningen, som dog forventes
at være betydelig lavere end i silica fiber. Det er tydeligt fra disse simuleringer at
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lange pulser kræver lange bølgeledere. Disse lange bølgeledere kan implementeres via
et spiralformet design. Iagttagelser bekræfter, at superkontinuum fra en normal dis-
persion bølgeleder kan være fladere og mindre støjfuldt, selv med længere laserpulser
som pumpe. Hovedbegrænsningerne er nødvendigheden af højere pulsenergi og en
flad dispersion.

Til sidst studeres en siliciumrig nitrid bølgeleder, som har to nuldispersions bøl-
gelængder. Bølgeleder dispersionen er designet sådan, at pumpelaserens bølgelængde
er i området med normal dispersion. Vi viser, at pulsen spektralt bredder sig ind i det
anormale område og danner en soliton. Interaktionen mellem denne soliton og pulsen
i det normale område laver yderligere spektral forbredning gennem dannelsen af dis-
persive bølger via ikke degenereret firebølgeblanding. Denne forbredning sker mest
mod det andet normal dispersions område. Det bliver vist, at det er ligegyldigt hvilket
af de to normal dispersions områder, der pumpes i, så vil spektrummet hovedsageligt
bredde sig mod det andet normale område. Det er denne foretrukne forbredning af
superkontinuumet, som giver det navnet: retningsbestemt superkontinuum. Denne
effekt bliver reproduseret i mikrostrukturerede fibre, der har en lignende dispersion.
Til sidst vises det, at man ved at øge den brugte pulsenergi kan accelerere solitonen
igennem den anden nuldispersions bølgelængde.

Dette studie bidrager med ny viden indenfor chipbaserede superkontinuumskilder,
og dette baner vejen for en lille superkontinuumkilde med bedre båndbredde og støj.
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Glossary
ADR Anomalous Dispersion Region.
ANDi All Normal Dispersion.

CUT Chalmers University of Technology.

DTU Technical University of Denmark.
DW Dispersive Wave.

FCA Free Carrier Absorption.
FWM Four-wave mixing.

GNLSE Generalized Nonlinear Schröedinger Equation.
GVD Group Velocity Dispersion.

HOM Higher Order Modes.

MDW Minimum Dispersion Wavelength.
MID-IR Mid-Infrared.
MSF Micro Structured Fiber.

NDR Normal Dispersion Region.
Near-IR Near-Infrared.
NLSE Nonlinear Schröedinger Equation.

OFC Optical Frequency Comb.
OWB Optical Wave Breaking.

PCF Photonic Crystal Fibre.
Ph.D. Doctor of Philosophy.
PIC Photonic Integrated Circuit.
PMI Polarization Modulation Instability.

QN Quantum Noise.
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RIN Relative Intensity Noise.

SC Supercontinuum.
SCG Supercontinuum Generation.
SiN Silicon Nitride.
SiRN Silicon Rich Silicon Nitride.
SPM Self Phase Modulation.

TPA Two Photon Absorption.

ZDW Zero Dispersion Wavelength.
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CHAPTER1
Introduction

1.1 Thesis motivation

The invention of the first laser marks the starting point for the research field of non-
linear optics. Laser sources at many different wavelengths have been developed since
the sixties. A present challenge is to generate coherent mid-infrared (MID-IR) laser
radiation. Most available lasers operate in the near-infrared (Near-IR) close to the
telecommunication bands, but further into the infrared beyond 2 µm, laser sources are
limited. In the MID-IR the choice of laser is essentially limited to tunable gas lasers,
semiconductor lasers, quantum cascade lasers and fiber lasers [1]. Even then the spec-
tral coverage is limited and impractical at many wavelengths [2]. The wavelengths in
this region are especially interesting because they overlap with molecular vibration
modes. This allows the study of many molecular species and their behavior on an
atomic time scale. The MID-IR wavelength region is therefore of great interest for gas
sensing and measurements of the atmospheric pollution. Additionally components of
human breath, toxic agents and pollutants have fingerprint in this range. Therefore,
the advancement of practical laser sources in the infrared is an enabling technology
for pollution control, food quality control and noninvasive testing such as breath
analysis. Finally, the generation of infrared coherent radiation will offer important
improvements in communication and imaging. Because of these areas of application,
infrared laser sources have been a major topic of research. One way of generating
coherent radiation at new wavelengths is using the nonlinear optical interactions of
a material. One such method is supercontinuum generation (SCG). Supercontinuum
(SC) is an umbrella term covering a large number of nonlinear processes and effects.
The main criterion is a significant spectral broadening of the input laser, where the
spectrum is partly continuous. The large bandwidth of SC sources provide spectral
coverage at most wavelengths without the need for additional laser sources. The com-
bination of broadband spectrum and coherence is the key strength of a SC source.
While SCG was first discovered in the seventies [3], it really took off as a commercial
idea with the introduction of photonic crystal fiber (PCF) and efficient pump lasers
[4]. By using the many degrees of freedom available in PCF’s design, anomalous dis-
persion could be achieved at many different wavelengths [5], and the supercontinuum
spectrum could be generated over a large range of wavelengths. Because of the mode
confinement of the PCF the necessary power is comparatively low [6]. Applications of
SCG have been found in spectroscopy [7], microscopy, telecommunication [8], optical
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coherence tomography [9] and pulse compression [10]. One of the most interesting
applications is in optical frequency metrology. The introduction of coherently gener-
ated octave spanning SC has allowed the construction of a stabilized optical frequency
comb (OFC) which can be used as an ultra precise optical clock [11]. Advances in
fiber and laser technology has allowed the miniaturization of the SCG sources[7]. One
way to further reduce the footprint and power requirements is to go into on-chip pho-
tonic integrated circuits (PIC). The possibility of SCG on-chip combined with various
other on-chip devices such as, modulators, splitter, filters and detectors would enable
a wide range of applications to be performed with PIC. This lab on a chip concept
has several benefits, as it enables the fabrication of full scale devices with a very
small footprint. It has good mechanical stability, and as a consequence of the low
mode area and high nonlinear effect, it requires low pulse energies. The low energy
requirement enables on-chip SCG to be achieved, using GHz repetition rate sources
[12]. Possible applications include communication [13, 14], microwave photonics [15,
16], navigation [17], optical clocks [18], biosensing [19] and spectroscopy [20]. One
goal of PIC’s is a fully integrated OFC, for telecommunication or dual comb spec-
troscopy [21, 22]. In the recent decade SCG in nanophotonic waveguides have been
a heavily researched subject [23]. Most research in on-chip waveguides are focused
on anomalous dispersion waveguides using soliton compression and dispersive waves
(DW) as the main method of generating coherent SC. By exploiting the soliton com-
pression and DW emission, octave spanning SC can be generated, which is for vital
OFC self referencing. The key strength of the anomalous waveguides lies in the ease
of dispersion engineering using the strong confinement of the waveguiding structure.
The phase matching wavelengths of the DW is adjusted by varying the dimensions of
the waveguide. A lot of the initial work was done in silicon waveguides, but for pump
lasers below 2.1 µm, the low material bandgap caused two photon absorption (TPA)
and free carrier absorption (FCA) [24], which limits the SC. As some of the most used
laser sources, such as Ti:Sapphire, Erbium-doped or Yb-doped, emit below 2.1 µm it
is a significant drawback. If pump wavelengths above 2.1 µm are used, the TPA and
FCA are reduced, and SC can be generated in the MID-IR [25, 26]. Instead a heavily
used material these days is SiN. A larger bandgap ensures low nonlinear absorption.
Early results have shown large amount of broadening in the visible to 2.5 µm region
[27–30]. It has been shown that f-2f self referencing can be performed at relative low
power [12]. As fabrication techniques have been optimized, larger waveguides have
been fabricated and recent results have shown DWs generated in 2.5 to 4 µm region,
when pumped with a 1550 nm laser[31].
Chalmers University of Technology (CUT) has over the past years refined a fabrication
technique of silicon-nitride thin-film optical waveguides on silicon wafers and showed,
that silicon-rich nitride (SiRN) has larger nonlinearities and simpler fabrication tech-
niques than other versions of silicon nitride (SiN) [32]. Using these waveguides, an
octave-spanning SC was generated at DTU Fotonik by pumping with a femtosecond
fiber laser [33]. Additionally low loss stoichiometric waveguides have been fabricated
[34]. The state of the art fabrication makes it possible to design waveguides with a
large range of dispersion profiles and lengths.
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A lot of promising results have previously been obtained in anomalous dispersion
waveguides, but relatively little effort has been put into studying different regimes.
This has limited the usefulness of SCG in waveguides, as the soliton dynamics of the
anomalous dispersion regime imposes severe restriction [35]. In this thesis I present
three different methods for generating supercontinuum in on-chip waveguides. First,
the standard anomalous dispersion region where the nonlinear broadening is caused
by soliton compression and DWs. The use of material composition for dispersion engi-
neering is examined, and it is shown that it has great potential. Secondly, all normal
dispersion (ANDi) waveguides are examined. ANDi based SCG is well known in PCF
based SC sources, but it has largely been ignored for on-chip SCG. The broadening
is a combination of self phase modulation(SPM) and optical wave breaking (OWB).
This enables SCG with low noise and improved spectral flatness. It is shown that long
waveguides are necessary for ANDi SCG these long waveguides are fabricated using a
spiral design, which enables 20 cm of waveguide on a 1 cm chip. It is shown that the
longer waveguides become increasingly important for longer input pulses. Finally, SC
generated in a waveguide, where the pump wavelength is in the NDR but close to the
ZDW, is investigated. Here it is found that the SC directionally broadens towards
the ADR.
It is my hope, that by presenting my work on the different dispersion regions, new
insight will be gained, and it will encourage other researchers to explore the different
characteristics of the various SCG methods.

1.2 Thesis outline
The thesis consists of the main results obtained during this Ph.D. study. The thesis
is divided into seven chapters.

∗ Chapter 1 presents the motivation of the thesis, an overview of the project,
an outline of the thesis, as well as the resulting dissemination activities of this
Ph.D. study.

∗ Chapter 2 introduces the basic theoretical framework. The equation used for
numerical simulations is introduced. Key physical concepts are explained, which
form the basis for understanding the results shown in the following chapters.

∗ Chapter 3 introduces the waveguide structure and materials. A handful of
simulations and dispersion profiles are shown for a characteristic waveguide
with different silicon nitride compositions.

∗ Chapter 4 describes the development of waveguides for operation in the con-
ventional anomalous dispersion regime. In this chapter a numerical map of
dispersive waves and material parameters is shown. A large tunability of the
dispersive waves in the MID-IR using changes in waveguide geometry and guid-
ing material is shown. Experimental results show a broadband supercontinuum.
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∗ Chapter 5 revolves around supercontinuum generated in the all normal dis-
persion regime. I experimentally demonstrate a supercontinuum spanning from
1150nm to 1950nm in an all normal spiral waveguide. Furthermore, the su-
percontinuum and noise is compared to an anomalous dispersion waveguide.
Finally, the idea of pumping the ANDi waveguide with picosecond pulses is nu-
merically investigated, especially the influence of the Raman gain on the noise
is considered.

∗ Chapter 6 presents my work on directional supercontinuum. Here both the
anomalous and normal dispersion regions are combined. Numerically the com-
plex dynamics are investigated clarifying the key effect of the soliton.

∗ Chapter 7 provides a summary and conclusion of the previous 6 chapters

1.3 Dissemination activities
The work carried out during the course of this Ph.D. project has resulted in several
peer-reviewed journal publications and conference contributions.

Peer-reviewed journal publications

I. Simon Christensen, Shreesha Rao D. S., Ole Bang, and Morten Bache, ”Direc-
tional supercontinuum generation: the role of the soliton,” J. Opt. Soc. Am.
B 36, A131-A138 (2019)
DOI: 10.1364/JOSAB.36.00A131 [36]

Peer-reviewed conference proceedings

I. S. Christensen, Z. Ye, M. Bache, and V. T. Company . ”Octave-spanning
frequency comb generation in all-normal-dispersion silicon-rich silicon nitride
waveguide,” in Conference on Lasers and Electro-Optics, OSA Technical Digest
(Optical Society of America, 2020),paper STu3H.7.
DOI: 10.1364/CLEO_SI.2020.STu3H.7 [37]

II. S. Christensen and M. Bache, ”Directional supercontinuum generation,” in Ad-
vanced Photonics 2018 (BGPP, IPR, NP, NOMA, Sensors, Networks, SPPCom,
SOF), OSA Techncail Digest (online) (Optical Society of America, 2018), paper
NpTh4C.5.
DOI: 10.1364/NP.2018.NpTh4C.5 [38]

Journal publications in progress

I. S. Christensen, Z. Ye, M. Bache, and V. T. Company . ”Supercontinuum gen-
eration in all normal dispersion Si3N4 waveguide.”



CHAPTER2
Theory

2.1 Background
The propagation of short optical pulses in a nonlinear medium is a cornerstone in
ultrafast photonics. Because of the nonlinear character of the experimental results, it
is vital to have a good theoretical understanding. While analytical results are sparse.
A lot of progress have been made using numerical solutions. The numerical work
relies on the use of the generalized nonlinear achrödinger equation (GNLSE). The
first step in deriving a propagation equation for a pulse in an optical medium is to
derive the wave equation, while including the nonlinear polarization. Early papers
such as [39], reduced the complexity of the equation by separating the carrier and
envelope terms. This was done assuming the envelope was slowly varying. But with
the continued research into SCG, It was found that the resulting equations seemed
to perform well, even when the slowly varying envelope condition was not fulfilled.
Various improved conditions was found [40]. Most importantly it was shown that
similar equations could be derived by assuming that the backward propagating waves
could be neglected [41, 42]. Later work has also included vector components and
multiple modes [43, 44]. Finally, most initial derivations focused on obtaining a time
domain formulation of the GNLSE. But this make it difficult to include the wavelength
dependent nonlinearity. Formulations of GNLSE in the frequency domain conversely
allowed a straight forward inclusion of these terms [45, 46]. In the following a brief
introduction to the GNLSE and its parameters is given. The key effects governing
SCG are introduced. Which works as the bedrock for understanding results obtained
in the rest of the thesis.

2.2 Nonlinear Schrodinger equation
In this thesis the governing equation is a single mode frequency domain GNLSE
given by eq. 2.1 [46, 47]. As the equation is single mode, it does not take into
account any interaction with higher order modes (HOM) of the waveguide. It will
be shown in chapter 3 that the waveguides in general contain several modes. The
HOM have larger mode areas, and therefore their nonlinear interactions should be
limited. Good agreement is found between simulation and experiment throughout
the thesis, confirming that the HOM are not vital to understanding the broaden-
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ing. Nevertheless, a possible avenue for further research would be including 1-2
additional modes to confirm these assumptions. The electric field is defined as
E⃗(r⃗, t) = 1

2 x⃗(E(x, y, z, t)exp(−iω0t) + c.c) using the Fourier transform we then get
Ẽ(x, y, z, ω) = F (x, y, ω)Ã(z, ω − ω0)exp(iβ0z), where it has been separated into the
transverse mode distribution F (x, y, ω) and a spectral envelope Ã(z, ω − ω0).

∂Ã′

∂z
= iγ̃(ω)exp(−L̂(ω)z)F

{
Ā(z, T )

∫ ∞

−∞
R(T ′) | Ā(z, T − T ′) |2 dT ′

}
(2.1)

The change of variable Ã′ = Ãexp(−L̂(ω)z) has been employed. Which allows the
equation to be solved by ODE solvers. γ̃(ω) is the nonlinear coefficient given by the
unconventional expression

γ̃(ω) = n2n0ω0

cneff (ω)A1/4
eff (ω)

. (2.2)

Where the effective area is defined as usual with

Aeff =
(
∫ ∫∞

−∞ |F (x, y)|2dxdy)2∫ ∫∞
−∞ |F (x, y)|4dxdy

(2.3)

c is the speed of light in vacuum, n2 is the nonlinear change in the refractive index
of the material given by n2 = 3χ(3)

xxxx

4n2
0ϵ0c

, χ
(3)
xxxx is the third order susceptibility,ϵ0 is

the vacuum permittivity. n0 is the effective refractive index of the mode at pump
frequency neff (ω0). L̂(ω) is the linear operator, which includes the propagation
constant β(ω) and linear loss α(ω).

L̂(ω) = i(β(ω) − β(ω0) − β1(ω0)(ω − ω0)) − α(ω)/2 (2.4)

where β1 is the inverse of the group velocity, z is the propagation distance, F denotes
the Fourier transform. Ā(z, T ) is given by

Ā(z, T ) = F−1
{ Ã(z, ω)

Aeff (ω)1/4

}
(2.5)

T is the time in the frame of pump pulse and R(T) is the Raman response function.
Which takes into account the both the instantaneous and delayed nonlinear effects.

R(T ) = (1 − fR)δ(T ) + fR(τ−2
1 + τ−2

2 )τ1 exp(−T/τ2) sin(T/τ1) for T ≥ 0 (2.6)

fR is contribution of the delayed Raman response, τ1 is the oscillation period and τ2
is the decay time. The material parameters for the Raman effect in silicon nitride
is largely unknown. And are usually neglected, or included using the Raman re-
sponse of silica. In this thesis, the following parameters are used fR = 0.2, τ1 = 13fs
and τ2 = 150fs as in Liu et al. [33]. As a frequency domain formulation is used,
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it is possible to correctly include the effect of the wavelength dependent effective
area [46]. Furthermore, the shock term is easily included. One caveat with this
formulation is that the nonlinear coefficient γ̃ has different units compared to the
conventional γ. This is remedied when introducing the following change of vari-
ables. A(z, T ) and Ã(z, ω) to C(z, T ) and C̃(z, ω), with the transformation given as
C̃(z, ω) = [Aeff (ω)/Aeff (ω0)]− 1

4 Ã(z, ω). This transformation results in the following
Eq. (2.7) [46, 47].

∂C̃ ′

∂z
= iγ̄(ω)exp(−L̂(ω)z)

[
1 + ω − ω0

ω0

]
F
{

C

∫ ∞

−∞
R(T ′) | C(T − T ′) |2 dT ′

}
(2.7)

It now has a nonlinear coefficient γ̄, with regular units given by

γ̄(ω) = n2n0ω0

cneff (ω)
√

Aeff (ω)Aeff (ω0)
. (2.8)

All simulations in the thesis solves eq 2.7 using the effective area in eq 2.3, except
for chapter 6, where the effective area includes vectorial components following V. and
Monro [43].

2.2.1 Brief remark on Numerical modelling
The pulse evolution is found by solving Eq. (2.7), using an ordinary differential equa-
tion solver implemented in Matlab. As seen in Eq (2.7) information about the
effective area and propagation constant of the waveguide mode is necessary to model
the evolution. The group velocity dispersion (GVD) is either measured in an interfer-
ometric setup presented in chapter 5, or calculated based on the propagation constant
from simulations in COMSOL Multiphysics. The effective area is calculated based
on Comsol simulations. Details regarding the Comsol model is shown in chapter 3.

Eq. (2.7) does not contain any noise terms. Noise is added in the initial conditions.
Multiple simulations are then performed with different input conditions creating an
ensemble of output SC. Statistical analysis of the resulting SC can then be directly
compared with experiment. Two types of noise are included in the simulations in this
thesis. The noise inherent in the quantum vacuum state is added in the time domain
as a Wigner distribution with a zero mean and half a photon standard deviation.
The technical noise of the laser is included as a relative intensity noise (RIN) which
is modelled with a normal distribution variation in the input pulse energy, or equiva-
lently the input peak power. Based on RIN measurement of the laser, 1% variations
of the pulse energy are used. The RIN of the output spectrum is then calculated for
a 12nm bin, in order to be comparable to the measured RIN.

2.3 Understanding supercontinuum generation
While equation 2.1 contains all the most important effects in SCG, it cannot be solved
analytically. And while it can be solved numerically, it is difficult to interpret the
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results without having some understanding of the building blocks which are involved
in the nonlinear processes. All of these effects can be found in textbooks such as
Dudley and Taylor [47] and Agrawal [48]. And they are in general well understood
as the results of years of research in optical fibers. Nevertheless, these effects are key
to understanding the supercontinuum generated in the thesis, and I will therefore
present a brief overview of the different effects, so that they can be referenced later.
When combining all of these effects, it becomes possible to interpret the results of
a GNLSE simulation. To derive the different effects it is helpful to start from a
simpler form of the GNLSE. Here, higher order dispersion, loss, Raman effect, and
the wavelength dependence of the nonlinearity have been neglected. This results in
the simple NLSE in Eq.2.9.

i
∂A

∂z
= β2

2
∂2A

∂T 2 + γ

(
A(z, T )|A(z, T )|2

)
(2.9)

Optical pulse propagation is governed by two different effects, the dispersion of the
pulse caused by the different group velocity for different colors of light. This is a
linear effect. The second effect is the conversion of light into different wavelengths of
light by the nonlinear effect of the guiding material. The combination of these two
effects can be highly complicated, even for the simple NLSE, and it cannot in general
be solved analytically.

2.3.1 Dispersion
Dispersion arises as the pulse travels through the optical medium instead of vacuum.
In our case, the pulse travels through a guided mode in the waveguide. In this
case, the dispersion is caused by a combination of chromatic dispersion of the various
waveguide materials and the dispersion caused by the confinement of the waveguide
being wavelength dependent. It is common to express the propagation constant as a
Taylor expansion. β(ω) = β0 + β1(ω − ω0) + β2(ω − ω0)2 + ... where βm = ( ∂mβ

∂ωm )ω=ω0

In a comoving frame, only the second order derivative β2 or higher is of importance.
β2 < 0 is defined as anomalous dispersion, while wavelengths with β2 > 0 are normal
dispersion . At the crossing point one has the zero dispersion wavelength β2(λZDW ) =
0. While dispersion is a linear effect, is it very important for understanding the
nonlinear interactions in a waveguide. If the nonlinearity is neglected, the reduced
equation is.

i
∂A

∂z
= iβ2

2
∂2A

∂T 2 (2.10)

It can easily be solved using the fourier transform. If the input pulse is assumed to be
a gaussian A(0, T ) = A0exp( T 2

2T 2
0

) one arrives at the following expression for instan-
taneous frequency of the pulse δωc = − ∂ϕ

∂T = sgn(β2)(z/LD)
1+(z/LD)2

T
T0

Where the dispersion
length is given by LD = T 2

0
|β2| . Based on this, it is concluded that the instantaneous
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frequency changes linearly over the pulse. Importantly, the direction of the chirp
depends on the sign of β2. Essentially, for normal dispersion, the red components
travel faster than the blue component and visa versa for anomalous dispersion. This
delay of different parts of the pulse is the cause of the pulse broadening in time.

The dispersion influences SCG through phase matching conditions and by intro-
ducing varying propagation speed for different parts of the pulse. This controls the
interaction different parts of the spectrum can have, and is therefore vital in under-
standing the final spectrum and pulse shape. Because the sign of the group velocity
dispersion (GVD) influences the frequency chirp of the pulse, it is a very important
characteristic, when understanding SCG.

2.3.2 Kerr nonlinearity
The Kerr nonlinearity is an instantaneous change in the refractive index, when the
guiding materials are interacting with the laser pulse. The temporal intensity of
the pulse modifies the refractive index of the mode linearly with the instantaneous
power of the pulse. This results in an intensity dependent phase, which generates
new frequencies. To only consider the nonlinear effect, the group velocity dispersion
in equation 2.9 is neglected. The result is the following equation.

i
∂A

∂z
+ = γ

(
A(z, T )|A(z, T )|2

)
(2.11)

This is easily solved by integration, yielding the solution

A(z, T ) = A(0, T )eiγ|A(0,T )|2z (2.12)
If the result is separated into phase and amplitude, it is straight forward to show that
the shift in the instantaneous frequencies of the pulse given by

δωc(z, t) = − ∂

∂t
(γ|A(0, T )|2z) (2.13)

The exact behaviour is of course dependent on the input pulse shape, but some
intuition can be gained by examining a Gaussian input pulse A(0, T ) = A0exp( T 2

2T 2
0

).

δωc(z, t) = 2γzT

T 2
0

|A0|2exp(−T 2

T 2
0

) (2.14)

A few things can be understood by examining this result. The frequency chirp be-
comes red shifted near the leading edge and blue shifted near the trailing edge. Impor-
tantly, this is the opposite of the dispersion induced frequency chirp with anomalous
dispersion. In the center of the pulse a linear chirp can be expected. While at the
edges of pulse the frequency chirp will go towards zero. As the instantaneous fre-
quencies at the edges approaches zero, they must cross the frequencies of other parts
of the pulse. It is these identical frequencies at different phases, which interfere to
create large peaks and dips in the spectrum.
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2.3.3 Solitons
In practise, the dispersion and nonlinearity must be examined simultaneously. The
sign of the dispersion is vital for the nonlinear evolution. In regions with positive
GVD(normal dispersion), the frequency chirp of the dispersion and nonlinearity has
the same sign, and the pulse broadens in both time and spectrum. In regions where
the GVD is negative(anomalous dispersion), the nonlinear frequency chirp and the
dispersion frequency chirp can cancel, which enables the formation of a stable pulse
solution. The solution is called a soliton. This is the most important building block
for understanding SCG in anomalous dispersion. The fundamental soliton is given
by

A(z, T ) =
√

P0sech(T/T0)exp(−i|β2|z
2T 2

0
) (2.15)

This can be confirmed as a solution to equation 2.9 by direct insertion. The most
important aspect of the soliton is the fact it doesn’t change during propagation, even
through it experiences both dispersion and a nonlinear phase shift. The perfect bal-
ance between these two effects enables the constant propagation of the pulse. Solitons
are restricted by the soliton order N, which must be equal to an integer. The soli-
ton order given by N2 = LD

LNL
. With LD = T 2

0 /|β2| being the dispersion length
and LNL = 1/(γP0) being the nonlinear length. Essentially the soliton number is
an indication of the relative strength of the linear and nonlinear contributions. For
higher integers of N, periodic higher order solitons exists. Higher order solitons do
not propagate unchanged, but have a periodic evolution. They compress and expand
in time and frequency as they propagate. Figure 2.1 shows an example of the spec-

Figure 2.1: (a) Fundamental soliton with N=1. (b) Higher order soliton with N=2.

tral evolution of a fundamental soliton (N=1) and a higher order soliton(N=2). The
higher order soliton periodically broadens in spectrum, and equivalently compresses
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in time. While the solitons are sech2 shaped, and require stringent peak powers to
satisfy the soliton order, an arbitrary pulse will attempt to reshape into a soliton as
it propagates in the waveguide.

2.3.4 Resonant Radiation Dispersive Waves
Solitons are constant or periodic solutions to the NLSE. They effectively do not
experiences GVD because of the balance between GVD and nonlinearity. But if
additional terms are introduced, especially higher order solitons become unstable.
One such additional term is higher order dispersion. If higher order dispersion is
included, the GVD will change from anomalous to normal dispersion at the ZDW.
The perturbation by the higher order dispersion causes the soliton to fission as it
compresses during its periodic evolution. As it fissions the soliton will collapse into
several fundamental solitons, which can emit DWs if they are phase matched close
enough to the soliton. As solitons does not experience GVD, they have different
phase matching conditions, which allow the soliton to phase match to DWs outside
the anomalous dispersion region (ADR). DWs are generated at ωdw. As defined by
the phase matching condition in eq 2.16 [6].

β(ωsol) − ωsol/vg,s + (1 − fR)γPs = β(ωdw) − ωdw

vg,s
(2.16)

The term (1 − fR)γPs is commonly neglected, as it doesn’t have a vital role for most
powers used in SCG. Figure 2.2(a) shows an example of a pulse experiencing soliton
compression. At z=8 mm it fissions, and emits solitons and dispersive waves. Most
waveguide designs have two ZDWs and can generate a dispersive wave on both sides
of the anomalous dispersion region. The final SC is shown in figure 2.2(b). The
phase matching condition are shown in figure 2.2(c). The DWs are clearly seen in
both phase matching and spectrum. This combination of soliton compression and
resonant radiation is the most commonly used physical mechanism for generating
on-chip SC.

2.3.5 Raman Gain and the Self Frequency Redshift
The spectral bandwidth of the soliton, enables the Raman gain to be understood as a
loss at short wavelengths and a gain at long wavelengths. Effectively, this redshifts the
central wavelength of the soliton as it propagates. This effect is vital in understanding
fiber based supercontinuum sources, but the weak Raman response and short length
of most waveguides generally mean, that the effect is neglected in on-chip SCG in SiN
waveguides [30]. Nevertheless, the Raman effect has been observed in ring resonator
experiments [49]. A comparison of SCG in PCF and SiN, suggest that the influence
of Raman limits the coherence of the PCF based SC [50] when using low pulse power
for SCG. In this thesis the Raman effect is included as in [33]. The included Raman
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Figure 2.2: (a) Spectral evolution. (b) Spectrum at the end of propagation. (c)
Dispersive wave phase matching conditions. Crossing of black and blue
indicate phase matching.

effect seem to have little influence on the anomalous supercontinuum simulated in
the thesis.
In the normal dispersion regime, no solitons exist, and a self frequency redshift is
not expected. Nevertheless, the Raman gain is important for the noise properties
of normal dispersion supercontinuum [51]. The Raman gain fundamentally limits
the input pulse length for coherent supercontinuum generation. A simple model for
the Raman scattering is a single Lorentzian oscillator response function as seen in
equation 2.17. And the resulting gain profile can be found using eq. 2.18 [39, 48].

hR(t) = τ2
1 + τ2

2
τ1τ2

2
exp( −t

τ2
) sin( t

τ1
), (2.17)

gR(∆ω) = fRω0

cn(ω0)
χ(3)

xxxxℑ[F(hR(t))], (2.18)
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Where τ1 = 13fs is the inverse of the vibration frequency and τ2 = 150fs is the
damping time. The fractional strength of the Raman effect is fR = 0.20.

2.3.6 Modulation instability
Modulation instability is a region of gain inherent to the anomalous dispersion region.
The gain is the result of four wave mixing. If this gain is unseeded it leads to the
generation of noisy sidebands. In the time domain these noisy sidebands will introduce
a temporal modulation. The requirement for anomalous dispersion and the position
of the MI instability peaks can be derived as follows. Assuming a simple input
continuous wave A(0, t) =

√
(P0) in the simplified propagation equation we get

A(z, t) =
√

P0e−iγP0z (2.19)

now we add a small pertubation ap

A(z, t) = (
√

P0 + ap)e−iγP0z (2.20)

If assuming the perturbation is small, results in

∂ap

∂z
= iβ2

2
∂2ap

∂T 2 − iγP0

(
ap(z, T ) + ap(z, T )∗

)
(2.21)

Where the solutions have a propagation constant K given by.

K = ±β2Ω
2
√

Ω2 + sgn(β2)(Ωc)2, (2.22)

Where Ωc = 4
γ

P0|β2|. In the anomalous dispersion regime sgn(β2) < 0 and there exist
frequencies at which K is imaginary, this enables the growth of the small perturbation.
This in turn means that the initial input wave is unstable, as the perturbation is
increasing. The maximum gain is at the frequencies given by

ΩMI−Max = ±

√
2γP0

|β2|
, (2.23)

This derivation is valid for a simplified version of the NLSE. It is important to keep
in mind, that modulation instability can also occur with positive GVD, if the fourth
order dispersion is negative [52]. Modulation instability is one of the main limiting
factors of coherent supercontinuum generation. If the pulse doesn’t coherently seed
the modulation instability gain, the gain will be seeded by the quantum noise, and
in turn generate incoherent radiation. This limits coherent SCG in the anomalous
dispersion regime to pulse widths of approximately 150 fs or lower. Figure 2.3 shows
a simulated example of these modulation instability sidebands.
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Figure 2.3: Example of modulation instability sidebands seeded by quantum noise..

2.3.7 Optical wave breaking
Optical wave breaking is the spectral broadening associated with the temporal over-
lap of the heavily chirped central part of a pulse, and the unchirped wings. It has
been shown to be a key component in generating broadband supercontinuum in all
normal dispersion fiber. No simple analytical solution can be found, but following
the derivation of Anderson et al. [53], a few equations can be derived. Let’s start
by considering the frequency chirp of a Gaussian pulse experiencing only SPM and a
Gaussian pulse experiencing only dispersion. From the earlier sections on dispersion
and SPM, it is known that

δωc(z, t) = 2γzT

T 2
0

|A0|2exp(−T 2

T 2
0

) (2.24)

δωc(z, t) = sgn(β2)(z/LD)
1 + (z/LD)2

T

T0
(2.25)

As an approximation, it is assumed that the total frequency chirp is just the sum
the two. Now let’s imagine a pulse with two parts initially separated by a time ∆τ ,
after the pulse has travel some distance z, the separation between the two parts have
changed by ∆τ ′, with ∆τ ′ = zβ2

∂ω
∂τ ∆τ . The two parts will overlap in time when

−∆τ ′ = ∆τ . As OWB is exactly this temporal overlap of different parts of the pulse,
the OWB distances is zOW B = −1

β2
∂ω
∂τ

. By inserting the combined chirp of eq 2.24, one
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then obtains

(zOW B

LD
)2 = −1

1 − N2(1 − 2τ2/T 2
0 )exp(−τ2/T 2

0 ))
(2.26)

The maximum wave breaking length can then be shown to occur at

(zOW B

LD
) = 1

( N2

exp(3/2)/2 − 1)1/2
(2.27)

For high soliton order this gives

zOW B ∝ LD

N
(2.28)

While this result is heavily approximated, it has been shown to accurately predict
the onset of optical wave breaking in Anderson et al. [53] and Finot et al. [54].
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CHAPTER3
Silicon Nitride

Waveguides, Silicon
Rich and

Stoichiometric
3.1 Background
Many different materials have been used for supercontinuum generation in integrated
waveguides. It is difficult to define a figure of merit for the materials, as waveguide
platforms can be judged on several different parameters. CMOS compatibility, Kerr
nonlinearity, linear loss, nonlinear losses, transparency window, dispersion manage-
ment and χ(2) [23]. Nevertheless a few different materials stand out. Perhaps the
most obvious choice for optical waveguides is silicon. It was shown in the 1986, that
optical waveguides using silicon could be fabricated in a CMOS compatible way. And
thereby be easily integrated into the already existing production environment. Silicon
waveguides have a high nonlinearity and low loss and seems like the ideal material.
Early experiments in silicon waveguides at telecom wavelengths showed broadening,
but were fundamentally limited by the low material bandgap, as this give rise to
strong two photon absorption (TPA) and free carrier absorption (FCA) [24]. Several
techniques have been employed to limit these effect. Most importantly, by using
lasers with a pump wavelength above 2.1 µm the TPA and FCA can be reduced,
and SC can be generated well into the MID-IR [25, 26]. Using this technique octave
spanning SC frequency combs are generated with pulse energies as low as 16 pJ [55].
Another strong candidate for a waveguide material is AlGaAs. It has outstanding ma-
terial properties [56]. But the III-IV materials are in general avoided in the CMOS
fabrications lines as they serve as dopants for silicon. Recent work has shown SCG in
AlGaAs with 3.6pJ energy, highlighting the very strong nonlinear effect of AlGaAs
[57]. Chalcogenides have shown great promise, with their high nonlinear effect and
low loss [58, 59]. The high refractive index allows for strong confinement. They
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can futhermore have a extremely large transparency window in the IR, and could
potential be used for very broadband mid-IR SCG [60]. Lithium Niobate is another
extremely interesting material for SCG, as it has a strong χ(2) effect. Initial work
was done in bulk [61–63], but in recent years advances in fabrication has enabled f-2f
self referencing and SCG using a single waveguide [64–70].

Silicon nitride is a CMOS compatible material, with relatively strong nonlinearity
and low loss. Furthermore, because of its large bandgap, it does not suffer from two
photon absorbtion. The most commonly used type of silicon nitride is stoichiometric
Si3N4. Previously, the main difficulty with Si3N4 was the appearances of cracks,
when attempting to fabricate large waveguides, because of a large tensile stress [71].
This effect has been mitigated using advanced fabrication techniques [72–77], which
in turn enabled the generation of SC at telecom wavelength and beyond [12, 28, 29,
31, 78–81]. Silicon rich nitride has several advantages compared to stoichiometric. It
has a lower tensile stress, which enables one to fabricate larger waveguides without
using any advanced fabrication techniques [82]. Furthermore, the increase in silicon
content increases the nonlinear coefficent with as much as an order of magnitude more
than Si3N4 [83]. It has been shown that an octave spanning SC can be generated in
SiRN waveguides [33]. The main problem with SiRN is that the loss is higher than
the loss of stoichiometric SiN [82]. Which has previously been a key limiting factor.
Recently losses as low as 0.4 dB/cm has been observed [84].

3.2 Materials and fabrication
All waveguides in this thesis were fabricated at Chalmers University of Technology by
my collaborator Zhichao Ye. Here a brief overview of the waveguide design and ma-
terials are presented. In later chapters, many different simulations will be presented.
All simulations except for chapter 6 are made using the refractive index, linear loss
and Kerr effect presented in this chapter.
Throughout this thesis both waveguides with a core material of Si3N4 and silicon rich
nitride (SiRN) are used. In total three different silicon nitride compositions will be
used. The two silicon rich compositions are indexed by the DCS:NH3 gas ratio used
during fabrication, as in [82]. An increase in gas ratio corresponds to an increase in
silicon content. This increases the nonlinear coefficient. The increase in gas ratio
also lowers the bandgap, but no TPA is observed [82]. The height and width of the
waveguide are crucial parameters for designing the dispersion. The height of the SiN
film varies depending on the exact position of the waveguide on the wafer. Previous
work has estimated the variance in height to 3%. This is important to take into
account when designing waveguides, as small height deviations can severely change
the character of the waveguide dispersion.
Figure 3.1(a) shows a schematic drawing of the waveguide, and the used materials.
The waveguide consist of a bottom layer of thermally oxidized SiO2. Silicon nitride is
deposited using LPCVD, with the DCH:HS gas ratio controlling the silicon content.
The waveguide is patterned with DUV lithography and Electron beam lithography.



3.2 Materials and fabrication 19

Figure 3.1: (a) Schematic drawing of the waveguide structure. (b) SEM image of
a fabricated waveguide. (c) Normalized electric field of the three TE
modes at 1550 nm. (d) Microscope image of a spiral waveguide.

The excess SiN is then removed with dry etching. An approximately 500 nm layer
of LPCVD SiO2 forms on top of the structure. Lastly the whole structure is clad
in PECVD SiO2. A SEM image of a fabricated waveguide is shown in figure 3.1(b).
Figure 3.1(c) shows three TE modes at 1550 nm from in a 650nm by 2000nm waveg-
uide. Usually no fourth order modes are found. The modes are found using Comsol
Multiphysics. The HOM are neglected simulations of the SCG. The most noticeable
effect of the HOM is that only 50% of the incoupled laser power seems to travel in
the fundamental mode. This is especially clear when measuring on spiral waveguides,
where the output power is only half that of a straight waveguide. This is believed to
be caused by the increased bending loss in spiral waveguides for HOM. An example of
a spiraled waveguide is shown in figure 3.1(d). The spiralling of the waveguide allows
the 20 cm waveguides used in chapter 5 to be fabricated on a 1 cm long chip. The
spiral waveguide is a larger and more complex structure to fabricated. Therefore, ad-
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ditional problems can occur, such as coupling between modes or fabrication errors. In
this thesis the need for longer waveguides are driven by need for more spectral broad-
ening and to ensure that OWB can occur. This will be especially important when
considering picosecond pump lasers. In Krückel et al. [82] a careful characterization is
performed showing how increasing the silicon content lowers the stress of the SiN thin
film, while increasing the nonlinear effect. It is further found that two compositions
of SiN are optimal when using the nonlinear phase shift as a figure of merit. Si3N4
and SiRN8 were found to best, with SiRN3.9 being slightly worse. Increasing the
silicon content to more than SiRN8 reduces the nonlinear phase shift. This relation
is not based on any fundamental analysis of the different compositions. Optimiza-
tion of the fabrication process, by introducing an annealing process have significantly
lowered the loss in SiRN3.9 making it significantly better [84]. Additionally, the loss
has been lowered by an order of magnitude in Si3N4 waveguides [34]. The loss and
kerr effect of the three types of silicon nitride, used as a core material, are seen in
table 3.1 The nonlinear effect was measured using a dual continuous wave laser ex-
periment [82]. The loss was measured using optical frequency domain reflectometry
or by cutback measurements. While the nonlinear phase shift is a useful figure of
merit it is not sufficient to characterize the materials use for SCG. It will be seen in
chapter 4 that most anomalous dispersion waveguides generate the SC after 1-3 cm
of propagation. Further propagation mostly introduces additional noise. Therefore,
low loss waveguides are mainly useful if a limited amount of input pulse power is
available. It is nonetheless clear that if long waveguides are necessary, the low loss of
Si3N4 makes it the obvious choice. One example of this is shown in chapter 5, where
long Si3N4 are used to generate SCG. It is numerically shown that if longer input
pulses are used, the waveguides must be similarly longer.

For increasingly demanding waveguide designs, it is necessary to accurately pre-
dict the dispersion of the fabricated waveguides. To this end, it is necessary to know
the refractive index of each of the materials used. The refractive index of thin films
of the various materials was measured using ellipsometry by J.A Woolam. The re-
fractive index was measured from 0.2µm to 30µm. For clarity only the refractive
index from 0.8µm to 5µm is plotted in figure 3.2. It is seen that varying the silicon
content drastically changes the refractive index of the core material. Additionally, a
significant difference is seen between the different cladding materials. To get an esti-
mate of the influence of the core material on the waveguide dispersion. Using Comsol
Multiphysics, a simulation of a waveguide with height 650nm and width 2000nm is

Si3N4 SiRN3.9 SiRN8
α [dB/cm] 0.04 0.4 1.5

n2Kerr [m2/W] 2.4e-19 5e-19 6e-19

Table 3.1: Loss(α) and nonlinear refractive index(n2Kerr) for SiN with different
silicon content. SiRN are indexed by the DCH:HS gas ratio during fab-
rication [82] .
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Figure 3.2: (a) Refractive index of the core materials. (b) Refractive index of the
cladding materials.

performed for each of the three core materials. All waveguide simulations in the thesis
are simulated over the full wavelength range of the expected SC using the measured
refractive index for all wavelengths. Some care has to be taken when doing broad
wavelengths sweeps, as any small fluctuations in refractive index can make it difficult
for Comsol to correctly identify the modes. The model is solved for a large number
of modes, that are then sorted using both the mode refractive index. An overlap with
the electric field in the x direction and y direction is also calculated to ensure that
the TE and TM modes are correctly identified.

In figure 3.3 it is observed that the main effect of increased refractive index due
to increased silicon content, is the tilting and red shifting of the dispersion profile. In
the inset, it is observed that as the silicon content increases, the minimum dispersion
wavelength moves towards the red wavelength. Interestingly, there is no clear change
in behaviour of the dispersion at 1550 nm, when the silicon content is increased.

3.3 Summary
Silicon nitride has shown great promise as a material platform for SCG in waveguides.
In this chapter, the waveguide structure is presented, with the refractive index of all
the used materials included. The refractive index is measured over a broad wavelength
range, easily covering the range of wavelengths examined in this thesis. Furthermore,
the Kerr coefficient and loss of three different silicon nitride compositions are shown.
Recent results in fabrication has lowered the loss of the Si3N4 and SiRN3.9 waveguides.
These low losses makes it feasible to use longer waveguides for SCG. Very long straight
waveguides are practically not feasible so a spiral waveguide is used. It is observed
that an increase in silicon content can modify the dispersion profile of the fabricated
waveguides significantly.
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Figure 3.3: GVD for 650nm by 2000nm waveguide, with the core material
Si3N4(Blue), SiN3.9(Orange) and SiN8(Yellow). Inset is a zoom in of
(a) to show the behaviour around 1550 nm.



CHAPTER4
Anomalous Dispersion

Supercontinuum in
Silicon Rich Silicon

Nitride Waveguides
4.1 Background

Supercontinuum generation at MID-IR wavelengths is especially relevant for molecu-
lar spectroscopy as the vibrational modes of most molecules are in this region. Addi-
tionally, coherent light sources in the infrared are limited and are usually bulky and
expensive. For on-chip waveguides, the concept of frequency comb spectroscopy has
been a major focus. A key requirement for frequency comb spectroscopy is to have a
coherent broadening process. This can be achieved in an anomalous dispersion waveg-
uide by restricting pulse width and propagation length. In the pursuit of generating
coherent light at longer wavelengths, dispersion engineering has been one of the main
techniques. By engineering the dispersion, the phase matching condition of DWs
can be adjusted, and the wavelength can be controlled. Most dispersion engineering
has been performed by adjusting the waveguide dimensions, thereby influencing the
waveguide dispersion. Early results in Si3N4 waveguides have shown large amount of
broadening in the visible to 2.5 µm region [28–30]. It has been shown that f-2f can
be performed at relative low power [12]. A recent landmark result have shown DWs
generated in 2.5 to 4 µm range, when pumped using a 1550 nm laser [31]. Moving to
longer pump wavelengths is another way of generating wavelengths further into the
infrared [79]. Here conversion efficiencies of 35% has been achieved [81]. Finally more
advanced mode dispersion engineering techniques have been performed by exploiting
the increased dispersion control available when pumping in the coupled mode of a
dual core waveguide system [80]. In a silicon rich nitride waveguide an 1.5 octave
spanning supercontinuum was generated from 820nm–2250nm [33].
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4.2 Dispersive wave control using material and
waveguide dispersion

In SiRN Liu et al. [33] predicted and modelled that by adjusted the height of the
waveguide the DW could be tuned far into the MID-IR. It was then experimentally
shown in Si3N4 waveguides [31]. Similarly here, the influence of waveguide height
and width is investigated, but more importantly, modifying the silicon content of
SiN as a tuning parameter is examined, and compared to the influence of the waveg-
uide dimensions. More specifically, a numerical study of the dispersive wave phase
matching for different silicon nitride compositions and waveguide dimensions is per-
formed. The phase matching calculations are confirmed using SCG simulations of the
waveguides with the GNLSE as seen in chapter 2. Finally, the SC of two waveguides
with different core materials are experimentally investigated. As shown in chapter
3, increasing the silicon content of SiN increases the nonlinear coefficient, and linear
loss. It is also shown that the refractive index of SiN depends on the silicon content.
The dispersion profile of the waveguides are simulated using the material refractive
index and waveguide model shown in chapter 3. The dispersive wave frequency is
calculated using eq 2.16. Three types of SiN are investigated, stoichiometric Si3N4,
SiRN3.9 and SiRN8. Dispersive waves are a result of the soliton dispersion allow-
ing phase matching, therefore to achieve any dispersive wave phase matching, it is
necessary to have anomalous dispersion. Figure 4.1 shows the GVD at 1550 nm for
the TE mode of the waveguide, with a core material of Si3N4 (a), SiRN3.9 (b) and
SiRN8 (c). The height is swept from 640nm to 800nm, and width from 1400nm to
3000nm. Si3N4 waveguides have the most positive GVD at 1550nm. The SiRN3.9
waveguides have an increased silicon content and show an overall more negative dis-
persion for all waveguide sizes. Interestingly, this trend reverse when going to the
SiRN8 waveguides, where the GVD increases when compared the SiRN3.9. Therefore
no simple relation between the silicon content and the GVD 1550nm can be seen. All
waveguide materials see a similar behaviour when considering their height and width.
Small height and large widths gives the most positive dispersion, while large height
and small width gives the most negative dispersion. Based on the small change in
dispersion between the two SiRN waveguides, and the similar dispersion in terms of
height and width, one might suggest, that silicon content has limited influence on the
dispersive wave phase matching. To examine this, the phase matching wavelength of
the waveguides were calculated. Figure 4.2 shows the long wavelength phase matching
wavelength for Si3N4 (a), SiRN3.9 (b) and SiRN8 (c). The zeroes indicate waveguides
with normal dispersion at 1550 nm, and therefore no dispersive waves.

The dispersive wave map of Si3N4 shows a tuneability of the long wavelength
dispersive wave from 1.6 µm to 3.4 µm. The height is observed to be to be a very
important parameter. An example of this is the tuneable range of the 740 nm high
waveguide, which goes from 2.1 µm to 2.6 µm, while for the slightly higher 800 nm
waveguide, the tuneability is from 2.5µm to 3.4 µm. The SiRN3.9 waveguide shows
dispersive waves from from 1.9 µm to 4.1 µm. The tallest waveguide is observed to
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Figure 4.1: GVD for waveguides of varying height and width. (a) Si3N4 as core
material (b) SiRN3.9 as core material. (c) SiRN8 as core material.

have the longest wavelength dispersive wave at 4.1 µm with a tuneability from 3 µm
to 4.1 µm. Now the SiRN8 dispersive wave phase matchings are considered. Here, it is
observed that the longest phase matching wavelength is 5.2µm. The phase matching
ranges from 3.3 µm to 5.2 µm when varying the width of the 800nm waveguide. Based
on this it is seen that for these waveguide dimension, the increase in silicon content
increases the possible wavelength of the dispersive wave. The difference between
dispersive wave wavelength from the lowest silicon content Si3N4 and highest SiRN8
is 1.8 µm, which is equivalent to the maximum tuneability of the Si3N4 waveguide,
when adjusting height and width. A few general things can be noted, the largest
waveguides generate the longest wavelengths. While this is not true for all height,
and would probably also not be true if larger width were included, it is noteworthy
that the trend is towards taller and wider waveguides. It is also interesting to consider
what material has the largest range of wavelengths. If the wavelength range of the
tallest waveguide is compared between the three waveguide materials, the following
can be observed. The Si3N4 waveguide can be tuned for 0.9 µm from 2.5µm to
3.4 µm, the SiRN3.9 waveguides wavelengths range 1.1µm from 3µm to 4.1µm, and
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Figure 4.2: Phase matching wavelength of the long wavelength DW. (a) Si3N4 as
core material, (b) SiRN3.9 as core material. (c) SiRN8 as core material.

for the SiRN8 waveguide the range is 1.9µm from 3.3 µm to 5.2µm. This is quite
interesting, as it shows how changing the material composition can change the range
of wavelengths which can be phase matched using dispersion engineering via height
and width. Perhaps a last thing to note based on these figures is that by adjusting
the material composition, a wavelength change from 3.4µm to 5.2 µm is seen, which
is similar to changing the width of the 800 nm high SiRN8 waveguide from 1400nm
to 3000nm. This highlights the fact that by adjusting the silicon content, dispersion
engineering with similar strength as adjusting waveguide dimensions is achieved. As
the waveguides have two ZDW, an additional dispersive wave is predicted on the short
wavelength side of the anomalous dispersion region. The resulting phase matching
wavelengths are shown in figure 4.3 for Si3N4(a), SiRN3.9(b) and SiRN8(c).

For the Si3N4 waveguides, phase matchings from 0.5 µm to 1.1 µm are seen.
The SiRN3.9 waveguides dispersive wave wavelengths are slight redshifted. With an
effect of around 100nm. Similarly, the SiRN8 seem to have around 200nm redshift in
comparison to the Si3N4 waveguides. This indicates that Si3N4 is better for generating
short wavelength dispersive waves. These dispersive wave maps are calculated based
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Figure 4.3: Phase matching wavelength of the short wavelength DW. (a) Si3N4 as
core material, (b) SiRN3.9 as core material. (c) SiRN8 as core material.

on the simulated dispersion profile of the waveguide. But both loss and nonlinear
coefficient changes as the silicon content is increased. The phase matching conditions
gives no information on the necessary experimental conditions. To show the validity
of the predictions, a GNLSE simulation is done for the waveguide with a height 800
nm for all three materials, with five different width. All simulations are performed
with the simulated dispersion and effective area. A 50pJ pulse energy is used, and
the input pulse is a transform limited 121fs gaussian pulse. The waveguide length
simulated is 2cm. Figure 4.4(e,f) shows the results for the Si3N4 waveguides and
their phase matching. As predicted the dispersive wave starts at 2.5µm and moves
to 3.4µm. All simulations fit well with the respective phase matching calculations.
Only two waveguides generate dispersive wave on the short side. This is caused by
the lack of overlap with the broadened soliton.

Figure 4.4(c,d) shows the simulated SC of a SiRN3.9 waveguide with a height of
800nm, and a width from 1400 nm to 3000nm. The supercontinum has two dispersive
waves, with the short wavelength dispersive wave moving from 1 µm to 0.7 µm, while
the long wavelength DW can be tuned from 3 µm to 4 µm. The phase matching
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(a)

(b)

(d)

(e)

(f)

Figure 4.4: (a,c,e) Simulated supercontinuum from SiN waveguides with height
800nm and width 1400nm (Blue), 1800nm (Red), 2200nm(Green)
2600nm (Black) and 3000nm (Pink). 50pJ pulse energy, input pulse
width is 120fs,waveguide length is 2cm. (b,d,f) Dispersive wave phase
matching conditions of the waveguides. Phase matching occurs as the
horizontal black is crossed.

conditions in Figure 4.4(d) show perfect agreement with simulation. The core material
is then changed to SiRN8, and the simulations are rerun with all other parameters
being the same. The result is seen in figure 4.4(a,b).

As expected, it is observed that the short wavelength dispersive waves are rela-
tively unaffected by the change in material. On the other hand, the tuning of the
dispersive wave from 3 µm to 5 µm is observed for the Mid IR dispersive wave. It is
clear from these simulations that the previous dispersive wave calculation show good
agreement with the GNLSE simulations. Furthermore, this allows the conclusion
that the dispersive waves can be generated with realistic parameters in terms of pulse
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width, waveguide length and pulse energy. Based on the phase matching calculations
and the GNLSE simulation, it is concluded that adjusting the material dispersion
is a powerful tool for dispersion engineering, when generating radiation in the Mid
IR. A final illustration of this shown in figure 4.5. Where the DW phase matching
for a 800nm by 3000nm waveguide is shown for the three different materials. This
highlights that the DW phase matching can be tuned from 3.4 µm to 5.2 µm using
only the silicon content of the core material.
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Figure 4.5: Phase matching condition of soliton dispersive waves in a 800nm by
3000nm waveguide for three different SiN compositions. The long wave-
length DW tunes from 3.4 µm to 5µm.

4.3 Experimental result
Here, measurements of SC from two waveguides with a length of 2.3cm are presented.
One with a guiding material of SiRN3.9 and one with SiRN8. These experimental
results serve as both a way of examining the validity of our numerical results, and as
a way to discuss a few possible problems with the waveguides. The experiment works
as follows: A 121 fs laser, with an average power of 280mW and a repetition rate of
90MHz, is coupled into the waveguide using a telescope and an aspheric lens. The
image on the frontpage shows an example of the waveguide when generating SC. The
polarization of the laser beam is adjusted to the TE mode of the waveguide using a
halfwave plate. The coupling is optimized using 3D stages. The spectrum is recorded
with an OSA. The incoupling efficiency to these waveguides were very low, with only
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4.5 mW (50pJ) ending up in the fundamental mode. This is based on the measured
output power and estimated loss of similar waveguides.

The first waveguide is a 640nm by 1750nm waveguide with a SiRN3.9 core. Based
on results from the previous section, the waveguide should be anomalous dispersion
at 1550nm. Dispersive waves are predicted at 1.1 µm and 1.9 µm. Figure 4.6 shows
the measured supercontinuum(a), the simulated SC(b) and phase matching(c). The
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Figure 4.6: Supercontinuum from 640nm by 1750nm SiRN3.9 waveguide. The pulse
energy in the waveguide was 50 pJ. (a) Experimentally measured SC(b)
Simulated SC (c) Dispersive wave phasematching.

experimentally measured SC seems in good agreement with the the simulated SC in
terms of bandwidth and shape. In both significant broadening is observed after the
phasematching conditions at 1.1 µm and 1.9 µm. The SC extends from 1 µm to 2.1
µm covering an octave.

The second waveguide is a 700nm by 2150nm waveguide with a SiRN8 core. Based
on results from the previous section, the waveguide should be anomalous dispersion
at 1550nm. Dispersive waves are predicted at 1.1 µm and 2.8 µm

The measured SC is shown in figure 4.7(a). A dispersive wave is observed at 1 µm,



4.3 Experimental result 31

-40

-20

0 (a)

Wavelength
-120

-100

-80

-60

P
S

D
 [

d
B

/n
m

] (b)

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8
Wavelength [ m]

K
   

 (
u

m
-1

)

(c)

N
or

m
 P

SD
 [d

B
]

Figure 4.7: Supercontinuum from 700nm by 2150nm SiRN8 waveguide. The pulse
energy in the waveguide was 50 pJ. (a) Experimentally measured SC
(b) Simulated SC (c) Dispersive wave phase matching.

but no spectrum is observed beyond 2500nm. In comparison to the simulated SCG,
it is clear that the dispersive wave at 2.8 µm is missing. Otherwise the spectrum
is similar. With a dispersive wave at 1µm and the spectrum falling off towards
2.5µm. Finally, it is observed that the differences between maximum spectrum and
the dispersive waves are bigger than in simulation. This implies a strong wavelength
dependent loss in the waveguide or outcoupling. A few reasons can explain the lack
of a dispersive wave at 2.8 µm. One explanation is that deviations in dispersion from
the designed waveguide dispersion can shift the DW phase matching further into the
MID-IR, lowering the efficiency of the DW generation. This in turn would make
it more difficult to detect. Previous reports show a fabrication variation of around
3%, corresponding to 20nm variation in height. Combining this with the dispersive
wave maps in figure 4.2(c), one should expect the DW from 2.6 µm to 3.1 µm, which
is easily inside the measurement range, and should be measurable. Furthermore,
simulations in figure 4.4 show similar conversion efficiency for the different phase
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matching wavelengths using realistic parameters. Another reason for the lack of
a MID-IR DW could be a strongly wavelength dependent outcoupling loss, which
coupled with low detector efficiency makes it difficult to measure the DW. Similarly
a high loss at the MID-IR wavelengths in the waveguide, because of low confinement
or material absorption, would make it difficult to generate and measure the DW.

4.3.1 Noise
For most applications the noise of the generated supercontinuum is vital. One way
of quantifying the noise is the first order spectral coherence as given by

g
(1)
12 (ω) =

∣∣〈E∗
j (ω)Ei(ω)

〉∣∣√〈
|Ej(ω)|2

〉〈
|Ei(ω)|2

〉 , i ̸= j (4.1)

where Ei and Ej are two different pulses. Another way to characterize the noise is the
relative intensity noise (RIN). The RIN is a measure of the pulse to pulse intensity
fluctuation in a given bandwidth. Here, RIN and coherence are simulated for the
two waveguides used in the experiment. The simulations are performed using only
quantum noise (QN) and including both (QN) and a 1% fluctuation of the input pulse
power. Figure 4.8 shows the simulated coherence(a) and RIN(b) for the 640nm by
1750nm SiRN3.9 waveguide. If only QN is included in the simulation, the coherence
is close to one for all wavelength. The coherence is also good for the case with QN
and RIN included, but it is clear that including the 1% laser noise degrades the
coherence slightly. The differences between QN and QN +1% fluctuations is much
more pronounced in the RIN. Based on these simulations, it is clear that a good
coherence is expected, but the RIN approaches 5% for most wavelengths. Figure
4.9 shows the simulated coherence(a) and RIN for the 700nm by 2150nm SiRN8
waveguide. Again the coherence is essentially one if only the QN is included. If
the laser noise is included a clear drop in coherence is observed. In RIN a similar
behaviour is seen, including the laser noise increases the simulated RIN significantly
at all wavelengths. From these simulations, it is clear that it is necessary to take the
intensity noise of the laser into account when simulating the noise properties of the
SC. The effect is observed for both coherence and RIN, but especially the increase in
RIN is significant. It is also apparent that regions with high RIN has lower coherence
and vice versa. Further study of the RIN in SCG in different waveguides is performed
in chapter 5.

4.4 Summary
In this chapter, numerical analysis of the phase matching conditions of silicon ni-
tride waveguides with various silicon content and waveguide dimensions has been
performed. It is shown that for the waveguide dimensions investigated, the phase
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Figure 4.8: Simulated noise of supercontinuum generated in 640nm by 1750nm
SiRN3.9 waveguide. (a) Coherence. (b) RIN.

matching conditions can be changed from a maximum of 3.4 µm in Si3N4, to 4.1 µm
in SiRN3.9, to 5.2 µm in SiRN8. This shows how adjusting the material content can
potentially allow generation of dispersive waves further into the Mid IR. Comparing
the influence of waveguide height and width to the material content shows that ad-
justing the core material is equally as effective. GNLSE simulations agree with the
predicted phase matching conditions and show dispersive wave generation with a 50
pJ, 120fs gaussian pulse in a 2cm waveguide. Two 2.3 cm long waveguides, with dif-
ferent silicon content, were tested experimentally. Octave spanning supercontinuum
was achieved in both SiRN3.9 and SiRN8 waveguides. The waveguide using SiRN3.9
generated an octave from 1 µm to 2 µm, which is in good agreement with the pre-
dicted bandwidth. The SiRN8 sample with a height of 700 nm and width of 2150nm
generated broadening from 1 µm to 2.5 µm. but there was no sign of the predicted
dispersive wave at 2.8 µm. Based on this it is concluded that the waveguide loss at
higher wavelengths could be an important parameter to investigate in regards to MID-
IR generation. Additionally, further work should be done on optimizing out-coupling
efficiency at long wavelengths. Simulations show that the generated SC should be
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Figure 4.9: Noise of supercontinuum generated in 700nm by 2150nm SiRN8 waveg-
uide. (a) Coherence. (b) RIN.

coherent. The importance of including the technical noise of the laser is highlighted.
And it is shown that fluctuations in the RIN can be expected, even for reasonably
high coherence.



CHAPTER5
All Normal Dispersion

Supercontinuum in
Stoichiometric Silicon
Nitride Waveguides

5.1 Introduction to all normal dispersion
supercontinuum generation

5.1.1 Background

The generation of supercontinuum has received much attention in the last two decades.
The interest in supercontinuum mainly stem from the introduction of the photonic
crystal fibers [47]. Applications have been found in many areas. Perhaps most well
known is the Nobel prize in physics in 2005 in optical frequency metrology. In the last
decade, the field of on-chip supercontinuum has been heavily researched. Especially
with the focus of generating broadband supercontinuum for f-2f self referencing [55,
85]. As discussed in chapter 4 many interesting results have been obtained. Previ-
ous on-chip SC has been focused on anomalous dispersion, which enables broadband
tunable SC. But it suffers from two major problems. It has a complex temporal
and spectral shape with large sections of spectrum and time with limited energy.
This can be a limiting factor in applications such as pulse compression where a flat
spectrum with a linear phase is ideal. Furthermore, anomalous dispersion super-
continuum can only retain low noise for very specific combinations of pulse width,
propagation length and input power. These problems have also been encountered in
PCF. Where all normal dispersion fiber has been investigated as a solution [86]. The
first demonstration of octave spanning supercontinuum in ANDi fiber was a scientific
breakthrough [87–89], and has enabled the use of SC in many areas where low noise
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is a necessity [51, 90]. Careful study of the ANDi supercontinuum have identified
key concepts such as optical wave breaking [54], the influence of Raman and polariza-
tion on noise [91]. ANDi fiber have shown great flexibility generating UV radiation
[92] or supercontinuum spanning from 1.7 to 10 µm [93] . The use of all normal
on-chip waveguides have nonetheless never been carefully studied. Frequency comb
generation in ring resonators with normal dispersion has been a recent topic of inves-
tigation. But in straight waveguides mostly numerical work has been done [94, 95].
Very recently, ANDi SCG has been shown experimentally in both a Chalcogenide and
a SiGe waveguide [96, 97]. Nevertheless, both of these experiments were done using
pump laser at 4 µm. And no experimental results regarding the noise was obtained.
Pumping in the normal dispersion region was also done in Liu et al. [33]. But here
the waveguide had anomalous dispersion relatively close to the pump.

5.1.2 Motivation
In chapter 4 I presented a few results based on anomalous supercontinuum generation.
This use of anomalous dispersion waveguides for supercontinuum has enabled low
pulse energy octave spanning supercontinuum. Recent experiments have shown good
noise performances in self frequency referencing, especially because of the decreased
influence of Raman compared to fiber based supercontinuum [50]. On-chip anoma-
lous dispersion SCG relies on two main mechanism to generate broadband spectrum,
soliton fission and dispersive wave generation. But with these effects come several
disadvantages. The complex temporal shape after soliton fission in general introduces
a large amount of nonlinear interactions, which limits low noise supercontinuum to
the soliton fission point. Therefore only an optimized peak power can be used for
any specific waveguide length. Furthermore, the modulation instability present in
anomalous dispersion limits the input pulse to below 150fs [35]. Finally, a key broad-
ening mechanism in anomalous dispersion is dispersive waves, which are controlled
by the solitons phase matching condition. Generally the resulting spectrum will have
at least two large dips in the supercontinuum at the regions inbetween the soliton
and the DW phase matching. Different schemes have been used to resolved these
issues, mainly using more complex dispersion profiles, such as tapering the waveguide
to continuously shift DW phase matching [98, 99], or using the supermodes of dual
core waveguides [80]. A different solution to all three problems is well known in fiber
based SCG. Namely the use of all normal dispersion fibers. Here, I present the use
of a all normal dispersion waveguide, and evaluate its effect on all three problems.
The broadening in ANDi waveguides is caused by self phase modulation and optical
wave breaking and does not rely on any phasematching conditions. The key benefits
from ANDi based supercontinuum are low noise for large input powers, long prop-
agation length and long input pulse. On top of that it provides a smooth spectral
and temporal shape that is easier to compress. To the best of our knowledge, this
work demonstrates the first experimental verification of supercontinuum at telecom
wavelengths in an ANDi nanophotonic waveguide characterising both dispersion and
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noise properties.
In the following I will present SCG in ANDi waveguides based on a simple rectangular
waveguide design. An optimized waveguide is designed, and supercontinuum based on
all normal dispersion is generated. The waveguide was fabricated with a spiral design
to enable 20 cm of propagation on a 1 cm chip. The long waveguides are only feasible
because of the low loss of the Si3N4 waveguides. The spectrum and the wavelength
dependent relative intensity noise are compared to SC generated in an anomalous
waveguide. The spectrum and relative intensity noise in shorter straight waveguides
are also compared. Here three kinds of waveguides are investigated, ANDi, anoma-
lous, and a waveguide pumped almost directly on the zero dispersion wavelength.
Finally, the influence of the Raman effect, and the pulse width of the input pulse is
numerically examined.

5.1.3 Fundamental effects, and the influence of waveguide
parameters

Based on the work in ANDi fibers, a few design criteria can be inferred for ANDi
waveguides. The spectrum initially broadens because of self phase modulation. Disre-
garding dispersion the bandwidth of the SPM can then be estimated by |∆ωSP M (z, t)| =
γP0

∂U(t)
∂t z [48] as in chapter 2. As the bandwidth of increase because of SPM, the

influences of dispersion becomes important. As the edges of the pulse steepen optical
wavebreaking occurs. The distances for optical wave breaking can be estimated by
zOW B = LD/N = T0

√
γP0
|β2| [54]. Now using that the maximum of ∂U(t)

∂t = 1/T0

the following expression can be derived |∆ωSP M (zOW B)| ∝
√

γP0
|β2| . A few things

can be concluded from this equation. The broadening can be improved by either
increasing the peak power of the pulse, using a waveguide with higher nonlinearity
or by lowering the dispersion of the waveguide. Furthermore, the flatness of the dis-
persion profile of the waveguide limits the achievable broadening. As the dispersion
increases, the necessary power increases, and it becomes unfeasible to generate new
wavelength. The spectral broadening caused by optical wave breaking is proportional
to the broadening caused by SPM and will therefore follow a similar dependence.

Both soliton dynamics and modulation instability are suppressed in the ANDi
dispersion regime. But two noise contribution exists. Polarization modulation in-
stability (PMI) and Raman gain. PMI occurs as FWM phasematched between two
weakly birefrigent modes. PMI is completely suppressed because of the large propaga-
tion constant differences between the two polarization modes in the waveguide [100,
101]. In contrast to PCF, the rectangular waveguide structure is inherently strongly
birefrigent. It requires no further design to make the TE and TM modes nondegen-
erate. The Raman gain of silicon nitride is in general not well documented, and is
commonly neglected. Experiments in fiber suggest that the Raman gain can be ig-
nored until around 500fs pulses. A numerical investigation of this effect in waveguide
will be performed at the end of this chapter. Finally, as the SCG in ANDi waveguides
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does not benefit from soliton compression, which compresses the input pulses. It can
require more input power and longer lengths of waveguide. Therefore, the loss of the
waveguide becomes vital for the supercontinuum generated. This is especially true,
when using longer input pulses, as the zowb scales linearly with the pulse width. Based
on these consideration we can conclude that to generate a broad supercontinuum in
an all normal dispersion waveguide, it is necessary to have a close to zero dispersion,
and preferably over a large bandwidth. The waveguide loss should be low, to ensure
sufficient length for OWB and a rectangular waveguide ensures birefringence, thereby
surpressing PMI. To find a waveguide with low dispersion around 1550nm and low
dispersion over a large bandwidth Si3N4 waveguides are simulated at different height
and widths to find the most suitable waveguide dimensions. Figure 5.1 shows the
GVD at 1550nm for waveguides with different height and width. Figure 5.2 shows
how much of the dispersion is below 100fs2/mm given as a fraction of an octave. This
quantifies the region in which the spectrum can be expected to continue to broaden.
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Figure 5.1: GVD at 1550nm for Si3N4 waveguides with varying height and width.
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Figure 5.2: Ratio from octave of bandwidth below 100 fs2

mm for Si3N4 waveguides
with varying height and width.
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Figures 5.1 and 5.2 allow two main conclusions. Waveguides with an increased
height have a larger range of wavelength with dispersion below 100fs2/mm. As
the height increases, the dispersion at 1550nm approaches the anomalous dispersion
regime. By increasing the width of the waveguide, the dispersion at 1550nm increases.
And while this slightly lowers the effective bandwidth, it is still higher than for smaller
waveguides. While it is important to have a low dispersion, a dispersion too close
to zero, will start to deplete the region around the minimum dispersion wavelength
(MDW), which will destroy the spectral flatness [102]. The exact optimal parameters
depends on the expected input peak power.

Additionally, it has to be noted that increasing the size of the waveguide, will
increase the effective mode area. This reduces the nonlinear coefficient, thus limiting
the broadening. This effect can be partly offset by the fact it is easier to couple in
power to large waveguides. As can be seen by these consideration, there are several
trade off when considering the design of the waveguide. Finally, as the size of the
waveguide increases, additional higher order modes can exist inside the waveguide.
While the presence of higher order modes are not necessarily a problem, it is unknown
what kind of effects they could introduce.

To illustrate the effect of the varying waveguide dimensions and thereby changing
the dispersion, the simulated dispersion and supercontinuum for a waveguide with a
height of 690nm, and a width of 1900nm, 2600nm, 3000nm, and 3400nm is presented
in figure 5.3. For the first three waveguides the simulation input parameters are a
pulse width of 121fs, pulse energy 200 pJ, and waveguide length 4 cm. Dispersion
and effective area are found using Comsol Multiphysics. The final waveguide, with
a width of 1900nm has anomalous dispersion. Therefore, a input pulse energy of
20pJ is used for that simulation. As the waveguide width is decreased, the dispersion
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Figure 5.3: (a) GVD for waveguides with a height of 690nm and width of
1900nm(Blue), 2600nm(Orange), 3000nm(Yellow),3400nm(Purple). (b)
Simulated output spectrums from 20cm long waveguides. Input pulse
width is 121 fs. Pulse energies are 200pJ for the purple, yellow and
orange graphs, while the blue spectrum is from a 20pJ input pulse.
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goes towards the anomalous region. As expected this increases the final bandwidth
of the supercontinuum. If the waveguide width is to small, the dispersion enters the
anomalous dispersion regime. Here the supercontinuum is generated by the solitons
and their disperive waves, and requires an order of magnitude less pulse energy. For
anomalous dispersion the spectrum varies a lot, and doesn’t have the spectral flatness
of the ANDi SC. To get a understanding of how these ANDi SC spectrum are gen-
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Figure 5.4: (a) Simulated supercontinuum generated by the 2600nm wide waveg-
uide. (b) Simulated spectral evolution.

erated consider figure 5.4(b) In the first part of the propagation, it is seen that the
broadening is dominated by self phase modulation as indicated by the characteristics
peaks. At 18-20mm optical wave breaking at the short wavelength side is observed,
and at 20-22mm we see OWB at the long wavelength edge. OWB is indicated by
the appearances of the shoulders in the spectrum. In figures 5.4(a,b) it is observed
how the combination of SPM and OWB creates a very flat supercontinuum. To gain
further insight it is helpful to consider the following spectrograms. From the series
of spectrogram in figure 5.5 we observe the key dynamics. Fig 5.5(a) shows the spec-
trogram after some SPM, but before OWB. The distinct S shape of SPM is seen in
the spectrogram. This shape has similar wavelengths at different times, which cause
large dips in the spectrum. As the pulse continues to propagate and broaden OWB
converts the steepened part of the pulse to new frequencies at the edge of the pulse.
This can be seen in figure 5.5(b) as light is converted from the central wavelength at
the ends of temporal shape to new wavelengths. Finally, in figure 5.5(c) OWB has
finished, and the shape of the spectrogram becomes an almost straight line. OWB
has removed the overlapping frequencies from SPM, and the final pulse is smooth
in both spectrum and time. The spectral flatness and smooth temporal shape are
an very important improvement when compared to anomalous based SCG for many
applications.

Simple waveguides have limited options for engineering the dispersion. The height
and width can be tuned, but not much else can be done. This limits the flatness of
the dispersion, and as a result, the expected supercontinuum is limited to around one
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Figure 5.5: Spectrograms of simulation in figure 5.4. (a) Shows the initial SPM,
and the characteristic S shape of the spectrogram. This causes dips
in spectrum. (b) OWB is occuring at both ends of the pulses trans-
ferring power from the central wavelengths to the edges. (c) The final
spectrogram is a nice straight line with smooth temporal and spectral
shape..

octave. This problem is at the core of generating octave spanning supercontinuum in
ANDi waveguides. Several techniques have been proposed as more advanced ways of
dispersion engineering. While figure 5.2 suggest that increase the size of the waveg-
uide can in large parts solve the flatness problem, larger waveguides are difficult to
fabricate, they have lower nonlinearity and therefore requires more power and finally
larger waveguides have more higher order modes, which can have an unknown effect
on the performance of the waveguide. Simulations have shown that by constructing
complex dual core waveguides the mode dispersion can be flattened [103]. These de-
sign have not been proven to work in practise and seem to be difficult to fabricate.
Another method is the use of several cladding layers to modify the dispersion as in
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[104]. Here waveguides have been fabricate and used and might be a possible avenue
for increasing the SC bandwidth. The low dispersion necessary for ANDi SCG makes
it necessary to accurately control the dispersion of the waveguide. Previous fabricated
waveguides seemed to have a dispersion offset off around 20fs2/mm. To ensure at
least one of the waveguides having normal dispersion. It is necessary to fabricate
several waveguides. This results in five different waveguides.

• Waveguide 1. A 20 cm long spiral waveguide with height 690nm and width
3000nm.

• Waveguide 2. A 20 cm long spiral waveguide with height 690nm and width
2500nm.

• Waveguide 3. A 2.3 cm long straight waveguide with height 690nm and width
3000nm

• Waveguide 4. A 2.3 cm long straight waveguide with height 690nm and width
2500nm

• Waveguide 5. A 2.3cm long straight waveguide with height 690nm and width
1900nm.

Where both short straight waveguides and long spiraled waveguides have been
fabricated.

5.2 Dispersion measurements
To generate broadband SC in an ANDi waveguide it is necessary to have a low mini-
mum dispersion. On the other hand close to zero dispersion causes depletion at the
MDW. As the waveguide has low dispersion, even small dispersion fluctuations can
make the waveguide dispersion anomalous. This is seen in figure 5.1. As an example
imagine attempting to fabricate a waveguide with height 700nm and width 2600nm.
Previous work has shown fluctuations of the waveguide dimensions in the range of 3%.
The fabricated height could then be 720nm and the waveguide would have anomalous
dispersion. This is without any fluctuations in the material refractive index. Which
can introduce even larger offsets from the designed dispersion. So a successful de-
sign of an ANDi waveguide requires an accurate measurement of the dispersion to
ensure that the fabricated waveguide is all normal dispersion. Figure 5.6 shows a
schematic drawing of the experimental setup used to measure the dispersion of the
straight Si3N4 waveguides 3, 4 and 5. Waveguides 1 and 2 could not be measured
in the experimental setup, as it would require a much longer delay arm. The dis-
persion of waveguide 1 and 2 was instead measured after fabrication using optical
frequency domain reflectometry. The dispersion measurement setup is a broadband
light interferometer, with the waveguide under test in one arm.
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Figure 5.6: Experimental setup used to measure the dispersion of the waveguides.

The dispersion measurement works as follows: 110 mW of light with a bandwidth
from 450-2400nm is sent from a broadband laser (Superk COMPACT). It is split in
two at the first beamsplitter. Half the light goes through one arm, and is coupled
through the waveguide, while the other half of the light is propagated through a
equivalent section of air used as a delay. The exact length of the delay arm can be
adjust using two mounted mirrors. All optical components in both arms are identical
to ensure that the dispersion differences in the two arms are only caused by the
waveguide under test. The two signals are recombined on the second beamsplitter
and coupled into a polarization maintaining endless single mode fiber (LMA-PM-10).
The spectrum of both arms individually and the combined spectrum are measured
with an OSA. As the transmission efficiency is different between the two arms, it is
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Figure 5.7: (a) Fringes in normalized spectrum of the interferometer. (b) Dispersion
of 690 nm by 2500 nm waveguide calculated using fringes in (a).

necessary to normalize the combined spectrum using the spectrums of the individual
arms. The result is seen in Figure 5.7(a). Essentially, the wavelength separation
between fringes contains information about the dispersion. The phase matching point
is identified, and using the peaks and valleys of the measurements, the dispersion is
then calculated following the procedure in [105]. The resulting dispersion is seen in
figure 5.7(b) By repeating the measurement with slightly different distances in the
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references arm, an estimate of the accuracy can be made. The result of the dispersion
measurements of waveguides 3,4 and 5 is shown in figure 5.8. The dispersion at 1550
nm of the waveguide 1 and 2 is plotted as a black circle in figure 5.8(b,c).
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Figure 5.8: Measured GVD of waveguides with a length of 23mm, a designed height
690nm and designed width of (a) 1900nm (b) 2500nm (c) 3000nm. Grey
area shows the estimated uncertainty in the measurement based on re-
peated measurements. Black circle in (b) and (c) show the dispersion
measured for 20 cm spiral waveguide with the same dimensions.

A few things can be concluded from these measurement. Most importantly, the
GVD of the waveguide 3 (width 3000 nm) is all normal. It has a minimum GVD of
β2 = 2fs2/mm ± 1 at 1425nm. The GVD at 1550nm is β2 = 8fs2/mm ± 3.5. The
dispersion of waveguide 1 at 1550 nm is slightly higher β2 = 11fs2/mm at 1550nm.
While the dispersion comes very close to anomalous dispersion, the measurement and
their uncertainty imply that the waveguide should be all normal. Additionally, the
dispersion of two interferometer arms is balanced, and should not be a concern. In
Hlubina et al. [105] the measurement method itself was found able to measure the
ZDW of a fiber with 1 nm error highlighting the great possible accuracy. Therefore
it is concluded that both waveguide 1 and 5 are all normal dispersion. Waveguide
4 (width 2500 nm) is almost exactly 0 at 1550nm, and has a region with anoma-
lous dispersion between 1550 nm and 1250 nm. Waveguide 2 has a dispersion of
β2 = −12fs2/mm at 1550nm, and is a weakly anomalous dispersion waveguide. The
differences between waveguide 2 and 4, can most easily be explained by variations
in wafer height during fabrication. As shown later, the difference between the two
waveguides results in significantly different supercontinuum. Finally, waveguide 5
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(width 1900) has highly anomalous dispersion with a dispersion of β2 = −45fs2/mm
at 1550nm.

5.3 Experimental setup

Before examining the experimental results obtained in waveguide 1-5, let us briefly
have a look at the two experimental setups used to generate and measure the su-
percontinuum and RIN. The experimental setup used for supercontinuum generation
can be seen in figure 5.9. A Toptica fiber based laser emits a 121 fs pulse centered at
1550nm. The repetition rate is 90 MHz, and it delivers an average power of 280mW.
The polarization of the laser beam is adjusted using a halfwave plate, this allows
selectively pumping TE or TM modes in the waveguide. The size of the laser beam is
adjusted using a telescope to ensure an appropriate beamsize when hitting the incou-
pling lens. The beam is focused on the edge of the wafer, and efficient incoupling to
the waveguide is apparent by the glowing of the waveguide. This can be seen in the
image on the front page. Incoupling and outcoupling is optimized using 3D stages.
Supercontinuum is generated in the waveguide, and then collected by an outcoupling
lens and sent to a broadband fiber. The spectrum is measured on an OSA. It is
important to note that the Toptica laser does not emit a perfect transform limited
sech2 pulse. The autocorrelation and spectrum of the laser is seen in figure 5.10. The
autocorrelation shows 121 fs sech2 pulse, but also a large pedal, which contains one
third of the total energy. Furthermore, the spectrum of the laser is obviously not
smooth. The exact influence of the pedestal and imperfect spectrum is difficult to
estimate, as the complete shape of the pulse is still unknown. Figure 5.9(b) shows
the experimental setup used to characterize the (RIN) before and after the waveg-
uide. The supercontinuum is filtered using a 12 nm bandpass filter, at the desired
wavelength. The residual light is then sent to a fast photo detector. The resulting
signal is measured and saved using a fast oscilloscope. Figure 5.9(c) shows a zoom in
of the results of such a measurement. The peak of the pulses are marked with the red
dots. To calculate the RIN the standard deviation of the peak values is calculated
and normalized to the mean value. It is vital for the measurement that the detec-
tor operates in a linear regime, so that variations in the peak power of the detector
response is equivalent to variations of the peak power of the output pulse. Figure
5.9(d) shows measurement of the laser RIN as the maximum voltage in the detector is
varied. The laser RIN seems constant at voltages between 150mV and 800mV, so only
measurements in the region is used. Finally, from these measurement it is concluded
that the RIN of the Toptica laser is 1%.
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Figure 5.9: (a) Schematic drawing of experimental setup used to generate supercon-
tinuum. (b) Schematic drawing of experimental setup used to measure
RIN. (c) Example of a measurement using the setup in (b), the red dots
show the peaks of the pulses. (d) RIN of the Toptica laser, measured
for different peak voltages. Linear response happens from 150mV to
800mV.

5.4 Supercontinuum and RIN in 20cm Spiral
Waveguides

To generate SC in the 20 cm ANDi spiral waveguide it is pumped with the Toptica
laser as seen in figure 5.9(a). For an image of the waveguide in operation see the
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Figure 5.10: (a) Autocorrelation of Toptica laser, sech2 fit of the measurement is
shown in orange. Blue is measured autocorrelation. (b) Spectrum of
the Toptica laser.

large image on frontpage c. Only a fraction of the 280mW of power is coupled into
the fundamental mode of the waveguide. The incoupling loss is estimated to 10dB,
with the remaining power coupling to both fundamental and higher order modes.
We estimate that approximately 50% goes to the fundamental mode and the rest
is coupled to higher order modes. Based on this, there is 14mW of power in the
fundamental mode. Approximately a third of this power resides in the pedestal of
the input pulse, and does therefore not contribute to the peak power of the pulse,
or generate significant SC. 7mW of power is collected after the waveguide. This
corresponds to a 3dB outcoupling loss. Furthermore, the power of the higher order
modes doesn’t seem to be collected. This is believed to be caused by the higher order
modes having an increased bending loss as a result of the spiraling of the waveguide.
The resulting spectrum and RIN is recorded for three different input powers, 1.4mW
(16pJ), 7mW (78pJ) and 14mW (155pJ). See figure 5.11. The input power is adjusted
using reflective neutral density filters after the output of the laser. The 14mW
supercontinuum has a 20 dB bandwidth from 1150nm to 1975nm, corresponding to
a 0.7 octave bandwidth. The PSD is never more than 20dB below the peak PSD
inside this entire bandwidth. A number of sharp valleys are observed in the region
from 1450nm to 1650nm. For lower input pulse energies a similar spectral shape is
observed, but with a smaller bandwidth. Initial simulation seen in figure 5.4, suggest a
maximum of 5dB deviation from the maximum power for an ANDi SC. In general, the
reduced flatness of the spectrum can be explained by including imperfect spectrum of
the Toptica laser in the simulations. Figure 5.12 shows the spectral evolution(a) and
resulting spectrum(b) of the waveguide using the Toptica spectrum as input pulse
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Figure 5.11: (a) Experimental spectrums from 3000nm width spiral waveguide.(b)
Relative intensity noise measured at the same input pulse energies.
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Figure 5.12: Simulation including Toptica laser spectrum. 100pJ, dispersion modi-
fied to equal spiral waveguide measurements at 1550nm. Toptica pulse
is chirped until 121fs. (a) Spectral evolution along the length of the
waveguide. (b) Output spectrum at z=20cm.

and a GDD= 2600[fs2], so that the final pulse width is 121 fs. This reproduces
both the sharp valleys in the in the 1450-1650nm region, and the larger 15-20dB
deviations in the shorter wavelength side. Based on this it is concluded that the main
cause of imperfect spectral shape is the initial pulse spectrum. When considering the
RIN measurement, a few things are noteworthy. No measurement is above a RIN
of 2.2 %. Furthermore, only a small increase in RIN is observed, when increasing
the input pulse energies. Finally, no strong wavelength dependence is observed in
noise measurements. From this we can conclude that the ANDi SC seem to retain
low noise inside the full bandwidth of the SC. The increasing pulse power also does
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not introduce noise, confirming that coherent ANDi SC is not limited to low pulse
energies.
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Figure 5.13: (a) Simulated spectrums from a 3000nm wide and 20cm long waveg-
uide with different input pulse energies. (b) Relative intensity noise
simulated at the same input pulse energies.

Now let’s compare the experimental supercontinuum and RIN with simulations.
The GNLSE is solved according to chapter 2. The measured dispersion of the 3000nm
wide waveguide is used as dispersion. The effective area is computed using COMSOL.
RIN calculations are based on an input pulse RIN of 1% as seen in the laser measure-
ments. 20 simulations are performed, and simulated RIN is the standard deviation of
the 12 nm bandpass filtering of the resulting spectrum. The resulting spectrum and
RIN are shown in figure 5.13. The simulations reproduce the expected bandwidth.
Furthermore, we see that the simulated RIN is relatively constant as a function of
power and stays low over the full bandwidth of the supercontinuum. Only at the
edges of the SC does the RIN increase dramaticly. Similarly, the RIN measured in
the experiment small fluctuations in the RIN is observed, but all of it is still around
1-2%. The only exception is the 200 pJ supercontinuum (Purple). Here a few peaks
in the RIN is above 2%, with a maximum of 6%. This is caused by the depletion of
power at 1550nm and 1400nm. It is observed that the 200 pJ input pulse SC is ex-
pected to generate an octave spanning supercontinuum, and RIN simulations suggest
that it retains low noise. The depletion of power around the pump and MDW suggest
that the dispersion of the waveguide is slightly to low compared to the optimal.
Now the 20 cm spiral waveguide with a width of 2500nm is pumped in the same
setup. As seen in the dispersion measurement, this waveguide has a weak anomalous
dispersion. The dynamics are therefore expected to be dominated by solitons and dis-
persive waves. The resulting spectrum and RIN is seen in figure 5.14. The spectrum
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and noise of anomalous SC is very dependent on input power. Therefore, the input
pulse power is varied in small increments to ensure that the RIN and supercontin-
uum can be measured at various stages of propagation. At the initial low power of

Figure 5.14: (a)Experimental spectrums from the 2500nm wide spiral waveguide.
Average power in the waveguide shown on zaxis. (b) Relative intensity
noise measured at the same input pulse energies. (c) Zoom in on (b)
to illustrate behaviour at low RIN.

0.4mW (Blue,4.4 pJ) little broadening is observed, but as the input power increases,
the pulse broadens, and at 2 mW (Black,22 pJ) dispersive waves are observed at 1
and 2 um. This signals that the pulse has undergone soliton fission. As the input
power increases, the supercontinuum has an increasing number of ripples, and the
spectrum becomes flatter and flatter. The full power 14 mW (Cyan,155 pJ) supercon-
tinuum covers from 900nm to 2200nm, and is relatively flat. But as observed in the
RIN measurement, it has a RIN of around 50%. As the measured supercontinuum
is an average of many pulses, a very noisy SC will have a smooth spectrum as the
differences average out. It is observed that as the power increases after the soliton
fission (Black), the noise increases. This is as expected. Continued propagation after
soliton fission is known to cause an increase in noise. This caused by the continued
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interaction of the solitons. The increase in noise is significantly different from pre-
vious predictions based on only quantum noise such as in [33], where doubling the
input pulse energy has no significant influence on the noise. Here it is experimentally
observed that increasing the input power drastically increases the RIN. This is best
seen in figure 5.14(c), when comparing 2mW (black,22 pJ) and 3.5mW (pink, 37 pJ)
and 5.8mW (Yellow,64 pJ). This highlights the importances of including the intensity
noise of the laser when simulating the noise of SCG. Interestingly the RIN of the dis-
persive wave at 1um, seems to increase slower than the central part of the spectrum.
Even at input powers four times the necesarry power for soliton fission, the dispersive
wave has a RIN of 2-3%. This is in contrast to the 10 % RIN observed over the rest
of the spectrum. This relative low noise enables the spectrum at the dispersive waves
to be used for noise sensitive application, even when the rest of the spectrum is noisy.
Finally, it is clear from this observation that noise measurement performed on the
dispersive waves cannot be used to infer the noise of the rest of spectrum. From this
it is concluded that for the full power pulse, the noise of the anomalous waveguide
is much higher than the ANDi waveguide. But if the power is reduced to only just
allow soliton fission, a minimal increase in noise is found. One thing to highlight is
the fact that an octave spanning supercontinuum is generated using a pulse energy
of 22pJ, with noise similar to the laser. One caveat with RIN measurements is that
the RIN is difficult to measure for wavelength with low power, and therefore the RIN
cannot be measured in as broad a bandwidth for the low input pulse powers.

To verify the experimental result another simulation is performed investigating
the RIN and supercontinum, that can be expected from waveguide 2. The results
are seen in 5.15. The RIN is calculated based on a 12nm bandpass filter, to make it
comparable to the experiment. The RIN is calculated with the standard deviation of
20 simulations.

Comparing the RIN and SC of three simulation using different average input pulse
energy(a,b), a few things can be observed. Similar to the experiment, it is observed
that little noise is generated over the whole supercontinuum before the soliton fission
(Blue). After soliton fission, the RIN increases, but it is still similar to the RIN
before soliton fission at most wavelengths. At 70pJ the pulse has more power than
necessary for soliton fission, and RIN above 50% is observed for most wavelengths.
This further confirms the result that the noise of the anomalous SCG grows rapidly
after the soliton fission. And therefore, the bandwidth of the supercontinuum is
limited to what is seen in black graph in experiment, or orange in simulation, if a
low RIN is desired. Finally, as observed in experiment, simulations show that the
RIN at 1 and 2.2 um does not increase as rapidly as the rest of the SC. This is
most easily observed in figure 5.15(b), where the RIN at the DWs are similar for
20pJ and 70pJ, while the RIN is vastly different at other wavelengths, confirming
that observation the dispersive waves seem to be less influenced by the input pulse
power fluctuations. This phenomenon is perhaps best understood by the fact that the
dispersive waves wavelengths are mostly determined by the phase matching conditions,
and therefore does not heavily depend on the input pulse power after soliton fission.
It is interesting to consider the RIN and spectral evolution as the pulse propagates
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Figure 5.15: (a)Simulated spectrums from a 2500nm wide, 20 cm long waveguide,
with different input pulse energies.(b) Relative intensity noise simu-
lated at the same input pulse energies. (c) Spectrum at various prop-
agation distance for the 20pJ simulation. (d) RIN at the same propa-
gation distances.

along the waveguide. This is shown in figure 5.15(c,d). The spectrum and RIN
is illustrated for three different lengths of the waveguide, corresponding to before
soliton fission, right after fission, and at the end of the waveguide. As expected the
RIN before fission, has low RIN. But it increases at the edges of the spectrum, as small
variation in input power has an effect on the bandwidth, causing large fluctuations
at the edges. If the RIN at soliton fission and after fission is compared, it is seen
that the RIN increases as it propagates. But interestingly the RIN at the dispersive
waves is higher at soliton fission. This is understood, when considering that variations
in the input power changes the soliton fission length. This in turn means that the
conversion of power to DW can be influenced quite heavily at exactly this length.
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While further study of this effect is needed, it introduces an interesting dilemma.
The RIN is not minimum for all wavelength at the same parameters. So the RIN can
be minimized at different wavelengths dependent on the exact experimental setup.
In general, it is difficult to reproduce the measured RIN in simulations. While the
general behaviour is similar, the RIN is strongly dependent on the exact nonlinear
dynamics and generated spectrum, which dependent on many relatively uncertain
parameters, uch as the exact input pulse shape, and the waveguide dispersion. This
is also illustrated by the fact that it is very difficult to predict the RIN at any given
wavelength.

5.4.1 Comparison to anomalous
The RIN of the anomalous SC grows rapidly after soliton fission, therefore, it is most
fair to compare the anomalous dispersion waveguide to the ANDi waveguide right
after soliton fission. The supercontinuum and RIN of the ANDi waveguide using full
input power(14 mW,155 pJ) is shown together with the SC and RIN of the anomalous
waveguide right after soliton fission(2 mW, 22 pJ).
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Figure 5.16: (Blue) Supercontinuum of 2500nm wide spiral waveguide, with 2mW
(22 pJ) input power, to give soliton fission close to the end of the
waveguide. (Red) Supercontinuum of 3000nm wide spiral waveguide
with 14mW (155 pJ) input power. Circles show the corresponding
RIN.

Figure 5.16 shows that at exactly the soliton fission, the two waveguides have
similar noise, but the reduction in input pulse energy for the anomalous waveguide
shows in the spectrum. The power at the 1 um dispersive wave is 30dB lower than
the pump, and there is limited power in the region from 1300nm to 1100nm, with a
30-60 dB drop from the maximum. In comparison the ANDi SC is much smoother,
and doesn’t deviate more than 20 dB from the maximum over the full bandwidth.
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The supercontinuum of the anomalous waveguide with the low input pulse power
is broader than the ANDi SC, and covers around an octave from 1 µm to 2 µm. The
normal dispersion SC doesn’t cover an octave even at full power. To summarize: the
ANDi supercontinuum is in general smoother, but requires higher input power to
generate a similar bandwidth. The anomalous SC requires low power and generates
a broader SC, but at the cost of the continuity of the spectrum.

5.5 Supercontinuum and RIN in 23mm Straight
Waveguides

The comparison and investigation of ANDi and anomalous SCG was done in 20 cm
long spiral waveguides. Most on-chip waveguide supercontinuum experiments are
performed in shorter waveguides. Therefore, the experiment was repeated using the
straight waveguides with a length of 23mm. As seen in the dispersion measurements
in figure 5.8(a), the dispersion of the 3000nm waveguide is all normal. On the other
hand is it clear from figure 5.8(b) that the dispersion of the 2500nm wide straight
waveguide differs from the spiraled waveguide with 2500nm width, as it is very slightly
normal dispersion at 1550nm, but is weakly anomalous in the region from 1200nm
to 1500nm. Therefore, it cannot be easily compared to the 2500nm spiral waveguide.
And it is not a good representative of a typical anomalous SC. The 1900nm waveguide
on the other hand is anomalous at 1550nm, and is therefore a conventional anomalous
waveguide. The dispersion of the 1900nm waveguide is seen in figure 5.8(c).

Figure 5.17 shows the supercontinuum and RIN of the 1900nm and 3000nm wide
waveguides, both with a length of 23mm. The average power in the anomalous waveg-
uide is adjusted to the point where soliton fission is observed(3.5mW). In the short
waveguide it is observed that broadening of the ANDi waveguide is heavily reduced.
This is caused by a lack of input power, and short length. The spectrum covers from
1350nm to 1700nm, and the RIN is around 1%. It is clear that if the goal is to gener-
ate octave spanning supercontinuum, a longer waveguide, or more input pulse power
is necessary. This highlight the necessity of fabricating spiraled waveguides. The
anomalous waveguide easily broadens during the short waveguide, as the necessary
power is lower. Similar to the spiral waveguides it is observed that the noise remains
low for both waveguides. The ANDi WG does slightly outperform the anomalous
waveguide.

Figure 5.18(a) shows the supercontinuum and RIN in waveguide 5 for two different
input powers, one right at soliton fission(Red), and one where there is room for
some interaction after fission(Blue). The supercontinuum right after fission shows no
increase in noise. It has two dispersive waves, one at 750nm and one at 2250nm, which
correponds to a 1.6 octave bandwidth. The high power SC, has similar broadening,
but has an increased noise with RIN from 5-20%. This confirms the previous results
in the spiral waveguides, that the noise increases after soliton fission. This is an



5.5 Supercontinuum and RIN in 23mm Straight Waveguides 55

800 1000 1200 1400 1600 1800 2000 2200 2400
Wavelength[nm]

-60

-40

-20

0

P
SD

0

1

2

3

4

5

R
IN

 %

23mm ANDi WG
23mm Anom WG

Figure 5.17: (Red) Supercontinuum of 1900nm wide straight waveguide with input
power adjusted to give soliton fission close to the end of the waveg-
uide. (Blue) Supercontinuum of 3000nm wide straight waveguide with
full input power. Circles show the corresponding RIN. (Red) Anoma-
lous dispersion, 4.5mW(50 pJ) input power. (Blue) Normal dispersion,
13mW(144 pJ) input power.
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Figure 5.18: (a) Experimental supercontinuum generated in 1900nm wide waveg-
uide with two different input pulse energies. (Red) 4.5mW (50 pJ),
(Blue) 9mW (100 pJ). Circles show the measured RIN. (b) Experimen-
tal supercontinuum generated in 2500nm wide waveguide with two
different input pulse energies. (Red) 13mW (144 pJ), (Blue) 6.5mW
(72 pJ). Circles show the measured RIN.

important result, as it shows that even for the commonly used 1-2cm long waveguides,
the noise of the SC increases rapidly with an increase in input power. Similar to the
20cm anomalous spiral waveguide, it is observed that the dispersive waves has 30dB
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lower power than the pump, and some regions of the spectrum, such as 800 and
2000nm, has as much as 60dB less power. As mentioned previously the power from
HOM is not collected in the spiral waveguides. In contrast, approximately double the
output power is measured from the straight waveguides. And the output spectrum
seem to include a fraction of the pump. Now, compare this to the simulated SC and
RIN. Let’s start with the simulated results from the 1900nm waveguide. Figure 5.19
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Figure 5.19: (a) Simulated spectrums from 1900nm width waveguide. (b) Simulated
relative intensity noise. Pulse energies are shown in legend.

shows the SC at different input pulse energies. For pulse energies of 10pJ and 20pJ,
soliton fission hasn’t happen and the noise is low. At 35pJ soliton fission happens, and
two dispersive waves are generated. RIN simulations confirm that the spectrum has
low noise at dispersive waves, and at the central part of the spectrum. It is observed
that at 1500 nm, the RIN approaches 30% which is not seen in measurements. As
the input pulse energy increases from 35pJ to 40 pJ, an over all increase in RIN
is observed. The RIN between the the soliton and the dispersive wave is high for
all input pulse energies. It is difficult to generate SC with low RIN in the regions
between the soliton and the dispersive waves. The effect is mainly caused by the
lack of power in these regions. This finishes our investigation of the noise and SC of
ANDi waveguides, and how they compare to anomalous dispersion waveguides. As
a final curiosity, the noise and SC of the 2500nm waveguide, are investigated. This
waveguide has a ZDW very close to the pump, and is in some sense a hybrid between
a normal dispersion waveguide and an anomalous dispersion waveguide.
Figure 5.18(b) shows the SC and RIN for the 2500nm wide waveguide. It is seen
that for low power(Blue) the spectrum has little broadening, and the noise is just the
laser noise. But for maximum power an octave spanning SC is generated from 1-2um.
The RIN is increased to between 2-8%. Interestingly, the SC is more continues than
the anomalous SC. and it retains better noise when pumped with full power. The
simulated RIN and SC for the 2500nm short waveguide is seen in figure 5.20

Simulations agrees with the spectral shape of the SC, and the RIN simulation
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Figure 5.20: (a) Simulated spectrums from 2500nm straight waveguide. (b) Rela-
tive intensity noise calculated at the same input pulse energies. Pulse
energies shown in legend.

show similar behaviour as in the experiment. A large increase in the RIN at 1500nm,
and a RIN of 5-10% at 1100nm. The RIN is seen to increase further at wavelengths
below 1100nm. In general, the simulated RIN is quite high for all SC except for
the once generated in ANDi waveguides. The effect is mainly caused by insufficient
powers at these high RIN wavelengths. These regions of high RIN are not confirmed
experimentally. The reason for this is that it is exactly these regions of low power
that cannot be measured in experimental setup.

5.6 Simulation of picosecond pumped
supercontinuum

Generating coherent supercontinuum in the anomalous dispersion regime, is only re-
ally feasible for input pulses with a pulse width below 150 fs. Even then it is necessary
to limit the pulse energy to retain coherence. ANDi SCG does not suffer from the
same noise processes, and can generate coherent SC for longer pulses. Furthermore,
by examining equation 5.1 SC

|∆ωSP M (zOW B)| ∝

√
γP0

|β2|
(5.1)

it is observed that the SPM bandwidth is independent of the input pulse width, as
long as the peak power remains constant. To illustrate this effect, supercontinuum
generation is simulated in the all normal waveguide with four different pulse width
from 120fs to 1.2 ps. The peak power is kept constant by increasing the pulse energy,
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when the pulse width increases. The OWB distance increases linearly with the pulse
width [54]. Therefore, the waveguide length has to be correspondingly increased.
The result is seen in figure 5.21. The Raman effect has been ignored in these initial
simulations.
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Figure 5.21: Simulated supercontinuum generated for different input pulse lengths.
The Raman effect is neglected.

It is noteworthy, how similar the spectrum of the four different simulations are.
This shows a great possibility of ANDi waveguide, the ability to use longer pump
pulses and still obtain a flat coherent SC. When a input pulse width of 1200fs is
used it is necessary to have 40cm of waveguide. This is clearly impractical in straight
waveguides and again motivates the fabrication of low loss spiral waveguides. A few
caveats have to be mentioned. Three possible methods of decoherences are known
from generating ANDi SC in PCF. Modulation instability can occur if the dispersion
profile has β4 < 0 [52]. This effect is not seen in our waveguide, as β4 > 0 at
all relevant wavelengths. Polarization modulation instability can occur, if the peak
power is to high, and the birefrigence of the fiber is two small [100, 101]. This effect
can be ignored, as the rectangular shape of the waveguide ensures a big difference
between TE and TM modes. The final noise source is the Raman gain. As the pulse
width becomes longer, the Raman gain is incoherently seeded and generates a noisy
supercontinuum [51]. The effect is difficult to estimate in SiN waveguides, as the
Raman gain and response function is largely unknown. Using the Raman response
function previously introduced in 2.3.5, three different simulations are performed.

Figure 5.22 shows the effect of the Raman fraction on the supercontinuum. In (b)
a Raman fraction of 0.2 is used, together with a pump pulse width of 120fs, little noise
is observed in comparison betwee the spectrums. (c) shows the spectrums resulting
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Figure 5.22: Simulated supercontinuum generated for three different input param-
eters. (a) Raman fraction 0.1, pulse width 885fs. (b) Raman fraction
0.2, pulse width 120fs. (c) Raman fraction 0.2, pulse width 885fs. Each
figure contains four simulations for comparison.

from a simulation with a Raman fraction of 0.2, and a 885fs input pulse width. Here
a very noisy spectrum is seen. (a) shows the results of using the same pulse width of
885fs, but with a Raman fraction of 0.1, Here little noise is observed. This confirms
that the noise is strongly dependent on the pulse width and Raman fraction.

To quantify the influence of the Raman fraction and pulse width on the RIN,
octave spanning supercontinuum were simulated in the ANDi waveguide. The peak
power was kept constant. Raman fraction and pulse width were varied. Waveguide
length and pulse energy were changed accordingly. The weighted average of the RIN
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was computed based on 20 simulations, following equation 5.2.

⟨RIN⟩ =

∫ ω2
ω1

|RIN(ω)|
〈

|Ai(ω)|2
〉

dω∫ ω2
ω1

〈
|Aj(ω)|2

〉
dω

(5.2)

The input RIN of laser was 1%. The result is seen in figure 5.23
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Figure 5.23: Numerical map of the weighted average of the RIN. As the Raman
fraction and input pulse widths are varied, the RIN of the SC changes.
RIN is calculated based on 20 simulations.

If the Raman effect is neglected (Raman fraction 0), no increase of the RIN is
observed even for input pulse widths as long as 2.2ps. If the Raman fraction is
increased to 0.1, it is observed that the noise starts to build around 1.2ps. It becomes
very noisy at 1.5 ps. Finally if a Raman fraction of 0.2 is used, the increase in noise
starts as early as 650fs, and it is completely noisy at 1.2 ps.

Based on this it is clear that the strength of the Raman effect is vital in limit-
ing the pulse width that can be used for ANDi SCG. Previous work has reported a
weak Raman effect in comparison to silica [106], which implies that SiN waveguides
would have better noise performance at longer pulse length. Finally, it is important
to realize that even for the case of the strongest Raman effect 0.2, which is similar
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to the silica Raman effect, pump pulses as long as 600-800fs can be used with lim-
ited increase in the noise. This is a massive improvement compared to anomalous
dispersion waveguides, and should be investigated further.

5.7 Octave-spanning frequency comb generation in
silicon-rich silicon nitride waveguide

The following results were mainly obtained during an external stay at CUT. The
majority of the results are published in Christensen et al. [37]. These results showcase
the initial attempt at generating a frequency comb SC in an ANDi waveguide. A SiRN
waveguide was used with a height of 660nm and width of 2300nm. The simulated
dispersion of the fundamental TE mode is shown in figure 5.24(a). The simulated
dispersion profile is ANDi. The waveguide is 4 cm long. A free space coupling setup
is used to couple into the waveguide. The laser is a 45fs frequency comb fiber laser
with a repetition rate of 250 MHz. The power in the waveguide is estimate to 32mW.
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Figure 5.24: (a) Simulated dispersion profile of 660nm by 2300 nm SiRN3.9 waveg-
uide. (b) Simulated spectral evoluton. (c) Measured spectrum (red).
Simulated spectrum with the input pulse being the experimental pulse
(blue). Simulated spectrum from a Gaussian input pulse. (d) Single
side phase noise of the repetition rate before and after SCG. It is fil-
tered around 1551nm.

The simulated spectral evolution is seen in figure 5.24(b). The measured SC
is compared with the simulated SC in figure 5.24(c). Additionally, the spectrum ob-
tained, if the input pulse was a Gaussian, is also shown. It is clear that the input pulse
shape nicely explains the large dips in the spectrum. The generated spectrum covers
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and octave from 1100nm to 2200nm . To investigate whether the comb retains coher-
ence, a portion of the spectrum is sent to a photo detector, and the single-sideband
phase noise of the 250MHz signal is measured using a electrical spectrum analyzer.
Figure 5.24(d) shows the phase noise before and after the waveguide. From this it is
concluded that the comb retains coherence. Further investigation of this waveguide
at DTU showed a small increase in the RIN compared to the laser. Furthermore,
dispersion measurements indicated a weak anomalous dispersion at 1550nm. These
results could not be bought into agreement with the generated SC. This inconsistency
was the initial motivation for the fabrication of the waveguides measured in previous
part of this chapter.

5.8 Summary
In this chapter a handful of different experimental and numerical results are shown.
Most importantly a supercontinuum covering from 1150 to 1975nm was generated
in a 20 cm long all normal dispersion Si3N4 spiral waveguide by pumping it with a
121 fs, 155pJ pulse centered at 1550nm. The resulting supercontinuum is shown to
have RIN between 1-2%, which is very close to the laser RIN of 1%. Furthermore,
the ANDi waveguide generates a supercontinuum with smooth spectrum, with the
full bandwidth being inside a 20dB region. It is numerically shown that the dips
in the measured supercontinuum is caused by the uneven shape of the input laser
pulse. Simulations of RIN and SC, based on the measured dispersion, confirms this
behaviour. Next a 20cm anomalous dispersion spiral waveguide is pumped in the
same setup. The RIN and SC were measured as a function of input pulse power, and
while propagation after soliton fission allows for a broader and more smooth spec-
trum, it introduces a very high RIN. At maximum power the RIN is around 50%.
The smoothness of the spectrum is caused by the OSA averaging many pulses from
the laser. The increase in RIN with input power is also observed in the DWs, but
not as strongly as in the rest of the spectrum. It is further observed that right after
soliton fission the anomalous waveguide supercontinuum has similar low noise as the
ANDi SC. A comparison between the anomalous dispersion SC at fission and ANDi
at full power show that while similar noise properties can be obtained, the anomalous
SC suffers from most of broadening being from dispersive wave phasematcing, which
limit the spectrum in the regions between the pump and the dispersive waves. Nev-
ertheless, the generated supercontinuum in the anomalous waveguide still generates
wavelengths from 1-2um, and therefore outperforms the ANDi WG in terms of band-
width. Interestingly, this octave spanning SC is generated with low pulse energy of
22pJ. The general behaviour of both the waveguides is confirmed numerically. The
experiment and simulation is repeated for the order of magnitude smaller waveguides
with a length of 2.3cm. It is concluded that the anomalous waveguide has low noise
at soliton fission, but the RIN increases afterwards. Simulations of the RIN show
a increased noise in the regions between the DWs and the soliton. This could not
be confirmed experimentally, because of the lack of power. Additionally, a hybrid
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waveguide is examined. This waveguide has a zero dispersion wavelength very close
to the pump wavelength of 1550 nm. An octave spanning SC is generated, vastly
outperforming the short ANDi waveguide in broadening. The hybrid waveguide has
an a small increasing in noise overall to around 3% but towards the edges of the spec-
trum this increases rapidly. Also high RIN is observed at 1500nm in both simulation
and experiment. Interestingly, this waveguide has a smoother spectrum than the
anomalous waveguide, and requires lower pulse energies than the ANDi waveguide,
but to suffers from an increased noise.

Finally, a numerical examination of using longer pulses for pumping ANDi waveg-
uides is performed. Using pulses between 100fs to 2 ps, it is shown that very similar
SC can be generated. The generated SC are independent of the input pulses width,
and retains spectral flatness. It further shown that the limiting factor for long pulse
pumping, is the Raman effect. By sweeping the Raman fraction and input pulse
width, a map of the weighted average RIN is calculated. Even for Raman parameters
similar to silica, a 600fs pump can be used while retaining low noise. For weaker
Raman effects, it is shown that pulses as long as 1 to 2 ps can be used. The ANDi
waveguide outperforms anomalous dispersion waveguides even if a strong Raman ef-
fect is included.
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CHAPTER6
Pumping Close to the

Zero Dispersion
Wavelengths:

Directional
Supercontinuum

6.1 Background
This chapter is a reprint of the paper Christensen et al. [36]. The reprint permission is
found in Appendix A. In this paper, the waveguide dispersion is normal dispersion at
the pump wavelength, but it resides close to the ZDW. Therefore, the broadening is a
combination SPM and OWB in the normal dispersion region, and of soliton dynamics
in the anomalous dispersion region. It shown that this combination of effects can be
used to broaden the SC through the anomalous dispersion regime into another normal
dispersion regime. This dispersion profile is of special interests as it is a combination
of the normal and anomalous dispersion regimes which where investigated earlier.

6.2 Abstract
In this paper we numerically study supercontinuum generation by pumping a silicon
nitride waveguide, with two zero-dispersion wavelengths, with femtosecond pulses.
The waveguide dispersion is designed so that the pump pulse is in the normal dis-
persion regime. We show that because of self phase modulation, the initial pulse
broadens into the anomalous dispersion regime, which is sandwiched between the
two normal-dispersion regimes, and here a soliton is formed. The interaction of the
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soliton and the broadened pulse in the normal dispersion regime causes additional
spectral broadening through formation of dispersive waves by non-degenerate four-
wave mixing and cross phase modulation. This broadening occurs mainly towards
the second normal dispersion regime. We show that pumping in either normal dis-
persion regime allows broadening towards the other normal dispersion regime. This
ability to steer the continuum extension towards the direction of the other normal
dispersion regime, beyond the sandwiched anomalous dispersion regime underlies the
directional supercontinuum notation. We numerically confirm the approach in a stan-
dard silica microstructured fiber geometry with two zero dispersion wavelengths.

6.3 Introduction
In the last two decades research in supercontinuum generation (SCG) has gained a
massive amount of interest. Especially the use of highly confining waveguides has
revolutionized the field. The two major platforms in play are microstructured fibers
(MSF) and waveguides in nonlinear materials. Here we focus on SCG using femtosec-
ond (fs) pump pulses because it can provide very low noise [6, 107]. Two key regions
are important when considering group velocity dispersion (β2) of the waveguide: the
anomalous dispersion region (ADR), β2 < 0 and the normal dispersion region (NDR),
β2 > 0. SCG with fs pulses in the NDR is caused by self-phase modulation (SPM) in
the early stage and so-called optical wave-breaking in the later stage, a process caused
by an interplay of chromatic dispersion and four-wave mixing (FWM) between the
newly generated spectral components and the undepleted pump. This results in a sim-
ple spectral and temporal shape [89, 108]. SCG with fs pulses in the ADR is governed
by solitons, whose interactions lead to a large bandwidth SC, but often a complex
spectral and temporal shape. Dispersive waves (DWs) are one of the key effects when
generating SC in the ADR [109–112]. The DWs are generated by degenerate FWM of
the soliton photons, and are generally phase matched outside the ADR. This signifi-
cantly extends the SC bandwidth. The DW part of a supercontinuum (SC) has been
used in many applications, such as confocal microscopy [113], frequency combs [114],
lidar [115] and spectroscopy [116].

A general quest is to broaden the SC, perhaps even towards non-traditional wave-
length regimes. There has been significant effort in using the interaction between two
pump pulses or solitons [117, 118], and between a soliton and a dispersive wave [119–
122]. Two pulse collision by means of a soliton and a dispersive wave was theoretically
shown to produce a coherent SC, which enables the compression of the spectrum. This
was achieved by using cross phase modulation (XPM) between waves as the broaden-
ing mechanism, therefore avoiding soliton fission and modulation stability [123]. The
effect of XPM on Raman solitons was investigated in [124] and the shift was shown to
depend on the dispersion slope of the fiber. Two color pulse collisions were also stud-
ied as event horizon analogies [125–127] and for making an all-optical transistor [128].
A key weakness of these schemes is the need for two input pulses, which complicates
them. Here we show that using a single pump pulse in the NDR leads to a soliton
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in the ADR. The interaction of the NDR pulse and the ADR soliton share great
similarity with the two color studies. A similar idea based on an input pulse of dark
solitons was investigated in [129]. An interesting prospect would be to use DWs to
enhance the SC bandwidth and extend it into new regions when pumping in the NDR.
While it was shown to be possible to generate DWs even without solitons[130–133],
the generated DWs are extremely weak. However, an interesting recent experiment
used a silicon nitride waveguide with two zero dispersion wavelengths (ZDW) [134]:
here the ADR is sandwiched between two NDRs. When pumped in the IR NDR,
the authors found a cascade process eventually generated DWs in the visible NDR.
It was also shown that the generated spectrum is coherent. The cascade process was
explained by considering dispersive waves generated by both the initial pulse and
a compressed dispersive wave in the ADR. Here we investigate this scheme further
and show that wave interaction in the ADR plays an important role. The starting
point was silicon-rich nitride (SiRN) waveguides with two ZDWs. In such a waveguide
one of us recently experimentally observed a continuum generating when pumping in
the IR NDR [33]. Numerical simulations (not published) indeed indicated a similar
behavior as later found in [134], namely a directional extension of the SC into the
second NDR in the visible. This coins the phrase directional SCG and in this work
we use numerical simulations to investigate the nonlinear processes behind directional
SCG. We find that the edge of the SPM broadened pump pulse in the NDR will leak
into the ADR, in which solitons can form. The soliton will then be repulsed from
the ZDW and move across the ADR, which happens due to XPM from the pulse in
the NDR. It is the degenerate and non-degenerate FWM between the soliton and the
continuum in the pump NDR that will lead to the formation of DWs with significant
spectral densities in the second NDR. By choosing to pump in the NDR located ei-
ther at shorter or longer wavelength than the ADR, one can ”direct” the SCG process
towards the other NDR.

We show that by tailoring the SiRN waveguide dispersion profile a 1.3 octave SC
spanning from 0.750 µm to 1.85 µm can be generated by using a 1.56 µm femtosecond
pump laser. Importantly, the same waveguide generates a SC from 0.750 µm to 2.0 µm
when pumped at 0.94 µm, i.e. when the SCG process is directed towards the longer
wavelengths. The similar bandwidth with very different input wavelengths clearly
demonstrates the directional broadening of the scheme. It is shown that the chosen
dispersion profile allows for the generation of two pulse interactions by generating
a soliton in the ADR, even when pumped in the NDR. To show the generality of
the scheme a silica MSF geometry is simulated and nonlinear interactions, similar to
that in the waveguide is observed. As the spectrum mainly broadens through the
ADR, the direction of the spectral broadening can be controlled by either changing
the pump wavelength or the dispersion profile of the waveguide. The tunability of the
spectrum allows the generation of broadband spectrum in the spectral area needed
for a specific application.
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6.4 Numerical simulations
The directional SCG process was studied by numerically solving the generalized non-
linear Schrödinger equation (GNLSE) [48]. The time domain GNLSE with electric
field envelope A(z, T ) and Ã(z, ω) is transformed to frequency domain interaction
picture (IP) [135]. The electric field envelope in the IP is denoted by C(z, T ) and
C̃(z, ω). The relation to Ã(z, ω) is C̃(z, ω) = [Aeff (ω)/Aeff (ω0)]− 1

4 Ã(z, ω). Here z
is the propagation distance, ω is the angular frequency, ω0 is the angular frequency
at the pump and Aeff is the effective area.

The GNLSE in the IP can be written as Eq. (6.1) [46, 47].

∂C̃

∂z
− i{β(ω) − [β(ω0) + β1(ω0)(ω − ω0)]}C̃ + α(ω)

2
C̃

= iγ̄(ω)
[
1 + ω − ω0

ω0

]
F
{

C

∫ ∞

−∞
R(T ′) | C(T − T ′) |2 dT ′

}
(6.1)

Here T is the time in the frame co-moving with the pump, F denotes the Fourier
transform operator, β(ω) is the propagation constant, β1 is the inverse pump group
velocity, α(ω) is the linear loss coefficient, γ̄(ω) is the modified nonlinear coefficient
all as a function of frequency,

γ̄(ω) = n2n0ω0

cneff (ω)
√

Aeff (ω)Aeff (ω0)
. (6.2)

Aeff =
(
∫ ∫∞

−∞ |F (x, y)|2dxdy)2∫ ∫∞
−∞ |F (x, y)|4dxdy

(6.3)

In the case of the waveguide, the nonlinear coefficient has to include the vectorial
components, and it is calculated following [43]. For the fiber the definition in equa-
tion 6.3 is used. Note that when the effective area (Aeff ), and the effective refrac-
tive index (neff ) are independent of the frequency, γ̄(ω) becomes the usual nonlin-
ear coefficient γ = n2ω0

cAeff (ω0) . n2 is the nonlinear refractive index of the material,
n0=neff (ω0) and c is the speed of light in free space. R(T ) is the material response
function, with a single Lorentzian lineshape model, R(T ) = (1 − fR)δ(T ) + fR(τ−2

1 +
τ−2

2 )τ1 exp(−T/τ2) sin(T/τ1). Where fR is the fractional contribution of the delayed
Raman response τ1 is the Raman oscillation period and τ2 is the Raman decay time.
The pulse evolution is found by solving Eq. (6.1), using an ODE solver.

6.4.1 Silicon-rich nitride waveguide
The waveguide considered here is a 900 by 650 nm SiRN waveguide using the com-
position characterized by a DCS:NH3 gas ratio of 3.9 [82]. The SiRN waveguide has
a γ of 2.9 W−1m−1 at 1.56 µm. The Raman effect was also modeled [48]. We use a
single Lorentzian lineshape model with fR = 0.2, τ1=13 fs, and τ2=150 fs [33]. The



6.4 Numerical simulations 69

dispersion profile of the waveguide is optimized to ensure that the 1.56 µm pump
laser is in the NDR, but close to the ADR. The waveguide and dispersion profile of
interest are shown in Fig. 6.1. The modes were found by using Comsol Multiphysics.
The ZDWs are located at 1.02 µm and 1.47 µm. For convenience the wavelength
region below 1.02 µm is called NDR I, the wavelength region between 1.02 µm and
1.47 µm is called ADR I and the wavelength region above 1.47 µm is called NDR
II as labeled in Fig. 6.1. The circles mark the two pump wavelengths used in the
simulations, 1.56 µm and 0.94 µm. A wavelength independent loss of 1.35 dB/cm is
used in the simulations [32, 33].

The input pulse considered for the study has a sech2 profile with time domain
full width at half maximum (TF W HM ) of 125 fs and a pulse energy of 82 pJ (58 W
peak power) centered at 1.56 µm. The repetition rate used is 90 MHz, which is used
to calculate the power spectral density. The spectral evolution along the length of
the waveguide is plotted in Fig. 6.2(b). Initially the spectrum broadens from SPM in
NDR II and the shorter wavelength part of the spectrum leaks into the ADR I. The
leaked pulse will in the ADR I develop into a soliton, which is subsequently repelled
from the NDR II continuum. The repulsion can be explained by the cross phase
modulation (XPM) between the two pulses [127], resulting in the frequency change

∂ω(T ) ∝ −γ1L

π

∂

∂T
|A2(L, T )|2 (6.4)

where L is the interaction length for the two pulses, ∂ω(T ) denotes change in instan-
taneous frequency of the first pulse, γ1 is the nonlinear coefficient at the wavelength
of the first pulse. |A2|2 is the power of the second pulse. As seen by the derivative
in Eq. (6.4), the change in the frequency caused by the interaction with the second
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Figure 6.1: GVD (β2) for the SiRN waveguide. The circles mark the pump wave-
lengths used in the paper. The inset represents the Comsol simulation
of the waveguide and the mode obtained.
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pulse depends on the whether the interaction happens at the leading or the trailing
edge of the second pulse. By properly locating (delaying or advancing) the ADR pulse
with respect to the NDR pulse, efficient blue-shift or red-shift of the ADR pulse is
achieved. As seen in figure 6.2 (d) the soliton overlaps in time domain with trailing
edge of the NDR II pulse, therefore the soliton blue shifts because of XPM. As the
soliton reaches the edge of the ADR I it sees a barrier [136] and the soliton stops blue
shifting. By this time the initial pump pulse in the NDR II has temporally spread,
greatly reducing the peak power. Therefore the XPM felt by the soliton is reduced.
At around z = 22 mm we see the formation of several DWs. Generation of DWs by
a soliton is controlled by phase matching conditions. A consequence of the specific
phase matching condition is that the DWs are generated outside the ADR. The soli-
ton only phase matches one DW on each side of the ADR. Therefore it is observed
that DWs from the soliton alone do not explain all the DWs present in the spectrum.
Here we explain the origin of the new DWs as nondegenerate FWM of the soliton and
the pulse in the NDR II. The phase matching conditions of both the degenerate and
nondegenerate case is given by [137]

βlin(ωd) = J [βlin(ωp) − βsol(ωp)] + βsol(ωd); for J = −1, 0, 1 (6.5)

where, βsol(ω) = βlin(ωs) + β1(ωs)[ω − ωs] + qsol (6.6)
Here βlin is the dispersion relation of the medium, ωp denotes the center of the
broadened pump spectrum that overlaps with the soliton in time, ωs denotes the
center frequency of the soliton, ωd denotes the frequency of the DW and qsol is the
soliton wavenumber. qsol has negligible contribution towards the calculated phase
matching wavelengths and is not included in the calculations.

The phase matching points for the case at z = 22 mm is graphically represented
in Fig. 6.2(c). The points intersecting the dispersion relation of the waveguide in the
soliton’s group velocity frame (βlin(ω) − β1(ωs)[ω − ωs]) with the J = 0 line are the
wavelengths at which the DWs directly from the soliton are generated. The empty
circles plotted in Fig. 6.2(b) marks the calculated phase matching points where the
DWs are expected to be generated. It can be seen that calculated points agree very
well with the DWs that are generated. The phase matching wavelength obtained from
J = −1 condition is marked as triangles pointing down in Fig. 6.2(b). It is important
to note the presence of another DW at a shorter wavelength, in NDR I next to the
one generated by the soliton. This DW is the result of non-degenerate FWM of the
soliton at 1.120 µm and the part of the pump that overlaps in time at 1.635 µm which
leads to a phase matching at 0.772 µm. It can be seen that J = −1 condition explains
very well the origin of the DW next to the soliton’s DW. The spectrum obtained after
40 mm is plotted in Fig. 6.2(a). The spectrum at the end of the waveguide spans
from 0.750 to 1.85 µm. 290 nm broadening towards the longer wavelengths, and 790
nm towards the shorter wavelengths from the 1.56 µm pump. An enhanced spectral
broadening towards the shorter wavelengths is observed. The directionality of the
broadening is caused by the blue shifting of the wavelengths in the ADR, and the
emission of DW in the visible wavelengths.
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Figure 6.2: Directional SCG in the SiRN waveguide pumped at 1.56 µm with 0.58
kW peak power. (a) The power-spectral density (PSD) at the beginning
(dashed) and end of the SiRN waveguide (full). (b) The spectral evolu-
tion in the waveguide as a function of propagation distance, along with
the phase matched wavelengths from Eq. (6.5) after 22 mm of propaga-
tion in the waveguide, marked as downward pointing triangle (J = −1),
empty circles (J = 0), and triangles pointing upwards (J = 1). (c) Dis-
persion relation of the waveguide in the soliton’s group velocity frame
(full). The dashed line are the wavenumbers for J = −1, 0, 1 cases as
labeled. The dotted lines in all the figures are the ZDWs. (d) Temporal
evolution in the waveguide. Key spectral regions are marked.

In Fig. 6.3 we show a calculated spectrogram at 22 mm propagation distance. At
this stage the continuum in NDR II is well developed, and the blue trailing front has
leaked into the ADR, generating the soliton. The soliton has experienced repulsion
from the long-wavelength ZDW. Also, being on the other side of the ZDW its group
velocity has increased, so it is no longer overlapping with the tail of the continuum,
but is moving towards the center. At this stage it has already generated several
DWs in NDR I. In the plot we also show the accumulated dispersion delay T (ω, z) =
[β1(ω)−β1(ω0)]z where β1(ω) is the frequency-dependent inverse group velocity. This
line indicates where the colors will be if they were all injected at z = 0. Observing
this line, it is clear that this allows the soliton to eventually interact with the entire
continuum as it propagates along the waveguide: as the leaking front enters the ADR,
the pulse will namely experience an acceleration and thereby be pulled through the
continuum from the trailing to the leading edge. It is during this process that XPM
between the continuum and the soliton will keep transferring energy to the DWs in
NDR I.

In the initial reporting on directional SCG [134], the process was interpreted as
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a cascade DW phenomenon. Below it will be argued that exciting a soliton in the
ADR is important for understanding the outcome of the phase-matching conditions.
To confirm this, the launching of two pulses were implemented in our simulations. As
a test case we modeled the collision of a strong pump in the NDR with an N = 1
soliton in the ADR, where N is the soliton order. Specifically, we simulated a 20 pJ
125 fs Gaussian pulse (140 W peak power) centered at 1.56 µm in NDR II colliding
with a 2.5 pJ 55 fs soliton pulse (40 W peak power) centered at 1.25 µm in the ADR I.
The low power is chosen for clarity of the interactions. The pulses are initially offset
by 100 fs.

Fig. 6.4(b) shows the spectral evolution of the two pulses as they interact in the
waveguide. First we see that the pulse in NDR II broadens to a continuum because
of SPM, at the same time the soliton in the ADR I is blue shifted towards shorter
wavelengths. This happens as the soliton is overlapping with the trailing edge of
the pulse in NDR II. Therefore the XPM induced spectral chirp is towards the short
wavelengths. At around z = 12 mm a clear peak emerges at 1.8 µm, which is the
typical shoulder found after the onset of wave-breaking of the red pulse front of the
NDR I non-solitonic continuum. This process occurs due to FWM between the SPM-
broadened continuum and the un-depleted pump that is temporally broadened due
to dispersion. Later, at around z = 15 mm the soliton completely overlaps with the
pump and we observe the generation in NDR I of a strong DW below 800 nm. This
is the non-degenerate FWM case with J = −1 between the soliton and the SPM-
broadened pulse in the NDR II regime. The process quickly saturates when the latter
depletes and all the photons are converted into the continuum [108]. At z = 25 mm
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Figure 6.4: Two-pulse model where the SiRN waveguide is pumped at 1.56 µm
with 125 fs 140 W peak power and a soliton state is injected at 1.25 µm
with 55 fs 40 W peak power. (a) Spectrum at the output of the SiRN
waveguide (full) and the input (dashed). (b) Simulation of spectral
evolution of a fundamental soliton colliding with a pulse in the NDR II.
The vertical dotted lines mark the ZDWs in both the figures.

the soliton emits another dispersive wave caused by degenerate FWM. The overall
evolution is similar to the evolution in the single pulse simulation seen in Fig. 6.2.
Fig. 6.4(a) shows the spectrum (full) after 40 mm of propagation in the waveguide,
and qualitatively the generated spectrum is similar to the single pump spectrum,
both in terms of bandwidth and spectral shape with DWs in the 0.70-0.90 µm region,
and a bandwidth from 0.70 µm to 1.85 µm. This confirms our interpretation that
the spectral broadening observed in the single pulse simulation is well understood
by considering the two color interactions between a soliton in the ADR I and a non-
solitonic continuum in NDR II.

We have observed that the 1.56 µm pulse propagating through the waveguide
broadens towards the visible. To investigate the cause of directionality of the SCG, the
wavelength of the single pulse simulation is now changed to 0.94 µm, with TF W HM =
125 fs and 0.70 kW peak power. The spectral evolution and final spectrum can be
seen in Fig. 6.5. Similar to the 1.56 µm case, the spectrum initially broadens because
of SPM in NDR I. As it broadens it spreads into the ADR I. At z = 13 mm the pulse
in the ADR separates into two distinct peaks, and a DW with a wavelength of 2.0 µm
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Figure 6.5: Directional SCG in the SiRN waveguide pumped at 0.94 µm with 0.7
kW peak power. (a) Spectrum at the end of the waveguide (full) and
the pump (dashed). (b) The spectrum evolution in the waveguide as a
function of propagation distance for the waveguide pumped at 0.94 µm.
The vertical dashed lines marks the ZDWs in both the figures. For this
pump wavelength the nonlinear coefficient is γ = 7.2 W−1m−1.

is created by FWM between the ADR peak and the NDR pulse. The second peak is
red shifted by XPM to 1.30 µm. The final spectrum has a bandwidth from 0.80 µm
to 2.0 µm. This gives a broadening of 140 nm towards the shorter wavelengths, and
1060 nm broadening towards the longer wavelength. Less power is transfered into
the region between the IR dispersive wave and the 1.47µm ZDW. A similar spectral
evolution as in the 1.56 µm case is observed, but this time it is directed towards
the IR. From this it is concluded that the spectrum mainly broadens towards the
direction of the ADR.

6.4.2 Microstructured fiber
MSFs have facilitated the study of SCG owing to the flexibility in obtaining a desired
dispersion profile and ease in handling the fibers. SCG with fiber as a nonlinear
medium has an additional advantage that it can be used to build an all fiber com-
pact set up with ease of alignment and portability. Due to their wide spread use
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in telecommunications various silica fiber fabrication techniques are well understood.
Silica fibers can have a low loss transmission window from 0.4 µm to 2.0 µm. Thus
silica MSF would be a natural choice for study of directional SC using a table top
femtosecond fiber laser at 1.56 µm. To extend our understanding to that of fibers, we
here analyze directional SC in a silica fiber with a dispersion profile similar to that
studied in the SiRN waveguide.
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Figure 6.6: GVD (β2) of the MSF as a function of wavelength. The dashed hor-
izontal line is the zero dispersion and the dotted vertical line marks
the pump wavelength at 1.56 µm. The inset represents the Comsol
simulation of the fiber and the mode obtained.

The pure silica fiber we consider has a pitch (Λ) of 2.0 µm and a hole diameter
(d) of 0.680 µm. The modes in the fiber were found by using Comsol Multiphysics.
The numerically calculated dispersion of the fiber is plotted in Fig. 6.6, the fiber has
ZDWs at 1.063 µm and 1.488 µm as shown in Fig. 6.6. The fiber has a γ of 7.65
W−1km−1 and an Aeff of 13.8 µm2 at the pump wavelength of 1.56 µm. Both the
material loss and the confinement loss of the fiber were included in the GNLSE. The
material loss accounts for the loss arising from pure silica as described in [138].

The GNLSE is solved in the frequency domain IP as done in the case of waveguide
discussed previously. The complete β(ω) profile is included and fR = 0.18, τ1=12.2 fs,
and τ2=32 fs are used [139]. The same pump pulse configuration as in the SiRN case
was used, except now the peak input power is 9 kW, corresponding to a pulse energy
of 1.28 nJ. The spectrum obtained after 1 m of the fiber is plotted in Fig. 6.7(a),
while (b) shows the spectral evolution.

Fig. 6.7(c) shows the plot of dispersion relation of the fiber in the soliton’s group
velocity frame. The center wavelength of the soliton is 1.20 µm at 0.5 m of the fiber.
The distinct features of the spectral evolution shown in Fig. 6.7(b) can be explained
as follows. The pump is in the NDR II and the spectrum initially broadens from SPM.
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Figure 6.7: Directional SCG in an MSF pumped at 1.56 µm with 9 kW peak power.
(a) The PSD at the beginning (dashed) and end of the fiber (full) (b)
Spectral evolution along the length of the fiber. The empty circle at
0.876 µm and 1.999 µm are the calculated wavelength at which the DWs
are generated from phase matching condition for the soliton at 1.20 µm
alone, after 0.5 m of propagation in the fiber. The downward pointing
triangle at 0.819 µm is the calculated wavelength with J = −1 condition
in Eq. (6.5), at which DW are generated from the non-degenerate FWM
of the part of the pump at 1.649 µm in the NDR II and the soliton
after 0.5 m of the fiber. The triangles pointing upwards at 1.649 µm
and 1.765 µm are the calculated wavelength with J = 1 condition in
equation 6.5, at which DW are generated after 0.5 m of the fiber. (c)
Dispersion relation of the waveguide in the soliton’s group velocity frame
after 0.5 m of propagation in the fiber(full). The dashed lines are the
wavenumbers for J = −1, 0, 1 cases as labeled. The intersection points
between the full line and the dashed lines are calculated phase matching
wavelengths for the generation of DWs. The dotted vertical lines in all
three figures are the ZDWs.

A part of the spectrum spreads into the ADR I and develops into a soliton. Initially
the soliton blue shifts from XPM induced from a part of the pump in NDR II that
overlaps in time. The soliton shifts towards the shorter ZDW. After around 0.5 m
of propagation four DWs are generated, two on NDR I and two in NDR II. Further
propagation spreads out the power in the NDR II and the soliton does not experience
XPM from the pulse in the NDR II region anymore. The soliton, which is at the edge
of the ADR I, begins to red shift from Raman induced self frequency shift. As in the
case of the waveguide the DWs from the soliton alone does not explain all the DWs
observed in the spectral evolution at 0.5 m of propagation in the fiber, as can be seen
in Fig. 6.7(b). The new DWs are well explained by considering them as DWs generated



6.4 Numerical simulations 77

from the nondegenerate FWM of the part of the pump at 1.649 µm in NDR II that
overlaps in time with the soliton at 1.20 µm. This is shown in Eq. (6.5) and explained
in Fig. 6.7. It is interesting to note that the band of wavelength generated at around
1.75 µm can be explained as a dispersive wave generated from the nondegenerate
FWM of the soliton at 1.20 µm and the part of the pump that overlaps in time at
1.649 µm. To further study the effect of XPM induced by the part of pump pulse in
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Figure 6.8: Directional SCG in an MSF pumped at 1.56 µm with 20 kW peak power.
(a) The PSD at the beginning (dashed) and end of the MSF (full). (b)
Spectral evolution along 1 m of the fiber. The vertical dotted lines in
both the figures are the ZDWs.

the NDR II overlapping in time with the soliton, the peak power is increased to 20
kW with all the other parameters remaining the same. The spectrum obtained after
propagating 1 m of fiber is plotted in Fig. 6.8(a) and the spectral evolution is shown
(b). It can be observed that similar to the 9 kW case the spectrum initially broadens
from SPM in NDR II and a part of the spectrum spreads in to the ADR I. There
it forms a soliton, which is repulsed by XPM from the NDR II continuum resulting
in a soliton blue shift just like in the previous cases. The spectrogram at z = 0.122
m in the fiber is shown in Fig. 6.9(a). It can be seen from the Fig. 6.9(a) that the
co-propagating broad pulse in NDR II overlaps in time with the soliton in ADR I
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and that it emits DW’s on the short wavelength side. The spectrogram calculated
at z=0.122 m is bandpass filtered from 1.1 µm to 1.5 µm to see the pulse in ADR
I. The temporal profile and the spectrogram in Fig. 6.9 (c) shows that the pulse at
1.16 µm is indeed a soliton. Interestingly, as the soliton encounters the ZDW barrier,
it does not recoil as seen in the previous cases, but continues through. This can be
qualitatively explained as follows: Compared to the 9 kW case the repulsion velocity
in this case is much higher as a higher peak power (20 kW) is launched into the fiber.
This makes the pulse in NDR II much stronger than in the 9 kW case. Thus the XPM
experienced by the soliton is much greater, resulting in a higher repulsion velocity
towards the shorter wavelengths. The spectrogram in Fig. 6.9(b) shows the soliton
being ’pushed’ into the NDR I. Once in NDR I the pulse continues to blue shift until
the power in the NDR II spreads out and there is no more XPM experienced by the
pulse. As more of the spectrum from the NDR II spreads into the ADR I it develops
into solitons and gradually red shift from Raman induced self frequency shift.
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Figure 6.9: Spectrograms for an input peak power of 20 kW calculated with a gating
function of 20 fs: (a) at z=0.122 m, shows the soliton in the ADR I and
the co-propagating pulse in NDR II (b) at z=0.167 m, shows the soliton
being pushed into the NDR I. (c) Spectrogram numerically bandpass
filtered form 1.1 µm to 1.5 µm to show the spectral and temporal profile
in the ADR I at z=0.122 m.

A future challenge is to understand why the soliton passes the ZDW barrier and
how come it does not recoil: we did confirm that it is a soliton in the ADR that
we see in the spectrum as shown in Fig. 6.9(c), but as soon as it encounters the
ZDW it passes through and starts developing a chirp due to the normal dispersion. A
possible explanation is that due to the higher repulsion velocity the soliton encounters
the ZDW at a more rapid pace than the previous cases, and while it starts to shed
energy into the DW just above 0.8 µm in NDR I, the accompanying spectral recoil is
not enough to stop the soliton from passing the ZDW.

6.5 Conclusion
We have investigated a directional SCG scheme where the waveguide has an anoma-
lous dispersion region (ADR) surrounded by two normal dispersion regions (NDRs).
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When pumping in one of the NDRs, the SC broadening is directed mainly through the
ADR and towards the other NDR. This directional broadening is shown to be caused
by a 3-step process: First, since the pump is in the NDR, it broadens due to SPM
into a typical normal-dispersion continuum where each pulse front broadens both
spectrally and temporally. The second step is when one of the pulse fronts reaches
the ZDW. It leaks into the ADR, and a soliton forms in the ADR as the anomalous
dispersion compensates for the accumulated nonlinear phase. The soliton is repulsed
spectrally from the continuum in the NDR due to XPM between them. The third
step is formation of DWs in the other NDR, which occurs either as direct FWM with
the soliton or as non-degenerate FWM between the soliton and the continuum in the
other NDR (i.e. an XPM-initiated process). In this process the soliton repulsion is
stopped and it recoils at the second ZDW.

The directional SCG process was investigated through numerical simulations in a
silicon-rich nitride waveguide with the ADR between 1.02-1.47 µm. We found that
when pumping at 1.56 µm with a femtosecond laser, the SC was directed towards
shorter wavelengths, while when using a 0.94 µm femtosecond pump the SC was di-
rected towards longer wavelengths. To show the generality of the scheme, we also
showed simulations of a MSF fiber geometry based on conventional silica fiber tech-
nology, where the hole pitch and diameter are selected to give a similar dispersion
landscape. Qualitatively identical results were obtained concerning the nonlinear dy-
namics, with the main differences stemming from the different dispersion profiles.
Finally we also investigated using a higher pump power, and found that the soliton
gained a stronger repulsion velocity and higher peak power, and instead of recoiling at
the other ZDW it simply crosses the ZDW into the NDR. It remains to be discovered
exactly why this happens, it is believed to be caused by the high repulsion velocity
not allowing the soliton to emit enough dispersive waves for the spectral recoil to
overcome the XPM repulsion.

One main conclusion is that directional SCG is observable both in fibers and
integrated photonics waveguides. This is welcome since these nonlinear platforms offer
complementary solutions (transverse size, length, nonlinearity, dispersion engineering)
for different communities. By choosing a suitable dispersion profile and using the
required pump power this technique could be used as a method to efficiently transfer
pump power into a given wavelength region of interest. One exciting prospect could be
to design the dispersion such that the ADR lies above the 1.56 µm pump wavelength,
either in a SiRN waveguide or a soft-glass MSF. The SC would then directionally
broaden towards the mid-IR where both of these waveguides have transmission.
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CHAPTER7
Conclusion

The main goal of this thesis was to investigate how the different dispersion profiles
influenced the SCG in SiN waveguides. This work resulted in three major topics of
research.

In chapter 4 SCG in the anomalous dispersion regime was investigated with the
key goal of generating wavelengths in the MID-IR. It was numerically shown that by
adjusting the silicon content in SiN from Si3N4 to SiN8, the DW in the MID-IR can
be tuned from 3.4 µm in Si3N4, to 4.1 µm in SiRN3.9, to 5.2 µm in SiRN8. Com-
paring this to the DW tuning obtained by adjusting waveguide height and width, it
is clear that varying the silicon content is equally as effective. These results show
how adjusting the silicon content could be a key enabler in generating DWs further
into the MID-IR. The DW wavelengths are confirmed by solving the GNLSE. Two
waveguides with a length of 2.3cm are tested. An octave spanning SC was experimen-
tally confirmed in both a SiRN3.9 waveguide and a SiRN8 waveguide. The SiRN3.9
waveguide generated a SC from 1 µm to 2 µm in good agreement with the simulation.
The SiRN8 waveguide generated SC from 1 µm to 2.5 µm, but there was no sign of
the predicted DW at 2.8 µm. The cause of the lack of a DW in MID-IR is unknown.
But a strong wavelength dependent loss in either the waveguide or the outcoupling
would make it difficult to generate or measure the DW. By comparing the simulated
RIN and coherence using only quantum noise, or using both quantum noise and laser
noise it is shown that including the technical noise is critical for the RIN of the SC.
The key take away from this chapter is that increasing the silicon content of a SiN
waveguide results not only in a increased nonlinearity but can be used to heavily
adjust the possible phase matching conditions of the DW in the MID-IR.

In chapter 5 a 20 cm long ANDi spiral waveguide is designed. SC is generated
from 1150 nm to 1975nm using a 121fs pump laser centered at 1550 nm. The SC
is found to have a RIN similar to the laser with 1-2% RIN over the full bandwidth.
The RIN is largely independent on the input pulse energy. This highlights the fact
that ANDi waveguides retains very low noise irrespective of waveguide length and
input pulse energy. The measured SC is relatively smooth with no dips below 20dB
from the maximum inside the full bandwidth. Simulations show that at 200pJ input
pulse power, an octave spanning SC is expected. For comparison a 20cm anomalous
dispersion waveguide is pumped with the same laser. The SC and RIN are measured
at various pulse energies. It it is observed that the spectrum retains low RIN until
soliton fission. After soliton fission, when DWs are observed, the RIN increases as
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the input power is increased. At maximum power the RIN is around 50%. An
interesting phenomenon is observed, while increasing the input power increases the
RIN at all wavelengths, the effect is much weaker at the DWs. Therefore, the DW can
be expected to have low noise for a large range of input pulse energies. This means
that for applications where only the spectrum at the DW is necessary, higher input
powers can be used. This effect is also important, when attempting to determine
the noise of a generated SC. It is not in in general sufficient to measure the noise
at the DW and then conclude, that the whole spectrum is low noise. While the
ANDi SC and the anomalous dispersion SC at the soliton fission point both have
low noise. The requirement for low input pulse energy limits the broadening of the
anomalous dispersion SC. Nevertheless, the generated SC in the anomalous waveguide
still generates wavelengths from 1-2 µm. This is an octave spanning SC generated
with only 22 pJ of pulse energy in the waveguide. The experiment and simulations
are repeated with shorter waveguides with a length of 2.3cm. Again it is concluded
that the anomalous waveguide has low noise at soliton fission, but afterwards the RIN
increases. The short waveguides do not have sufficient length for a strong broadening
in the ANDi regime. The spectrum is limited to a 350 nm bandwidth from 1350nm to
1700nm. This shows that ANDi waveguides require long waveguides or higher peak
power. The need for long waveguides is even more apparent when SCG using long
input pulses is considered as the necessary length scales linearly with pulse width.
Therefore, the fabrication of high quality spiral waveguides is needed for generating
picosecond pulse SC. In general the ANDi waveguide SC retains low noise for all
powers and over the full bandwidth of the SC. In contrast, the anomalous dispersion
SC only has low RIN at soliton fission. Even at soliton fission simulations show an
increased RIN at regions between the solitons and the DW. The ANDi SC is relatively
flat, and simulations show that an improved flatness can be achieved by shaping the
input pulse.

It is well known that coherent anomalous based SC is limited to pulses shorter than
approximately 150 fs. A numerical investigation of long pulse pumping in an ANDi
waveguide was performed. It was shown that octave spanning SC can be generated
for a wide range of input pulse widths, with little effect on the resulting SC. The size
of the Raman fraction is varied, and the resulting RIN for different pulses width is
simulated. It is shown that the strength of the Raman effect is the key parameter
limiting the usable pulse widths. For Raman effects similar to silica, a 600 fs pump
can be used while retaining low noise. For weaker Raman effects, it is shown that
pulses as long as 1 ps to 2 ps can be used. These results predict that flat octave
spanning SC could be generated with picosecond input pulses.

In chapter 6 a directional SCG scheme is investigated. The waveguide has an ADR
surrounded by two NDRs. When pumped in either of the two NDR, the spectrum
broadens through the ADR to the opposite NDR. Through numerical simulations the
key dynamics enabling this SCG is found. It is observed that the mechanism is the
generation of a soliton in the ADR. The soliton is created when peaks of the SPM
broadened pulse enters the ADR. This newly generated soliton is pushed towards the
opposite ZDW by cross-phase modulation from the continuum in the NDR, and as
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it approaches the second ZDW it generates DWs. Two kinds of DWs are generated.
One by direct FWM from the soliton, and one as non-degenerate FWM between
the soliton and the continuum in the other NDR. Interestingly, for increased input
peak powers, the soliton gains higher velocity towards the opposite ZDW. Instead of
recoiling at the other ZDW it passes through the ZDW into the NDR. It is believed
to be the results of the high velocity causing the soliton to have insufficient time
to generate a large DW. Therefore it experiences a insufficient recoil effect. This
technique could be used as a method to efficiently transfer pump power into a given
wavelength region of interest. One possibility would be to design either a fiber or
waveguide with ZDW above the pump at 1550 nm, and then use the directionality to
generate spectrum in the MID-IR.

It is impossible determine a best overall waveguide, as it depends on the specific
application and the experimental parameters. In terms of waveguide materials it is
clear that as the silicon content is increased, the nonlinearity and loss of the waveg-
uide increases. Therefore, the low loss Si3N4 is necessary for longer waveguides, while
the increased nonlinearity of SiRN is preferred for shorter waveguides, where the loss
is less significant. Anomalous dispersion waveguides produce a broader spectrum for
lower input pulse energies, and the bandwidth can be tuned using the dispersion engi-
neering. From the results in both chapters 4 and 5 it is concluded that the anomalous
dispersion waveguides are superior when the goal is to generate wavelengths far from
the pump. But chapter 5 clearly highlight the weakness of this dispersion regime.
It can only be at low noise for limited input pulse energy, waveguide length and
pulse width. Even at the optimum parameters, it does not retain low noise over
the whole bandwidth. Furthermore, while the anomalous waveguides are superior in
terms of broadening. They are lacking when considering the flatness of the spectral
and temporal shape. If the goal is low noise SC it is clear that ANDi SC is best.
Furthermore, if the goal is To generate coherent SC using picosecond pulses ANDi
waveguides must be used. The directional supercontinuum scheme shows potential
in broadening SC towards the MID-IR. Additionally, the interaction between soli-
ton and pump pulse could perhaps be used to generate a tunable soliton source. It
promise a large amount broadening. But similar to the anomalous dispersion SC it
suffers from a uneven spectrum and temporal distribution, as a results of the soliton
dynamics.
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