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by Shiyu Sun

Silicon photonics has gained popularity due to its mature fabrication process and
outstanding integration potential, serving as a bridge between photonics and
electronics. However, the material’s inherent characteristics pose limitations for light
amplification. Nonlinear silicon photonics, particularly through processes such as
Raman scattering and four-wave mixing, offers an effective strategy for realising light
amplification. Nonetheless, the challenge lies in the relatively small gain associated
with each individual nonlinearity. Raman scattering attracted attention as a possible
solution to enhance the four-wave mixing effect, offering the prospect of improving
gain at Stokes wavelengths. This study delves into the numerical investigation of
nonlinear processes in silicon waveguides and silicon core fibres utilising a
generalised nonlinear Schrodinger equation. The exploration encompasses Raman
scattering, four-wave mixing and Raman-enhanced four-wave mixing in silicon core
fibres, with a focus on the telecom band and mid-infrared band. While successful
enhancements of conversion efficiency and Stokes output power are achieved, the
gains in silicon core fibres are modest due to phase mismatch issues. To address
fabrication inaccuracy in silicon core fibres, planar silicon waveguides are employed,
advancing in dispersion engineering by precise control of fabricated structure.
Coherent Stokes Raman scattering is successfully observed, and the conversion
efficiency reaches —30 dB with pump powers of 20 mW and 40 mW in the telecom
band and mid-infrared band, respectively. Inspired by the request for wavelength
extension via the generation of higher-order Stokes waves, slotted waveguides are
investigated as a new promising method for constructing light sources or amplifiers.
Slotted waveguides, owning a flat and low dispersion profile, open up avenues for

further exploration nonlinear effects in the realm of silicon photonics.
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Chapter 1

Introduction

1.1 Significance of nonlinear silicon photonics

The increasing costs and energy requirements of information technologies are driving
the search for new platforms that can improve the capacity and efficiency of networks.
A potential solution that has gained a lot of attention over past decades is silicon
photonics as it offers the possibility to seamlessly link optical and electronic
components in a best of both worlds” scenario due to its mature fabrication and
compatibility with CMOS. Nowadays, silicon photonics has grown as a research field
so much that it is also being applied over a wide range of areas such as

communications, computing, medicine, biological or chemical sensing, and imaging.

Silicon photonics has been researched as the key technology in communication
systems since the 1980s [27][28][29]. During the development stages of silicon
photonics, it was established that some of the material characteristics of silicon can
cause various challenges such as the lack of Pockels effect, owing to its
centrosymmetric crystal structure, low absorption at the telecom wavelength range, or
the indirect bandgap, but researchers have still made a significant progress, such as
the breakthrough on modulators [30][31][32], photodetectors [33], amplifiers [34] etc.
Nonlinear silicon photonics plays an important role in these significant leaps forward,
especially in light amplification, wavelength conversion and so on, owing to the large
third-order nonlinearity of silicon. The nature of nonlinear phenomena involves
generating new frequency waves, which has been applied in signal processing in
communication systems [35][36]. Compared with the traditional optical and electronic
signal processing [37], passive device designs based on nonlinear effects are
environmentally friendly, and their instantaneous response also conserves time.
Additionally, its ability to produce multiple frequency outputs during laser buildup is
noteworthy [38][2], which is in contrast to the typical semiconductor-based silicon
laser [39].
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Besides silicon, other classical materials for realizing nonlinearity include highly
nonlinear fibres (HNLF) and III-V materials which has been widely applied in optical
frequency generation (OFC) [40][41][42][43], computing [44], sensing [45][46], imaging
[47][48] and more. HNLFs are known for their extremely low linear loss,
approximately 0.1 dB/km [49], and mature fabrication techniques, enabling efficient
nonlinear processes over propagation lengths of hundreds of meters, despite their low
nonlinear refractive index of around 1072 m?/W [50]. On the other hand, I1I-V
materials, with their high nonlinear refractive index of around 10~ m2? /W [51] and
large x(? or x(®), has successfully demonstrated second harmonic generation (SHG)
[52][53] and FWM [54][55][56]. However, the manufacturing process for devices based
on I1I-V materials is typically multi-steps and complex [51]. Compared with
conventional nonlinear platforms such as HNLF and III-V materials, silicon platforms
possess distinct advantages in dispersion engineering. Advanced and compact
manufacturing techniques ensure highly precise structural control, enabling efficient
adjustment of dispersion profiles through waveguide dispersion. The design of
wavelength-scale structures also enables the achievement of a small effective mode
area and footprint to minimize the device size. Additionally, the significant distinction
between the refractive index of the cladding and core materials results in tight light
confinement, leading to high light intensity in the waveguide core, a crucial factor for

the occurrence of nonlinearities.

Initially, research on nonlinear silicon photonics focused on the telecom band. For
example, wavelength conversion around 1550 nm was exploited in SOI waveguides in
the early 2000s [57][58]. However, a common problem in these studies is that the
two-photon absorption (TPA) in silicon [59][23] is significant in the telecom band,
which weakens the nonlinear effects. Accordingly, a feasible method to achieve
stronger nonlinearities is by switching the pump wavelength over 2.2 yum, where TPA
vanishes. As the development of mid-infrared laser sources has matured, the
wavelength range of the nonlinear applications has begun to transfer from the telecom
band to the mid-infrared band to avoid the TPA, enhancing the nonlinearities.

Light amplification based on nonlinear effects has been studied for many years.
Compared with the conventional method that is utilising III-V semiconductor
materials placed on top of silicon circuits [60][61][62], the obvious advantage of
nonlinear silicon photonics is that no special integration techniques are needed, which
increase the complexity during the fabrication process. Light amplification based on
nonlinear effects can be mainly classified as two types, Raman amplification and

parametric amplification.



1.1. Significance of nonlinear silicon photonics 3

1.1.1 Study on the Raman scattering

In contrast to other Raman crystals, silicon exhibits wide transparent windows up to
8 ym and a high thermal conductivity range, as well as a high damage threshold
[63].The first observation of the light amplification based on Raman scattering in
silicon waveguides occurred in 2003 [1] in the telecom band, as shown in Figure 1.1 (a)
and (b), followed by a rapid development. Raman gain, reaching up to about 6 dB
with a pulse pump and 0.7 dB with a continuous-wave (CW) pump source, has been
observed based on stimulated Raman scattering (SRS) [64][65][66]. The Stokes output
power generated by SRS is typically only in the order of micro-watts. A Raman laser
was successfully investigated based on a silicon planar waveguide via applying p-i-n
diode to remove the influence of TPA and free-carrier absorption (FCA) [2] in the
telecom band, as illustrated in Figure 1.1 (c) and (d). The maximum output power of
around 9 mW can be obtained with a pump power of 600 mW and a bias voltage of

25V. The cascaded Raman laser emerges as a prosperous development [67].

V bias n-region

0.030 (C) Ry I L Ry
oozs (@) ¢¢%¢+
g 0020 F ¢ + <
; g A
S oo f % Pump beam SOl rib waveguide J)
g % ey
% 0.010 p % % Laser output l T
A il )
0.005 P +% Dichroic = p-region Broadband
coating reflective
0.000 coating
1537 1539 1541 1543 1545 1547
Wavelength (nm) (d) 10.0
+ 25V bias =
100 P 3
804 ™ 5Vbias 3 =
‘g 80 (b) | ===25V slope ¥
% % 60 — 5V slope
g g
[ 3 L 1
& ; 4.0
E o f 8
2 3
0 2.0 =
1537 1539 1541 1543 1545 1547
Wavelength (nm) 6B

0 200 400 600 800
Coupled pump power (mW)

FIGURE 1.1: (a) Measured spectral characteristic of SRS in silicon waveguide; (b) Spon-

taneous Raman Spectra of the same waveguide with the same pump power as in (a)

[1]. (c) Schematic layout of the silicon waveguide laser cavity with optical coatings

applied to the facets and a p-i-n structure along the waveguide; (d) the pump wave-
length is 1550 nm and the laser wavelength is 1686 nm. [2].

A light amplifier was reported in bulk silicon crystal with the gain reaching up to

12 dB at 3.39 um [3], as depicted in Figure 1.2. while the feasibility of on-chip Raman
laser has been theoretically validated [68][69][70], the fabrication of Raman laser in the
mid-infrared band has not yet been successful in the experiments. Possible limitations
for the Raman light source in the mid-infrared band include the three photon
absorption (3PA) and induced FCA due to the high light intensity necessary for strong



4 Chapter 1. Introduction

Raman scattering [71]. The waveguide size increases with the operating wavelength,
leading to the extension of the free carrier lifetime, resulting in surges of FCA.
Moreover, the Raman gain is inversely proportional to A2, indicating that the Raman
effect weakens compared to that in telecom band.
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FIGURE 1.2: The plot of on-off Raman gain as a function of effective pump intensity
interacting with the Stokes input. [3]

The novel Raman scattering, named inverse Raman scattering (IRS), is the optical loss
induced by Raman scattering at the red-shifted (Stokes) wavelength and the
blue-shifted (anti-Stokes) wavelength. Since first defined by W. J. Jones etc. in 1964
[72], this nonlinear phenomenon was observed with pulse pump at 1.55 ym [4], as
shown in Figure 1.3, and applied to precisely estimate the Raman gain [73]. Apart
from all-optical switches [74] and photonic differentiators [75] at 1.55 ym, the reported
applications so far are still limited. To our knowledge, a significant characteristic of
silicon-based Raman application is that the gain spectrum is narrow, ~ 1.2nm and the
efficiency is relatively low. These features makes practical applications challenging.

1.1.2 Study on the FWM, supercontinuum generation and optical
frequency comb

Unlike Raman amplification, parametric amplification based on four-wave mixing
(FWM) has a broad and relatively flat gain spectrum when the phase-matching
condition is satisfied. Successful parametric amplification has also been demonstrated
in the telecom [5][6] (Figure 1.4 (a) and (b)) and mid-infrared bands [7][8] (Figure 1.4
(c) and (d)). However, the gain of the parametric amplification is determined by the
FWM frequency conversion efficiency using CW laser source. Typically, the

conversion efficiency is defined as the ration between the idler out put power and the
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FIGURE 1.3: Experimental observation of IRS in silicon. [4]

signal input power, which evaluates the coupling efficiency between the signal and
the generated idler. A conversion efficiency exceeding 0 dB indicates that more energy
is transferred to the idler than to the signal, conversely, the FWM process is considered
unsatisfactory. Without resorting to pulsed pump sources [76] or complex resonator
geometries [77], the conversion efficiencies in these chip-based systems are typically
very low (~ —30dB), with the maximum value of ~ —10dB [58] obtained for a
waveguide with very precise dispersion engineering.

In the mid-infrared band, the conversion efficiency is up to ~ —18dB, and the
bandwidth exceeds 700 nm [9] via CW pump sources, as illustrated in Figure 1.5. By
adopting femtosecond laser source, the peak conversion efficiency could be over 0 dB
with the bandwidth over 260 nm both in the telecom and mid-infrared band. The
performance of amplifiers based on nonlinear phenomena, especially the gain, is still
limited, which needs more effort to be improved.

In addition, wavelength conversion can be exploited in a wide range of applications,
such as supercontinuum generation (SCG), or optical frequency comb (OFC). The
main nonlinear effects contributing to SCG (OFC) are self-phase modulation (SPM),
cross-phase modulation (XPM), Raman scattering, FWM and modulation instability.
Achieving sufficient and stable SCG or OFC relies on several key factors, including the
phase-matching condition, dispersion profiles, nonlinear properties of the medium,
and the power level of the incident waves. These factors collectively determine the
parametric gain in sidebands, ultimately shaping the final spectrum of the SCG or
OFC. In waveguide systems, the power level required to achieve similar parametric
gain is conventionally much smaller than in bulk systems due to the tight mode
confinement, resulting in higher nonlinear coefficients. Remarkable progress in SCG
based on silicon waveguides is evident in the extension of the upper limit of the
SCG/OFC wavelength from 2 ym [10][11] (Figure 1.6 (a) and (b)) to 4 ym [12][13]
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several waveguide cross-sectional areas and lengths. [5] (b) Measured FWM conver-

sion efficiency (normalized) as a function of signal-idler wavelength separation for

different tapered SCFs at selected pump wavelengths. [6] (c) Series of FWM spectra
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spectrum across a range of 241 nm. [8]
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(Figure 1.6 (c) and (d)), showcasing the low nonlinear loss in the mid-infrared band.
Furthermore, the remarkable oscillation threshold for boosting OFC is just around

~ 3mW with the implementation of a micro-resonator.
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for the powers. [12] (d) Broadband frequency comb generation from 2.1 to 3.5 ym in
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However, the absorption of silicon dioxide (SiO;) above 4 ym limits the further
extension of the SCG wavelength. The utilisation of suspended silicon waveguides
[14] (Figure 1.7 (a)) and germanium (Ge) [15] (Figure 1.7 (b)) has extended the
wavelength to 8 ym, overlapping the full transparent windows of silicon. Theoretical
advancements in the application of suspended Ge has even broadened the wavelength
to over 12 um [78][79][80]. As the mid-infrared band covers large portions of
molecules” absorption fingerprints, there is increasing interest in applications such as
spectroscopy [81][82][83] based on nonlinear silicon photonics. Unfortunately, the
average output power of SCG or OFC remains modest at the hundreds of micro-Watt
level, primarily due to linear and nonlinear losses in the waveguides. Although the
maximum output power to date has increased to 10 mW in SiGe waveguides [84],

further exploration is needed for improvements in the silicon waveguide.

1.1.3 Study on the interaction between FWM and Raman scattering

Reviewing the development of nonlinear silicon photonics, Raman scattering and
FWM play essential roles in applications such as light amplification and wavelength
conversion. The limitations of Raman scattering include inherent low efficiency and a
narrow gain band. Although a broad gain band could be obtained through FWM by
dispersion engineering in silicon waveguides, idler gain, which is subject to the FWM
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conversion efficiency, remains modest. To realise the enhancement of the idler gain,
previous studies on the interaction between Raman scattering and FWM has
researched the gain variation under different light excitation modes and phase
conditions. The detailed comparison among these results will be summarized in this
section.

The research conducted by E. Lantz’s team demonstrated the coherent Stokes Raman
scattering (CSRS) [85] in a normally dispersive single-mode silica fibre under a special
light excitation mode [16]. They verified that even in a non-phase-matched parametric
frequency-conversion process, a relatively large gain enhancement of Stokes idler by
mixing a strong pump with a weak anti-Stokes signal was possible. The Raman
response induces an energy transfer from the signal to the pump, and the pump
power required for the gain enhancement of the idler is minimised when the
wavelength shift is equal to the Raman shift, as Figure 1.8 shows. The Stokes idler is
tirstly generated through the FWM and then continually amplified by the Raman gain.
Their work, based on silica fibres, explored influences of Raman scattering on FWM in
detail, nevertheless, relatively little investigations of the coupling between Raman
scattering and FWM in silicon has been done.
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FIGURE 1.8: Variation of normalized powers versus propagation coordinate in the
presence of Raman effects. [16]
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Early studies on silicon were about the suppression of Raman scattering [86] due to
the efficiency of the parametric process. The strong Stokes wave is generated from
stimulated Raman scattering (SRS), and the anti-Stokes wave is absent when phase
matching is poor between the pump wave, Stokes wave and anti-Stokes wave in the
parametric process. Parametric suppression of the Raman gain occurs when the phase
matching condition is satisfied among these three waves. The Stokes wave from SRS is
weakened, and the anti-Stokes wave occurs due to parametric interaction, then
disappears when SRS saturates. In this case, there is only pump wave, and the initial
Stokes/anti-Stokes wave intensities are equivalent to the noise level. Furthermore,
when a signal is seeded at the Stokes wavelength [87], the gain of Stokes wave
experiences a decrease when the linear phase mismatch is close to zero due to
parametric gain suppression. In this theoretical analysis, an appropriate linear phase
mismatch could motivate the coherent anti-Stokes Raman scattering (CARS) which
converts Stokes photons into anti-Stokes photons, resulting in the decrease in Stokes
gain to a certain extent [88]. As of the present date, the conversion efficiencies
obtained via this process using CW pump sources have been limited. For example, the
largest reported conversion of ~ —50 dB required a pump of 700 mW due to the strong
phase mismatch [17], as Figure 1.9 depicts. Nevertheless, when the inverse process of
CARS occurs as a result of the phase mismatch induced by the pump depletion,
converting anti-Stokes photons into Stokes photons, the Stokes gain increases and
level out eventually.
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FIGURE 1.9: Maximum amount of a-Stokes signal obtained, at 1328.8 nm. [17]

The majority of existing research on the interaction between FWM and Raman
scattering in silicon has been focused on CARS. The enhancement of the Stokes wave,
CSRS, as a result of mixing these two nonlinear phenomena has not been studied
in-depth, except for the early study based on silica fibres. Nevertheless, this
phenomenon holds potential for applications which require strong Stokes wave, for
example, Kerr and Raman frequency combs [18][19] as Figure 1.10 shows. The
frequency comb band could be broadened by a sub-comb generated at longer

wavelengths by the enhanced Stokes light, serving as a new light source. Higher-order
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Stokes scattering supports sub-combs at an even longer wavelength region, which is a
possible approach to generate a mid-infrared comb with an infrared input pump.
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FIGURE 1.10: (a) Primary comb lines generated by a 60-ym-radius AIN chip. [18] (b)
Raman-assisted broadband comb spectrum from an AIN microring at TE mode input.
Inset shows the TE mode profile at 1.55 ym wavelength. [19]

1.2 Motivation

The low conversion efficiency of individual nonlinear effects, such as Raman
scattering or FWM, has motivated researchers to study the interaction between these
two nonlinear phenomena. Some research groups have investigated FWM with CARS
in recent years, confirming that FWM can be excited by CARS under phase mismatch
conditions. However, this research has focused on shorter wavelengths with low
conversion efficiencies. Meanwhile, given that the gain efficiency of Raman scattering
is higher at the Stokes wavelength compared to the anti-Stokes, higher gains should
be possible using CSRS process. The enhancement of the Stokes wave supported by
CSRS has had limited demonstrations in previous studies. According to the study
based on silica fibres, the presence of Raman scattering can enhance the Stokes wave
even in poor phase matching conditions. This indicates the possibility of
strengthening the Stokes wave with CSRS, offering a meaningful direction for
applications in light amplification and light sources. On the other hand, the high
conversion efficiency produced by CSRS, which is beneficial for obtaining

high-quality signal processing, could be achieved.

1.3 Overview

During my four-year PhD study, the COVID-19 pandemic had a significant impact on
my research, especially in the first two years. The pandemic began six months after
the start of my study, coinciding with a long-term lockdown in the UK. During this
time, I was limited to literature reading and simulations as access to the laboratory
was restricted. Even after the laboratory reopened, there were strict limitations on the
number of people allowed inside at one time. Additionally, the maintenance cycles of
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essential machines, such as the DUV scanner, E-Beam, and polishing machine, were
unexpectedly extended, resulting in a considerable delay in sample production. While
the worldwide pandemic initially slowed down the progress of my project, the
granted extension of my study allowed me to complete my research within an

acceptable timeframe.

This thesis focuses on nonlinear wavelength conversion and amplification in silicon,
primarily through FWM and its enhancement via Raman effects. In Chapter 2,
theories about waveguide structures, dispersion, loss and nonlinear optics in silicon
are briefly described. The MATLAB code for the following simulations, based on the
nonlinear Schrodinger equation (NLSE) including the delayed Raman response, is
validated at the end of the chapter.

The collaborative work in Chapter 3 involves the exploration of Raman scattering in
both the telecom and mid-infrared bands as well as the FWM and CARS in the
mid-infrared band in silicon core fibres (SCF). In this work, I took responsibility for all
simulation aspects, collaborating with Meng Huang and Dong Wu, who conducted
the experiments. The experiments demonstrated considerable Raman gain, consistent
with the simulation results. Simulations were also conducted to predict the possibility
of cascaded Raman generation in the mid-infrared band. In the subsequent research

on CSRS, I undertook all simulations and major experiments.

In Chapter 4, CSRS in SCFs is demonstrated in both the telecom and mid-infrared
bands. The dispersion properties for SCFs with varying core diameters are studied.
Experimental data are analysed and compared with the simulation results. Further
simulations are conducted to predict the proper length and appropriate pump power
of the SCF to achieve the highest nonlinear gain and output power.

In Chapter 5, the similarities and differences, advantages and disadvantages between
SCF and planar waveguides are illustrated firstly. The structure design parameters are
calculated for rib waveguides in both telecom and mid-infrared wavelength ranges to
achieve optimised nonlinear performance. Experimental data are collected to validate
the predictions of simulations. Finally, the stability of the Raman enhancement is
researched to analyse the influence of various parameters on the nonlinear

performance.

In Chapter 6, the dispersion properties of a slotted waveguide are compared between
different structural parameters. The optimised structural parameters to achieve a flat
and low dispersion profile are summarized. The higher-order Stokes Raman
scattering obtained through the optimised structure is simulated. The measured loss
of the fabricated slotted waveguides is concluded to discuss the design limitations.

In Chapter 7, waveguide fabrications are illustrated for both SCFs and planar
waveguides. The tapering processes and fixing methods for SCFs are introduced in
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detail. For planar waveguides, the coupling efficiency between different structures has

been optimised and the layout design is explained in detail.

Chapter 8 provides a summary to conclude the main achievements in this thesis, and
proposes promising directions for the future development based on the existing

results.
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Chapter 2
Background

This chapter outlines the basic theory of silicon photonics which is relevant to this
work. It includes discussions on the waveguide type, dispersion in silicon
waveguides, as well as loss and nonlinearities in silicon. The main nonlinear effects
are introduced in detail, including Raman scattering, FWM, and the interaction
between Raman scattering and FWM. Finally, the mathematical description of
nonlinear propagation, nonlinear Schrodinger equation (NLSE), in silicon is presented
with some typical examples such as dispersion and self-phase modulation (SPM). The
validation of the code to slove NLSE is conducted by the comparison of simulation

results with the existing results recorded in the literature.

2.1 Waveguide structures

There are two main types of waveguide structures investigated in this report: planar
waveguides and optical fibres. Planar waveguides are usually classified into three
main structures: slab, strip and rib waveguides. Details of each structure are depicted
in Figure 2.1. Planar waveguides have a significant advantage in dispersion
engineering through multi-dimensional structural changes, especially rib waveguides.
Compared with the planar waveguides, fibres have advantages in optical fibre
integration. Different waveguide types are selected according to the actual

requirements.

The general property of a waveguide is that the material with a high refractive index
(Mcore) is surrounded by a material with a lower refractive index (1,4) to produce
strong light confinement. Strong optical confinement can dramatically decrease
dimensions of the device. On the other hand, high refractive index cores result in
coupling difficulties due to high Fresnel reflections and optical mode mismatch

between optical fibres and waveguides. Some groups have adopted special coupling
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(a) Nclad (b) Nciad
Nelad

FIGURE 2.1: Waveguide structures: (a) slab waveguide, (b) strip waveguide, (c) rib
waveguide, (d) fibre.

structures [15][89][90] such as grating couplers to increase the coupling efficiency.
Most special couplers are designed for a specific working wavelength, which
contradicts the nonlinear effects involving multiple frequencies, and bulk coupling is

still the main method to achieve light coupling in this work.

Waveguide modes are a series of guided modes whose spatial field distribution does
not change with propagation in the absence of loss. They can be characterised by the
effective refractive index (11,f5), which is determined by the waveguide design. This
parameter indicates the confinement of the mode. n,¢; was calculated in COMSOL
using mode analysis in the electromagnetic waves module. This module solves
Maxwell’s equations while setting the boundary condition of perfect magnetic
conductors. For accuracy, a fine physics-controlled mesh was chosen. Taking the
transverse electric (TE) mode in x-y plane calculated by COMSOL in a strip waveguide
as an example, the difference between fundamental mode and higher-order modes are
illustrated. When n, Ff ™~ Neore, this mode is tightly confined in the waveguide core as
Figure 2.2 (a) shows. When 71,9 < 1¢¢f < Tcore, this mode is also a guided mode, but
its field is partially distributed in the cladding as Figure 2.2 (b) shows. When

Neff ~ Nelag, this mode is weakly guided in the waveguide as Figure 2.2 (c) shows.

FIGURE 2.2: Modes in a strip waveguide, silicon (Si) in the rectangular is surrounded
by silicon dioxide (5iO2): (a) propagation mode,n.¢s ~ ficore; (b) propagation mode,
Nelad < Meff < Neore; (€) leaky mode, 1, ~ Mgjag.

2.2 Subwavelength grating structures

Subwavelength grating (SWG) that can be applied as a material with the designed
refractive index for dispersion engineering is the subwavelength periodic structures as
Figure 2.3 illustrates. For example, it consists of rectangular silicon blocks spaced at a

pitch A with the air top cladding and SiO; bottom cladding. This structure provides a
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precise control of the refractive index of the equivalent material through adjusting the
length of silicon blocks (L) and the duty cycle (DC=L/A). When the SWG is modeled
as a homogeneous isotropic metamaterial, the equivalent refractive index (1) can be

approximated by Rytov’s formulas [91]:

n ~ [DC-ng+ (1—DC) -nZ]"2,n, ~[DC-n;*+ (1—DC)-n,;2]%, 2.1)

air air

Where 7 is the equivalent refractive index when the propagation is along y axis
(electric field is parallel to the periodic structure); n; is the equivalent refractive index
when the propagation is along x axis (electric field is perpendicular to the periodic
structure). In this project, 1| is the necessary parameter which determines the proper
DC value. This periodic structure operates in the subwavelength regimes when the
ratio of the wavelength and the pitch is high enough. In other words, the effective
index of the Bloch-Floquet mode (1) drops below the Bragg threshold [92]:

=—. 2.2
"p<5A (2.2)
Reflection and diffraction in the SWG is suppressed and there is no extra loss caused
by SWG during the wave propagation. During the simulation of a waveguide
containing SWGs, the SWG section could be treated as a strip waveguide with the
equivalent refractive index to simplify the waveguide construction.

N N n(L/A,2/1)  }t

- —
= I
b

FIGURE 2.3: The SWG structure and its equivalent structure in the simulation.

2.3 Dispersion

Dispersion is a phenomenon that results from the frequency-dependent refractive
index (n(w)). It is critical in the propagation of short optical pulses, which consist of a
band of wavelengths, even in linear optics because it can cause pulse spreading. In
nonlinear optics, the dispersion effects can be described by the mode-propagation
constant B expanded in a Taylor series about the central frequency wy of the incident
pulse [24]:
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Blw) = ”(w)% = Bo + B1(w — wp) + %ﬁz(w —wo)*+ -+, (2.3)
where
Bm = (ﬁ)w—% (m=0,1,2,---). (2.4)

The parameters 1 and B, are related to the refractive index n(w) and their derivatives
through the following relations:

1 ng 1 dn 1 _dn d*n
br=g =0 = ntegy) =g teg): 29)

where 114 is the group index, and v, is the group velocity. In a waveguide structure,
when the incident wave is a short pulse, the pulse envelope propagates at the group
velocity. B, represents the dispersion of the group velocity and is the main influencing
factor of pulse broadening. The higher-order dispersive terms need to be considered
in SCG for calculation precision because the wavelength range is very broad. The

group velocity dispersion parameter (D) used in practice can be derived from f; as:

27c

D=-"78. (2.6)

A noteworthy point is that D vanishes and changes sign at the zero-dispersion
wavelength (ZDW), the position of which is controlled by a combination of the
material and waveguide dispersion through changing the structure of the waveguide
as shown in Figure 2.4 [20]. Figure 2.4 (a) and (b) shows that the dispersion curves
especially the position of ZDW can be adjusted by changing the fundamental
structural parameters such as the ring width. Additionally, Figure 2.4 (c) and (d)
indicates that the re-shape of the waveguide even can precisely control the slope
between ZDWs. The advantage of planar waveguides is that the dispersion curve can
be controlled by the structure design in multi dimensions, and its fabrication process
is easily controlled as well as the fabrication precision compared with SCFs, which
will be demonstrated in the section of the waveguide fabrication. In parametric
processes, achieving phase matching conditions is crucial for efficient wavelength
conversion as shown in Figure 2.5 [21]. In Figure 2.5 (b), adjusting the dispersion
profiles ensures that the ZDW aligns with the designed pump wavelength of 1.55 ym.
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FIGURE 2.4: (a) Standard microring resonator where three parameters are available for

dispersion engineering, ring radius (RR), ring width (RW) and material thickness (H).

(b) Variation of second-order dispersion (D3), power in the dispersive waves (DW),

and separation between the two potential DW locations (in units of mode number) as

a function of ring width. (c) The frequency splittings modify dispersion, resulting in

a higher dispersion branch and a lower dispersion branch (shown in green). (d) The
resulting ring resonator has a ring width modulation profile. [20]
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Moreover, maintaining a flat slope between ZDWs is beneficial for achieving

broadband parametric conversion, as depicted in Figure 2.5 (c) and (d).
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2.4 Nonlinear optics in silicon

The nonlinearity in silicon is the interaction of the optical field with electrons and
photons in the material. It can be described by the relation between the induced
polarization (P(t)) and the electric field (E(t)) in its simplest form [24]:

P(t) = eo(xVE(t) + xPE)* + xPE(®t) +---), (2.7)

where € is the vacuum permittivity and /) is the jth-order susceptibility. x(1) is the
linear susceptibility which is the dominant factor to P(t) when the incident wave
power is low. With the incident wave power increasing, the nonlinear terms become
competitive with the linear term and cannot be ignored. In centrosymmetric crystal
structures such as silicon, the second-order susceptibility x(?) is absent. In silicon, the
most important nonlinearity is the third-order nonlinearity. It generates various
nonlinear phenomena such as SPM, cross-phase modulation (XPM), FWM, SRS and so
on. Most of the nonlinear processes originate from nonlinear refraction, which is the

intensity dependence of the refractive index. The refractive index can be given by [24]:

~ 3
fi(w, 1) = n(w) +ml, ny = o-Re(x?), (2.8)
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FIGURE 2.6: The nonlinear refractive index values of the considered materials in near-
and mid-infrared bands. [22]

where n(w) is the linear refractive index, 1, is the nonlinear-index coefficient related
to x® which changes with the wavelength as Figure 2.6 shows, I is the optical
intensity. There is a maximum value of 7, in silicon around 2 ym, which means that
the choice of the nonlinear operation wavelength should be around this peak to
ensure relatively larger nonlinear refractive index. Furthermore, the strength of the

nonlinear effect depends on the nonlinear loss in addition to the linear refractive



2.5. Linear and nonlinear losses 19

index, which varies with wavelength. The nonlinear losses induced by high input
powers will be explained in detail in the next section.

2.5 Linear and nonlinear losses

When the incident wave propagates through a waveguide, both linear and nonlinear
losses need to be taken into consideration. The linear loss is also considered as the
propagation loss and the main contributions to the linear loss include scattering,
absorption and radiation. The linear loss can be evaluated by the cut-back method,
using a transmission experiment with low input optical power. The output intensity

(I,) with a certain linear loss can be expressed in this simple form:

I, = Iiexp (—aL), (2.9)

where [; is the input intensity, « is the loss coefficient, L is the propagation length.
Under different lengths (L;, L,), « can be derived from the ratio of the corresponding
output intensities (I1, I):

Il 1 Il
T exp(—a(Li — L = In L.
7, exp (—a(L4 2)) =« L L nI2

(2.10)
The nonlinear loss includes multiphoton absorption and FCA. The multiphoton
absorption is the absorption of multiple photons in order to excite an atom/molecule
from the ground state to an excited electric state. The energy difference between the
involved lower and upper states of the molecule is less than or equal to the sum of the
photon energies of the absorbed photons as Figure 2.7 illustrates. The multiphoton
absorption coefficient, represented by the two-photon absorption (Brpa), varies across
different wavelength bands, as depicted in Figure 2.8. The multiphoton absorption
can induce free carriers, which results in intraband absorption between different
excited states that is simply depicted in Figure 2.7. When the wavelength is under

2.2 ym, TPA is obvious and can prohibit the development of FWM or other nonlinear
effects. Above 2.2 ym, multi-photon absorption such as 3PA appears and this, as well
as FCA, is the main nonlinear loss at longer wavelengths. The effective ways to
minimize the nonlinear losses are changing the pump wavelength for reducing
multiphoton absorption and reducing the free carrier lifetime for reducing FCA
[93][94][95]. The operation wavelength in this work is focused on the telecom band

and mid-infrared band below 2.2 ym, hence, here we just take the TPA coefficient



20 Chapter 2. Background

(Brpa) into consideration. The free carrier density (N.(t)) is governed by the following
equation [93]:

ONc(t) _ Brea [E()[*  Ne(t)

= 5 ,
ot 2hwy Aeff T

(2.11)

where 7 is Planck’s constant, A,y is the effective mode area, E(t) is the electric field
envelope, wy is the central frequency of the incident wave, and 7 is the free carrier

lifetime.
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2.6 Raman scattering

Raman scattering is the inelastic scattering of photons by matter, meaning that there is
an exchange of energy and a change in the light direction. This involves vibrational
energy being gained or consumed by a molecule as incident photons are shifted to
lower or higher frequencies. Raman scattering is observed in all types of materials
including solids, gases and liquids. The Raman frequency shift depends on the
frequency of the intramolecular motion of the material. Thus, the Raman frequency
shift can be considered as an intrinsic material property, and what the material is can
be checked by testing the Raman frequency shift. This means that Raman scattering
can be used in spectroscopy. The scattered wave with lower frequency (ws) is called
the Stokes wave, while the scattered wave with higher frequency (w,) is named as the
anti-Stokes wave. The energy level diagrams of Raman scattering are illustrated in
Figure 2.9. An incident photon with frequency w), is annihilated and a photon with
frequency w; (or wy) is created, leaving the molecule in an excited state (or ground
state) with energy fiw,.
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FIGURE 2.9: Energy level diagrams of Raman scattering. (a) The Stokes-shifted Raman

scattering. (b) The anti-Stokes-shifted Raman scattering. (c) The stimulated Raman

scattering. The angular frequencies wy, ws, w, and w, correspond to the pump, Stokes
waves, anti-Stokes waves and Raman shift, respectively.

The delayed Raman response is governed by the nonlinear response function R(t) [24]

as:

R(t) = (1= fr)o(t) + frhr(t), (2.12)

where fr = grI'r/ (n2koQRr) (for silicon, fr = 0.043) represents the fractional
contribution of the delayed Raman response to the nonlinear polarization in which gr
is the Raman gain, I'z /7 is the gain bandwidth, Q0 /277 is the peak gain frequency
shift; hr(t) = (1,2 + 1, 2)T exp(—t/1) sin(t/ 1) is a good approximation to the
Raman response function, where for silicon 71 ~ 10 fs, 72 = 3 ps, and hy for silicon,
represented in both time and frequency domains, is depicted in Figure 2.10. 7y and &
are two adjustable parameters and are chosen to provide a good fit with the actual

Raman gain spectrum.

The difference between spontaneous Raman scattering and SRS is similar to that
between the spontaneous emission and the stimulated emission in a laser system.
When the incident pump intensity is lower than a certain threshold, which means that
the occupation number of the Stokes mode is much less than unity, only the weak
spontaneous Raman scattering signal appears. However, when the input pump
intensity increases over the threshold, which means that many photons are in the
Stokes mode, a strong and directional coherent scattering signal can be observed,
which is SRS. The threshold condition of stimulated scattering can be written as [85]:

elG-0L. R > 1, (2.13)

where G (« Iy, Ipis the input light intensity) is the gain coefficient, « is the overall
attenuation of the material, L is the gain length, and R is the reflectivity of the mirrors
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in the cavity. R is neglected in a single-pass amplified stimulated scattering, the

threshold requirement is transferred to:

oG-l 5, (2.14)
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FIGURE 2.10: The Raman response function for silicon in time (a) and frequency do-
main (b).

The pump wave-induced change of the physical status of the material is essential to

the stimulated process but can be neglected in the spontaneous process. The energy

level diagram of the SRS is depicted in Figure 2.9 (c). The molecular vibration initially
modulates the refractive index of the material to produce Stokes wave and anti-Stokes
wave, then the Stokes wave beats with the pump wave to produce a modulation of the
total intensity. This modulated intensity coherently excites the molecular oscillation at
frequency w,. These two processes reinforce each other, which leads to a strong Stokes

signal.

2.7 Inverse Raman scattering

Raman scattering discussed above produces optical gain at Stokes and anti-Stokes
frequencies as shown in Figure 2.11, but it can also produce optical loss of the Stokes
and anti-Stokes waves [72]. This phenomenon is named as the inverse Raman
scattering (IRS). As Figure 2.11 (b) illustrates, the process of IRS is that a photon at the
peak of the Raman frequency shift is consumed and a photon at the pump frequency
is generated, which is opposite to the Raman gain that is depicted in Figure 2.11 (a).
Normally the spontaneous Raman scattering happens with an intense pump,
radiating a small amount of the Stokes wave and much weaker anti-Stokes wave.
However, when adding weak input waves at the Stokes and anti-Stokes frequencies,
the variations of the input waves are totally different. The input Stokes wave
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experiences an amplification through SRS. The consumption rising from IRS could be
ignored and is difficult to be observed in the experiments due to the high gain of the
SRS. Instead, if the input is placed at the anti-Stokes position, it suffers depletion
through IRS and the pump receives the supplement from the anti-Stokes waves. In
experiments, IRS is difficult to be tracked due to CARS which realise the energy
transfer between Stokes and anti-Stokes waves.
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FIGURE 2.11: The differences of the energy diagrams (above) and spectra (below) be-

tween the Raman scattering (a) and the inverse Raman scattering (b). The angular

frequencies wy, ws and w, correspond to the pump, Stokes waves and anti-Stokes
waves.

2.8 Four-wave mixing

Four-wave mixing is a third-order nonlinear optical phenomenon, which includes
processes such as sum frequency generation (SFG), third-harmonic generation (THG)
and four-photon parametric interaction. The energy level diagrams of these three
processes are depicted in Figure 2.12. Figure 2.12 (a) shows the SFG. Three
electromagnetic waves of different frequencies, w1, wy, w3, interact with the nonlinear
medium and generate a new signal at the sum frequency. The annihilation of the
photons of frequencies wi, w; and w3 induce the molecule excitation from the ground
state to an intermediated state. Then the molecule returns to the ground state,
meanwhile, a new photon with the sum-frequency wy is generated. The time that the
molecule spends in each intermediated state is extremely short, so these steps can be
considered happening simultaneously. The other two processes can be understood in
a similar way to SFG.

As the physical states of the molecule at the start and end of the FWM process are
unchanged, conservation of energy and momentum should be obeyed between the
annihilated photons and the created photon(s). The four-photon parametric

interaction is considered here as a general circumstance, in which the degenerate
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FIGURE 2.12: FWM process. (a) Sum frequency generation. (b) Third-harmonic gen-
eration. (c) Four-photon parametric interaction. The angular frequencies w1, wy, w3
and w4 correspond to different waves.

FWM is the special case (w1 = wy) applied in this work. Thus, the essential energy
conservation and phase-matching conditions in FWM are:

w3 +wy = w1 + wy,

ks + ks = k1 + k2, (2.15)

where k; is the wavevector of the wave with frequency w;. If k1, k, k3, k4 are in the
same direction (typical in a 1D waveguide), the second relation can be expressed in a
scalar form. The linear phase mismatch factor Ak is given as:

Ak =ks+ky—k1—ky
1 1 1

= 27 n(ws) T Man(@n) ~ an(wr)  Aan(wn)”

(2.16)

if w1 = Wy,

Ak ~ BQ% + (B4/12)Q, (2.17)

where () is the frequency shift between w; and w3 (or wy), B2 and By are the
dispersion parameters at the pump frequency wj. It is obvious that Ak is inversely
proportional to the refractive index, which is different at different pump frequencies.
The linear phase mismatch could be reduced to dispersion-dependent formulation in
degenerate FWM case (w1 = w»), which suggests that it could be canceled by B, and
B4 with opposite signs. Apart from the linear phase mismatch, the refractive index
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variation depending on the intensity results in the nonlinear phase mismatch. The

effective phase mismatch including linear and nonlinear phase mismatch is given by:

K = Ak + v (P + Py), (2.18)

where y = 7; is an average nonlinearity if the relatively small differences in optical
frequency of these four waves are ignored; P; is the pump power at a different

frequency. The parametric gain is dependent on the pump power and is defined by
[50]:

g§= \/ (vPor)? — (x/2)?, (2.19)
in which, r = 2(P,P;)/2 /Py, Py = P; + P,. The maximum gain could be achieved at

x = 0. This shift of the gain peak from Ak = 0 is due to the influence of SPM and XPM.
A typical means to minimize the phase mismatch is through the dispersion

engineering of planar waveguides to ensure at least one term of the linear or nonlinear
loss is negative.
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FIGURE 2.13: Evolution of the relative phase, idler power (P4) and the pump power
(Pp) along the propagation length whenx = 0,0 = =2/, P, = P, =70 W, P3(0) =

P4(0) = 0.1 uW (solid line), P3(0) = 6 mW, P4(0) = 0.1 uW (dash line) . [24]

When the phase matching condition is not perfect, the energy may transfer back to the

pump waves. The energy conversion direction depends on the relative phase that is
given by:

0 =¢1+¢2— P3— ¢u, (2.20)



26 Chapter 2. Background

where ¢; is the phase at different frequencies. The variation of the relative phase obeys
the following equations [24]:

dP dP
723 — 724 = —4')/ PP, P3Py Sil’l(g),

0 P+ P,
—_— = 2 Py P. 0). 2.21
5y — 27V 12\/@@5() (2.21)

When accounting for pump depletion during propagation, the phase match «x varies
along the propagation length, as shown in Figure 2.13 according to Eq.(2.21). In
Figure 2.13, P; decreases along the propagation length, accompanied by a
corresponding increase in relative phase from initial value to 71/2, while P, increases
simultaneously. This underscores the importance of careful length design, even under

perfect phase matching conditions.

2.9 Raman-enhanced four-wave mixing

Raman scattering significantly influences the performance of FWM, when the
frequency shift (); moves within the Raman gain bandwidth. The interaction between
Raman scattering and FWM (RE-FWM) realises the enhancement of the induced idler
compared with the single nonlinear effect. When the signal is positioned at Stokes
frequency, the enhancement of the anti-Stokes idler is named as coherent anti-Stokes
Raman scattering (CARS); when the signal is positioned at anti-Stokes frequency, the
enhancement of the Stokes idler is named as coherent Stokes Raman scattering (CSRS)
[85].

2.9.1 Coherent anti-Stokes Raman scattering

When a pump laser beam assisted with a signal at Stokes frequency is applied to the
Raman medium under near phase matching conditions, anti-Stokes wave is generated
and enhanced by the interaction between Raman scattering and FWM, known as
CARS. Raman scattering can be considered as down-conversion of a pump photon
into a Stokes photon and a phonon associated with a vibrational mode of molecules.
An up-conversion process in which a phonon combines with the pump photon to
generate an anti-Stokes photon is also possible, but occurs rarely because it requires
the presence of a phonon of the right energy and momentum. Because the energy
conservation is inherently satisfied among pump, Stokes wave and anti-Stokes wave,
FWM can occur provided the total momentum is conserved. The
momentum-conservation requirement leads to the necessity of the near phase
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matching condition, which must be satisfied for FWM to occur in CARS process. In
the process of CARS, illustrated in Figure 2.14, under the near phase matching
condition, the gain of SRS is suppressed as FWM transfers energy from Stokes waves
(ws) to anti-Stokes waves (w;), in which one pump photon (w);) is annihilated to
produce a Stokes photon and a phonon with the right energy and momentum to
simultaneously induce the generation of an anti-Stokes photon.

FIGURE 2.14: Energy diagrams for CARS process. The angular frequencies w), ws, w;,
and Awy,y, correspond the pump, Stokes waves, anti-Stokes waves and Raman shift.

2.9.2 Coherent Stokes Raman scattering

In contrast to CARS, which adds the signal at Stokes frequency, coherent Stokes
Raman scattering (CSRS) injects the signal at anti-Stokes frequency to boost the Stokes
wave, realising a high gain. The nonlinear processes that contribute to the gain at the
Stokes wavelength include (1) degenerate FWM, (2) stimulated Raman scattering
(SRS), and (3) inverse Raman scattering (IRS) as Figure 2.15 illustrates. FWM is the
foundation of the process with two pump photons (w,) being consumed to generate a
Stokes photon (ws) and an anti-Stokes photon (w;). Once the FWM induces photons at
the Stokes wavelength, SRS can take place, which leads to enhancement of the
conversion efficiency, defined here as the ratio of output idler power to output signal
power. However, due to the presence of the anti-Stokes wavelength, IRS can also
occur, resulting in a transfer of energy back to the pump. This compensation of the
pump can thus further increase the conversion efficiency of the Stokes wavelength via
the FWM and SRS processes. Meanwhile, pumping near ZDW enable the gain spectra
of FWM and Raman scattering to overlap each other, which ensure the strong
coupling between nonlinear effects. Hence, the gain at Stokes wavelength could be

effectively enhanced with assistance of a weak anti-Stokes signal.
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Wy

@® 2 3
FIGURE 2.15: CSRS process. (1) Degenerate FWM. (2) Stimulated Raman scattering
(SRS). (3) Inverse Raman scattering (IRS).

2.10 Pulse propagation in nonlinear medium

2.10.1 Nonlinear phenomena presented by the mathematical equation

Electromagnetic wave propagation in a dispersive nonlinear silicon waveguide can be

described by the generalised nonlinear Schrodinger equation (NLSE) [24]:

dA « e "By d"A o . B
. . 0 o / /
i(y(wo) +1’Y1§)<A(Z,f)/0 R(£)|A(z t —t)dt). (2.22)

In the left-hand formula describing the linear light propagation, A is the pulse
amplitude; « is the linear propagation loss; B, is the nth-order dispersive term; o
(1.45%x1072! m? for crystalline silicon) is the FCA cross section, u (4 = 2kcko/ 0,

ke = 1.35 x 107%’) and N are the free carrier dispersion and density, respectively. The
right-hand formula describes the nonlinear propagation, where 7 is the nonlinearity
of the waveguide (including both the Kerr effects that represents the change in the
refractive index of a material in response to an applied electric field and nonlinear
loss), 11 = (dy/dw)w=w,- 7 is given in the form of

v = (wna)/(cAcfr) +iBrpa/ (2Acf5), in which n; is the nonlinear refractive index,
Brpa is the TPA coefficient, A.rr = ([ |F(x,y)[*dxdy)?/ [ |F(x,y)|*dxdy is the
effective mode area, F(x, y) is the field transverse distribution.

To illustrate the roles played by the different terms in Eq.(2.22), simulation results
obtained under different conditions are depicted in Figure 2.16. Figure 2.16 (a) shows
the effects of dispersion on short pulse (100 fs, FWHM) propagation with second-order
dispersion term, f, = 3 ps2 /m, linear loss, « = 0dB, Brpa =0 m?/W, and nonlinear
refractive index, n; = 0m?/W. It is clear that dispersion causes temporal pulse
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FIGURE 2.16: The simulation results under different dominant effects. (a) Dispersion

effect on the 100 fs-pulse propagation without losses and nonlinear effects. (b) Third-

order nonlinear effects on the 100 fs-pulse propagation without losses and Raman scat-

tering. (c) Third-order nonlinear effects without Raman scattering and linear loss on

the 100 fs-pulse propagation accompanying with FCA and TPA. (d) Raman scattering
effect on the 10 ps-pulse propagation without losses.

broadening while maintaining the pulse characteristics in the frequency domain. In
Figure 2.16 (b), this result only shows the effects of nonlinear propagation, calculated
with second-order dispersion term, 2 = 0 p52 /m, linear loss, « = 0dB,

Brpa =0 m?2/W, nonlinear effects, 7, = 6 x 107¥ m?/W and the Raman fractional
contribution, fr = 0. SPM, resulting in spectral broadening with three peaks in the
frequency domain, is evident and symmetrical in this outcome due to the large
nonlinearity. While under the same condition but considering Brps = 5 x 1072 m/W,
and FCA, as shown in Figure 2.16 (c), the output spectra in time domain and
frequency domain significantly different. The intensity in the time domain become
weaker, accompanied by spectra broadening, which is noticeable in a relatively
narrow frequency range with two peaks. Figure 2.16 (d) show the pulse propagation
(10 ps, FWHM) with the same condition as that of Figure 2.16 (b) except the Raman
fractional contribution, fr = 0.043. The obvious Raman scattering can be seen in
addition to SPM at Raman frequency shift. These simulation results just simply show
the basic nonlinear phenomena under the NLSE and helps to understand the different
parts in the NLSE.
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2.10.2 Validation of the Raman response model

Before validating the code, the basic structure is explained briefly in Figure 2.17 (more
details can be found in the Appendix). Here, the split-step Fourier method was
adopted to solve the NLSE. In practice, dispersion, nonlinear effects, and losses
simultaneously work and interact with each other along the propagation path. The
iteration loop of solving NLSE continues when the calculated length (Z) is smaller
than the design propagation length (L). Within each step of this iteration, the
dispersion, nonlinearity, free carrier and linear loss are separately solved in a distance
segment. The values are then iterated based on the results from the previous step. The
key point of this method is the assumption that during propagation of the optical field
over a distance segment of dz, the dispersion, nonlinear effects and linear loss can act

independently. The flow path of solving the NLSE are as follows.

Set resolution, dispersion, nonlinearity,
material, loss, length (L), initial pulse
parameters, propagation segment (dz)

. . oo "Bn @A
Dispersion operator (i Xp=1— " 5=

Raman operator (hg(t) = (7% + ;%) T1exp(—t/1;)sin(t/1,))

Z=Z+dz <

¥

B 0" )
n! at"

Dispersion step: E = Eexp(i Yy—1

¥

Nonlinear step: E = E = exp(i (y(wo) + iy, %) (fow R(t)|A(z, t —t)|?dt") = dz)

Free carrier step: E = E * exp(g (1+ip)N, *dz)

Linear loss step: E = E * exp(—% * dz)

yes

Z<L

no

FIGURE 2.17: The flow chart of the code.

During the solve process, the fast Fourier transform (FFT) algorithm is utilized to
expedite the speed of computing the discrete Fourier transform (DFT) of a sequence.
This transformation, from the time domain to the frequency domain, is expressed in

the main loop code as follows:
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E1til = fftshift(ifft(fftshift(E1)));

The dispersion step in the code is expressed as follows:

GVD = exp((phi2+phi3+phi4)*dz);
E1til = E1til.*GVD;
E1 = fftshift(fft(fftshift(E1til)));

where phi2, phi3 and phi4 are second-, third- and fourth-order dispersion operator,

GVD represents exp (iXs in,ﬁ" eAdz).

The nonlinear step is described by:

W itrtwn) +im (A [T RO P, @23)

The time derivative is small over the integral zg < z < zp + dz, hence it is treated as
perturbation. To simplify the deduction process, V(t,z) is introduced as a transition
quantity:

V(t,z) = A(t,z) exp(—i(z — zo)yInt),
V() = AO = A(t,Z = Zo), (224)

where Int = [[°R(t)|A(z,t —t)|?dt, Int0 = [[°R(t)|Ao(z,t —t')|?dt . Then the

derivation of V is given in:

av . d
Fr ivV(Int — Int0) — ’ylg{V- Int}. (2.25)

The second-order Runge-Kutta scheme is utilised to solve Eq.(2.25).

dz oV, dz 0
V1 = V() + jg = V() - ?’Ylg‘/o - Int0. (226)
Intl = / R(E) Va2, — ) dt). (2.27)
0
vy . 0
V=W+ dzg = W + iyVi(Intl — Int0) — 'ylg{vl - Intl}. (2.28)

At last, the solution of A is:
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A =Vexp(i-dz-Int0). (2.29)

The corresponding code in the loop to solve the nonlinear step is as follows:

conv0 = (fft(fftshift(abs(E1).” 2))).*fftshift(chi1111);

int0 = (1-fR)*abs(E1).” 2 + fR*fftshift(ifft((conv0)));

vl = E1-1/2*gamma/w0*dz*gradient(E1.*int0,TT);

convl = fft(fftshift(abs(v1)." 2)).*fftshift(chi1111);

intl = (1-fR)*abs(v1).” 2+fR*fftshift(ifft((conv1)));

v = El+i*gamma*dz*v1.*(int1-int0)-gamma/w0*dz*gradient(v1.*int1,TT);
El = v*exp(i*dz*gamma*int0);

where chil111 is the Raman response function /1(R) in Fourier domain, gamma is v,
w0 signifies pump wavelength, TT is the time sequence.

The free carrier step for the pulse pump in the loop is expressed by:

Nc = zeros(size(TT));
for ii = 1:length(TT)-2
Nc(ii+2) =(beta_TPA /(2*h*v0)*abs(E1(ii+1)).” 4/ Aeff" 2*1e-24-Nc(ii+1) /tau)*2*d T + Nc(ii);

end
El = El1.*exp(-sigma/2*(1+i*mu).*Nc*dz);

where Nc is the free carrier density N,, beta_TPA is Brpa, h is the plank constant, v0 is
the pump frequency, Aeff is the effective mode area A, ¢, tau is the free carrier
lifetime, dT is the time segment, sigma is ¢ and mu is y. The zero of the free carrier
density is crucial for accurately estimating the instantaneous carrier distribution as the
pulse changes along the propagation path. During the pulse duration, changes in the
free carrier density over time are calculated within a sub-loop. When the pump source
switches to a continuous-wave (CW) source, the calculation for determining the
time-independent free carrier density is switched to:

Nc = beta_TPA/(2*h*v0)*mean(abs(E1))" 4/ Aeff" 2*1e-24*tau;
E1 = El.*exp(-sigma/2*(1+i*mu).*Nc*dz);

The loss step in the loop is:

loss = exp(-0.5*alpha_1*dz);
E1 = El1.*loss;
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where alpha_l is the linear loss.

Furthermore, the segment of the distance is a critical parameter in the Raman response
model, which has a significant influence on the result and the calculation time. The
choice of the distance segment should be smaller compared to both the dispersion
length and the nonlinear length. The dispersion length (Lp) and nonlinear length
(Lnr) are defined as [50]:

T2
Lp = -1, (2.30)
B2
L L (2.31)
NL — ')/PO, .

where Tj is the pulse width. Lp and Ly, serve as evaluation criteria for the influence
of dispersion and nonlinear effects. Dispersion and nonlinearity begin to play
significant roles when the propagation length exceeds these two length scales. Using a
smaller distance segment ensures that both dispersion and nonlinear effects are
properly accounted for in the simulation, leading to higher accuracy.

On the other hand, there is a trade-off between the accuracy and the calculation time,
and a suitable selection of the segment could achieve the balance between them.
When the propagation length is 1 cm, the variation of simulation results and the
calculation time is shown in Figure 2.18 (a). It is obvious that, the simulation results
become stable when the distance segment is smaller than 2 x 10~*m and the
calculation time dramatically decreases when the distance segment is larger than

2 x 107° m. When the distance segment is around 10~* m, which is the zone marked
by the dash-dot lines, the stability of the calculation results and the reduction of the
calculation time could be obtained at the same time. As the simulated propagation
length increases, the situation become complex, which is depicted in Figure 2.18 (b)
with the propagation length of up to 10 cm. The stable simulation result requires the
distance segment to be shorter than 2 x 10~* m, while the calculation time
substantially increases. The most proper choice of the distance segment is around
1073 m to keep the relative stability of the calculation results and the compression of
the calculation time, although the calculation accuracy is not the optimized but
acceptable. In general, the distance segment should be two orders of magnitude
shorter than the simulated propagation length. This practice helps maintain result
stability and reduces calculation time, based on empirical observations. Another
influence of the calculation time is the number of time points in the calculated time
domain which has little effects on the calculation accuracy. The less the number of
time points is, the narrower the frequency domain is while the less the calculation
time is. Therefore, the selection of an appropriate number of time points depends on
the desired frequency window and the minimum calculation time.
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FIGURE 2.18: The calculation results and calculation time as a function of the distance
segment at propagation lengths of 1 cm (a) and 10 cm (b).

Firstly, the code based on the NLSE needed to be checked and validated through a
comparison between the simulation results and previous reports that have been
published in literature. Two main references have been used for the validation, the
tirst relates to SCG [10] and the second is for Raman scattering [25] in silicon
waveguides. The comparison with the pulse propagation results obtained from [66] is
shown in Figure 2.19. All the relating parameters come from reference [10]. The SCG

results using our own MATLAB code are perfectly consistent with that in the

literature.
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FIGURE 2.19: The pulse propagation comparison between (a) the simulation results
by using our own MATLAB code and (b) the simulation results in the literature. [10]

The code was then compared with the Raman scattering results from [25], which was
taken under a CW randomly polarized pump at 1427 nm, with a 2nm linewidth. The
rib waveguide used in this experiment was 2.4 cm long and the cross section is shown
in Figure 2.20. Figure 2.21 shows excellent agreement between the experimental
results and our simulations. In this simulation, the pump is a Gaussian pulse at

1427 nm with 100 ps FWHM, which can be considered as quasi-CW light in the
calculation time domain. The effective mode area is 25 ym? and the propagation
length is 2.4 cm. The small difference between the measured and simulated power
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values may be the result of error of the Raman gain given in the reference. Meanwhile,
the broader Raman spectrum of the literature’s result is due to its pump linewidth
being around 2 nm in the experiment, while the pump linewidth is narrower in the
simulation process. The broad simulation output spectra could be obtained through
the convolution of the Raman spectrum and pump spectrum. Here, the convolution

was not applied due to the lack of the original pump pulse shape in this reference.
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FIGURE 2.20: Silicon waveguide used and the resulting TM mode.[25]
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FIGURE 2.21: The CW light propagation comparison between (a) the simulation re-
sults by using our own MATLAB code and (b) the experiment results from [25]

Through this validation process, the MATLAB code can be directly used in the
following study, predicting the nonlinear performance for different structures and
conditions. It is important to note that the corresponding parameters such as frpa and
ny need to be checked and estimated once the structure or pump wavelength changes
in order to match the experimental data with the simulation.
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Chapter 3

Raman scattering and coherent

anti-Stokes Raman scattering in
SCFs

Raman scattering and FWM are effective ways to generate wavelength tunable optical
gain in highly nonlinear materials such as high nonlinear optical fibres (HNLFs) [96]
and planar silicon waveguides [25]. This chapter begins with the first experimental
demonstration of Raman scattering appearing in SCFs and uses numerical simulations
to analyze the results in the telecom and mid-infrared bands. Then the first
exploration of CARS, which involves the interaction between Raman scattering and
FWM, using the SCFs is explained in detail in the mid infrared band. This chapter
focuses on collaborative work with Meng Huang, Dong Wu, and others. I was

responsible for all simulation sections and building the loss measurement setup.

3.1 Structures and characteristics of SCFs

The structure of SCFs is depicted in Figure 3.1 including the down taper, the waist
region and the up taper. Dimensions of tapered submicron SCFs working in the
telecom band vary precisely along the length from about 4.5um to below 1 ym. The
larger input and output core diameter is beneficial to improve the free space coupling
efficiency, and the conventional length of the tapering section is about 3 mm. Short
tapering sections minimize the impact on nonlinear propagation. These sections were
excluded in the NLSE simulations due to the larger input core diameter, which
hindered phase matching in the designed FWM and efficient Raman scattering with
pump sources having pulse durations longer than picoseconds. Our investigation
revealed that varying the core diameter and length of the tapering section had limited
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influence on the desired nonlinear processes, compared to existing demonstrations of
nonlinearity supported by silicon core fibre tapers [97]. In that study, significant
effects on nonlinear propagation were observed when the core diameter was changed
from 2.5 ym to 1 ym over a length of 2 mm, or from 640 nm to 850 nm over 10 mm
using a femtosecond laser source. The parameters of SCFs used for Raman, FWM and
Raman enhanced FWM are summarized in Table 3.1.

v

< » < » <&
< L] > <

Down Taper Waist region (L) Up Taper

FIGURE 3.1: The schematic of SCF structure consisting of a down taper, a waist region
and an up taper. Dy denotes the core diameter and L, represents the length of the
waist region.

Fibre No. D, (nm) D;(um) L, (mm) B2 (ps2/m) Aeff (ymz) «; (dB/cm)

Fibre A ~ 860 ~ 4.5 10 0.17 (1432nm)  0.38 (1432nm) 2
-0.16 (1545nm) 0.4 (1545nm)

Fibre B ~ 750 ~ 4.5 15 0.22 (1432nm)  0.31 (1432nm) 1
-0.11 (1545nm)  0.33 (1545 nm)

Fibre C ~ 750 ~ 4.5 10 -0.11 (1432nm) 0.31 (1432nm) 2
-0.53 (1545nm)  0.33 (1545 nm)

Fibre D ~ 760 ~ 4.5 10 -0.08 (1432nm) 0.32 (1432nm) 2
-0.49 (1545nm)  0.33 (1545 nm)

Fibre E ~ 860 ~ 4.5 15 0.17 (1432nm)  0.38 (1432nm) 2
-0.16 (1545nm) 0.4 (1545nm)

Fibre F ~ 1590 ~ 45 60 0.002 (1992nm) 1.2 (1992 nm) 0.2

Fibre G ~ 1590 ~ 4.5 40 0.002 (1992nm) 1.2 (1992 nm) 0.5

Fibre H ~ 1976 ~ 45 30 0.046 2170nm) 1.74 (2170 nm) 1

Fibre I ~ 1984 ~ 4.5 10 0.051 (2170nm) 1.75 (2170nm) 1

Fibre J ~ 1816 ~ 45 60 -0.063 (2170nm) 1.5 (2170 nm) 0.2

TABLE 3.1: The corresponding parameters of SCFs used in the nonlinear experiments.

In the telecom band, the strong nonlinear losses, TPA and FCA, must be included in
the Raman simulation. However, these can be neglected when pumping with some
mid-infrared band sources. Thus, the relating key parameters, frpa and T, need to be
checked for the specific pump, which are estimated by 7, given in Table A.2 in
Appendix A in details for different pump wavelengths. In the telecom band, the CW
pump induces an accumulation of free carriers which is dependent on 7, pump
intensity, Brpa and so on. The increase of the free carrier density leads to higher FCA,
which can have a significant effect on the output power. The free carrier lifetime is
estimated by fitting the relationship between the input and output CW pump powers.
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The experimental setup for loss measurement, as illustrated in Figure 3.2, involves a
CW laser at 1432 nm, serving as the pump source. To improve the coupling efficiency,
two reflective mirrors were employed to adjust the light direction and angle. The
injected pump power was fine-tuned using the attenuation. Two beam splitters (BS)
with a 92% transmission rate were positioned at the input and output sides, reflecting
light back to CCD cameras. CCD cameras at both ends monitored the beam profiles
and determined core positions through collecting reflective light. Two 60 objective
lenses (OL) facilitated light coupling into the fundamental mode, maximising coupling

efficiency. Proper power meters were used to measure input and output light power.

ﬁ Camera Camera

SCF

WO ]

Attenuation BS oL BS .
< : ) ) mW,

Pump

Power meter

FIGURE 3.2: Experimental setup for loss measurement. BS, beam splitter; OL, optical
lens.

The cutback method was utilized to estimated the linear loss of SCFs and the coupling
loss of this set up. SCFs with similar core diameters were fabricated at different
lengths using the same tapering recipe. The calculation of the linear loss is illustrated
in Eq.(2.10). The coupling loss could be obtained by subtracting the linear loss from
the total insertion loss, which was consistent for the measurement of different SCFs
using the same setup. Figure 3.3 shows the simulation results of Fibre A, when
pumping at 1432 nm, between the input and output pump powers, which are
represented by circles. The slope of the fitting curve (dashed line) represents the total
insertion loss, approximately 11,dB. The linear loss and the coupling loss in this
simulation are 2 dB/cm and 9 dB respectively, which were measured in experiments.
The bending trend observed under high pump power is due to the nonlinear loss,
including TPA and FCA. With Brp4 fixed at 11.7 x 10712 m/W, altering the value of
the free carrier lifetime effectively changes the trend of the input and output power
curve. It is consistent with the experimental results, which are represented by stars,

under the condition T = 7.5ns.

3.2 Raman scattering in SCFs

This part presents the first experimental observations of Raman scattering in SCFs in

the telecom and mid-infrared band.The experiments using the SCFs were performed
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FIGURE 3.3: The relation between the pump power and the output power, with stars
and circles representing the experimental and simulation results, respectively. The
dash line is the fitting curve for the points with low pump power.

by Meng Huang to study the characteristic of Raman scattering in SCFs. I assisted by
conducting the simulations of Raman scattering in SCFs. This part contains the related
simulation results on Raman scattering in SCF. The simulations under corresponding
working conditions such as the sample parameters and pump source are used to
match the experimental results of Raman scattering. These results are then used to
predict the performance of the fibres under higher pump powers and with longer
length to further increase the measured gain. Based on the analysis of Raman
scattering, the working conditions for generating cascaded Raman scattering are
revisited. Suggested improvements, such as optimized length and dispersion
engineering, for the SCF design in different working wavelength bands are also
guided by these comparisons.

3.2.1 Raman scattering in the telecom band
3.2.1.1 Pumped with CW light source

During the FWM experiment in the telecom band using the tapered submicron SCF
produced by Dong Wu and Haonan Ren, a small peak appeared at the Raman shift,
distinct from FWM with a pump and a signal injected into Fibre A. By calculating the
frequency generated through FWM, this small peak was confirmed to be induced by
Raman scattering. This marked the first demonstration of Raman scattering in SCFs.
The effective mode area of Fibre A is 0.372 yum? and the linear loss is approximately
2dB/cm. Note, there had been no observation of Raman phenomenon in large-core
fibres in previous experiments. Thus, we believe that it is the high intensity of light
due to the small core size of the tapered section which leads to the appearance of the
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Raman scattering in the experiment. The simulation results of the Raman output
spectrum with pump wavelengths of 1.432ym and 1.5um, convolved with
approximation of the pump spectrum are shown in Figure 3.4 (a) and (b), in which the
dash line represents the simulation results, and the solid line represents the
experimental results. The Stokes output power increases with the pump power when
the pump power maintains at a low level, and the results between the simulation and
the experiment are in a good agreement. Thanks to this good agreement, the NLSE
code including Raman scattering can be used to predict results roughly under any
condition. In this Raman simulation, 7; in the Raman operator section should be
altered to adjust the position of the Raman peak to match the experimental results and
T is varied to adjust the width of the Raman peak, which is also influenced by the
pump bandwidth in the spontaneous Raman scattering. 71 and 7, is calculated via the
following equations:

1 1
T —;, h R —, 3.1
1N G R 61
in which I'/ 7t is the gain bandwidth, and )/ (27) is the peak gain frequency shift. For
Fibre A, 7; is 10.256 fs and 1 is 3.032 ps. The value of 73 and 7, are typically around
these values as they are characteristic of this material, but may vary slightly due to the

quality of silicon.
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FIGURE 3.4: Comparison of the Raman output power between the experimental data

and the simulation results of fibre A at different pump wavelengths of 1432nm (a) and

1500nm (b). The dash lines denote the simulation results, and the solid lines denote
the experimental results.

The results of the Stokes output power under different pump powers and different
fibre lengths at 1.432 ym are given in Figure 3.5. The value of the Stokes output power
corresponds to the peak of the Raman spectrum. When the length is fixed, as the input
power increases, the Stokes output power first increases, reaching the maximum value
(~ 350 uW) with the pump power of ~ 300 mW, before eventually declining. The
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decrease in Stokes output power can be attributed to significant FCA and TPA
resulting from the high pump power in the telecom band. Moreover, the Stokes
output power drops when the length is longer for certain input powers as a result of
increased linear loss. A suitable length determined from this result for spontaneous
Raman scattering is about 17 mm. The linear and nonlinear losses are the main
limitations to the Stokes wave power. The achievable Stokes output power is
determined by the size of the Raman gain of the core and the transmission losses.
When the total loss is higher than the Raman gain, the output power starts to
decrease. The linear loss is determined by the material, the structure and the
fabrication techniques. TPA is the dominant component of the nonlinear loss in this
fibre when the pump is set in the telecom band. Meanwhile, high FCA under CW
pumping is another reason for the limited Stokes power. Therefore, changing the
pump wavelength to the mid-infrared band and using a pulsed pump are both
effective methods to mitigate against the effects of TPA and FCA. For a pulse pump,
the free carrier concentration would decrease due to the recombination of free carriers
between two pulses, which can effectively reduce FCA.
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FIGURE 3.5: The Stokes output power as functions of length and pump power with
the pump wavelength of 1.432 ym for Fibre A.

With the development of the tapering recipe and the maturity of the tapering process,
Fibre B was fabricated with an estimated linear loss as low as 1 dB/cm. In the
experiment, a tunable laser source which can be switched from 1542 nm to 1550 nm
was added as a signal with the power of 0.1 mW to boost SRS. The on-off gain is
defined as

P,
Gof’l—off =10 x log P:iot;r.lf, (32)

where Ps_,, is the signal power with the pump onand P;_, Ff 18 the signal power with
the pump off. In the experiments, the signal power was monitored by an optical
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spectrum analyzer (OSA, YOKOGAWA AQ6370D) with a pump of 48 mW on and off.
The experimental results together with the simulation results are illustrated in

Figure 3.6 (a). The maximum on-off gain for Fibre B is 1.1 dB which is consistent with
the simulation results. Meanwhile, the peak and the linewidth of the on-off gain
perfectly matches the spontaneous Raman shift which has been shown in Figure 3.4
(a). The coupling power into the fibre is limited in the experiment due to a relatively
low melting point of the wax which is used to fix the fibre, thus the probe net gain
under the higher CW pump power can only be predicted by simulations. Under the
same conditions as the experiments, a map of the probe net gain verse SCF length and
pump power is shown in Figure 3.6 (b). The maximum experimental on-off gain is
marked as a white square in this figure, which excellently matches the simulation, and
it could be slightly improved to 1.6 dB by increasing the pump power to 120 mW.
However, strong TPA and its induced FCA leads to saturation of the gain and finally
limits the further improvement. It is obvious that the maximum probe net gain can be
obtained over 6 dB with the pump power larger than 120 mW and the propagation
length longer than 10 cm. For comparison, when using a traditional highly nonlinear
silica fibre, the equivalent gain would require a pump power on the order of kW
instead of hundreds of mW, and the device length would be km rather than few cm
[98].
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FIGURE 3.6: (a) The experimental on-off gain of Fibre B for the 1432 nm pump with
the power of 48 mW compared with the simulation results. (b) The prediction of the
on-off gain as functions of the pump power and the propagation lengths.

3.2.1.2 Pumped with pulse light sources

As mentioned in the discussion of the Stokes output power, one of the limitations in
obtaining a large Raman gain is that the CW pump leads to the accumulation of free
carriers, which could be reduced by using a pulsed pump. The following simulations
and discussions focus on Fibre B. The pulse pump repetition rate is assumed to be
100 MHz to ensure the time between two pulse is larger than the free carrier lifetime,
and the pump wavelength is still fixed at 1432 nm. The pulse duration should be
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greater than 3 ps to ensure sufficient response time to stimulate the Raman scattering,
but losses arising from TPA and FCA should increase with pulse duration. Therefore,
the influence of pulse duration on Stokes output power is explored as shown in
Figure 3.7 (a) to find out the optimal pulse duration to obtain maximum Stokes output
power. In this simulation, the peak power is fixed at 5W to maintain the same peak
intensity at various pulse durations. It is clear that the maximum Stokes output power
could be achieved with the pulse duration of 40 ps. SPM appears if the pulse duration
is too short, while the nonlinear loss becomes large when the pulse duration is too
long, both of which suppress the Raman scattering. After determining the appropriate
pulse duration, the variation of the Stokes output power with propagation length and
average pump power is shown in Figure 3.7 (b). The Stokes output power increases to
the maximum and remains constant along the propagation length when the average
pump power is weak, less than 5mW. In this circumstance, the linear loss is
comparable to the Raman gain which results in stable Stokes output power over
longer propagation lengths. Upon applying a higher pump power, the Stokes output
power initially increases with the propagation length, but starts to decrease as the
length is further extended due to various losses, including linear and nonlinear losses.
The red region depicted in Figure 3.7 (b) represents the optimal combinations of pump
power and propagation length, resulting in the highest achievable Stokes output
power. The sharp contraction of this area at higher pump powers is a result of the
significant nonlinear absorption. Similarly, when the pump power exceeds 100 mW,
another contributing factor to the reduction in Stokes output power at longer
propagation lengths is the appearance of 1% anti-Stokes wave and higher-order Stokes
waves associate with cascaded Raman scattering as illustrated in Figure 3.7 (c). It is
evident that the surges in the output power of the anti-Stokes waves are consistent
with the decrease in the output power of the 1%-order Stokes wave, represented by the
light yellow curved area in Figure 3.7 (b). An indication of the occurrence of cascaded
Raman is the subsequent increase in Stokes output power over a longer propagation
length due to the energy transfer from higher-order Stokes waves back to 1%-order
Stokes wave. The maximum average 1%/-order Stokes output power is about 10 yW in
relation to the peak power of 2.5 mW when the propagation length is 4.7 cm and the
average pump power is 88 mW, corresponding to the peak power of 22 W . Compared
with the Stokes wave generated under CW pump conditions, the saturation pump

power reaches the watt level, leading to the occurrence of higher-order Stokes waves.

Cascaded Raman scattering typically serves as an efficient approach to generate
longer wavelength Raman laser with multimode Raman laser [99] and
supercontinuum generation [100] using standard telecom pump sources. Since
cascaded Raman scattering was observed in previous simulations with pulsed pumps
at high power levels, depicted in Figure 3.7, the performance of the higher-order
Stokes will now be thoroughly discussed in the following section. The chosen pump

wavelength was 1432 nm, with an average pump power of 600 mW, a pulse duration
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propagation length of 10 cm. The pump wavelength is 1432 nm and the repetition rate
of the pulse pump is 100 MHz.

of 40 ps, and the propagation length was set to 10 cm in this simulation. The 1%, 2",
3" Stokes and 1° anti-Stokes waves, corresponding to the wavelengths of 1547 nm,
1682 nm, 1844 nm and 1333 nm,respectively, are displayed in Figure 3.8 (a) to illustrate
the variation of output powers along the propagation length. The 15 Stokes wave
sustainably increases to over —40 dBm within the propagation length of 4 cm, then
begins to decrease within the propagation length of 4 cm to 6 cm, finally reaching
stabilization in power after propagating over lengths greater than 6 cm. The 2% Stokes
waves display a similar trend to the 1% Stokes wave, but the output power starts to
decreases at the propagation length of 4 cm. It is noticeable that the increase in 1%
anti-Stokes wave corresponds to the decline in 1% and 2"?-order Stokes waves,
suggesting that the energy transfer to short wavelength due to the existing of
parametric process. The 15 anti-Stokes wave almost experiences synchronous growth
with 1% Stokes wave but encounters decrease at the propagation length of 2 cm. This is
due to the energy transfer to 2" and 3" Stokes waves. The trends of various orders of
Stokes waves suggest the optimal length for generating cascaded Raman is 4 cm,
supporting maximum higher-order Stokes output power. Meanwhile, through
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continually advancing the manufacturing techniques, in future it should be possible to
taper the SCFs over lengths longer than 6 cm with relatively high quality, enabling the
feasibility of cascaded Raman. The evolution of the spectrum for the pulse pump and
the new generated wavelengths propagating along the length is shown in Figure 3.8
(b). The output power for the different orders of Stokes waves changes corresponding
to the powers depicted in Figure 3.8 (a) along the propagation length. Moreover, a
crucial observation is the slight broadening of the bandwidths of the higher-order
Stokes waves, which expands with both the increasing order and length. This
observation indicates that the higher-order Stokes waves are promising to serve as a
seed for supercontinuum generation. Through the discussion of the variation of
various Stokes and anti-Stokes waves concerning pump power and propagation
length, it is evident that the primary limitation for generating higher-order Stokes
waves in the telecom band is TPA. Additionally, higher-order Stokes waves is also
constrained by the FWM process, which converts energy to shorter wavelengths.
Therefore, a careful design is necessary to avoid the efficiency FWM in achieving
cascaded Raman in the telecom band.
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FIGURE 3.8: (a) 15,2, 3" and 4""-order Stokes output power as function of the prop-
agation length. (b) Evolution of the pulse spectrum along the propagation length. The
average pump power in this simulation is 40 mW.

The simulation results for the pulsed pump show that a 15'-order Stokes output power
of several micro-watts could be obtained with a moderate average pump power of
tens of milliwatts and a length of 3 cm. Furthermore, cascaded Raman scattering could
be observed within a propagation length of 2 cm with an average pump power
exceeding 25 mW, stabilizing after 6 cm. The exploration of the pulsed pump in the
telecom band in SCFs provides a potential approach to construct a full-fibre integrated
Raman laser through the use of the nano-spike coupling method [101].
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3.2.2 Raman scattering in the mid-infrared band
3.2.2.1 Spontaneous Raman scattering and On-off gain

TPA and FCA are identified as the main limitations in achieving higher Raman gain in
the telecom band, as previously discussed in the context of the Stokes output power
under CW pumping. While employing a pulsed pump source instead of a CW pump
source can effectively reduce the influence of FCA, it has no impact on TPA, which is
inherent in silicon due to the characteristic of this material in the telecom band.
Shifting the working wavelength from the telecom band to the mid-infrared band is
an effective method to mitigate TPA. Mid-infrared Raman scattering in SCFs was
initially observed in the experiments with Fibre F, which demonstrated an exceptional
low linear loss of 0.2 dB/cm, consistent with the minimum recorded linear loss for
SCFs [102]. In this experiment, a thulium-doped fibre laser supporting picosecond
pulses (~ 125 ps) with a peak power of several watts at the wavelength of 1992 nm
was utilized as a pump. The spontaneous Raman scattering with different average
pump powers is displayed in Figure 3.9 (a), where the solid lines represent the
simulation results, and the dash lines represent the experimental results. The
simulation results of the Raman output spectrum, convolved with an approximation
of the pump spectrum to ensure the consistency with the actual Raman spectra, are in
good agreement with the experimental results. It clearly indicates an increase in the
Stokes output power with the average pump power. To achieve higher Stokes output
power, the variation of the average Stokes output power with respect to the average
pump power and the propagation length is illustrated in Figure 3.9 (b). The maximum
average Stokes output power exceeds 30 yW with an average pump power of 80 mW
and a propagation length of 55 cm. The extended saturation propagation length is
primarily attributable to the low linear loss, as well as the considerably higher
saturation average pump power in comparison to that in the telecom band, stemming

from the significantly lower TPA and FCA.

To study the capacity for efficient Raman amplification in the mid-infrared band, SRS
was explored in the experiments with the coupled in pump power of 12.4 mW
(corresponding to a peak power of 10 W), and an input signal power of 0.1 mW at a
Stokes wavelength of 2.222 ym. The measured time-averaged on-off gain as the signal
wavelength is tuned across the Raman gain curve is presented in Figure 3.10 (a),
together with simulation results using parameters obtained from spontaneous Raman
Py,

scattering measurement. The time-average pump-on signal power ( ) is

calculated as follows to simulate the power measurement scenario in the experiments:

ump—on
va P = (P

—time — PP~/ ) x Rep x T + premp=off, (3.3)
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FIGURE 3.9: (a) The experimental Stokes output power under different pump powers
as labeled in the legend compared with the simulation results. (b) The average Raman
output power as functions of propagation length and average pump power.

where P,_in represents the peak signal power in the time domain, prump=off is the
signal power with the pump off, Rep is the pulse repetition and T is the pulse
duration. The maximum experimental time-average on-off gain is 3.7 dB, aligning
with the simulation results, with a consistent bandwidth and peak position compared
to the spontaneous Raman gain. Further simulations were conducted to investigate
the role of the pump power and the fibre length in the Raman amplification
performance of the SCFs. Figure 3.10 (b) describes the predicted time-averaged on-off
gain, assuming the remaining SCF and pulse parameters are consistent with our
experimental work. Notably, for pump power below ~ 5mW or propagation lengths
shorter than ~ 5 cm, the on-off gain is close to zero, highlighting the necessity of high
pump power and adequate propagation length for Raman accumulation within a
relatively small cross section. Increasing the SCF length while maintaining the same
pump power leads to a substantial increase in the time-averaged on-off gain, reaching
up to ~ 20dB (equivalent to a peak on-off gain of 49 dB) and yielding the average
signal powers of up to 1 yW (peak power of 0.8 mW). The saturation length decreases
with the pump power and stabilizes at ~ 17 cm. When the propagation length is fixed,
the on-off gain climbs with the average pump power, and the saturation pump power
decreases as the length increases, stabilizing at 10 mW (peak power of 8 W).
Interestingly, due to the non-negligible TPA parameter and linear loss at the 1.99 ym
pump wavelength, increasing the pump power or propagation length beyond the
saturation value offers little benefit to the on-off gain, primarily due to substantial
FCA associated with the 125 ps pump pulse and attenuation as a result of the linear
loss. The narrow rainbow transition region provides guidance on the optimal
combination of propagation length and pump power. The 15dB improvement in
on-off gain, in comparison to that achieved in the telecom band, underscores the
importance of system optimization to minimize the impact of nonlinear absorption

processes in obtaining high gains.
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FIGURE 3.10: (a) The experimental on-off gain compared with the simulation results
with the pump power of 12.4mW. (b) On-off gain as functions of propagation length
and average pump power.

3.2.2.2 Cascaded Raman scattering

To explore the potential for generating higher power and longer wavelength sources,
additional simulations were conducted to investigate the conditions for efficient
cascaded Raman scattering. The ZDW of Fibre F is close to the operating wavelength
of the pump source. This introduces efficient FWM, transferring energy to the
anti-Stokes wave and resulting in the weakness of 1%-order Stokes, consequently
suppressing the emission of the higher-order Stokes waves. Hence, determining the
optimal core diameter is the first step to ensure that the ZDW is far from the working
wavelength, prioritizing the Raman scattering as the dominant nonlinear effects while
minimizing the influence of FWM. Figure 3.11 (a) depicts the change of the
higher-order Stokes output power with increasing core diameter. The pump
wavelength is fixed at 1992 nm with the peak pump power of 10 W and a pulse
duration of 125 ps, and the propagation length is 6 cm. The output power of the
1%t-order Stokes wave surges and saturates when the core diameter changes from
1600 nm to 1700 nm, and then slightly decreases with further increases in the core
diameter due to the decreasing light intensity. It confirms that the primary limitation
for the 1% Stokes generated via spontaneous Raman scattering is the influence of
FWM. The optimized core diameter to achieve the maximum output power of the 2%,
3, 4th and 5'-order Stokes waves is around 1700 nm due to the gradual diminishing
influence of FWM. Further increases in the core diameter leads to a dramatic decrease
in the higher-order Stokes waves as a result of the large effective mode area. Based on
the analysis of the effect of core diameter on the generation of higher-order Stokes
waves, the core diameter of 1700 nm is selected for the subsequent discussion of the

cascaded Raman to maximize the possibility of higher-order Stokes waves generation.

In addition to the core diameter, the pulse duration, which introduces a non-negligible
FCA, is another crucial factor that influences the higher-order Stokes output power.
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FIGURE 3.11: Higher-order Stokes output power varying with the core diameter (a)
and the pulse duration(b). The pump wavelength is 1992nm with the peak pump
power of 10 W, and the propagation length is 6 cm.

Figure 3.11 (b) shows the variation in the higher-order Stokes output power with
increasing pulse duration under the same calculation conditions as Figure 3.11 (a). For
the 1%-order Stokes wave, the decrease in output power with a pulse duration shorter
than 100 ps is due to the energy transferring to the higher-order Stokes waves.
According to the the variation in the 2, 3", 4" 5" and 6'"-order Stokes waves, the
optimal pulse duration is 40 ps, resulting in maximum output power of high-order
Stokes waves. This specific pulse duration maximizes the energy transfer from the
15!-order Stokes wave to the higher-order Stokes waves. The second peak of the
output power of 3 and 4"-order Stokes waves at the pulse duration of 120 ps arises
from the competition between the nonlinear loss and the pump power. It is
noteworthy that the optimized pulse duration for the mid-infrared band is consistent
with that in the telecom band, suggesting that the optimal pulse duration remains the

same even under distinct nonlinear loss parameters.

The evolution of the pulse spectrum within a propagation length of 20 cm is shown in
Figure 3.12 (a). The pump peak power is 20 W and the pulse duration is 40 ps in this
simulation. The 15, 274 3" and 4"-order Stokes become significant over a
propagation length of 3 cm, while the 5-order Stokes wave emerges a the
propagation length of 15 cm. The linewidth of the higher-order Stokes waves remains
narrow, and the energy is tightly confined within the Raman gain spectrum. To
illustrate the variation of the different order Stokes waves along the propagation
length clearly, the 1°! to 5"-order Stokes output power is extracted from Figure 3.12 (a)
and presented in Figure 3.12 (b). The 1%-order Stokes wave reaches a maximum at a
length of 2.5 cm, then decreases as the energy transfers to the 2"?-order Stokes wave,
which increases to its maximum at the same position, and eventually plateaus after

12 cm. The fluctuations in the output power are attributed to the existence of IRS [103].
The 3"-order Stokes wave increases to a maximum at the propagation length of 5cm

and then gradually decreases to a plateau. The 4"-order Stokes wave peaks at a
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slightly longer length of 10 cm and then maintains a level along the propagation
length. The 5%-order Stokes wave steadily increases along the propagation length
before levelling off over the length of 20 cm. In this circumstance, the wavelength
range of the energy conversion could cover from 1992 nm to 4100 nm.
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FIGURE 3.12: (a) The variation of the pulse spectrum along the propagation length. (b)

Different higher-order Stokes output power as a function of the propagation length, as

labeled in the legend. The pump is 1992 nm with the peak power of 20 W and the pulse
duration is 40 ps.

Despite the pump wavelength being set at 1992,nm, which falls within the TPA
absorption band, there is a limitation on further increasing the output power and
generating higher-order Stokes waves. This limitation has inspired the consideration
of moving to longer wavelengths that can be supported by similar fibre-based laser
systems. Hence, the pump wavelength was tuned to a slightly longer value, 2.2 ym,
which could be obtained through a holmium-doped fibre system. At this wavelength,
the TPA could be negligible, enabling the use of longer pulse duration of 125 ps to be
consistent with the previous experiments. Moreover, the simulations reveal that SPM
becomes significant when the pulse duration is 40 ps, and using a longer pulse
duration could effectively alleviate this issue. Theoretically, the three-photon
absorption(3PA) and its inducing FCA should be taken into consideration at this
wavelength. However, these effects are modest at the current pump intensity of

1.67 x 10* GW/m? and could be safely ignored, especially when compared with the
typical threshold value of 10° GW/m? at which 3PA start to exhibit significant
influence [104]. The evolution of the pulse spectrum within the propagation length of
20 cm is shown in Figure 3.13 (a), where the pump peak power is 20 W. The 1%, 2, 37
and 4"-order Stokes become prominent over a propagation length of 2 cm, while the
5t"-order Stokes wave emerges at the propagation length of 5cm and the 6!"-order
Stokes increases at the length of 10 cm. The increasing length of the occurrence of
higher-order Stokes waves means that the Raman scattering is an accumulation effect
along the propagation length. To clearly demonstrated the variation of different order
Stokes waves along the propagation length, the 1% to 6!"-order Stokes output power is
extracted from Figure 3.13 (a) and presented in Figure 3.13 (b). The 1%-order Stokes



52 Chapter 3. Raman scattering and coherent anti-Stokes Raman scattering in SCFs

wave achieves a maximum at a length of 2 cm, then fluctuates and slightly decreases
as the energy transfers to the 2"-order Stokes wave, which peaks at a length of 4 cm,
and finally stabilizes after 10 cm. The 3"-order Stokes wave reaches a maximum at a
slightly longer length of 5.5 cm and then fluctuates up and down around the
maximum value. The 4/, 5 and 6!"-order Stokes waves all increase along the
propagation length, reaching maximum at lengths of 6.5cm, 8 cm and 11.5cm,
respectively, and finally become stable over lengths of > 15cm. It is significant that
the wavelength range under these conditions could be extended to 7000 nm within the
propagation length of 11.5 cm. Compared with the results obtained by pumping at
1992 nm, the absence of TPA and FCA leads to the significant appearance of SPM,
XPM, and MI. This results in complex changes in the phase mismatch, leading to
strong oscillations of the Stokes waves along the propagation length. This prospect
provides a promising method to generate a mid-infrared light source via a robust SCF
with shorter length compared to traditional fibre-based light sources [105], thereby

offering the potential to minimize device size.
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FIGURE 3.13: (a) The evolution of the pulse spectrum within the propagation length of

20 cm. (b) The variation of different order Stokes waves along the propagation length,

as labeled in the legend. The pump wavelength is 2200 nm with a peak power of 20 W
and a pulse duration is 125 ps.

3.3 FWM and CARS in SCFs in the mid-infrared band

Wavelength conversion in the mid-infrared band using fibre-based system is beneficial
to the free-space communication [106]. However, achieving a stable and durable fibre
system in the mid-infrared band is challenging. SCFs, known for the transparency in
the mid-infrared band, is a standout platform due to the large nonlinearity and
stability in this wavelength range. Successful demonstration of broadband FWM in
the telecom band has been achieved in SCFs with a bandwidth of ~ 260 nm via a
pulsed pump [6]. However, this achievement is limited by the strong TPA. The
promotion of tunable wavelength conversion in the mid-infrared band aims to
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develop efficient fibre laser sources using SCFs. In this project, I collaborated with
Dong Wu et al. to refine the theoretical analysis in the simulation section. Here, FWM
is the core mechanism for realizing wavelength conversion, which highly depends on
the phase matching condition. To meet the phase matching condition, the ZDW of the
targeted SCF should align with the experimental pump wavelength, 1992 nm,
supported by the fibre laser that was used for the mid-infrared Raman scattering
experiments. As mentioned previously, dispersion parameters are crucial for FWM to
satisfy the phase matching conditions, and higher-order dispersion terms including
third- and fourth-order need to be considered when the frequency range is large. In all
simulations, the dispersion parameters are calculated by the software package
COMSOL. Directly calculating the gradient of the propagation constant by using the
gradient operator leads to invalid results due to the discontinuity of the propagation
constant. Hence, the three-point numerical differential method is adopted [107]:

1 Ao+ B)2(Bagrar — Bro) — (Ao — B)2(Bag — Brg—dn)

D=—
27c dA?

(3.4)

where A is the central wavelength, dA is the frequency spacing, ), and B4, are the
propagation constants at the corresponding wavelengths. Higher-order dispersion
parameters can be calculated by using the same mathematical method. Through
testing and verifying this method with references [6], the accuracy of the simulation

dispersion parameters is ensured.

The dispersion profile for SCFs can be adjusted by controlling the core diameter, and
B2 as a function of wavelength for SCFs with different core diameter are shown in
Figure 3.14 (a). The ZDW moves to the longer wavelength when the core diameter
increases. The intended core diameter of the SCF designed for this work is 1600 nm
according to the position of the ZDW. The actual tapered core diameter of the
fabricated fibre, Fibre G, is 1590 nm, and its details are provided in Appendix A. The
conversion efficiency (CE), traditionally adopted to evaluate the FWM performance, is
defined as the power difference (in dB) between the induced idler (P;4,,) and the input

signal (Psigpar):

CElexw@ORMT. (3.5)

signal

The conversion efficiency as functions of core diameter and signal wavelength is
demonstrated in Figure 3.14 (b). The average pump power is 4 mW, the signal is a CW
laser with a fixed power of 4 mW, and the propagation length is 4 cm, consistent with

the experimental conditions. The maximum conversion efficiency could be up to
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FIGURE 3.14: (a) The second-order dispersion parameter () of SCFs with three differ-

ent core diameters, as labeled in the legend. (b) The conversion efficiency as functions

of signal wavelength and core diameter with the propagation length of 4 cm. (c) Con-

version efficiency as functions of propagation length and signal wavelength with the

core diameter of 1600 nm. The pump is fixed at 1992 nm with the average pump power
of 4mW and the power of the CW signal is 4 mW.

—25dB with a minimized core diameter of 1000 nm, which is attributed to the large
light intensity as a result of the small effective mode area. However, the 3 dB
bandwidth is only 48 nm for the large phase mismatch at this pump wavelength. The
3 dB bandwidth of the SCF with core diameter of 1590 nm reaches up to about 1255nm
and the conversion efficiency is —32 dB, which is suitable to realize the broadband
tunable wavelength conversion. The conversion efficiency varying along the
propagation length is investigated in Figure 3.14 (c). The wider 3 dB bandwidth can be
achieved at the propagation length of 2 cm compared with that at the length of 4 cm
but the CE is only —40 dB. The conversion efficiency could continue to increase to
—25dB with increasing propagation length, nevertheless, the 3 dB bandwidth also
decrease dramatically over the propagation length of 8 cm. The experimental
broadband wavelength conversion has been realized and reported in [108] with a
bandwidth of 380 nm and a conversion efficiency of —30dB, as illustrated in

Figure 3.15.

The significant peak at the Raman wavelength shift, which is obvious in Figure 3.14
(b) and Figure 3.14 (c), can be attributed to CARS and CSRS. To further explore the



3.3. FWM and CARS in SCFs in the mid-infrared band 55

— 0 Pum " Signals
I:% P g Q* .
@ =15} ]
g 30
DO... 5 Idlfrs. |
45 - | ]
60 il 690 nm | | | i I g

1650 1800 1950 2100 2250 2400
Wavelength (nm)

FIGURE 3.15: Output spectra of Fibre G with the signal wavelength switching from
2000 nm to 2400 nm while pumping at 1992 nm. Both the coupled-in pump power and
signal power are fixed at 4 mW.

phenomenon at the Raman wavelength shift, the conversion efficiency of Fibre G with
the core diameter of 1590 nm is extracted from Figure 3.14 (b) and depicted in

Figure 3.16 (a). The two peaks appearing at the Raman shift are known as CSRS (left
side) and CARS (right side), respectively. In the FWM experiment, CARS was
observed which is displayed in Figure 3.16 (b). The red dots are the experimental
results, which are perfectly consistent with the simulation results that are denoted by
the blue line. The conversion efficiency maintains —32 dB from 2000 nm to 2200 nm
and dramatically increases to —18 dB at the Stokes wavelength of 2217 nm, which is
due to the interaction between the Raman scattering and FWM. This validates the
enhancement of FWM through Raman scattering, which could be feasible in practice.
The simulation, as shown in Figure 3.16 (a), suggests that CSRS could achieve a higher
conversion efficiency, 3 dB larger than CARS, because the efficiency of generating the

Stokes wave is higher than that of generating the anti-Stokes wave.

In this chapter, Raman scattering in both the telecom and mid-infrared bands were
successfully demonstrated using SCFs with a CW and a pulsed pump,respectively.
These validated that a remarkable gain can be achieved within an exceptionally short
length when compared to traditional silica fibres. The exploration of tunable
broadband FWM in the mid-infrared band, utilising a pulsed pump, reveals the
potential for strong RE-FWM in SCFs to enhance the efficiency. Researches on the
Raman scattering and FWM indicate that employing a CW pump source for a single
nonlinear effect has limitations in terms of wavelength conversion efficiency.
Consequently, RE-FWM became the main focus of the following study, with CSRS
identified as the primary objective for further research due to its potential for superior
efficiency.
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Chapter 4

Coherent Stokes Raman scattering
in SCFs

In recent years, advancements in SCF designs and increasingly mature tapering
techniques have paved the way for dispersion engineering and low propagation
losses [102], enabling the achievement of the net parametric gain. However, the
efficiency of the wavelength conversion by FWM [109][108], even with pumping near
the ZDW, or via Raman scattering [110][111] is still modest. The observation of Raman
scattering and CARS in SCFs proves beneficial for realizing RE-FWM. Facilitated by
Raman scattering, the FWM conversion efficiency experiences growth, and the power
of the generated idler at the Stokes wavelength can be improved if the SCF is seeded
by a weak signal at the anti-stokes wavelength. This phenomenon holds promise for
applications such as amplifiers and light sources, that demand stronger Stokes output
power when using SCFs. CSRS will be illustrated as the focus of this chapter. This part
includes a demonstration of the CSRS implementation and observation principles, as
well as a corresponding introduction to the experimental setup, experimental results
and simulation analysis in the telecommunications and mid-infrared frequency bands.
The results reveal the advantages and limitations of the different nonlinear
phenomena. Comparison of the nonlinear performance at different wavelengths
provides guidance for the design of SCF structures and working conditions. In this
work, I was responsible for the simulations, partial fibre tapering, major fibre

polishing, setup building, and nonlinear experiments.

4.1 Demonstration of the principle

As demonstrated in Figure 2.15, there are three nonlinear processes contributing to the
Stokes wave. To qualitatively analyse the nonlinear processes during the light
propagation, especially the influence of Raman scattering, the output power of the
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pump, signal and idler for Fibre A are calculated as an example as shown in

Figure 4.1. Linear and nonlinear losses are neglected in this analysis. In this
simulation, the pump wavelength is set at 1545 nm with the power of 100 mW and the
signal wavelength is 1432 nm with the power of 2mW. The adjustment of fr is
intended to include or exclude Raman scattering, while the variation in 8, is aimed at
controlling the efficiency of FWM. The results of Raman scattering denoted by blue
lines are calculated with B, = 1ps?/m and fr = 0.043, that of FWM denoted by red
lines are calculated with B, = —0.16 ps?>/m and fr = 0, that of RE-FWM denoted by
yellow lines are calculated with B, = —0.16 ps?/m and fg = 0.043. In Figure 4.1 (a),
the pump power of Raman scattering almost linearly increases within the propagation
length of 1 cm as a result of IRS that transfers energy from the anti-Stokes wave back
to the pump. This behavior is consistent with the performance of the signal that
linearly decreases along the propagation length, as depicted in Figure 4.1 (b). The
growth starts to slow down as the energy of the pump transfers to the induced Stokes
wave, which fluctuates and slightly increases as shown in Figure 4.1 (c). The
oscillation and small increase slope of the idler generated by Raman scattering is
attributed to the minimal noise in this simulation, which in turn leads to low efficiency
of spontaneous Raman scattering. The pump power of the FWM decreases along the
propagation length, as Figure 4.1 (a) shows, and the corresponding powers of signal
and idler increase at the same time, as shown in Figure 4.1 (b)and (c). This indicates
that the pump photons experience a continual consumption during FWM process. The
pump power of CSRS displayed in Figure 4.1 (a) initially gains energy from the
anti-Stokes signal which aligns with that for Raman scattering, and the consumption
by FWM and Raman scattering is negligible. Meanwhile, the anti-Stokes signal wave
shown in Figure 4.1 (b) firstly attenuates within the propagation range of 2 cm, which
is consistent with the gain of the pump. As the propagation length increases, the gain
of the anti-Stokes and Stokes waves due to FWM and Raman scattering start to
dominate, leading to the decrease of the pump power and the growth of the signal
and idler. Another interesting point is that the overall trend of idler power of CSRS is
similar to that of FWM, which confirms that FWM is the foundation of CSRS. The
variation of pump power validates the main processes contributing to CSRS,
including IRS, SRS and FWM.

4.2 CSRS in the telecom band

4.2.1 Dispersion properties and simulations for CSRS

As mentioned in the background, the foundation of CSRS is FWM which heavily relies
on the phase matching condition to achieve high conversion efficiency. Figure 4.2 (a)
shows the variation of B, with the increasing core diameter at the wavelength of
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FIGURE 4.1: (a) Pump output power, (b) signal output power and (c) idler output

power changing along the propagation length for different nonlinear process under

no loss conditions, as labeled in the legend. The pump is 1545 nm with the power of

100 mW, the signal is 1432 nm with the power of 2mW and the propagation length is
2cm.

1545 nm. It is evident that the value of B, increases with the core diameter from
negative to positive value and equals to zero when the core diameter is 930 nm. This
suggests that the target size of tapered SCF should be around 920 nm. In practice,
fabricated SCFs, Fibre A, Fibre C, Fibre D and Fibre E with core diameters of 750 nm
and 860 nm are applied in this experiment. The dispersion profiles are depicted in
Figure 4.2 (b), in which SCF with the core diameter of 860 nm has smaller phase
mismatch than that of SCF with the core diameter of 750 nm at the specific pump
wavelength of 1545 nm, which is denoted by red graded zone. The corresponding
anti-Stokes and Stokes wavelength are denoted by green solid line and yellow graded
zone, respectively.
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FIGURE 4.2: (a) Variation of B, as a function of core diameter at the wavelength of
1545nm. (b) The dispersion profiles for SCFs with core diameters of 860 nm and
750 nm.

In order to investigate the impact of core size on the RE-FWM conversion efficiency in
SCFs working at 1545 nm, the conversion efficiency is plotted as a function of A as the
core diameter is changed from 800 nm to 1000 nm as shown in Figure 4.2. This analysis
aims to determine the optimised core dimension and validate this design for the
existing tapering techniques. The pump power is 100 mW and the signal power is
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5mW. The propagation length is set to 1 cm to avoid the generation of higher-order
Stokes and anti-Stokes waves due to the accumulation of Raman gain with increasing
propagation length. The linear loss is assumed to be 1 dB/cm, based on average
values from our fabrication of SCF. The bandwidth is at a maximum, ~ —30dB, when
the core diameter is equal to the optimum value of ~ 920 nm, while it shrinks rapidly
when the core diameter increases or decreases from this value. This is consistent with
the dispersion change in Figure 4.2 (a). Peaks at the anti-Stokes and Stokes
wavelength representing CSRS and CARS, respectively, are strongly excited on both
sides of the central band when the bandwidth of FWM overlaps with the Raman gain
spectrum. The conversion efficiency of CSRS is displayed in Figure 4.3 (b), which has
been extracted from the region marked by the black dash box in Figure 4.3 (a). The
reference conversion efficiency is set as —15dB, as denoted by the dashed line, which
is around 4 dB less than the maximum conversion. Based on this reference value, we
can determine the fabrication tolerance of SCF working at this wavelength to be
30nm, which is outside the tolerance of existing tapering techniques, 100 nm.
Therefore, it is challenging to achieve the SCF with the right core size, and the SCFs

we tapered for this work are listed previously.
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FIGURE 4.3: (a) Conversion efficiency as functions of core diameter and A;. (b) shows

the conversion efficiencies of the CSRS processes, marked with black dash box in (a),

where signal is tuned to the anti-Stokes wavelength of 1430 nm. In all cases the pump

wavelength is 1545nm with a power of 100 mW, the signal power is 5mW and the
propagation length is 1 cm.

To explore the conditions for obtaining the maximum conversion efficiency, the
variation trends of conversion efficiency as functions of pump power and propagation
length in the SCF with the core diameter of 920 nm are conducted and depicted in
Figure 4.4 (a). The pump wavelength is 1545 nm and the signal is 1432 nm, with a
power of 5mW in this simulation. The maximum conversion efficiency of 45 dB could
be obtained in SCF with the pump power of 190 mW and the propagation length of
3.6 cm. The saturation propagation length is consistently limited to 3 cm for any pump
power, suggesting a promising approach to minimize the device size compared to
traditional highly nonlinear glass fibres. For the pump power smaller than 120 mW,

the conversion efficiency remains stable along the propagation length after achieving
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the maximum. At the same time, for a fixed length shorter than 3.6 cm, the conversion
efficiency also stabilizes with the pump power after reaching the maximum. The
distribution of the dark red region, representing the maximum conversion efficiency
suggests that high conversion efficiency could be obtained within the power of

110 mW to 210 mW within lengths between 6 cm and 3.2 cm. Further increasing the
propagation length or the pump power leads to a decrease of conversion efficiency as
a result of the occurrence of the higher-order Stokes and anti-Stokes waves. In
addition to achieving high conversion efficiency, generating a large Stokes output
power is another objective that can be applied to Raman amplification and light
sources. The variation trend of the Stokes output power with changes in pump power
and propagation length is analyzed under the same calculation conditions. The
maximum Stokes output power, 562 yW, can be attained with a pump power of

190 mW and a propagation length of 3.2 cm in the SCF, as clearly shown in Figure 4.4
(b). The decrease in output power with increasing pump power over 190 mW is
attributed to the nonlinear absorption, FCA and TPA, while the decline in output
power along the propagation length over 3.2 cm is due to both the linear loss and the
generation of higher-order Stokes and anti-Stokes waves.
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FIGURE 4.4: (a) Conversion efficiency and (b) Stokes output power as functions of
pump power and propagation length for the SCF with the core diameter of 920nm
when pumping at 1545 nm with a 5mW signal beam positioned at 1430 nm.

The conversion efficiency is 20 dB higher than that achieved in SCFs by pure FWM [6]
with the same pump power level and propagation length. The Stokes output power is
six orders of magnitude larger than that supported by the Raman scattering alone
[110]. The simulation results suggest that CSRS could offer better performance in
terms of high conversion efficiency and large Stokes output power. Furthermore, they
provide guidance for the fabrication of the core size and length of SCFs, as well as for
the experimental conditions.
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4.2.2 Experimental setup

Figure 4.5 shows the experimental setup for CSRS experiments in the telecom band. A
tunable CW laser covering from 1500 nm to 1680 nm was used as the pump source and
a CW laser working at 1431 nm acted as a signal wave. Two polarization controllers
were adopted to optimize the FWM conversion efficiency between pump and signal.
Then a wavelength-division multiplexer was inserted to combine the two beams. Two
optical couplers were used for the measurement of the input and output powers by
power meters. The light coupling in/out of the SCF is through taper lens fibres. The
output spectrum was monitored by an optical spectrum analyzer. Fibre A, Fibre C,
Fibre D and Fibre E were tested to assess the potential relatively stronger Raman
scattering and larger FWM conversion efficiency at the Stokes wavelength when
operating individually. Moreover, these fibres have similar loss but different lengths
and diameters, which may lead to different performance in gain enhancement that
will be discussed later. To test Raman enhancement in the FWM experiments, the
signal wavelength should ideally be tuned near the anti-Stokes wavelength. However,
limitation of the existing light sources in the laboratory means that we instead had to
fix the signal and tune the pump wavelength to confirm if there was any increase in

the conversion efficiency due to coupling to Raman effects.

FIGURE 4.5: Experimental setup for CSRS in the telecom band. PC, polarization con-
troller; WDM, wavelength-division multiplexing; PM, power meter; OC, optical cou-
pler; TLF, taper lens fibre; OSA, optical spectrum analyzer.

4.2.3 Experimental verification

To assess the distinction between the two approaches, moving pump wavelength and
moving signal wavelength, simulations of the conversion efficiency of CSRS based on
Fibre A through the different methods, as labeled in the legend, are calculated and
given in Figure 4.6. During the simulation process, only the frequency of the signal
needs to be adjusted when a moving signal wavelength is adopted. On the other
hand, the dispersion value, TPA coefficient and the pump wavelength need to be
altered when the pump wavelength is moved. When the idler wavelength is shorter
than Stokes wavelength, the red dashed line is slightly offset upward relative to the
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blue line. Overall, these two curves approximately coincide with each other, especially
when the idler wavelength is larger than Stokes wavelength. Meanwhile, the higher
the pump power, the smaller the difference between the results of the two methods.
Therefore, a narrow variation range of the pump wavelength would introduce a small
change of the dispersion, but it has limited impact on the conversion efficiency. Thus,
this experimental method is trustworthy.
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FIGURE 4.6: Comparison between two approaches: moving pump wavelength (blue
solid line) and moving signal wavelength (red dashed line) under different pump
powers, (a) 15mW and (b) 35 mW.

The conversion efficiency comparisons between experimental data and simulation
results for Fibre A under different pump powers are shown in Figure 4.7 (a). The
signal power is fixed at 2mW in the experiments. As the FWM generated idler
wavelength (A;) moves closer to the peak Raman wavelength (Ag), the conversion
efficiency increases by over an order of magnitude, from ~ —60dB up to ~ —50 dB
and ~ —57dB up to ~ —44 dB for the pump powers of 12mW and 25 mW,
respectively, with a clear peak when the offset is zero. The peak at the Raman shift is
due to CSRS and the experimental conversion efficiency is consistent with that of the
simulations. To better understand the observed enhancement, the results were
compared with simulations of the GNLSE conducted both with (solid curve) and
without (dashed curve) the Raman term turned on. The conversion efficiency of CSRS
and FWM grows with the increasing pump power. A significant feature is that the
improvement of the conversion efficiency of Fibre A increases from about 11 dB to

15 dB when the pump power increases from 12mW to 25 mW. Hence, the conversion
efficiency increases with higher pump powers because higher pump powers introduce
stronger nonlinear effects including FWM and Raman scattering. This observation
indicates that the conversion efficiency could be further improved if the input power
coupling in the fibre increases. To quantitatively analyze the influence of the pump
power, the comparison of the conversion efficiency of FWM and CSRS, for Fibre A,
when pumping at 1545 nm, are given in Figure 4.7 (b). The conversion efficiency of
FWM linearly increases with pump power when the pump power is far from the
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saturation point. The conversion efficiency of CSRS shows a similar trend to that of
FWM but with a steeper slope. The two green dots on the plot represent the
corresponding conversion efficiency in Figure 4.7 (a) observed in the experiments. The
enhancement of the conversion efficiency, as depicted in Figure 4.7 (c), undergoes a
surge with the increasing pump power, maintaining consistency with the variation of
the conversion efficiencies of CSRS and FWM. The continual increase in simulations
indicates that higher pump powers could achieve higher enhancement as well as

higher conversion efficiency.
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FIGURE 4.7: (a) Conversion efficiency as A; is tuned across I'g for Fibre A under dif-

ferent pump powers, 12mW and 25mW), as labeled in the legend. The experimental

results are compared with simulations of CSRS and FWM only. (b) Conversion effi-

ciency at the Raman peak with the increasing pump power under different conditions:

FWM (fr = 0) and CSRS (fr = 0.043). (c) Enhancement of the conversion efficiency
compared between CSRS and FWM.

To study the influence of the phase matching condition on CSRS, Fibre A, Fibre C and
Fibre D, which have the same waist length of 1 cm but different waist diameters of
860nm, 760 nm and 750 nm, respectively, are compared in experiments. Considering
the variation of B, with the change in core diameter, as illustrated in Figure 4.2 (a), the
absolute value of B, is close to zero for Fibre A, smaller than that for Fibre C and for
Fibre D. The experiments were conducted with a pump power of ~ 28 mW and a
signal power of only 2mW. The maximum conversion efficiency at the Raman peak
decreases with the core diameter decrease, regardless of CSRS or FWM, as a result of
the enlarging phase mismatch. The simulated results under these conditions are in
good agreement with the experiments. The enhancement of the conversion efficiency
under different phase matching conditions is ~ 15dB, ~ 12dB and ~ 9 dB for the
860 nm, 760 nm and 750 nm diameters, respectively. Although, the enhancement
decreases with the phase mismatch, it is still considerable with a low level of pump

power.

Interestingly, when comparing the simulated FWM conversion efficiencies without
Raman, we notice that these curves oscillate. We attribute this behavior to changes in

the phase-matching conditions, and thus the energy transfer between the waves, as
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FIGURE 4.8: Conversion efficiency as A; is tuned across I'r for Fibre A (orange), Fibre
B (yellow) and Fibre C (blue). The experimental results are compared with simulations
of CSRS and FWM, as labeled in the legend.

the pump is tuned. Due to the phase mismatch, the energy transfer will also vary as
the SCF length is changed, thus regarding to the previous simulation, the maximum
FWM conversion will depend on propagation length. To better understand the length
dependence of the conversion efficiency, Fibre E was fabricated with the same core
waist diameter with Fibre A, but with a longer length of 1.54 cm. Figure 4.9 (a) plots
the measured conversion efficiency as the pump is tuned to position the idler closer to
the peak Raman shift for the two SCF lengths. For these experiments, the pump power
was reduced slightly to 14 mW, but the signal power remained fixed at 2 mW, resulting
in a reduced Raman enhancement of ~ 4 dB for the 10 mm fibre (orange circles), as
estimated from the simulation results. Although we might expect the Raman gain to
increase for increasing fibre length, as the conversion process is initiated by FWM, we
find that both the conversion efficiency and enhancement are reduced for the 1.54cm
SCF, by around 7 dB and 4 dB, respectively. This can be understood via plots of the
simulated conversion efficiency as a function of length shown in Figure 4.9 (b), where
it is clear that the FWM conversion efficiency varies greatly as the waves move in and
out of phase, and that SRS only serves to amplify the conversion rather than alter the
trend. From this plot it is clear that the shorter SCF length corresponds to a peak in the
FWM conversion, whilst the longer SCF is positioned at a minimum. Importantly, this
result also helps us to explain the relatively high conversion efficiency obtained for the
760 nm core diameter SCF compared with the 750 nm SCF in Figure 4.8, as the 1cm

length used in these investigations is closer to the optimal length for the larger core
tibre.

Moreover, the conversion efficiency of FWM is inherently small due to the imperfect
phase matching condition among pump, Stokes waves and anti-Stokes waves in the

SCF used in experiments, which confirms that the limitation of CSRS is the mismatch
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between the gain spectra of FWM and Raman scattering. One possible approach to
improve the enhancement is careful dispersion engineering of SCFs which could
expand the bandwidth of FWM to overlap with the Raman gain spectrum, as shown
in Figure 4.3. According to our fabrication experience, obtaining the optimal core size
is quite challenging because the manufacturing tolerance of ~ 100 nm is considerably
larger than the calculated fabrication tolerance of 30 nm. Another possible method
that is feasible in the laboratory is switching the operating pump wavelength and the
corresponding signal wavelength.
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FIGURE 4.9: (a) Comparison of the conversion efficiency as A; is tuned across Ay for
Fibre A (orange) and Fibre E (gray). Experiments are compared with simulations of
CSRS and FWM, as labeled in the legend. (b) Simulated conversion efficiencies as
a function of tapered waist length conducted both with (solid) and without Raman
(dashed). The vertical lines mark the waist lengths for the SCFs in (a).

Although our results have shown that significant enhancements to the FWM
conversion efficiency can be obtained with a phase-mismatch, much stronger
enhancements should be attainable for a system that is perfectly phase-matched, i.e.,
correct SCF core diameter, pump and signal wavelengths, resulting in more practical
output idler powers. Figure 4.10 plots simulation results of the conversion efficiency
as functions of core diameter and pump wavelength. To compensate for the changing
core diameter, the simulations were conducted with a fixed pump intensity of

8.6 x 10" W/m?, which corresponds to a peak power of 340 mW for a diameter of
860 nm, and signal power of 2mW. It is notable that for these simulations higher
pump powers were chosen such that they allowed for the maximum conversion
efficiency to be achieved, even though TPA and TPA-induced FCA are no longer
negligible. In all cases the tapered SCF length was fixed at 1 cm as increasing the
length beyond this did not significantly increase the output efficiency. As can be seen,
for each SCF core diameter there is an optimum pump wavelength that satisfies the
phase-matching conditions, allowing for large conversion efficiencies of up to 2.3dB,
which equates to usable Stokes output powers of several yW for these pump/signal

powers. Significantly, these results provide the first indication that FWM conversion
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efficiencies exceeding 0 dB can be achieved in silicon waveguide systems when
pumped in the telecom band with a CW source, without the need for complex p-i-n
diode [112] or ring resonator structures [113]. Comparing Figure 4.10 with simulations
conducted without the Raman term, the gain enhancement due to the nonlinear
coupling can reach as high as 28 dB. Moreover, due to the strong coupling to the
Raman term, the system is also fairly robust to changes in the pump wavelength and
core size, with high conversion efficiencies being maintained over a wavelength band
of ~ 20nm and a ~ 25nm variation in the diameter. The red shifting of the optimum
pump wavelength to allow for phase-matching as the core diameter increases is
consistent with the shift in the dispersion profiles seen in Figure 4.2 and highlights the
convenience and flexibility of the tapered SCF platform to cover broad wavelength
regions. Furthermore, by fabricating nano-spike couplers onto the SCF facets, these
fibres can also be spliced directly into conventional fibre networks, allowing for the

construction of robust systems.
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FIGURE 4.10: Simulated conversion efficiency as functions of the tapered SCF core
diameter and pump wavelength, for a fixed length of 1 cm. The input pump intensity
is set as 8.6 x 10! W/m?, with a signal power of 2mW.

It is difficult to distinguish the differences in Stokes output power arising from CSRS,
FWM and Raman scattering in the experiment. Hence, Figure 4.11 (a)provides a
comparison of idler output power for propagation with FWM only, Raman only and
the combined effects of CSRS using Fibre A with pump at 1545 nm under varying
input power. When calculating FWM, Fr = 0, excluding the Raman response; when
calculating Raman scattering, Ps = 0mW , removing the FWM phenomenon; when
calculating CSRS, fr = 0.043 and Ps = 2mW , containing both FWM and Raman
scattering. For Raman scattering, the Stokes output power reaches a maximum with a
pump power of 180 mW, and then gradually decreases due to nonlinear absorption.
For FWM, the Stokes output power surges with the increasing pump power, reaching
saturation when the pump power further increases to 250 mW. Due to the existence of
nonlinear losses, the idler power slightly drops for high pump powers. The Stokes
output power of CSRS has a similar trend as that of FWM, differing in the slope of the
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initial surge, validating that FWM is the foundation of CSRS. The enhancement of the
Stokes output power, as depicted in Figure 4.11 (b), could be increased further, up to
~ 20dB, by increasing the pump power and sustains such a high level even with
presence of nonlinear loss. The saturation point is at few hundreds of milliwatts,
while the coupling power in the SCFs in the experiments is limited, and it is hard to
achieve values larger than 50 mW. Thus, the effect of the nonlinear loss could be
ignored in experiments and the Stokes output power is weak.
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FIGURE 4.11: (a) Comparison of the normalized idler output power with the increas-

ing pump power under different conditions: FWM, Raman scattering and CSRS for

fibre A with pump at 1545nm. (b) Enhancement of the Stokes output power as a func-

tion of pump power, which is the difference between the output power of CSRS and
FWM in (a).

In summary, this work has demonstrated that by coupling the FWM and Raman terms
in low loss tapered SCFs it is possible to achieve a significant enhancement of the
conversion efficiency and Stokes output power for CW pump beams with fairly
modest power levels. Our experiments have shown that the maximum conversion
efficiency depends on the phase-matching conditions and length of the tapered waist,
but that substantial enhancements up to ~ 15dB can be obtained even under
non-phase-matched conditions. By tailoring the core size to optimize the
phase-matching, it should be possible to obtain large FWM conversion efficiencies of
the order of a few dB without the need for complex carrier sweep-out schemes [112],
or the use of pulsed pumps [5].

4.3 CSRS in the mid-infrared band

A critical limitation of the nonlinear performance in the telecom band is the nonlinear
absorption, TPA and FCA. However, these effects can dramatically decrease when
moving to longer wavelengths, even becoming negligible beyond 2.2 ym. CSRS will

be explored in the mid-infrared band to achieve a higher conversion efficiency and a
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larger Stokes output power, offering another promising method to realize the light
amplifiers and light sources in the mid-infrared band in fibre systems.

4.3.1 Dispersion properties and simulations for CSRS

The first step in studying CSRS in the mid-infrared band involves analyzing the
dispersion profiles for SCFs with various core sizes at a specific pump wavelength to
determine the optimized core diameter. Figure 4.12 (a) shows the variation of 8, with
increasing core diameter at the wavelength of 2170 nm. The trend of B, with the core
diameter is similar to that in the telecom band, transitioning from negative to positive
and equaling zero when the core diameter is 1890 nm. This suggests that the target
size of tapered SCF should be around 1890 nm. It is noteworthy that the effective
mode area of SCFs working in the mid-infrared band is almost ~ 5 times larger that
that working in the telecom band, leading to the need for higher injected pump power.
In practice, fabricated SCFs, Fibre H and Fibre I with core diameters of 1976 nm and
1984 nm are applied in this experiment. The dispersion profiles are depicted in
Figure 4.12 (b), where the SCF with the core diameter of 1976 nm remains positive,
similar to that of SCF with the core diameter of 1984 nm, but with a smaller phase

mismatch at the wavelength of 2170 nm.
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FIGURE 4.12: (a) Variation of 8, as a function of core diameter at the wavelength of
2710nm. (b) The dispersion profiles for SCFs with core diameters of 1976 nm and
1984 nm.

To explore the structural tolerance of SCFs working at 2170 nm, the conversion
efficiency is plotted (a) as a function of A as the core diameter is changed from

1800 nm to 2000 nm in Figure 4.13. The pump power and signal power were kept the
same as was used in the telecom band, 100 mW and 5mW, respectively. The
propagation length is set to 1 cm and the linear loss is assumed to be 1dB/cm. The
bandwidth is at a maximum, ~ —40 dB, when the core diameter is equal to the
optimum value of ~ 1890 nm, while it gradually decreases when the core diameter

increases or decreases from this value. The rate of the bandwidth change is less severe
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than that in the telecom band as 8, changes more slowly around this wavelength. The
decrease of the maximum conversion efficiency is due to the large effective mode area.
Peaks at anti-Stokes and Stokes wavelength representing CSRS and CARS,
respectively, are still strongly excited on both sides of the central band. The conversion
efficiency of CSRS marked by the black dash box is displayed in Figure 4.13 (b) in
detail, which has been extracted from Figure 4.13 (a). The reference conversion
efficiency is set at —29 dB, as denoted by the dashed lines, which is around 4 dB less
than the maximum conversion. Based on this reference value, the fabrication tolerance
of SCF working at this wavelength is determined to be 100 nm. The fabrication
tolerance is larger than that in the telecom band, but the recipe for the tapering process
still need to be investigated as so far suitable fibres for this work have not been made

with the appropriate phase matching conditions.
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FIGURE 4.13: (a) Conversion efficiency as functions of diameter and A;. (b) shows

the conversion efficiencies of the CSRS processes, marked with black dash box in (a),

where signal is tuned to the anti-Stokes wavelength of 1950 nm. In all cases the pump

wavelength is 2170 nm with a power of 100 mW, the signal power is 5mW and the
propagation length is 1 cm.

To investigate the nonlinear performance, the variation trends of conversion efficiency
as functions of pump power and propagation length in the SCF with the optimized
core diameter of 1890 nm are depicted in Figure 4.14 (a) . The pump wavelength is
2170 nm and the signal wavelength is 1950 nm with a power of 5mW in this
simulation. The maximum conversion efficiency of 30 dB could be obtained with a
pump power of 1 W and a propagation length of 2.2 cm. The conversion efficiency
could be further increased with the pump power, but in experiments, it is challenging
to couple such power levels into SCFs with existing method of holding the fibres that
involves the use of wax. Therefore, the pump power is limited to 1 W. The lower the
power, the shorter the saturation propagation length. The conversion efficiency could
be maintained during propagation when the length continues to increase. When the
pump power increases over ~ 700 mW, the conversion efficiency decreases as a result
of the appearance of the higher-order Stokes and anti-Stokes waves, consistent with
the variation in power evolution observed in the telecom band. The decrease in the
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maximum of the conversion efficiency in the mid-infrared band compared to that in
the telecom band is due to the reduced light intensity associated with the larger core
diameters. Moving the pump wavelength to the mid-infrared allows for the highest
possible Stokes output power, which is limited by the nonlinear absorption in the
telecom band. The variation trends of the Stokes output power with the change of
pump power and propagation length are conducted under the same structural
parameter as Figure 4.14 (a) and depicted in Figure 4.14 (b). The maximum Stokes
output power, over 1 mW, can be achieved with the pump power of 1 W and the
propagation length of 2 crm. The reduction in the nonlinear losses results in a
three-orders-of-magnitude increase in Stokes output power with 5 times larger pump
power. The maximum Stokes output power could still be improved with pump power
but 3PA should be taken into consideration with higher pump powers.
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FIGURE 4.14: (a) Conversion efficiency and (b) Stokes output power as functions of
pump power and propagation length for a SCF with a core diameter of 1890 nm when
pumping at 2170 nm with a 5mW signal beam positioned at 1950 nm.

4.3.2 Experimental setup

Figure 4.15 illustrates the experimental setup for the CSRS experiments in the
mid-infrared band. A tunable ZnSe CW laser, covering a wavelength range from

2007 nm to 2500 nm, served as the pump source, while a CW laser working at 1950 nm
functioned as the signal wave. The pump power around 2170 nm could reach up to
1W, and the signal power was fixed at 8mW. An attenuator was applied in front of the
pump source to adjust the pump power during the measurement. Pump and signal
waves were combined by a 45%/55% beam splitter (BS). Two beam splitters (BS) with
a 92% transmission rate were positioned at the input and output sides, reflecting light
back to CCD cameras. CCD cameras at both ends monitored the beam profiles and
determined core positions through collecting reflective light. The light was coupled in
and out of the SCF via two 60 x optical lenses (OL). The output light was coupled into
a multi-mode fibre (MMF), which has low loss in the mid-infrared band, using a 10 x
OL. The output spectra were recorded by an optical spectrum analyzer (YOKOGAWA
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AQ6376). The coupling of the input facet was aligned according to the pump
wavelength to ensure the highest possible coupled-in pump power. The output
coupling efficiency was aligned with the idler wavelength to ensure the observation of
the idler wave through the OSA. The coupling losses of the input and output facets are
7 dB and 3 dB, respectively. Fibre H and Fibre I were selected for the relatively stronger
CSRS at Stokes wavelength compared with other existing fibres in practice. Moreover,
these fibres have similar losses but different lengths and diameters, potentially leading
to varying performance in gain enhancement, which will be discussed later. To test
CSRS, the signal was fixed and the pump wavelength was tuned to confirm any

increase in the conversion efficiency due to coupling to Raman effects.
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FIGURE 4.15: Experimental setup for CSRS in the mid-infrared band. BS, beam split-
ter; OL, optical lens; MMEFE, muti-mode fibre; OSA, optical spectrum analyzer.

4.3.3 Experimental verification

At the outset of the CSRS investigation, the underlying mechanism of this nonlinear
phenomenon was theoretically analyzed. In the mid-infrared band CSRS
measurement, IRS was firstly observed and experimentally verified using a CW light
sources. Observing IRS in the telecom band is challenging due to the short fibre length
used in those experiments, insufficient for accumulating Raman scattering. The pump
output power when tuning the pump wavelength from 2169 nm to 2172nm is
presented in Figure 4.16 (a) with a fixed input pump power of 300 mW. When the
pump wavelength approaches the Raman shift relative to the signal wavelength of
1950 nm, the output pump power increases, concurrently with a corresponding
absorption in the signal output power, as displayed in Figure 4.16 (b). Conversely,
when the pump wavelength is around 2140 nm, away from the Raman shift, there is
no evident increase and decrease in the pump output power and the signal output
power, as depicted in Figure 4.16 (c) and (d). The experimental confirmation of IRS
tirst validates the CSRS theory, explaining a specific nonlinear contribution to

compensating the pump power.
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FIGURE 4.16: (a) Variation of pump output power and (b) signal output power with

changing the pump wavelength around 2170 nm; (c) variation of pump output power

and (d) signal power with changing the pump wavelength around 2140 nm, maintain-
ing a fixed pump power of 300 mW for Fibre H.

The comparison of conversion efficiency between experimental data and simulation
results for Fibre H under different pump powers is shown in Figure 4.17 (a). When the
idler wavelength (A;) aligns with the peak Raman wavelength, the conversion
efficiency experiences an increase, similar to what is observed in the telecom band,
changing from ~ —54dB up to ~ —47dB and ~ —51dB up to ~ —43dB for
coupled-in pump powers of 40 mW and 70 mW, respectively. The increase manifests
as a distinct peak attributed to CSRS, with the experimental conversion efficiency
almost consistent with simulation results. The possible reason for flatter trend in the
experimental results is the lack of polarization control of pump and signal beams and
the silicon quality difference. To delve into the impact of pump power on the
conversion efficiency, Figure 4.17 (b) depicts the simulated results of CSRS and FWM
as the pump power varies. In this simulation, the conversion efficiency of FWM was
conducted with fr = 0 to exclude the Raman effect. The experimental data (denoted
by dots) closely mirrors the simulation results, behaving an upward trend with
increasing pump power. This is due to the stronger nonlinear effects, including FWM
and Raman scattering, introduced by higher pump powers. The conversion efficiency
of FWM exhibits a similar trend to CSRS at lower pump power but maintains a linear
increase with further ascending pump power. The noticeable differentiation between
the conversion efficiency of CSRS and FWM is that CSRS exhibits a steeper gradient,
which implies that CSRS could be enhanced significantly via increasing the pump



74 Chapter 4. Coherent Stokes Raman scattering in SCFs

power coupled into the SCFs beyond 1 W. This suggest that the Raman scattering
starts to dominate this nonlinear phenomenon at higher pump level. The
enhancement of the conversion efficiency, as depicted in Figure 4.17 (c), maintains
stable with low pump power but surges with further increases. The continuous
increase in simulations indicates that higher pump power could achieve not only
higher enhancement but also higher conversion efficiency. The notable difference
between the conversion efficiency in the mid-infrared band and the telecom band

results from the higher Raman enhancement due to the lower nonlinear absorption.
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Raman peak with the increasing pump power under different conditions: FWM (fr =

0) and CSRS (fg = 0.043). (c) Enhancement of the conversion efficiency compared
between CSRS and FWM.

Fundamentally, FWM, whose efficiency is highly dependent on the phase matching
condition, serves as the bedrock of CSRS at low pump powers. The critical parameters
affecting energy transfer amongst the pump, signal and idler include the core
diameter and the propagation length. Experimental results for Fibre H and Fibre I are
displayed in Figure 4.18 (a) together with simulation of GNLSE, demonstrating a
consistent agreement between the data. The phase mismatch at 2170 nm for these two
fibres, featuring different core diameters of 1976 nm and 1984 nm, leads to a deviation
in the conversion efficiency from what is illustrated in Figure 4.14 (a). Specifically, the
conversion efficiency decreases with an increase in the propagation length. To unearth
the relationship between conversion efficiency, core diameter and propagation length,
additional simulations were calculated and are illustrated in Figure 4.18 (b). The
experimental maximum conversion efficiencies of —44 dB and —42 dB are marked by
white squares. It is obvious that the conversion efficiency exhibits a linear increase
with the propagation length when the core diameter is close to the optimized core
diameter of ~ 1900 nm. Conversely, the conversion efficiency varies periodically with
length for non-optimum diameters, with the period shrinking rapidly as the core

diameter increases, indicating a larger phase mismatch. The decrease in conversion
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efficiency with an increasing core diameter is attributed to the reduction in light
intensity of the guided light. Thus, these results shows that determining the
appropriate length to achieve high conversion efficiency becomes essential,
particularly when the core diameter deviates significantly from the optimal value.
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New SCFs fabricated at KTH Royal institute of Technology demonstrate low linear
loss and stability in tapering over lengths exceeding 6 cm. These characteristics are
indicative of strong Coherent Stokes Raman Scattering (CSRS) behavior. Figure 4.19
(a) presents the experimental and simulation results for Fibre ] at different coupled-in
pump power, specifically 20 mW and 33 mW. The increase of the conversion efficiency
at the Raman peak with the pump power maintains consistence to previous
experiments. Despite a slightly larger phase mismatch for Fibre ] compared to Fibre H
and Fibre I, the conversion efficiency remains comparable to that of Fibre H at a
relatively low pump power, arising from the smaller effective mode area. To explore
the effect of the pump power on the conversion efficiency, the pump power was tuned
in the experiments while maintaining a fixed pump wavelength at 2170 nm, aligning
the idler wave with the Raman peak. These experimental results perfectly match with
the simulation results, as displayed in Figure 4.19 (b). The conversion efficiency
associated with FWM only (fr = 0) was also calculated for comparison, and showed a
linear trend with increasing pump power. The gradient of the CSRS curve matches
that of FWM only when the pump power is small but becomes steeper when the
power exceeds 100 mW due to the Raman enhancement. A decrease in the conversion
efficiency as the pump power approaches 1 W is attributed to the appearance of
higher-order Stokes/anti-Stokes wave. The enhancement of the conversion efficiency,
as shown in Figure 4.19 (c), aligns with the trend of the conversion efficiency variation
of CSRS, reaching a maximum enhancement of 55dB. This suggests that further
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increase of the enhancement is still limited, even without accounting for nonlinear

absorption, due to higher-order waves boosted with high pump power.
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In addition to the conversion efficiency, which stands as a pivotal criterion for
assessing nonlinear efficiency, the idler output power poses another significant
constraint for practical applications. Here, the simulation results for the Stokes output
power under three distinct conditions, Raman scattering, FWM and CSRS, were
calculated and illustrated in Figure 4.20 (a). The Stokes output power resulting from
Raman scattering is minimal when the pump power is below 1 W, but it is expected to
eventually increase beyond that available from FWM processes, following the overall
trend observed. A notable distinction emerges when comparing the mid-infrared
scenario to the telecom band. While the Stokes output power in the latter begins to
decrease beyond a pump power of 200 mW, the former experiences continuous linear
growth with increasing pump power due to the lack of the nonlinear absorption. In
contrast, the Stokes output power for both FWM and CSRS exhibits a rapid surge at
the beginning, followed by a sustained increase with pump power, but with different
slopes. To quantitatively analyse the enhancement in the Stokes output power, the
enhancement has been calculated and is displayed in Figure 4.20 (b). The
enhancement initially spikes to 17 dB, then decelerates and ascends linearly to 37 dB
with increasing pump power. Indeed, the trend of the curve suggests that the
potential for a three-orders-of-magnitude enhancement could be further increased
with higher pump power.

This section outlines the substantial enhancement of the conversion efficiency and
Stokes output power achievable via the interaction between Raman scattering and
FWM. This phenomenon has been experimentally validated in both the telecom and
mid-infrared bands. Notably, the conversion efficiency observed under the phase
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mismatch conditions surpasses traditional FWM conversion efficiency, with a
wavelength conversion band that extends far beyond the previously reported FWM
bandwidth [108], posing a challenge to conventional FWM observation. Crucially, the
absence of stimulated Brillouin scattering (SBS) in the SCFs eliminates the requirement
of SBS compensation schemes. This characteristic significantly simplifies the
architectures required for parametric amplification when compared to silica fibres
[114]. Moreover, the fibre tapering process demonstrated here is not limited to SCFs,
that can also be applied to other semiconductor fibre platforms, including those with
germanium dopants [115]. This opens up the possibility of exploiting

Raman-enhanced wavelength conversion across an even broader wavelength range.
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Chapter 5

Coherent Stokes Raman scattering

in silicon planar waveguides

Although SCFs offer a degree of dispersion engineering, the imprecision in the
fabrication process makes it challenging to exert the accurate control over the
dispersion properties. This limitation results in a large phase mismatch, yielding a
narrow FWM bandwidth and reduced conversion efficiency of CSRS. In contrast,
planar waveguides have mature fabrication techniques, boasting high manufacturing
accuracy that enables the superior control over dispersion engineering. This chapter is
focused on CSRS based on silicon rib waveguides, aiming to amplify the idler output
power and conversion efficiency at the Stokes wavelength. The comparison between
the rib waveguide and SCFs is thoroughly investigated to delineate the advantages
and disadvantages of these two platforms. The subsequent sections address the
calculation of dispersion parameters with varying structural parameters for rib
waveguides in the telecom and mid-infrared bands, which is essential for selecting a
proper waveguide structure. Simulations of CSRS performance are given as a guide
for upcoming experiments. Preliminary experiments were conducted, and the results
are compared with simulations to affirm the feasibility of enhancing conversion
efficiency and Stokes output power in rib waveguides. Lastly, the influencing factors
are discussed to explore the stability of Raman enhancement on both the conversion
efficiency and Stokes output power. This holistic exploration contributes to a
comprehensive understanding of the potential and challenges associated with
employing rib waveguides for CSRS applications. In this work, I was responsible for
the simulations, waveguide design and polishing, major steup building and nonlinear

experiments.
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5.1 Comparison between SCFs and planar silicon waveguides

A comparison between SCFs and planar rib waveguides in terms of the structure,
effective mode area, dispersion profile and nonlinear performance will be conducted
in the telecom band. The longitudinal structure of SCFs, shown at the bottom of
Figure 5.1 (a), is composed of down taper, waist and up taper. Taper sections are
preserved to ensure efficient free space coupling, addressing the low coupling
efficiency introduced by the micrometer-size core diameter. The critical parameter in
designing the SCF to operate at the specific wavelength is the core diameter (D),
annotated in the sketch of the cross section for the waist region at the top left corner of
Figure 5.1 (a). The mode distribution is symmetrical due to the symmetric structure of
tibres, which indicates that the polarization influence of injected light is limited. The
variation of A,sr with D, shown at the top right corner in Figure 5.1 (a) shows that
A.ff continuously grows with increasing D. The longitudinal waveguide design
depicted at the bottom of Figure 5.1 (b) is similar as that of SCFs, where the straight
section is sandwiched between two coupling regions (a down and up taper) to ensure
good coupling into the few hundred nanometer-sized waveguides. The waveguide
design is based on a silicon on insulator (SOI) platform with a silicon thickness of

500 nm, selected as the achievable propagation losses are typically much lower than in
220nm platforms [116]. The waveguide can then be defined using standard
photolithography and etching techniques to produce a rib structure, as illustrated in
the top image of Figure 5.1 (a), where H is the thickness of the silicon layer on the top
of the SOI wafer, h is the etch depth and W is the width. It is obvious that the mode in
rib waveguides is polarisation-dependent, which introduces extra coupling loss. A,ff
varying with the change of h and W, shown at right-up corner, indicates that A, ff

increases with decreasing h and increasing W but is smaller than that of SCFs.
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FIGURE 5.1: (a) Diagram of the SCF structure, cross section of the waist region was

depicted at left-up corner with the mode distribution example, A.¢f varying with the

change of the core diameter is shown at the right-up corner. (b) Diagram of planar

waveguide, cross section of the waveguide was depicted at left-up corner with the

mode distribution example, A.¢¢ varying with the change of the etch depth (h) and

width (W) is shown at the right-up corner. Blue represents the silicon and gray repre-
sents silica as the legend shows.
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To further explore the structural influence, the dispersion parameters of the SCF with
a core diameter of 920 nm and the planar waveguide with / of 350 nm and W of

790 nm are calculated, as shown in Figure 5.2 (a). It is evident that 8, symbolised by
solid lines for these two structures, is both close to zero at 1545 nm, with values of
—2.45 x 1073 ps?/m for the SCF and —2.49 x 1073 ps?/m for the planar waveguide,
respectively. B4, symbolised by dash lines at 1545 nm, has opposite signs, with values
of —5.63 x 1077 ps*/m for the SCF and 3.53 x 10~ ps*/m for the planar waveguide.
This indicates that these two structures both could meet the phase matching condition
when pumping at 1545 nm, while the wavelength conversion bandwidth of the planar
waveguide should be broader than that of the SCF according to Eq.(2.16). To verify the
difference between the wavelength conversion bandwidths, the FWM conversion
efficiencies pumping at 1545 nm with switching the signal wavelength are simulated
by solving NLSE and shown in Figure 5.2 (b). In these simulations, the linear loss is
assumed to be 1 dB/cm to be compatible with the universal value for SCFs and planar
waveguides. The propagation length is 1 cm, the pump power is 100 mW and the
signal power is 5mW. It is clear that the 3 dB bandwidth, over 1000 nm of the planar
waveguide, is wider than that of SCF, approximately 626 nm, which is consistent with
the results of the difference in dispersion parameters. The conversion efficiency of
planar waveguide is slightly larger than that of SCF owing to the smaller effective
mode area, 0.31 y*m for the planar waveguide compared with that for the SCF,

0.44 p®m. The sharp peaks at the Raman shift wavelength are due to the interaction
between the FWM and Raman, furthermore, the left side peak is CSRS and the right
side one is CARS. The deviation of the conversion efficiency, about 4 dB, between
CSRS and CARS originates from the inherently higher energy transfer efficiency at
Stokes wavelength than that at the anti-Stokes wavelength, which is consistent with
what is achieved in Chapter 3 3.3. During the fabrication of SCFs and planar rib
waveguides, another significant difference is that the linear loss for SCFs is lower than
that of rib waveguide overall, which could be identified in detail in Appendix A. This
is owing to the larger effective mode area and the lack of scattering loss introduced by
the etch steps in the rib waveguide fabrication.

SCFs are developed for low linear loss but achieving the precise control of the core
diameter is challenging with existing tapering techniques. In contrast, planar
waveguides, while having higher linear loss, compensate for this by allowing accurate
structural control in two dimensions, including the etch depth and the width.
Additionally, planar waveguides have a smaller A,¢r and a wider FWM bandwidth.
Consequently, planar waveguides are promising platforms for obtaining higher
conversion efficiency, as indicated by the comparisons.
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FIGURE 5.2: (a) B2 denoted by the solid lines and 4 denoted by the dash lines. (b)

Conversion efficiencies as functions of the signal wavelength (As) when pumping at

1545 nm, the signal power is 5mW and the propagation length is 1cm. Results are
presented for the SCF and planar platforms, as labelled in the legends.

5.2 CSRS in the telecom band

5.2.1 Structural design and simulations for CSRS

In order to realise the phase-matching conditions for CSRS in the telecom band, the
dispersion profile is firstly investigated for various waveguide dimensions (h and W
values) for the chosen pump wavelength of 1545 nm, as shown in Figure 5.3 (a).
Specifically, it is preferable to operate near the ZDW, depicted by the black dash line to
obtain a broad FWM bandwidth. Figure 5.3 (a) shows that the zero dispersion
condition can be achieved for different combinations of 1 and W, with larger widths
simply corresponding to larger etch depths. Moreover, B, changes slowly along the
width, but dramatically along the etch depth, which suggests that the dispersion
profile is more sensitive to the critical dimension of waveguides. To further define the
optimal structural parameters, the scattering loss («s/) are simulated by calculated the
scattering factor in COMSOL. Theoretical reason for the scattering loss is the
roughness of the side wall formed during the etching process. The scattering loss is
proportional to the loss factor that depends on the geometry and mode
tield-dependent quantity [117]:
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where Ej and Hj is the electric and magnetic field, C is the perimeters of the air-silicon
interfaces in the cross section. The larger the loss factor, the stronger the scattering
loss. Scattering loss increases with increasing the etch depth but is relatively
insensitive to the change of the width when the width changes from 670 nm to 900 nm
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at a pump wavelength of 1545 nm. Combined with the variation of A,fs, depicted in
Figure 5.3 (c), where A,s has a similar trend with the SL, the smaller etch depth and
width is better to achieve smaller A,¢r and scattering loss. Beside A,¢f and diffuse
scattering loss, the critical factor is the nonlinear performance. To illustrate the
influence of the different waveguide dimensions on the nonlinearity, Figure 5.3 (d)
shows conversion efficiencies for three different combinations of # and W as a function
of the signal wavelength. The simulations were conducted with a pump power of

100 mW and the signal power of 5mW. The propagation length was set to 1 cm. CSRS
and CARS efficiently boost in these structures. As seen in Figure 5.3 (d), the
conversion efficiency for CSRS remains approximately stable for the different
combinations of  and W. The bandwidth, defined as the signal wavelength range
where the conversion efficiency drops by 3 dB from the maximum value at the centre
of the curve, is largest for the etch depth of 350 nm. This is due to the difference in the
values of B, and the corresponding fourth-order dispersion parameter 84, which
combine to minimise the total dispersion. As a result, a target structure with

h = 350nm and W = 790 nm was determined as a compromise between a small mode
area to achieve a high mode intensity, but with the potential for low losses through a
modest etch depth. This structure has dispersion values of 8, = —2.49x1072 ps?/m
and By = 3.53x10~7 ps*/m.

Following identification of the optimal structure, the influence of the structural
parameters on the RE-FWM conversion efficiency was investigated to validate the
design for the existing fabrication techniques. In these simulations, the system
parameters are the same as those used for Figure 5.3 (d). Figure 5.4 (a) displays the
conversion efficiency as a function of A as the etch depth & is changed from 280 nm to
420nm. As expected, the bandwidth is at a maximum when £ is equal to the optimum
value of 350 nm, but decreases quite sharply as / is increased or decreased away from
this. Figure 5.4 (b) then shows the efficiency as the waveguide width W is changed
from 670 nm to 900 nm. Again, the bandwidth is maximum for the designed width of
790 nm, but the rate of decrease of the bandwidth as the width is adjusted is less sharp
than for the changing etch depth. In both cases it is clear that CSRS, marked by the
black dash boxes, is strongly excited when the bandwidth of FWM overlaps with the
Raman gain spectrum. Figure 5.4 (c) and (d) display the conversion efficiency as a
function of h and W, which are extracted from Figure 5.4 (a) and (b), respectively. The
reference conversion efficiency is set as —10dB, as denoted by the dash lines in
Figure 5.4 (c) and (d), which is around 4 dB less than the maximum conversion for the
100 mW pump. Based on this reference value, the fabrication tolerance of the etch
depth /1 is 20nm and of the width W is 47 nm, which are well within the attainable
resolutions for existing photolithography technologies [118]. The smaller structural
tolerance of h compared with that of W is consistent with the dispersion analysis,
which further confirms that the nonlinear performance is more sensitive to the

smallest dimension of planar waveguides.
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FIGURE 5.3: (a) B2, (b) Scattering loss and (c) A,fs varying with etch depth and width.
The black dash line represents 3, is equal to zero. (d) Plot of conversion efficiency as
a function of As for waveguide designs with different combinations of h and W that
have a GVD equal to zero at the 1545 nm pump wavelength (i.e., the dimensions are
selected from the black dash line in (a). The simulations are conducted with a pump
power of 100 mW, a signal power of 5mW and a propagation length of 1 cm.

Having established the fabrication tolerances for this design, the performance of the
RE-FWM by comparing the conversion efficiency and Stokes output power for the
CSRS process is subsequently investigated. Figure 5.5 (a) plots a colour map of the
conversion efficiency as functions of pump power and waveguide length, with the
remaining parameters for the pump, signal and waveguide the same as used
previously for Figure 5.4. From this result, as the pump power increases above

~ 100mW, the conversion efficiency saturates at a propagation length of ~ 3 cm. This
saturation can be attributed to the fact that for high pump powers the Stokes wave is
sufficiently enhanced to transfer energy to the anti-Stokes wave, as well as to
higher-order Stokes waves. As a result, the optimal pump power to achieve a
maximum conversion efficiency of over 20dB is only 170 mW , with a propagation
length of 3 cm. Although this pump power is higher than those used in other studies
of FWM [119][120], such powers are readily available within telecom systems and the
advantage of our approach is that it only relies on a simple waveguide design,
without the need for extremely low linear loss or ring resonator designs, to achieve an

enhancement in the conversion efficiency of ~ 50 dB.

Figure 5.5 (b) then shows a colour map of the achievable Stokes output power as
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functions of pump power and waveguide length. In contrast to Figure 5.5 (a), this

shows that the output idler power saturates for both increasing power and length,

reaching a maximum of 560 yW for a 130 mW pump at a length of 3 cm. We attribute

the saturation associated with increasing power both to the conversion of the

tirst-order Stokes wave to higher-order waves as well as nonlinear absorption
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associated with TPA and free-carrier effects. The saturation for increasing propagation
length is primarily due to the linear loss, and the Stokes output power could be
increased through further reduction of the losses. However, it is worth noting that for
this design, the optimal propagation length to achieve the maximum conversion
efficiency and the maximum Stokes output power is 3 cm so that a single waveguide
could be used to achieve both. Moreover, it is quite remarkable that the potential
Stokes power generated using the RE-FWM scheme is 7 dB larger than what has been
generated by pure SRS alone using a waveguide of a comparable length but with the
inclusion of a p-i-n structure to reduce the free-carrier absorption [121]. Significantly,
if we reduce the losses to 0.3 dB/cm in our simulations, which corresponds to the
lowest linear loss for planar waveguides in the telecom band at this time [122], we can
achieve idler powers up to 1.47 mW for a pump power of only 80 mW and a length of
10 cm.

5.2.2 Experimental verification
5.2.2.1 Characterisation of rib waveguide

According to NLSE, linear loss and nonlinear loss are crucial parameters for
predicting the nonlinear performance in simulations, especially in the telecom band.
When a new platform is employed to observe nonlinear effects, characterising
corresponding parameters, including linear loss and Brpa, is essential to improve
simulations and ensure accuracy. The variation of output power and spectrum of SPM
for Rib A (details for waveguide applied in experiments are listed in Appendix A)
under a pulse laser source were recorded to estimate Brps and linear loss. The pump
wavelength is 1.54 ym with a pulse duration of 720 fs and a repetition rate of 47 MHz.
The lifetime of free carriers introduced by TPA at the scale of such a waveguide is
around several nanoseconds [123][124], much shorter than the relaxation time
between two pulses, resulting in limited effects on the nonlinear performance. Hence,
the free carrier lifetime is fixed at 10 ns in the following simulations.

The experimental setup is the same as Figure 3.2 shows. The total insertion loss
measured in experiments for Rib A is 27 dB, including coupling loss and linear loss.
For a specific linear loss, for example 2 dB/cm, the value of input coupling loss (ICL)
is determined by the choice of B,.f, ensuring the simulated curve of the output power
aligns with the experimental data, as shown in Figure 5.6 (a). In the experiment, the
output power was recorded with the pump power varying from a few hundred
micro-watts to tens of milli-watts. The output power increases linearly at low pump
level, then the rate of increase decreases due to the presence of TPA, introducing
nonlinear loss. The bend ratio serves as an effective criterion for selecting possible

combinations of Brps and linear loss. The parameters for each combination that can
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FIGURE 5.6: (a) Comparison of the output pump power between experimental data
and simulation results under various conditions labeled in the legend corresponding
to Table C.1 (details provided in Appendix C), where the average input power ranges
from several hundred micro-watts to tens of milli-watts. (b)-(d) Spectrum of SPM
for Rib A under different linear loss and Brp4 conditions labeled in the legend corre-
sponding to Table C.1, Table C.2 and Table C.3, respectively with the average pump
power of 60 mW. The pump wavelength is 1.54 ym with a pulse duration of 720 fs, and
a repetition rate of 47 MHz. 1, 2,3, 4 and 5 correspond to the serial numbers in various
tables.

match the output power curve are listed in Table C.1. Simulation results for these
combinations perfectly match the experimental data. To distinguish differences
between each combination, the spectrum of SPM with an average pump power of

60 mW, as presented in Figure 5.6 (b), was recorded to determine the value of Brpa.
Different values of Brps indicate various broadening of SPM spectra, the smaller the
value, the wider the SPM spectrum. When Brp4 is equal to 7 x 10712 m/W, the
simulation result is consistent with the experimental data. For different values of
linear loss, 3dB/cm and 4 dB/cm, possible combinations of frps and ICL are listed in
Table C.2 and Table C.3, and the corresponding SPM spectra are depicted in Figure 5.6
(c) and (d). The overall trends for SPM broadening with different values of Brps are
similar to Figure 5.6 (b), and the optimised value of frps remains 7 X 10712 m/W, the
smaller Brps, the broader the SPM. It is significant to note that SPM broadening is

affected only by Brpa, while linear loss and coupling loss have a limited influence on
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the spectrum evolution. The effective way to determine the value of Brpa is through
the measurement and comparison of SPM spectrum.
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FIGURE 5.7: Spectrum of SPM for Rib A under different linear loss and coupling loss
conditions labeled in the legend corresponding to Table C.4 with the average pump
power of 60 mW. The pump wavelength is 1.54 ym with a pulse duration of 720 fs, and
a repetition rate of 47 MHz. 1, 2, 3 and 4 correspond to the serial number in the table.

After determining the value of Brpa, the linear loss with the corresponding coupling
loss need to be determined. Therefore, different possible combination of linear loss
and coupling loss are listed in Table C.4. The SPM spectra for different combinations
are presented in Figure 5.7. The spectra for different combination overlapping with
each other re-validate that linear loss and coupling have a limited influence on the
broadening of SPM. According to the Fresnel reflection rule, the output coupling loss
(OCL) should be around 3 dB, which helps to narrow the range of linear loss to

2 —3dB.

To validate the effectiveness of the value of linear loss, B7PA and coupling loss, the
trends of output power for waveguides with different lengths are measured and
simulated. In this simulation, Brpa is set to 7 x 10712 m/W, ICL is equal to 18.5dB, and
linear loss is 3 dB/cm. The results are shown in Figure 5.8, in which (a) and (b) are for
Rib B with linear and log formats of the y axis to enlarge the difference, whilst (c) and
(d) are for Rib C. This set of values can work very well, as the simulation results are
well matched with the experimental data. In the following nonlinear simulations in

the telecom band, these values will be applied to compare with the experimental data.

5.2.2.2 CSRS measurement

In the rib waveguide CSRS experiment, the same setup as that used for SCFs was
employed, as illustrated in Figure 4.5. However, in this case, the SCFs were replaced
by rib waveguide samples. The experimental conversion efficiency for Rib A and Rib
D is depicted in Figure 5.9, where the pump wavelength is tuned around 1545 nm. The
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FIGURE 5.8: Comparison of the output pump power between experimental data and

simulation results for Rib B (linear (a) and log (b) format of y axis) and Rib C (linear

(c) and log (d) format of y axis), where the average input power ranges from several

hundred micro-watts to tens of milli-watts. The pump wavelength is 1.54 ym with a
pulse duration of 720 fs, and a repetition rate of 47 MHz.

coupled-in pump power is set at 12mW, and the signal is fixed at 1432 nm with a
coupled-in power of 70 uW. As the FWM generated idler wavelength (A;) approaches
the peak Raman wavelength, the conversion efficiency for Rib A increases from

~ —42dB up to ~ —37 dB, exhibiting a distinct peak at the Raman shift. A similar
phenomenon was observed in Rib D, despite the variation in width and propagation
length. To ensure an accurate enhancement of the conversion efficiency, simulations
calculated by NLSE were conducted. In Rib A and Rib D, the conversion efficiencies at
short wavelength side are ~ —47 dB and ~ —50 dB, respectively. Both show an
increases of over ~ 10dB, reaching ~ —37 dB with a pump power of only 12mW.

To obtain higher conversion efficiency and explore the trends in enhancement, the
idler output power and conversion efficiency were recorded while varying the
coupled-in pump power, switching from hundred of micro-watts to ~ 20 mW. In the
experiment, the pump wavelength was fixed at 1545 nm with the signal wavelength of
1432 nm. The experimental results shown in Figure 5.10 (a) and (b) reveal a linear
increase in both idler output power and conversion efficiency with the pump power,
ascending from —76 dB to —60 dB and —50 dB to —32 dB, respectively, when the pump
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FIGURE 5.9: Conversion efficiency as A; is tuned across I'g for Rib A (a) and Rib D

(b). The experimental results are compared with simulations of CSRS and FWM, as

labeled in the legend. The pump wavelength is tuned around 1545 nm with a coupled-

in power of 12mW, while the signal is fixed at 1432 nm with a coupled-in power of
70 uW.

power is at a low level. These findings are consistent with the simulation results.
Compared with existing fibre results, the conversion efficiency increases by 12dB due
to a better phase matching condition and a smaller effective mode area at the same
pump power level. The maximum enhancement observed in the experiment is 15.5 dB
for idler output power and 16 dB for conversion efficiency. However, when the pump
power continues to increases to hundreds of milli-watts, the idler output power
saturates and eventually decreases due to TPA and FCA in both CSRS and FWM. The
differentiation of idler output power between CSRS and FWM, presented in

Figure 5.10 (c), shows that with increasing pump power, the enhancement rises from
15dB to ~ 19dB, proposing a plateau when the pump power reaches watts level. In
contrast, the conversion efficiency exhibits a slightly different trend at high pump
power level, where it shows a saturation pattern without an obvious decrease for both
CSRS and FWM,, as depicted in Figure 5.10 (b). The enhancement trend in conversion
efficiency mirrors that of idler output power, increasing from 15dB to ~ 28 dB before
starting to saturate. An interesting observation is that the enhancement of idler output

power remains stable at 19 dB compared to the results in SCFs in the telecom band.

The maximum conversion efficiency observed in the experiment is up to —32 dB with
a coupled in pump intensity of 70 GW/m?, which is similar to the record of pure FWM
in silicon waveguides but requires a smaller pump intensity by an order of magnitude
[57][58]. This significant enhancement indicates that CSRS is a promising method to
realize the high conversion efficiency and Stokes output power with the simplest
structure.
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FIGURE 5.10: Trends of idler output power (a) and conversion efficiency (b) for CSRS
and FWM for Rib A, as labeled in the legend, as a function of pump power. Enhance-
ment of idler output power (c) and conversion efficiency (d), which is the difference
between those of CSRS and FWM in (a) and (b), respectively. The pump wavelength
is fixed at 1545 nm, the signal is fixed at 1432 nm with the coupled-in power of 70 uW.

5.3 CSRS in the mid-infrared band

As stated in the previous chapters, TPA and FCA, the main limitation of nonlinear
performance in the telecom band, dramatically decrease when moving to longer
wavelengths, even becoming negligible beyond 2.2 ym. CSRS based on the planar rib
waveguide is also studied in the mid-infrared band to achieve a higher conversion
efficiency and a larger Stokes output power, introducing a possible way to realize the
light amplifiers and light sources on-chip in the mid-infrared band.

5.3.1 Structural design and CSRS simulation

In order to achieve phase-matching conditions for CSRS in the mid-infrared band, the
dispersion profile for various waveguide dimensions, such as etch depth and width
values, was firstly investigated, focusing on the chosen pump wavelength of 2170 nm,
as presented in Figure 5.11 (a). Operating near the ZDW, depicted by the black dash
line, is preferable to obtain a broad FWM bandwidth, ensuring overlap with the
Raman gain peak. Figure 5.11 (a) demonstrates a trend similar to Figure 5.3, indicating
that the zero dispersion condition can be achieved for different combinations of etch
depth and width. Larger widths corresponds to larger etch depths. The variation rate
is more gradual, with the range of the etch depth ranging just ~ 50 nm when the width
changes from 1400 nm to 1650 nm. Simultaneously, > changes more slowly along the
width, but more dramatically along the etch depth. This suggests that the dispersion
profile is highly sensitive to the etch depth and less responsive to width variations. To
further define optimal structural parameters, SL, calculated by Eq.(5.1), is shown in

Figure 5.11 (b) to minimize side wall scattering loss. Scattering loss is slightly larger
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on the left side with a smaller width and etch depth. In comparison, the variation of
A.ff, depicted in Figure 5.11 (c), suggests that a smaller etch depth and width are
preferable to achieve a smaller A,fr, which is on average twice larger than that in the
telecom band. As a result, a compromise structure with 1 = 250 nm and W = 1540 nm
was determined to balance a small mode area to achieve a high mode intensity while
having the potential for low losses through a modest etch depth. The dispersion
values for this structure are f = —2.77x1073 ps?/m and B4 = 4.26x10~7 ps*/m.
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FIGURE 5.11: (a) B2, (b) Scattering loss and (c) A varying with etch depth and width
at a wavelength of 2170 nm. The black dash line represents 3, is equal to zero.

After determining the optimal structure, the influence of the structural parameters on
CSRS conversion efficiency was investigated, thereby validating the design for the
existing fabrication techniques. In these simulations, the pump is fixed at 2170 nm
with the pump power of 100 mW, and the signal is set at 1950 nm with the power of
5mW. The propagation length is 1 cm. Figure 5.12 (a) displays the conversion
efficiency as a function of A; while varying the etch depth from 200 nm to 300 nm. As
expected, the bandwidth is maximized when the etch depth equals the optimum value
of 250 nm, but decreases sharply as the etch depth deviates from this value.

Figure 5.12 (b) shows the efficiency as the waveguide width is changed from 1400 nm
to 1700 nm. Again, the bandwidth is maximum for the designed width of 1540 nm, but
the decrease in bandwidth is less sharp than when adjusting the etch depth. In both
cases, it is clear that CSRS, marked by the black dash boxes, is strongly excited when
the bandwidth of FWM overlaps with the Raman gain spectrum. Figure 5.12 (c) and
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(d) display the conversion efficiency as a function of etch depth and width,
respectively, extracted from Figure 5.12 (a) and (b). The reference conversion efficiency
is set at —20 dB, denoted by the dash lines in Figure 5.12 (c) and (d), around 4 dB less
than the maximum conversion for the 100 mW pump. Based on this reference value,
the fabrication tolerance for the etch depth is determined to be 30 nm and for the
width to be 170 nm. These tolerances are larger than those in the telecom band for
both dimensions, suggesting that the rib waveguide operating in the mid-infrared
band is more robust in terms of the fabrication tolerances for observing strong CSRS.
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FIGURE 5.12: (a) Conversion efficiency as functions of h and A;. (b) Conversion ef-

ficiency as functions of W and As. (c) and (d) show the conversion efficiencies of the

CSRS processes, marked with black dash boxes in (a) and (b), respectively, where sig-

nal is tuned to the anti-Stokes wavelength of 1950nm. In all cases the pump wave-

length is 2170 nm with a power of 100 mW, the signal power is 5mW and the propa-
gation length is 1 cm.

To predict the maximum conversion efficiency and the Stokes output power that could
be achieved in the mid-infrared band, the performance of CSRS is investigated by
comparing the conversion efficiency and Stokes output power. Figure 5.13 (a) plots a
colour map of the conversion efficiency as functions of pump power and waveguide
length, with the remaining parameters for the pump, signal and waveguide identical
as previously used in Figure 5.12. From this result, as the pump power increases
beyond ~ 600 mW, the conversion efficiency saturates at a propagation length of

~ 0.7 cm. It then decreases and stabilizes at ~ 10 dB. This decrease is attributed to the
enhancement of Stokes wave at high pump power, leading to energy transfer to the
anti-Stokes wave and higher-order Stokes waves.The optimal pump power for
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achieving a maximum conversion efficiency of over 20 dB is found to be 260 mW, with
a propagation length of ~ 3 cm. When the pump power is lower than 260 mW, the
conversion efficiency remains stable along the propagation after reaching the
maximum. The required pump power that is twice as large as that in the telecom band
is due to the large A,ss, while the saturation length remains equivalent. Figure 5.13 (b)
then displays a colour map of the achievable Stokes output power as functions of
pump power and waveguide length. In contrast to Figure 5.5 (b), which exhibits an
obvious maximum with limited pump power, this shows that the output idler power
continuously increases with increasing pump power. However, there is saturation
along the propagation length, attributed to the conversion of the first-order Stokes
wave to higher-order waves and the linear loss. Further reduction of the losses could
increase the saturation propagation length and Stokes output power. The pump
power is capped at 1 W to avoid considerations of 3PA and its inducing TPA. Notably,
for the mid-infrared band, the Stokes output power at the same level of pump power
and propagation length is larger than that in the telecom band by a order of
magnitude when the pump power reaches hundred of milli-watts as a result of the

lack of nonlinear losses.
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FIGURE 5.13: (a) Conversion efficiency and (b) Stokes output power as functions of

the pump power and waveguide length when pumping at 2170 nm with a 5 mW signal

beam positioned at 1950 nm. The waveguide width is 1540nm and the etch depth is
250 nm.

5.3.2 Experimental verification

For the CSRS experiment in the mid-infrared, the same setup as that used for SCFs
was utilised, as illustrated in Figure 4.15. Similar to the telecom band experiment, the
SCFs were replaced by a rib waveguide sample. The experimental conversion
efficiency for Rib E is depicted in Figure 5.14, where the pump wavelength is tuned
around 2171 nm with a coupled-in pump power of 40 mW. The signal is fixed at

1950 nm with a coupled-in power of 350 uW. As A; approaches the peak Raman
wavelength, the conversion efficiency increases from ~ —36 dB up to ~ —31dB,
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exhibiting a distinct peak at the Raman shift. The experimental results align with the
simulation conducted by NLSE. The maximum conversion efficiency is equivalent to
that observed in the telecom band, with double the pump power, owing to the halved
A.ff- Here, the similar conversion efficiency in the telecom and mid-infrared bands is
attributed to the low coupled pump power in the waveguide, which results in limited

influence of nonlinear losses.
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FIGURE 5.14: Conversion efficiency as A; is tuned across I'g for Rib E. The experimen-

tal results are compared with simulations of CSRS and FWM, as labeled in the legend.

The pump wavelength is tuned around 2171 nm with a coupled-in power of 40 mW,
while the signal is fixed at 1950 nm with a coupled-in power of 350 yW.

To obtain higher conversion efficiency and explore the trends in enhancement, the
conversion efficiency and Stokes output power were recorded while varying the
coupled-in pump power, switching from 30 mW to ~ 45 mW. In the experiment, the
pump wavelength was fixed at 2171 nm with the signal wavelength of 1950 nm. The
experimental results shown in Figure 5.15 (a) and (c) display a linear increase in both
conversion efficiency and Stokes output power with pump power, ascending from
—40dB to 30dB and —70dBm to —60 dBm, respectively. These findings are consistent
with the simulation results. Whereas, for CSRS conversion efficiency with pump
power exceeding 700 mW, the conversion efficiency slightly drops down. Compared
with fibre results in the mid-infrared band, the conversion efficiency increases by
10dB due to a better phase matching condition and a smaller effective mode area at
the same pump power level. On the other hand, compared with the rib waveguide
results in the telecom band, the conversion efficiency, as well as the idler output

power, is equivalent.

The enhancement, shown in Figure 5.15 (b) and (d), has a similar trend as that in the
telecom band, increasing gradually at low pump power levels. However, when the
pump power continues to increases over 10 mW, the enhancement of Stokes output
power start to decrease, resulted from the excitation of higher-order Stokes and

anti-Stokes waves. Meanwhile, the enhancement of conversion efficiency continues to
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increase due to the weakening of higher-order waves and the growth of the 1%-order
Stokes. The enhancement of conversion efficiency maximises at a pump power of
700 mW and then drop down as 1%-order Stokes and ant-Stokes waves reach
saturation and higher-order waves surge. The corresponding enhancement of Stokes
output power increases again due to the increasing saturation power of 15-order
Stokes waves induced by increasing the pump power. Compared with the
enhancement of conversion efficiency and Stokes output power in the telecom band,
the trend is unpredictable due to the lack of nonlinear losses and the appearance of
higher-order Stokes and anti-Stokes waves.
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FIGURE 5.15: (a) Conversion efficiency and (c) Stokes output power for CSRS and
FWM for Rib E, as labeled in the legend, as a function of pump power. Enhancement of
conversion efficiency (b) and Stokes output power (d), which is the difference between
those of CSRS and FWM in (a) and (c), respectively. The pump wavelength is fixed at
2171 nm, the signal is fixed at 1950 nm with the coupled-in power of 350 yW.

The conversion efficiency observed in the experiment is limited by the coupled in
pump power and is only 2 dB larger than the previous results based on pure FWM in
the silicon waveguide with the same light intensity [9]. This limitation is attributed to
the low Raman efficiency at longer wavelengths, which is exacerbated by the larger
effective mode area of the structure compared to that in the telecom band.

5.4 Exploration of the influencing factors for CSRS

The comparison of conversion efficiency and Stokes output power enhancement
across different platforms and different wavelengths suggests that stability could be
achieved in the telecom band. However, the trend appears irregular in the
mid-infrared band for both platforms, possibly due to the absence of TPA and FCA. To
further investigate the effects of potential influencing factors on the enhancement,
corresponding simulations will be conducted and analysed using the control variable
method. In this section, a variable control method was employed to study the impact

of different parameters, which is a qualitative analysis not consistent with realistic
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circumstances. Here, the conversion efficiency enhancement (CEE) and Stokes output
power enhancement (PE) are defined as:

P _
Pstokes—FwM

Pgtokes— Pstokes—
CEE =10 x logip =S85 _ _ 10 x logyg——oxes—EM
anti—Stokes—CSRS anti—Stoks—FWM
P _
= PE+10 x loglo anti—Stokes— FWM (5‘2)

7
Ponti—stokes—CSRS

where Psiores— rpwnm and Popti—stokes— wnm are calculated by setting fr = 0. CEE and PE
are represented by the blue line and red line, respectively, in the subsequent figures.
The basic value for various parameters is listed in Table 5.1, which will be tuned
individually for comparison.

Parameter description Symbol Value

Second-order dispersion parameter B, (ps*/m) 9.3 x 10~*
Third-order dispersion parameter B3 (ps®/m) 6.4 x 10~*

Fourth-order dispersion parameter B4 (ps*/m) —6.2 x 107
Effective mode area Acff (ymz) 0.3
Nonlinear refractive index 1y (m2/W) 6x 10718
Raman fraction fr 0.043

TPA parameter Brpa m/W 10 x 10712
Pump power Py (mW) 1000
Signal power P; (mW) 2
Free carrier lifetime T (ns) 7.5
Propagation length L (mm) 10
Linear loss LL (dB/cm) 2
Pump wavelength Ap (nm) 1545

TABLE 5.1: The corresponding parameters of rib waveguide used in the nonlinear
experiments.

First, the dispersion parameters that play an important role in FWM are explored,
with results depicted in Figure 5.16. In this simulation, 8, B3 and B4 are varied from
—100 to 200 ps?/m, —1 x 107* to 10 x 10~* ps~3/m and —50 x 107 to

50 x 10~7 ps~*/m. B, significantly influences both CEE and PE, as shown in

Figure 5.16 (a). CEE oscillates around 254B , while PE fluctuates around 19 dB.
Compared with the significant change of FWM conversion efficiency with various S,
exceeding 30 dB, this variation range is relatively small, indicating that CEE and PE
could maintain a relatively stable value under different B,. As Figure 5.16 (b) shows,
CEE and PE remain unchanged with variation in 3, ~ 26 dB and ~ 16 dB,
respectively, consistent with the corresponding results in Figure 5.16 (a). It indicates

that B3 has no effects on either CEE or PE, which is in accordance with the cancellation
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of B3 in the derivation of the phase mismatch function Equation 2.16. PE remains
constant with changes in B4, ~ 16 dB, while CEE slightly declines with increasing B4
as shown in Figure 5.16 (c). The decrease in CEE is mainly due to the consideration of
Raman gain at anti-Stokes waves being larger than the amplification of FWM that
decrease as a result of the increasing phase mismatch with the rising 4. Overall,
among the dispersion parameters, 8, is the primary factor influencing the
enhancement of conversion efficiency and Stokes output power, but the change occurs

within a narrow range, with B4 serving as an auxiliary adjustment to CEE.
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FIGURE 5.16: The influence of B, (a), B3 (b) and B4 (c) on CEE and PE, as labeled

in the legend. In this simulation, A, F= 0.3 ymz, ny = 6 x 10~ 8m2/W, fr = 0.043,

Brra = 10 x 10712m/W, the pump is 1545 nm with power of 1 W, the signal is 1432 nm

with power of 2mW, the free carrier life time is 7.5ns, and the propagation length is
lcm.

Next, the pump power will be discussed, which is crucial for boosting various
nonlinear effects. CEE and PE varying with the rising pump power is depicted in
Figure 5.17 (a). The variation with the pump power below 200 mW is dramatic, with
CEE surging and PE declining initially. The slightly decrease in PE may because SRS
dominating in CSRS, and the idler induced by FWM with a small pump power is
weak, leading to a slightly higher enhancement. Once the FWM-induced idler
becomes strong enough, and the parametric gain is much stronger than SRS in CSRS,
PE stabilizes at ~ 16 dB. The significant increase in CEE is mainly due to the greater
consumption of the signal at the anti-Stokes wavelength with the increasing pump
power, as verified in the definition of CEE. CEE reaches a saturation point, around
27 dB, at a pump power of 1 W, then slightly decreases due to the appearance of
higher-order waves. Conclusively, increasing pump power has limited influence on
PE, firstly decreasing slightly, then remaining at 16 dB, while effectively increases CEE.

Besides the pump power, which obviously changes the light intensity for a specific
structure, A, ff is an essential factor that should exhibit an inverse trend with
increasing pump power. In Figure 5.17 (b), the increasing A, s results in a minor
increase in PE while leading to a significant drop in CEE from 27 dB to 21 dB,
consistent with the variation range in Figure 5.17. The reduction of light intensity with
the increase of A, 7 results in the simultaneous decrease in the efficiency of FWM, IRS
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and SRS, which could be offset in the calculation of PE but is exacerbated by the
consideration of the anti-Stokes wave in the calculation of CEE.
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FIGURE 5.17: The influence of P, (a) and A.fs (b) on CEE and PE, as labeled in the

legend. In this simulation, B, = 9.3 x 107*ps?/m, B3 = 6.4 x 1074 ps®/m, By =

—6.2 x 107 7ps*/m, ny = 6 x 107 8m?/W, fr = 0.043, Brpa = 10 x 10~ ?m/W, the

pump is 1545 nm, the signal is 1432 nm with power of 2mW, the free carrier life time
is 7.5ns, and the propagation length is 1 cm.

The nonlinear refractive index (12) is an essential parameter for estimating the
nonlinear performance of materials, ranging from 2 x 10~ ¥m?/W to 8 x 10~ 1¥m?/W
in silicon, spanning from the telecom band to the mid-infrared band. To explore the
influence of n,, the value is adjusted within the possible range corresponding to
silicon, even at the same pump wavelength. In Figure 5.18 (a), PE remains stable at
about 16 dB but slightly drops with increasing n,, while CEE has a significant rise
from 16 dB to 32 dB and then exhibits a downward trend when 1, is over

7.5 x 10718 m?/W. The stabilisation of PE is due to the saturation of SRS gain and the
minor drop is attributed to the energy transfer to the higher-order waves in CSRS. The
increase in CEE is mainly due to the consideration of anti-Stokes waves, which is
consumed in CSRS and boosted in FWM. The subsequent decrease in CEE is due to
the energy transfer back to anti-Stokes waves in CSRS with a large 7,.

To explore the influence of the signal power, it is tuned from nanowatts to watts to
observe the variation of CEE and PE, as depicted in Figure 5.18 (b). PE and CEE
exhibit a similar trend with increasing signal power, surging initially, then dropping
down at a signal power of microwatt, and finally stabilising at 16 dB and 27 dB,
respectively. However, when the signal power is comparable to the pump power, PE
and CEE start to show opposite trends, and the signal cannot be treated as a weak
signal, contrary to the conditions of CSRS. When the signal power is equivalent to the
noise level, the main nonlinear effect at the Stokes wavelength is the spontaneous
Raman scattering, and idler generated through FWM is negligible. This leads to the
initial increase of CEE and PE. The following drop of CEE and PE is due to the power
of idler generated by FWM starting to increase and excite SRS. When the signal power
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is in the range between hundreds of microwatts and hundreds of milliwatts, the PE
and CEE remain to be stable at 16 dB and 27 dB, respectively.
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FIGURE 5.18: The influence of 15 (a) and Ps (b) on CEE and PE, as labeled in the legend.

In this simulation, A, = O.3ym2, B2 = 9.3 x 104 psz/m, B3 = 6.4 x 104 ps3/m,

By = —62 x 107 7ps*/m, fr = 0.043, Brpa = 10 x 10712m/W, the pump is 1545nm

with the power of 1 W, the signal is 1432 nm, the free carrier life time is 7.5ns, and the
propagation length is 1 cm.

The Raman fraction (fr) is a critical parameter for evaluating the Raman efficiency of
materials, representing the fractional contribution of the delayed Raman response to
the nonlinear polarisation. The value theoretically varies between 0 to 1, depending
on the intrinsic characteristic of different materials. The variation of PE and CEE with
the change of fr is given in Figure 5.19 (a). In contrast to parameters in previous
discussions, fr has a dramatic effect on both CEE and PE. CEE reaches a maximum,
38 dB, when fr = 0.06 due to the IRS consumption of the anti-Stokes waves with a
relatively small Raman gain. It then drops down and stabilises when fr > 0.2 due to
the increase in the anti-Stokes waves as a result of strong Raman gain. CEE equals

27 dB when fr is equal to the typical value of silicon, 0.043, consistent with other
results. PE increases to the maximum, 29 dB, until fg = 0.4, then drops down when
0.4 < fr < 0.8, finally increasing to 25 dB. The increase in PE is due to the stronger
Raman gain with fg, and the subsequent decrease arises from the energy transferring
back to anti-Stokes waves. As Raman scattering is the origin of realizing the
enhancement in CSRS, the Raman fraction determines exactly how much the
enhancement could be obtained.

The TPA coefficient (B1pa) is a critical parameter for silicon, which changes from

0 x 1072m/W to 14 x 10~ 2m /W, as it determines the nonlinear loss in the most
studied wavelength bands, especially the telecom band. To explore the influence of
Brra, the value is adjusted within the possible range corresponding to silicon, even at
the same pump wavelength. In Figure 5.19 (b), PE remains stable at about 16 dB but
slightly increases with the increasing Brpa, while CEE has a significant rise from 8 dB
to 32dB and then a downward trend when Brp4 is over 5 x 102m/W. The
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stabilization of PE indicates that nonlinear absorption will have the same degradation
in one process, no matter how many nonlinear effects are included. The initial increase
in CEE may result from the significant IRS decrease of anti-Stokes waves, peaking at
5.5 x 10~ 2m/W. The continuous decrease is due to the weakening of IRS and the
relatively strong FWM and Raman gains.
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FIGURE 5.19: The influence of fr (a) and Brpa (b) on CEE and PE, as labeled in
the legend. In this simulation, A,r; = 03um?, By = 93 x 107*ps?/m, B3 =
6.4 x 1074 ps®/m, By = —62 x 107 7ps*/m, ny = 6 x 1078m?/W, the pump is

1545nm with the power of 1 W, the signal is 1432nm with the power of 2mW, the
free carrier life time is 7.5ns, and the propagation length is 1 cm.

The free-carrier lifetime (7) determines the strength of the FCA, typically ranging from
a few nanoseconds to hundreds of nanoseconds depending on the silicon waveguide
structure. To explore the influence of the free carrier lifetime, the value is adjusted
within the possible range corresponding to silicon, and the result is depicted in

Figure 5.20 (a). The trends of PE and CEE are similar to the those in Figure 5.19 (b)
because the free carrier lifetime, along with Brps, contributes to the nonlinear loss.
CEE achieves the maximum, 32 dB, when the free carrier lifetime is equal to 32 ns, and
then drops to 20 dB and remains constant when the free carrier lifetime is longer. The

influence of the free carrier lifetime on PE is limited, and PE remains stable at 16 dB.

The propagation length is another influencing factor as the phase matching condition
changes along it, and the linear loss also accumulates, potentially affecting the
conversion efficiency and Stokes output power. In Figure 5.20 (b), CEE reaches the
maximum, 32 dB, at the length of 2.3 cm, then drop to 25 dB after further propagation
and remains unchanged. The trend of CEE suggests an optimised propagation length
at 20 mm, representing the maximum consumption on anti-Stokes waves.

Lastly, the linear loss (LL), which has a significant impact on the nonlinear process and
the output power, will be discussed. The result is depicted in Figure 5.21. PE can be
maintained with increasing linear loss, thanks to the uniform decrease in power in
both CSRS and FWM. On the other hand, CEE experiences an obvious decline due to

the weakening of IRS with increasing linear loss. This suggests that the output power
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FIGURE 5.20: The influence of 7 (a) and L (b) on CEE and PE, as labeled in the legend.
In this simulation, A,rr = 0.3um?, By = 9.3 x 1074 ps?/m, B3 = 6.4 x 10~ * ps®/m,
By = —62 x 107 7ps*/m, ny = 6 x 10~ 8m? /W, fr = 0.043, Brps = 10 x 10~ ?m /W,
the pump is 1545nm with the power of 1 W, the signal is 1432 nm with the power of
2mW.

can be amplified in a fixed level, but the conversion efficiency can be increased as
much as possible when the linear loss is minimised. In summary, only ,, Ps and fr
significantly influence PE, while CEE exhibits a more complex variation as it involves
additional variables beyond PE.
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FIGURE 5.21: The influence of LL on CEE and PE, as labeled in the legend. In this
simulation, A,rr = 0.3um?, B = 9.3 x 107*ps?/m, B3 = 6.4 x 1074 ps®/m, By =
—6.2 x 107 7ps*/m, ny = 6 x 1078m?2/W, fr = 0.043, Brpa = 10 x 10~ 2m/W, the
pump is 1545 nm with the power is 1 W, the signal is 1432 nm with the power of 2mW,
the free carrier life time is 7.5 ns.

This chapter investigates CSRS in rib waveguides in both telecom and mid-infrared
band. The optimised structure design was determined based on the comparison
between dispersion profiles, scattering loss and effective mode area. The experimental
results surpassed those achieved in SCFs, primarily due to a smaller effective mode

area and the fulfillment of phase matching conditions. However, the conversion
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efficiency in the experiments is limited by the coupled-in pump power. In the future,
coupling efficiency can be improved via optimising the experiment setup and
introducing other couplers, such as grating coupler [125] or Y-type couplers [15].
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Chapter 6

Slotted waveguides with flattened

dispersion curve

The dispersion properties of the waveguides are essential for the Raman enhanced
FWM in which the FWM is the foundation in this process. The gain spectrum of FWM
could cover a wide wavelength range with a wide, flat and low dispersion property at
specific pump wavelengths, which overlap multiple Raman shifts. This would be
beneficial for facilitating Raman enhanced FWM and exciting higher-order Stokes
waves. However, SCFs or rib waveguides dispersion property is far from optimal. In
comparison, slotted waveguide structures exhibit a flat dispersion curve and the
dispersion value is low enough to broaden the gain spectra of FWM [126][127]. In this
section, the structure parameters of a SWG in the slot is demonstrated. Then the
effects of different structure parameters on the dispersion profile is studied. The
comparison of the conversion efficiency in two cases, FWM and Raman enhanced
FWM, are given to verify whether the Raman enhanced FWM occurs in this structure.
In this work, I was responsible for all simulations, waveguide design, polishing, and

loss measurement.

6.1 Subwavelength grating design in slotted waveguides

Initially, the slot is empty, hence, the material refractive index of the slot n,, is equal to
1. If the side waveguide is far away from the core waveguide (Figure 6.1), the slotted
structure has little influence on the dispersion properties. In this case, in order to
effectively realize the influence of the side waveguide on the core waveguide, the
width slot,, of the slot section is close to 15nm, and it is impossible to manufacture
such a waveguide with the existing techniques. Through changing the material in the
slot section, we found that slot,, depends on the refractive index of the material in the
slot. slot,, could be extended up to ~ 50nm and ~ 150 nm if SiO, (n,, ~ 1.4) and TiO,
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(1 ~ 2.2) would be applied. The larger the refractive index is, the wider slot,, can be.
However, deposition of different materials in the slot would be challenging as the slot
is relatively narrow and there may be some voids near the corners. Also, chemical
mechanical polishing (CMP) would be required to planarize the waveguide after the
deposition. Therefore, a subwavelength grating (SWG) slot can be used as an
alternative. In this circumstance, CMP would be avoided, and the slot refractive index
could be controlled more accurately. The details of the structure are given in

Figure 6.1. The slot divides the waveguide asymmetrically in two parts and the upper
cladding is air. The left part is the side waveguide, and the right part is the core
waveguide. The depth of the slot section is different from the core height, H, and a
certain thickness of silicon is preserved with height, h. SWG is fabricated in the slot
section, acting as a metamaterial with a proper refractive index. Here, the refractive
index, n,,, is set to 2.2 in the following calculations to achieve a larger slot width for
improved fabrication feasibility. The duty cycle and the period of the SWG obtained
through Eq.(2.1) and Eq.(2.2), are about 0.35 and 300 nm, respectively. Besides the
SWG in the slotted waveguide, other structure parameters are determined by
comparing the dispersion properties with different designs in the following section.

| Side, [sloty core,,

FIGURE 6.1: Structure diagram (a) and the cross-section diagram (b) of the slotted
waveguide which is consist of a side waveguide and a core waveguide separated by
the SWG.

The slotted waveguide with core,, = 1500nm, H = 300 nm, side,, = 600 nm,

sloty, = 150nm, slab, = 200nm and & = 50 nm was taken as an example to analyse the
light mode supported in such structures. The structural parameters especially the
corey, were chosen for the position of the ZDW based on the analysis in Chapter 5.
When the wavelength is set at 2.2 ym that is comparable to the structure size and the
desired wavelength for nonlinear phenomena, three different light mode with
different ¢ existing in the slotted waveguide are selected to illustrate the electric
filed distribution as Figure 6.2 shows. The light is tightly confined in the core
waveguide with 7,¢ being 3.03, which is the same as normal circumstances in the
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traditional rib waveguide depicted in Figure 6.2 (a). When 7, is 2.88 close to the
equivalent refractive index of the slot section, the electric field is more concentrated in
the slot section compared with the core and side waveguides. The higher TE mode
also appears as expected with n,¢; of 2.75 in the slotted waveguide, as depicted in
Figure 6.2 (c). The slotted waveguide performs as two independent rib waveguides as
Figure 6.2 (d) shows when the operating wavelength is 1.8 ym, which is much smaller
than the overall structural dimension and comparable to the size of the core
waveguide or side waveguide. When the wavelength increases up to 3 um, the
fundamental light mode in the core waveguide experience a distortion shown in
Figure 6.2 (e). The centre of the mode moves to the slot side, and the electric field is
predicted in the slot section, which leads to 7, 7f to decrease to 2.79. It is obvious that
the slotted waveguide works as a unit entity, and various sections effectively interact
with each other at a wavelength beyond 2.2 ym, which is larger than the size of the
overall structure. When the working wavelength is further increased to 4.5 ym, the
light mode supported in the slotted waveguide is completely different from the
previous cases, transforming into a slot mode in which light is majorly confined in the
slot section and #, ff decrease to 2.36, close to n of equivalent material in the slot
section. The analysis of light modes supported by the slotted waveguide indicates that
appropriate structural size and operating wavelength can ensure that the slotted
waveguide operates in the interference mode rather than the independent mode and
the slot mode. Another significant characteristic of this structure is that the typical
supported mode is the TE mode, which is influenced by the aspect ratio.

(a)
N
1000nm

FIGURE 6.2: (a) Fundamental mode in the core waveguide at 1.3 ym, nerr = 3.29; (b)

Fundamental mode in the side waveguide at 1.3 ym, n,sf = 3.23; (c) higher mode in

the core waveguide at 1.3 ym, n,r¢ = 3.14; (d) fundamental mode in the core waveg-

uide at 2.5 ym, n,;r = 2.88; (e) fundamental mode in the side waveguide at 2.5 ym,
nerr = 2.67; (£) slot mode in the slotted waveguide at 3.8 ym, n,¢r = 2.47.

6.2 Nonlinear performances for different structures

Before determining the slotted waveguide structure, different structure designs of
slotted waveguides are compared in terms of the dispersion properties and the
conversion efficiencies including or excluding the Raman response to find out the

optimised structure to obtain a broader FWM spectrum. The distinction in dispersion
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properties between the strip waveguide and the rib waveguide in the initial stage of
my project motivated the comparison between different structure designs of slotted
waveguides with and without the slab. The shallow depth of the slot is beneficial in
fabrication, hence, the preserved silicon height (/) in the slot is also taken into
consideration. Here, three structures are taken into considerations, structure 1 without
the silicon slab beneath the waveguide and the preserved silicon in slot in the form of
a SWG structure (Figure 6.3 (a)), structure 2 without the silicon slab but retaining
silicon in slot in the form of a SWG structure (Figure 6.3 (b)), and structure 3 with the
slab and the preserved silicon in the slot in the form of a SWG structure (Figure 6.3
(c)). For different structures, the geometrical parameters to achieve flat and low
dispersion profiles are slightly different from each other. The comparison of the
second-order dispersion profiles of different waveguides is given in Figure 6.4 (a).
ZDWs are about 1.9 ym, 2 ym and 2 ym for structure 1, structure 2 and structure 3,
respectively. It is obvious that values of B, are positive near ZDWs for these three
structures, which means that §, that can be altered by adjusting the pump wavelength
should be negative to minimize the phase mismatch. When pumping near the ZDWs
with a negative 8>, the total linear phase mismatch (Ay) between pump (w)), signal
(ws) and idler (w;) could be calculated by Eq.(2.16) which includes B, and B4.

Figure 6.4 (b) shows the comparison of Ak for different structures. The linear phase
mismatch in structure 1 is slightly larger than that in the other two. However, it is still
hard to distinguish between structure 2 and structure 3 which one has better nonlinear
performance in the gain spectrum broadening according to the linear phase mismatch.
Hence, the conversion efficiency spectrum is another important factor to further
distinguish the performance differences of structures.

side,, slot,, core,, side,, slot,, core,, side,, slot, core,,
280nm:||.50nm 1205nm 300nm1|50nm 1225nm 300nm1|55nm 1325nm
1 ] | 1 ] 1 ]

(a) (b) (c)

FIGURE 6.3: Cross sections of different slotted waveguide designs. Structure 1: slotted
waveguide without a silicon slab beneath the waveguide and the preserved silicon in
the slot; (b) Structure 2: slotted waveguide without a silicon slab beneath the waveg-
uide but the preserved silicon in the slot; (c) Structure 3: slotted waveguide with a
silicon slab beneath the waveguide and the preserved silicon in the slot.

Figure 6.5 illustrates the difference in the conversion efficiency between the three
waveguides. The conversion efficiency without the Raman scattering is calculated for
fr = 0, while the conversion efficiency with the Raman scattering is calculated for

fr = 0.043. The pump power is 100 mW, the signal power is 1 mW and the
propagation length is 1 cm. The pump wavelength is 1.9 ym, 2 ym, 2 ym, respectively
for structure 1, structure 2 and structure 3. RE-FWM appears in all these three
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FIGURE 6.4: (a) Second-order (denoted by solid lines) and fourth-order (denoted by

dash lines) dispersion parameters, 3, and 4, comparison. (b) Linear phase mismatch

among structure 1, structure 2 and structure 3, when pumping at the ZDWs with neg-
ative f3,.

structures at the Raman shift including CARS and CSRS, and the enhancement is up
to around 10 dB. The significant difference is the wavelength conversion band width
for different structures. The wavelength conversion bandwidth in structure 1 is
approximately from 1.6 ym to 2.3 ym, which is the narrowest. The wavelength
conversion bandwidth in structure 2 is approximately from 1.7 ym to 2.5 ym, which is
slightly larger than that of structure 1. For structure 3, the wavelength conversion
bandwidth is up to around 3 ym, which is over three times that of the Raman shift.
Through the comparison of gain spectra of the three structures, structure 3 is more
promising to achieve a broad and flat wavelength conversion bandwidth, which could
support higher-order Stokes generation with high-intensity pump injection.
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FIGURE 6.5: The conversion efficiency with and without the Raman scattering of (a)

structurel; (b) structure 2; (c) structure 3, when pumping near ZDWs with negative

B2. The pump power is 100 mW the signal power is 1 mW and the propagation length
islcm
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6.3 Effects of structure parameters on the dispersion curve

For the RE-FWM experiments, the available light sources with high pump power in
our laboratories are around 1.54 ym and 2.17 ym as well as the corresponding signal
light sources at anti-Stokes Raman wavelengths. As illustrated in the comparison of
telecom band and mid-infrared band, nonlinear absorption is significantly smaller in
the mid-infrared band than in the telecom band, which could even be ignored when
the wavelength goes beyond 2 ym. Hence, in the following simulations, the ZDW
needs to be adjusted to around 2.1 ym. According to the calculations of the dispersion
profiles for structure 3, the structure parameters are selected as: the waveguide height
H = 395 nm, the core waveguide width core,, = 1325 nm, the slot width

sloty, = 155nm, the side waveguide width side;, = 300 nm, the slab height

slab, = 80 nm, the preserved silicon step height i = 40 nm. In the following
simulations, all the structure parameters are gradually tuned based on the above
parameters, in which an adjusted parameter accompanies other fixed parameters at
optimised values. Dispersion is simulated by the software COMSOL, and the
calculation approach is the same as for the rib waveguides. The dispersion profile can
be tailored by adjusting the structure parameters, slaby, h, H, side,, slot,, corey, as
Figure 6.6 illustrates. Comparisons of the dispersion profiles among varying structure
parameters are given and the optimised structure parameters will be presented at the

end.

Firstly, the effect of the variation of waveguide height on the dispersion curve is given
in Figure 6.6 (a). H is increased from 200 nm to 480 nm with the step of 20 nm. In the
short wavelength, the change of H has little influence on the dispersion. However, the
difference of the dispersion profile becomes obvious with the increase of the
wavelength.When H is less than 320 nm, 8, remains positive along the wavelength.
The left ZDW occurs when H is larger than 360 nm and has a slightly blue shift with
the increase of H. The left ZDW is almost around 2 ym and the position of the left
ZDW is relatively insensitive to the change of H. In the middle of the dispersion
profile, the slope initially becomes gentle when H increase from 200 nm to 400 nm,
then becomes sharper again when H continues to increase, which means that it can
produce flat and low dispersion when H is around 400 nm. The right ZDW occurs
when H is larger than 360 nm, exhibiting a red shift with the increasing of H, which

leads to the extension of the middle flat range but with a sharper slope.

Figure 6.6 (b) shows the variation of the dispersion curve with the increase of the core
waveguide width, core,, which is tuned from 600 nm to 1600 nm with a step of
200nm. The change in dispersion distribution introduced by core,, is much more
obvious than the change in H, especially the trend on the left. When core,, is smaller
than 800 nm, B, is positive along the wavelength with the large slope. The left ZDW

shifts towards the longer length from about 1.7 ym to about 2.25 ym with increasing
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corey, and the appropriate core,, is between 1200 nm to 1400 nm for the fixing pump
wavelength of 2.17 ym. The trend of the right ZDW is distinctive from the previous
situations, which increase initially with the core, increasing to 1400 nm and then
decrease with further increase of corey,. The middle part of the dispersion curve turns
to be flat with the increase of core;,, and the dispersion value is getting closer to zero.
In the range of core, mentioned above, from 1200 nm to 1400 nm, the dispersion curve
is relatively flat, and the value is small enough. Hence, this range of core,, could

produce a flat and low dispersion property and a suitable ZDW.
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FIGURE 6.6: Comparison of the dispersion profiles with the changing (a) waveguide
height, H; (b) core width, corey,; (c) slot width, sloty; (d) side width, side,; (e) slab
height, slaby; (f) preserved silicon step height, /.

The effect of the slot width, slot,, on the dispersion curve is depicted in Figure 6.6 (c).
sloty, is adjusted from 20 nm to 200 nm with a step of 20 nm. The left side of the
dispersion curve is maintained with the change of slot,,, especially the position of the
left ZDW. On the other hand, the right ZDW has a blue shift with the increase of slot,,
and the larger slot,, is, the smaller the variation scope between the ZDWs is. When the
side waveguide is far away from the core waveguide, it has a limited influence on the
dispersion property of the core waveguide. The slope of the middle section of the
dispersion curve gets smaller with the increasing of slot,, from about 20 nm to 120 nm
and then becomes larger when slot,, continues to be increased. Meanwhile, the flat

middle section of the dispersion curve decreases.

The influence of the side waveguide width, side,, on the dispersion curve is given in
Figure 6.6 (d). side, is altered from 200 nm to 400 nm with a step of 40 nm. When side,,
is larger than 400 nm, there should be no ZDW according to the trend. As the side
waveguide is comparable to the core waveguide, which is equivalent to the increase in

corey, the increasing core,, leads to the disappearance of ZDW and positive ,. This is
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consistent with the trend seen in Figure 6.6 (b). The left ZDW is about 2 ym with a tiny
red shift when side,, increases. The slope of the middle part initially becomes smaller
when side,, increase from 200 nm to 280 nm, then it turns to be sharper again when

side,, keeps on increasing. The right ZDW has an obvious blue shift when side,, grows.

Figure 6.6 (e) depicts the influence of the slab height, slabj,, on the dispersion curve.
slaby, changes from 10 nm to 110 nm with a step of 20nm. At short wavelengths

(< 1.5 uym), the influence of different slab height on the dispersion curves could be
ignored. The left ZDW gently shifts towards shorter wavelength from 2.2 ym to 2 ym
with the increase of slab, around 2 ym. The significant transformation is the position
of the right ZDW which has a significant red shift. The variation of the right ZDW is
consistent with the change depicted in Figure 6.6 (a) since the increase of slaby, is
equivalent to the increase of H. The properly chosen slabj, is dependent on the
position of the left ZDW and the slop of the middle section of the dispersion curve.

Figure 6.6 (f) demonstrates the effect of the preserved silicon step height, &, on the
dispersion profiles. h raises from 10 nm to 110 nm with a step of 20nm. At shorter
wavelength, there is no obvious variation happening due to the change of /. The
influence on the left ZDW is insignificant but it still slightly moves to the longer
wavelength with large h. The gradient of the middle part decreases when / increases
from 10 nm to 70 nm, then it becomes steeper again with larger h. When & is
comparable with H, the slot section has limited influence on the core waveguide that

forms an ordinary rib waveguide with the side waveguide.
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FIGURE 6.7: Comparison of B, with the variation of H and core,, at the pump wave-
length of 2.17 ym (a) and 3 mum. The dash lines represent 5,=0.

According to the analysis of these structural parameters, it is obvious that H and core,
effectively influence the position of the left ZDW. With the designed pump wavelength
of 2.17 ym, the dispersion comparison between different combinations of H and core,,
is presented in Figure 6.7 (a). As core,, deviates by 1000 nm on both sides, H increases
rapidly. Based on the exploration of the mode in the previous section, core;,, should be
comparable to the pump wavelength. Thus, core,, should be greater than 1000 nm to
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minimize the influence of the slot section on the light mode. The wider the corey, the

tighter the mode confined in the core waveguide. Here, H is chosen to be 395 nm.

To achieve a wider FWM bandwidth, the dispersion comparison at a wavelength of

3 um is depicted in Figure 6.7 (b). As illustrated in Figure 6.6, the dispersion value at

3 ym could serve as an evaluation criterion to select the proper structural parameters.
B2 should be negative, indicating that the right ZDW is farther from 2.17 ym. The zone
above the dash line is the target region. Combined with the zero dispersion line in
Figure 6.7 (a), core,, is chosen as 1325 nm, where f; is negative to achieve the phase
matching condition. The variation range of corey, is approximately from 1300 nm to

1400 nm to maintain f; at 2.17 ym negative and as low as possible.
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FIGURE 6.8: Comparison of 3 as functions of slot,, and side,, (a) and as functions of
slaby and h (b) at the wavelength of 3 ym. The dash lines represent S3=0.

The change in slot,, and side,, does not significantly affect the position of the left ZDW
but does alter the shape of the dispersion curve. This is due to the asymmetric
structure of the slotted waveguides, where the side waveguides and slot section act as
perturbations to the mode in the core waveguide. When H and core,, are fixed at
395nm and 1325 nm respectively, the variation of B3 at the wavelength of 3 ym with
changes in slot,, and side;, is shown in Figure 6.8 (a). The value of 83, which can be
treated as the derivative of 8, should be controlled around 0 to extend the middle flat
part of the dispersion curve and broaden the FWM bandwidth. The suitable region is
marked by the red dashed box, where slot,, ranges from ~ 140nm to ~ 210nm and

side;, ranges from ~ 270 nm to ~ 340 nm.

The changes in slaby, and h primarily affect the shape of the dispersion curve rather
than the position of the left ZDW due to their small variation range. To better estimate
the suitable size range, H, corey, slot,, and side,, are fixed at 395nm, 1325nm, 155nm,
and 300 nm, respectively. The change of B3 at the wavelength of 3 ym with variations
in slaby, and h is depicted in Figure 6.8 (b). The value of 83 should be controlled
around zero to achieve a flat dispersion in a wide wavelength range. The suitable

region for the choice of slaby, and h is marked by the red dashed box, where B3 remains
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as small as possible. The variation range of slab,, ranges from 75nm to 100 nm, and

that of 1 ranges from 30 nm to 100 nm.

All the details of one suitable structure parameters are concluded in Table 6.1
including the determined parameters and the corresponding variation range. The
existing fabrication accuracy, with a scale of 5nm [118], ensures the feasibility of
structure tolerances such as corey,, sloty, sidey, slab, and h. However, achieving a
precise value for H without any tolerance remains a current challenge, pointing to
ongoing manufacturing difficulties. The complex structure design for slotted
waveguides may introducing serious sidewall scattering loss compared with the
simple rib waveguide, which indicates the linear loss is possible higher. The mode
simulation also suggests that the long wavelength is easily to excite the higher mode
in slotted waveguides which need to be took into consideration in the future
theoretical and experimental exploration.

Parameters Determined size (nm) Size range (nm)

H 395 395
corey 1325 1300-1400
sloty, 155 140-210
side, 300 270-340
slaby, 80 75-100

h 40 30-100

TABLE 6.1: The suitable structure parameters for the slotted waveguide.

6.4 Higher-order Stokes generation and supercontinuum

generation

The original pursuit to obtain the flat and wide dispersion profiles is the higher-order
Stokes waves generation in the mid-infrared band to explore a method to generate
mid-infrared light sources. The principle for exciting the higher-order Stokes waves is
the high pump power and the interaction between FWM and Raman scattering. To
explore the nonlinear performance of slotted waveguide in the mid-infrared band, the
RE-FWM is simulated in the optimized structure with parameters stated in Table 6.1.
In this simulation, the pulse pump source is 2.17 ym with the time duration of 40 ps
and the fixed peak power of 20 W, the CW signal is 1.95 ym with the power of 5mW,
the linear loss is assumed to be 0.2 dB/cm, the possible lowest value for rib
waveguides with existing fabrication techniques [13]. The choice of the linear loss
value is because the light is confined within the core waveguide, and here the
influence of the SWG is not considered. The output power of various higher-order
Stokes waves along the propagation length is shown in Figure 6.9 (a). It is obvious
that 15, 2", 37 4# 5t and 6-order Stokes waves gradually increases and reaches
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maximum within the propagation length of 2 cm. 1%, 2" and 3™-order Stokes waves
with the wavelengths of 2.44 ym, 2.8 ym and 3.28 um, respectively, sustains a high
level of power after further propagation, about hundreds micro watts, which is
remarkable for the on-chip silicon waveguide without the ring resonators [67]. For 4",
5t 6t"-order Stokes waves with the corresponding wavelengths of 3.95 um, 4.97 yum
and 6.7 um, they experience the periodic fluctuations along the propagation length,
the higher the order, the shorter the period. The phase mismatch at the longer
wavelengths is the main reason for such periodic fluctuations. 7" and 8!-order Stokes
waves could be observed theoretically after the propagation length of 4 cm and 6 cm.
But the light mode of the wavelength over 3.8 yum should be transformed into the slot
mode during the propagation as analysed in the previous analysis of the light mode
supported in the slotted waveguide. The absorption losses of SiO, ans Si at
wavelengths over 4 ym and 8 ym are another limitation of higher-order Stokes waves.
In this simulation, the absorption at longer wavelengths is not included, resulting in
the appearance of strong higher-order Stokes waves beyond 8 um. Hence, 1%, 2" and
3"-order Stokes waves is the focus of this section even it is possible to generate
higher-order Stokes waves at extremely longer wavelength theoretically. The
evolution of the light spectrum is depicted in Figure 6.9 (b). The growth of the
higher-order Stokes and anti-Stokes waves is consistent with that described in

Figure 6.9 (a). The spectrum broadening of the higher-order Stokes waves is due to the
fixed bandwidth of the Raman gain spectrum, about 10 GHz, in the simulation. The
linewidth of Stokes waves is limited by the pump linewidth that could be adjusted by
reducing pump pulse duration, which is beneficial to the supercontinuum generation

around Stokes waves.
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FIGURE 6.9: (a) Output power of various higher-order stokes along the propagation

length, as labeled in the legend (b) Evolution of pulse spectrum. The pulse pump

source is 2.17 ym with the time duration of 40 ps and the fixed peak power of 20 W,

the CW signal is 1.95 ym with the power of 5mW, the linear loss is assumed to be
0.2dB/cm.

To investigate the supercontinuum generation in the slotted waveguide, the spectrum
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is simulated with the same conditions as in Figure 6.9 but switching the pulse
duration from 40 ps to 5 ps. As demonstrated in the Chapter 2, Raman scattering is a
delayed nonlinear phenomenon of materials with the response time of 3 ps. The pulse
duration should be larger than 3 ps to ensure the occurrence of the Raman scattering.
Figure 6.10 (a) shows the output spectrum of the pump pulse propagating 10 cm with
the assistance of CW signal light. The bandwidth of the supercontinuum generation is
up to 6.5 um, from 1.5 ym to 8 um. The peak light intensity is just 4 x 101> W/m?,
which is much smaller than record, 2.2 x 10> W/m? in the literature [84], while the
bandwidth is larger than [84], 4 ym covering wavelength from 2 ym to 6 ym. The
evolution of the pulse spectrum shown in Figure 6.10 (b) indicates that the
higher-order Stokes maintains the narrow linewidth within the propagation length of
2 cm, whereas higher Stokes wave starts to expend as a result of SPM when it
propagates further, and forms supercontinuum generation at the propagation length
of 4 cm. The supercontinuum spectrum keeps stable with the increase of the
propagation length, therefore, the suitable device length should be at least 4cm. A
potential approach to mitigate the absorption loss of SiO, at wavelengths beyond

4, ym involves the removal of the SiO, substrate through SWG structure.
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FIGURE 6.10: (a) Spectrum output power at a propagation length of 10 cm. (b) Evolu-

tion of pulse spectrum. The pulse pump source is 2.1 ym with the time duration of 5 ps

and the fixed peak power of 20 W, the CW signal is 1.95 ym with the power of 5mW,
the linear loss is assumed to be 0.2dB/cm.

6.5 Slotted waveguide testing

Samples were fabricated based on optimised structural parameters with step changes
of structural parameters, slot, slot,, core,, and DC (duty cycle). As listed in Table 6.2
and Table 6.3, slot,, varies from 240 nm to 140 nm with a step of 20 nm, side,, varies
from 320 nm to 280 nm with a step of 20 nm, core,, varies from 1380 nm to 1300 nm
with a step of 20nm and the DC value are 0.36 to 0.34. The linear loss, averaged from
two identical samples, is calculated by the cut-back method as stated in Chapter 2, and
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the length difference of each testing sample is 2 mm. For different DC, the influence of
the variation of slot,, on the linear loss has similar trend. The linear loss becomes
smaller with slot,, of 240 nm, 200 nm and 140 nm. It reaches maximum, over
15dB/cm, with slot,, of 220nm, while achieves minimum, 10 dB/cm, with slot,, of
140 nm. This suggested that the suitable slot,, is about 140 nm to minimise the linear
loss. The influence of side,, with DC of 0.36 shows that the minimum linear loss,

7 dB/cm, can be achieved when slot,, is 300 nm. However, the change of side;,, with
DC of 0.34 has limited influence on the linear loss that remains to be around
12dB/cm. There is no obvious trend for the linear loss with the variation of side,, due
to the limited experimental data. The linear loss obtains the minimum, 10 dB/cm with
corey, of 1380,nm and DC of 0.34. Meanwhile, linear loss with different DC has a
descent trend when core,, change from 1360 nm to 1320 nm, and the minimum linear
loss is obtained with core,, of 1320 nm. The sample test results show that the linear loss
of the optimised structure should be around 10 dB/cm. The high linear loss makes it
difficult to observe nonlinear phenomena in experiments. The next goal is to improve
the fabrication quality or structural design of slotted waveguides to reduce linear
losses and thus enhance nonlinearity.

slot,, linearloss side,, linearloss core, linear loss
(nm) (dB/cm) (nm) (dB/cm) (nm) (dB/cm)

240 13 320 16 1360 24
220 17 300 7 1340 18
200 10 280 18 1320 11
160 13
140 10

TABLE 6.2: The linear loss of slotted waveguides with the DC of 0.36.

slot,, linearloss side,, linearloss core, linear loss
(nm) (dB/cm) (nm) (dB/cm) (nm) (dB/cm)

240 11 320 12 1380 10
220 15 300 13 1360 17
200 12 280 12 1340 19
160 15 1320 11
140 10 1300 17

TABLE 6.3: The linear loss of slotted waveguides with the DC of 0.34.

This chapter introduces slotted waveguides as an effective means to attain a flat and
low dispersion profile, facilitating broadband FWM covering multi Raman shifts. The
emergence of higher-order Stokes waves presents a promising avenue for developing
light sources or achieving supercontinuum generation. However, initial fabrication
attempts revealed challenges with the existing design. Simultaneously, the appearance
of slot mode at longer wavelengths, as well as the absorption of SiO; and Si, inhibits
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extension of wavelength band, promoting a reassessment of the structure and

exploration of alternative materials.
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Chapter 7

Waveguide fabrication

This chapter introduces the fabrication of silicon core fibres (SCFs), rib and slot planar
waveguides applied in the experiments. The fabrication of SCFs is first demonstrated
in detail, including the production of drawn fibres, tapering processes, and
improvements in the fixation method. Then it comes to the fabrication of rib
waveguides, containing the design of chips and the preparation for the testing. Finally,

the design of slot waveguide chips and the preparation before testing are illustrated.

7.1 Fabrication and fixing method of SCFs

In Chapter 3, the Raman scattering, FWM and RE-FWM of SCF with different core
diameters has been studied. The fabrication and fixation methods of low-loss SCFs
will be explained in detail here to complement the overall research on such a silicon

platform.

7.1.1 Fabrication of SCFs

SCFs used in our experiments was produced by the well-established molten core
drawing (MCD) method in traditional silicon fibres. As Figure 7.1 shows, silicon rod is
placed into the silica tube sealed at one end to form a preform [128]. A thin calcium
oxide layer between silicon and silica acts as a diffusion barrier to prevent oxygen in
silica cladding going into the silicon core. It also helps to reduce cracking and
separation between core and cladding due to the thermal expansion, which facilitates
the construction of smaller-sized SCFs. The whole sample is placed in a furnace set at
a temperature above the melting point of silicon and the transition temperature of
silica. During the drawing process, the silicon core melts into a liquid state and the

silica cladding softens but maintains the core shape cylindrical. SCFs fabricated by
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MCD method typically have the outer diameter of ~ 125 ym with the core diameter of
~ 15 ym as Figure 7.1 (c) shows. In addition, the MCD method ensures that
considerable lengths of silica-core fibres on the order of kilometers can be
manufactured. However, the polysilicon core with the grain size of hundreds
micrometer to millimeter after cooling down introduces high linear losses, between

4 —10dB/cm [129]. On the other side, the core dimension of as-drawn fibres is quite
large, which limits the observation of nonlinear phenomena. Therefore, tapering
process is applied to produce low loss SCFs with small core dimension to meet the

design requirement for realising nonlinear applications.

(a) (b) Filament
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Silicon — *
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FIGURE 7.1: (a) Molten core drawing method of SCFs; (b) Tapering process of the
drawing fibres; (c) facet of as-drawn fibres; (d) magnified view of the area, tapering
section, indicated by arrows; (e) facet of tapering fibres. [6]

The tapering machine, VytranGPX300, as Figure 7.2 illustrates, is used for the tapering
process of as-drawn fibres. Firstly, an as-drawn SCF is spliced with a single mode fibre
using the same machine to save as-drawn fibres. Prior to splicing, it is essential to cut
the single-mode optical fibre and as-drawn fibres using a fibre optic cleaver. This
ensures that the end facets are smooth and clean, allowing for inspection under a
microscope and ultimately enhancing the quality of the splicing process. The single
mode fibre is fixed in the left holder on the left blocker, and the SCF is fixed in the
right holder on the right blocker. The vacuum pump is on to maintain fibre stability
during processing. The ends of single mode fibre and the as-drawn fibre could be
aligned through adjusting the position of the left and right blockers which could be
precisely tuned by the software. The implanted microscope can help to observe the
alignment of fibres. The working temperature increased by the electronic-heating
plates can be altered by changing the working power, which is usually set at around
50 W during splicing. This value would decrease due to filament aging, hence it
should be tested and adjusted for every single fabrication round. The tension monitor
would record the tension variation over time, and the tension increasing from 0 to

3 — 5 g means high quality splicing and smooth joints.
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FIGURE 7.3: (a) Fibres after the first tapering step; (b) fibres after the second tapering
step; (i) photograph of the vacuum section; (ii) trend near the end of the tapering
section.

Then the fibre is ready to do tapering as Figure 7.1 (b) depicts. The core dimension of
the designed tapered SCF operating in the wavelength range from 1 ym to 2 ym varies
from 800 nm to 2000 nm, which means that the two-step tapering process is necessary
to achieve the precise control of the core size and high quality of the silicon core. In the
first tapering process, the section of the as-drawn fibre is placed in the filament with
the single mode fibre placed in the left holder and the SCFs placed in the right holder.
The position could be adjusted to make the filament near the joint between SCF and
single mode fibre. The length of the tapering section is usually set to 3 mm and the
length of the waist section depends on the design of the tapered SCFs. The filament is
set to a suitable temperature with the corresponding power of about 60 W to melt the
silicon core and soften the silica cladding. The left and right blockers move in opposite
directions, pulling on both ends of the fibre. The tension monitor records the change
in tension over time, as illustrated in Figure 7.4. Before starting tapering, the tension is
stable at Tp. Subsequently, with a temperature increase, the fibre softens, leading to a

sudden decrease in tension (17). Tension peaks as the down taper section is formed
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(T>), then falls to a plateau (T3) as it remains in the waist-forming area. Occasionally, a
tension peak (T;) may occur during the up taper formation, followed by a final
decrease after completing all processes. It is noteworthy that T, should be controlled
under 30 g to avoid breakage. This machine can accurately control the tapering speed
according to the input dimensions, which is superior to the control of the MCD
method. The photographs of the tapering sections and the waist cross section are
shown in Figure 7.1 (d) and (e). The overall top view is illustrated in Figure 7.3 (a).
Due to thermal shrinkage, a vacuum region exists near the start of the tapering
process as displayed in the inset (i) of Figure 7.3. An enlarged view of the end of the
tapered section is shown in inset (ii) of Figure 7.3. It is obvious that the transitional
part first becomes smaller, then grows up again and remains stable after that. The
second tapering process should start at the uniform part after the shrinkage part. The
second tapering process is similar to the first tapering process but it is conducted at a
different temperature. The top view of a SCF after second tapering process is depicted
in Figure 7.3 (b). There exist two vacuum regions on one side, which need to be
removed before characterising the tapered SCF.
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FIGURE 7.4: An typical example for tension variation as a function of time, Tj to T5
represents different situation during tapering. [26]

The classical recipe for the two-step tapering process is that the outer diameter usually
changes from 125 ym to 49 ym in the first tapering step and the specific value for the
second tapering step is altered according to the design target core diameter. The final
core diameter is estimated by the following ratio relation:

D 2nd—end 1
Dan—ini Rclud/core

Ddes = Dlst—end (7-1)

In which, Dy, is the design core diameter, D14,y is the final outer diameter after the
tirst tapering step, typically 49 ym, Dy,,4_cnq and Dy,,4_i,; are the end and start values
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of the outer diameter set in the recipe for the second tapering step, R 54/core is the ratio
between the outer diameter and the core diameter, around 8.5 with a slight change
from 8 to 9 during the tapering process. For example, set the value of the second

tapering step from 80 ym to 27 ym to achieve a target core diameter of 1900 nm.

The key parameter for manufacturing the low loss tapered SCFs is the temperature of
the filament that can be detected with tension detector in real-time. The smaller the
tension is, the higher the temperature is. As shown in the previous section, there is a
tension peak during the formation of the upper tapering section, and the larger the
peak, the higher the actual temperature. The temperature is essential for the quality of
the silicon crystal, as it affects the linear loss. The loss measurement through various
tibres with different combinations of the temperature for two tapering steps are listed
in Table 7.1. These values are averages obtained from more than two fibres, with an
error margin of around 1 dB. Here, the first tapering step is to reduce the outer
diameter from 125 ym to 49 ym and the second tapering step is to reduce the outer
diameter from 49 ym to 16 ym. Through comparing the linear loss with different
tensions of the first tapering step, it is clear that smaller linear loss could be achieved
when the tension is varying from 40 g to 50 g. When changing the tension of the
second tapering step with the fixed tension of the first tapering step (40 g) the
minimum linear loss could be achieved with the tension of 34 g. Moreover, the tension
of the second tapering step should be higher than that of the first tapering step, which
can result in low linear loss.

The original SCFs were fabricated at Clemson University [130], with a cladding

(125 pm) to core (14 ym) ratio of around 8.9. This ratio limited the stable tapering
length to ~ 3cm. A extensive exploration of new SCFs from KTH Royal Institute of
Technology revealed an increased cladding (117 ym) to core (5.3 ym) ratio of up to 22,
allowing for stable tapering lengths exceeding 6 cm. In contrast to previous US fibres
with a relatively high linear loss of ~ 10 dB/cm, KTH fibres exhibited lower linear loss
ranging from 1.3 to 2dB/cm, further reduced to 0.2dB/cm after tapering. Despite
these advancements, the characterisation of KTH fibres is still limited, requiring
additional efforts for comprehensive analysis in the future. KTH fibres holds
significant potential for the practical application of SCFs due to the combination of

low linear loss and extended length.

7.1.2 Fixing method of SCFs

Initially, a tapered SCF would be pulled into a capillary and then fixed with assistance
of wax as Figure 7.5 (a) shows. The red rectangle represents the capillary and the SCF
is located within the yellow rectangle. After fixing a SCF, the polishing process could
produce a smooth and flat facet as shown on the right side of Figure 7.5 (a). It is

straightforward to distinguish between the capillary (red circle), wax (filling in the
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1% step (g) 2" step (g) loss (dB/cm) 1% step (g) 2" step (g) loss (dB/cm)

23 20 39 44 40 2
30 22 3.5 50 49 2
33 23 3.7 50 56 2
35 30 3 51 21 1.4
40 29 25 53 44 24
40 30 2.5 56 49 44
40 31 4 61 45 3
40 34 1.2 68 49 2.8
40 65 2.5

TABLE 7.1: Various tension combinations of 1 and 2™ step and the corresponding
measured linear loss

gap between capillary and SCF) and SCF (yellow circle), and this facet shows the
whole structure of the sample. In previous experiments, the maximum pump power
of the CW light source was only 80 mW, which limited the nonlinear efficiency that
depends heavily on the light intensity. When the pump power exceeds 80 mW, the
wax would melt, the end facet becomes dirty and the insertion loss surges. For SCFs
with submicron dimensions(core diameter of ~ 800 nm) that operate in the telecom
band, the nonlinear effects could still be observed with such level of pump power due
to the relatively smaller effective mode area, approximately 0.3 yum?. However, the
observation of nonlinear phenomena encounters challenges in the mid-infrared band

as the corresponding core diameter increases to several micrometers.

A new method to fix the tapered SCFs was investigated, which effectively increases
the maximum experimental pump power. A rectangular groove with the width of

125 ym and the etch depth of 125 ym was etched on a blank silicon chip into which the
tapered SCF could be placed as depicted in Figure 7.5 (b). The length of the chip
holder could be cut according to the the length of the tapered SCFs. Wax is still used to
fill the grooves to hold the fibre in place. The position of the fibre can be adjusted so
that the vacuum area is outside the chip holder. There is additional UV glue stuck to
the cured wax at both ends of the fibre, which is crucial for the next polishing process.
The UV glue has enough support to avoid fibre breakage. The same polishing process
produces smooth and flat facets, saving time compared to the original fixing method.
The final step to ensure that the fibre can handle the high power is to use acetone to
clean the wax on the input coupling side. If the facet is not clean, the sample can be
lightly polished by hand using the finest polishing pad. The facet of a prepared
sample is shown on the right side of Figure 7.5. The fibre is fixed in the chip holder
without any wax near the input coupling side. In the experiment, the fibre can
withstand the maximum pump power of CW light source up to 600 mW and the
maximum average power of femtosecond laser up to 100 mW.
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FIGURE 7.5: (a) Top view of the fibre fixed with the capillary on the right side; facet of
the fibre in the capillary (b) Top view of the fibre fixed with the chip holder, facet of
the fibre in the chip holder.

7.2 Fabrication of planar silicon waveguides

Chapter 5 and Chapter 6 study the nonlinear performance of rib and slot waveguides.
Both silicon waveguides are planar waveguides, and their manufacturing process is
completely different from the SCFs. In the following sections, the fabrication of planar
waveguides will be explained in detail as a supplement to the waveguide research.

7.2.1 Fabrication of rib waveguides

All the parameters of the optimised rib waveguids are given in Chapter 5. To explore
influences of different dispersion conditions, the simple method is to change the width
of rib waveguides. The width parameters of waveguides operating at 1545nm and
2170 nm are listed in Table 7.2, changing from 740 nm to 840 nm and from 1490 nm to
1590 nm with the step of 25 nm, respectively. The next step is to draw the layout
design for lithography that is necessary before the fabrication. Considering the
existing experimental conditions, free space coupling is adopted as the main approach
to couple pump wave and signal wave into the waveguides. The cross section of rib
waveguides to be tested is too small to couple the light and measure the output light
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directly for its low coupling efficiency. Tapered waveguides are adopted as coupling
waveguides at the input and output ports of the test sample. The structure of the
tapered waveguide is depicted in Figure 7.6, in which w is the width of the input port
of the tapering section, w; is the width of the output port of the tapering section and
Lt is the length of the tapering section. w; is traditionally set to 10 um and w» keeps
the same value as the rib waveguides. To reduce the loss introduced by the tapered
waveguide, the length of the tapered waveguide is as long as possible for small mode
distortion, and its length is Imm normally. Through the simulation of the tapering
section with Lt of 1 mm, w; of 10 yum and 740 nm by Lumerical, the coupling loss is
negligible during the light propagation which suggests that such tapering sections
work well in such design. Since there is only one etching step for the rib waveguide,
the etching depth remains consistent for the complete waveguide design, including
the remaining polished section, the upward tapered section, the rib waveguide for
nonlinearity, the downward tapered section, and the remaining polished section as
shown in Figure 7.7 (a). In order to test propagation losses and ensure that the
input/output ports of different lengths are aligned for the next step of the polishing
process, the bend waveguides are required on the chip. Here, the bend radius is

50 ym. The loss is calculated by FDTD and is about 0.0013 dB/90° bend for TEy mode.

Operation wavelength 1545 (nm) 2170 (nm)

740 1490
765 1515
Waveguide width 790 1540
815 1565
840 1590

TABLE 7.2: Waveguide width values for different operation wavelengths

FIGURE 7.6: Tapering waveguides at the input and output port.

In the first fabrication round, the lithography for the 500 nm SOI wafer was carried out
by electron beam (E-Beam), and rib waveguides were fabricated by chemical etching.
The layout design for the rib waveguides is shown in Figure 7.7 (a). The cut-back
method for the measurement of the propagation loss is demonstrated in Chapter 2.
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Here, five different lengths are designed to test the propagation loss with the length
difference of 2 mm. Another rib waveguide without any bends is designed to test the
Raman enhanced FWM in the rib waveguide, which is set at the top of each section
with different waveguide widths. The lengths of rib waveguides are designed to be
1cm, 1.5 cm and 2 cm to explore the influence of the propagation length on the
nonlinearity. On the chip, the parameter label is essential to distinguish the change of
parameters, which is set above the left arm of the shortest waveguide for testing the
propagation loss. The metrology box is necessary for the etch depth measurement. For
rib waveguides, there is only one etch step during the fabrication, and the
corresponding metrology box is set at the bottom of the chip. The chip label is
beneficial to distinguish between chips with different structures, which is set near the
left top corner in all chips. The fabricated chips need to be diced and polished. The
polish marks are aligned at the beginning and the end of the waveguide. The resist
layer used for lithography is washed away and photoresist (51813) is deposited as a
protective layer for dicing. After dicing, the protective layer is preserved for polishing.
Two polishing methods are applied to these chips. For the first polishing method,
mechanical polishing, sandpapers with different roughness are applied to polishing
chips. For a waveguide with the height of 500 nm, the finest sandpaper mesh 200 nm
is relatively rough, which results in an input coupling loss of about —18 dB at the
input facet. Hence, the second polishing method, chemical-mechanical polishing, is
tried to improve the polishing quality, reducing the coupling loss. Here Al,O3
particles with the size of 9 ym and 1 ym mixing with deionised (DI) water are used for
the coarse lapping. Then, SF1 polishing fluid is mixed with DI water to remove the
grain boundaries formed by interlaced noncrystalline particles on the rough surface to
make the surface smooth. However, due to the lapping machine problem, the facets

remain rough, which introduces the same level of coupling losses as the previous
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FIGURE 7.7: (a) Layout examples for rib waveguides; (b) second etch steps for the
deep etch to improve coupling efficiency, photographs at two sides showing the real
exposure position after the lithography.
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The high coupling loss introduced by the polishing limits the nonlinear performance
in rib waveguides, therefore, the deep etching was adopted instead of the polishing
process. In the second fabrication round, the layout design is depicted in Figure 7.7
(b), the significant difference from the previous design is the grey zone representing
the deep etching region. Photographs of the deep etching region on the left and right
sides of the waveguide after lithography are shown in the inset of Figure 7.7 (b) to
show the true location of the deep etching. As the etch depth of rib waveguides,

350 nm, is different from that of the deep etching, 104 ym, including the top silicon
layer of 500 nm, BOX of 3 ym and the substrate of 100 ym, alignment marks are
necessary for two etching processes. Since the thickness of resist layer is chosen to be
1.3 ym, the thickest in the existing techniques, E-Beam was no longer suitable for the
lithography. DUV scanner is an alternative to do the lithography, which could operate
on the thick resist layer. The first etch step for the waveguide etching is the same as in
the first fabrication round and the second etch step for the deep etching is done by the
plasma etching. Unfortunately, the resist layer was completely etched away during
the etching process. Consequently, a silica hard mask is deposited on top of the wafer
to protect the silicon waveguide structure, and then the HF fluid is used to rinse away
the silica left after the lithography is completed. However, microscopic examination
revealed that the waveguide structure had been damaged during the second etching
step for deep etch manufacturing process, and subsequent experimental testing
showed that none of the waveguides were functional. A future consideration is to
explore suitable fabrication processes to perform high-quality deep etching, such as
refining the etching recipe or switching the etching method, preserving the intact
waveguide during fabrication. Another promising approach to reduce coupling losses
is to design special couplers such as grating coupler [125], Y-type coupler[15], at the
input ports.

7.2.2 Fabrication of slot waveguides

The critical size for the slot waveguide is below 200 nm which challenges the
resolution of DUV scanner, therefore, E-Beam is a more suitable method to perform
lithography of slot waveguides. The layout designs for slot waveguides are similar to
those for the rib waveguides and an example is given in Figure 7.8. Since complex
structures may introduce higher linear losses, only the middle part of the slot
waveguide between the two bends is retained for measuring linear losses using the
cut-back method. The complete waveguide structure includes remaining polished
section, the upward tapered section, the rib waveguide for coupling, the slot
waveguide, the rib waveguide for coupling, the downward tapered section, and the
remaining polish section. The length of these waveguides is consistent with the design
of rib waveguides with a length of 1 cm. The main difference is that SWGs (Figure 7.8)

in the slot waveguides require one more etching step compared to the first round of
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fabrication process for rib waveguides. Hence, there are two metrology boxes at the
bottom of the chip measuring different etch depths. Meanwhile, the alignment marks
for E-Beam at four corners of the chip are essential for the alignment between two etch
steps. Other labels and marks are the same as that shown in Figure 7.7. The structural
parameters of the slot waveguide is set of discrete values for the error caused by
fabrication, which is already given in Table 7.3. Apart from the parameters mentioned
above, the duty cycle is slightly changed from 0.34 to 0.36 to adjust the effective
refractive index of the SWG.
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I <ELOT-CORE-GC03 chip label il
- [ ;
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(E}' pollsﬁ;mark ,#, E
- == B
= s total Length N
. : -

- ! =
iy 0

metrology box

FIGURE 7.8: Layout examples for slot waveguides.

As mentioned in the layout design, coupling between the rib and slot waveguides is
another essential part in the overall design as Figure 7.9 (a) shows. Figure 7.9 (a)
depicts the transition region from the rib waveguide to the slot waveguide. The slot
waveguide is inserted between rib waveguides which act as a coupling waveguide to
testing the propagation loss. The coupling efficiency between the rib waveguide and
the slot waveguide could be controlled through altering the width of the rib
waveguide, w,. In the following simulations, the mode profile is calculated by
varFDTD. Initially, w, is the same as the slot waveguide and the mode coupling is
given in Figure 7.10 (a). The x axis is centered on the midpoint of w,, and the y axis
represents the normalized light intensity. Results for rib waveguides and slot
waveguides are denoted by purple and blue, respectively. There is a slight mode
mismatch between modes in rib waveguides and slot waveguides, and the coupling

efficiency of mode coupling can be improved by adjusting w.. The parameter sweeps
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of w, is utilised to check the mode profile with different w.. The optimised mode
coupling is shown Figure 7.10 (b), in which the mode in the rib waveguide is
consistent perfectly with that in the slot waveguide. Due to the variation of structural
parameters (illustrated by Figure 7.9 (b)), the optimised w, for different structural
parameters of slot waveguide needs to be simulated, and the results are given in
Table 7.3. This coupling method is a preliminary plan aimed at reducing the coupling
loss between the rib waveguide and slotted waveguide. However, for future
advancements, more sophisticated coupling techniques such as tapered coupling
waveguides or other shapes facilitating adiabatic coupling between different modal

cross-sections could be considered to further minimize mode coupling loss.

(a (b)

l side,, |slotw| core,,

FIGURE 7.9: (a) Coupling waveguides before slot waveguides. (b) Cross-section of the
slot waveguide which is consist of a side waveguide and a core waveguide separated

by the SWG.
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FIGURE 7.10: Mode coupling between the rib waveguide and the slot waveguide, x

axis centered on the midpoint of w. and y represents the electric field distribution, (a)

mode mismatch condition when the width of the rib waveguide is the same as the

slot waveguide; (b) mode match condition when the width of the rib waveguide is
optimised.

After the fabrication, the same chip preparation was performed as for the first round
of the rib waveguides, by cutting and polishing before testing. The results of the linear
loss measurement is shown in Chapter 6, which is severely limited the nonlinear

performance in the experiments. Future development should focus on enhancing
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core,, (nm) w, (nm) slot, (nm) w.(nm) side, (nm) w, (nm)

1300 1560 140 1624 320 1592
1320 1576 160 1624 300 1608
1340 1608 200 1592 280 1576
1360 1624 220 1592
1380 1640 240 1592

TABLE 7.3: Optimised w, for different structural parameters of slot waveguides.

waveguide design to minimize linear loss. This could involve adjusting the structure

design in the slot or exploring material changes.
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Chapter 8

Conclusions

8.1 Summary

During my PhD study, the primary focus has been to comprehend silicon nonlinear
optics and the fundamental theory of waveguides. This central theme of the study
revolves around nonlinear wavelength conversion in silicon, particularly through
Raman scattering and FWM. CSRS based on SCFs and planar waveguides has been a
key area of in this wok. The experimental validation, including sample fabrication,
characterisation and nonlinear measurements, provides robust support to the

theoretical simulations and guide further developments in this field.

The thorough learning of fundamental concepts in nonlinear optics, encompassing
phenomena such as Raman scattering, IRS, FWM, CARS and CSRS, provided a
comprehensive foundation for my PhD study. Employing simulations based on NLSE,
which includes the incorporation of delayed Raman effects, allowed me to discern the
intricate interplay of dispersion, loss and nonlinearities in the propagation of light.
The Raman results obtained in SCFs within both the telecom band and mid-infrared
band marked a significant milestone, demonstrating effective Raman amplification in
this platform. The net Raman probe gain reached 1.2dB and 4 dB in the telecom band
and mid-infrared band, respectively. Additionally, simulations for cascaded Raman in
SCFs were conducted under picosecond pulsed pump conditions to optimise
structural parameters, predict maximum gain, and anticipate the evolution of
higher-order Stokes waves. In the investigation of FWM in SCFs in the mid-infrared
band, the observation of CARS, with a conversion efficiency of —18 dB, surpassing the
pure FWM conversion efficiency by 14 dB, inspired the exploration of CSRS in SCFs.
This exploration aimed to achieve higher conversion efficiency via the interaction

between Raman scattering and FWM.

The optimisation of SCF was conducted based on dispersion profiles, and subsequent
simulations for CSRS was performed to predict the nonlinear performance, providing
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guidance for practical experiments. Experimental results confirmed the existence of
CSRS, aligning well with the simulation results. The comparison of conversion
efficiency around the Raman shift, with and without Raman scattering, indicated that
Raman scattering effectively increased conversion efficiency when the idler was
generated at the Stokes wavelength with a small seed signal at the anti-Stokes
wavelength. Simulations also explored the gain variation associated with pump
power, suggesting that higher gains could be obtained by increasing the pump power.
Power comparisons of pump, signal and idler under different conditions (CSRS,
FWM, Raman scattering) were calculated. The trends of pump, signal and idler
revealed a dominant nonlinear phenomenon in this process. The evolution of the three
waves along the propagation distance indicated that periodic changes in the
enhancement of the Stokes waves. In the experiment, the maximum conversion
efficiency in the telecom band was —44 dB with an enhancement of 15 dB. Simulation
results suggested an optimised propagation distance of 6.5 mm to achieve higher gain
with existing SCF parameters. In the mid-infrared band, the maximum conversion
efficiency was —43 dB with an enhancement of 17 dB. Simulation results indicated the
need for optimised core diameter and length to achieve higher conversion efficiency in
this band. The experimental results confirmed the enhancement of Raman scattering
on FWM, but this enhancement was constrained by the coupled-in pump power and
the precision in controlling over core diameters. A novel approach for fixing SCFs was
employed to augment the coupled-in pump power, successfully increasing it by an
order of magnitude. In an effort to improve tapering accuracy, the recipe for the
tapering process has been refined. But the results is far from expectations, primarily

due to the limitations in machine accuracy.

The fabrication accuracy limitation in SCFs prompts transition to planar waveguides,
which provide precise control over etch depth and width. This platform demonstrated
excellent dispersion engineering capability, meeting expectations for satisfying phase
matching conditions. To achieve broadband FWM wavelength conversion
overlapping with the Raman gain peak, dispersion profiles of rib waveguides were
calculated to determine optimised structural parameters, assisted with comparisons
between A,¢s and SL. Two waveguides were selected for further study: one with an
etch depth of 350 nm and width of 790 nm, and another with an etch depth of 250 nm
and width of 1540 nm. These structures were chosen for their suitable position of
ZDWs around available pump wavelengths in the laboratory, specifically 1545 nm and
2170 nm. CSRS simulations were then performed in the telecom and mid-infrared
bands to predict nonlinear performance. Simulations indicate that conversion
efficiency exceeding 0 dB is achievable with the proper CW pump power, and the
Stokes output power reaches hundreds of micro-watts and several milli-watts in the
telecom and mid-infrared band, respectively. In experiments, the maximum
conversion efficiency reached ~ 30 dB with input pump power of only 20 mW and

40 mW in the telecom and mid-infrared bands. The primary challenge in this
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experiment lies in the high coupling loss, restricting the coupled-in pump power.
Various coupling methods, including tapered lens fibre and optical lens, have been
utilised to improve the coupling efficiency. However, the effectiveness of these
methods is hampered by the inferior facet quality resulting from polishing. Despite
the introduction of deep etch, the fabrication process proved unsuccessful. As an final
attempt, cleaving on the old chips was employed, albeit at the expense of sacrificing
waveguides fabricated for linear loss testing. Through the comparison between the
enhancement of conversion efficiency and Stokes output power in different
bandwidths and platforms, the stabilisation and unpredictability of the enhancement
variation motivated the exploration of influencing factors for Raman enhancement in
CSRS. The comparison between CEE and PE under various conditions revealed that

B2, Ps and fr significantly influence PE in the traditional waveguide environment.

To optimise the dispersion properties for higher-order Stokes wave generation to
longer wavelengths, slotted waveguides are considered, aiming to produce a flat and
low dispersion profile. The comparisons of dispersion profiles with different structure
parameters, including slab height slabj, core waveguide height H, core width core,,,
slot width slot,,, preserved silicon step height /, side width sidey, are provided. The
optimised structure parameters are summarised as follows: slab, = 80 nm (variation
range: 70nm-90nm), H = 395nm, core,, = 1325 nm (variation range:

1300 nm-1380 nm), slot,, = 155 nm (variation range: 140 nm-240nm), 1 = 80 nm
(variation range: 70 nm-90 nm), side;, = 300 nm (variation range: 270 nm-320 nm).
With these optimised parameters, the cascaded Raman process assisted by CSRS,
CARS and FWM could be obtained using a pulse pump. Specifically, the 7" Stokes
wave excited within the propagation length of 2 cm in this process. The high
fabrication accuracy indicated a potential for failure, necessitating adjustment to the

structure design.

Towards the end, preparations for the waveguide fabrication are outlined for both
SCFs and planar waveguides. For SCFs, the fabrication involves a tapering process
applied to as-drawn fibres. Typically, a two-step tapering process is employed to
achieve sub-micron core diameters. Meanwhile, replacing the poly silicon core with a
single crystal silicon core results in extremely low linear loss, about 0.2dB/cm. The
tixing method for SCFs is improved to support higher pump power, facilitating the
observation of nonlinearity in the mid-infrared band with CW laser sources.
Regarding planar waveguides, detailed design considerations for input light coupling
and the coupling between rib waveguides and slotted waveguides are explained. The
mask design, including layout arrangement and label explanations, is illustrated to
provide insight into the sample appearance. Challenges related to coupling efficiency
are addresses, and the possible method is implemented in the second fabrication

round.
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8.2 Future development

This work successfully showcased nonlinearity in SCFs and planar waveguides, the
initial experiment confirmed theoretical prediction, validating simulations. However,
challenges emerged during sample fabrication and nonlinear measurements,

necessitate a concerted effort to overcome these hurdles.

In the case of SCFs, limitations were encountered in Raman amplification in the
telecom band due to the initial fixing method, which constrained the couple-in pump
power to ~ 50 mW. A new fixing method was introduced to accommodate higher
pump power to overcome this limitation, aiming for improved results. In addition, the
linear loss for submicron SCFs in the telecom band exceeded 1 dB, surpassing the
average value in the mid-infrared band due to the smaller core size. Refinement of the
tapering recipe could mitigate the linear loss. Alternatively, employing KTH fibres
instead of US fibres might be explored. However, the characterisation of nonlinear
parameters for KTH fibres remains incomplete from the telecom to mid-infrared band.
Simultaneously, achieving high quality submicron SCFs with tapering lengths over

2 cm pose a significant limitation for Raman scattering, accumulating along the length.
While Raman amplification in the mid-infrared band has achieved a record up to now,
future plans involve investigating cascaded Raman, serving as the Raman laser, with
the picosecond laser sources. Ensuring low linear loss and propagation length with
existing KTH fibres and tapering techniques is possible. However, unexpected
limitations appears in experiments, hindering the generation of higher-order Stokes
waves. The possible reason for the decrease in 1% Stokes wave in the mid-infrared
band is strong TPA, surpassing levels reported in the literature due to the extra
tension from different materials in cladding and core. Further experiments are

required to explore this phenomenon.

Concerning CSRS in SCFs, whether in the telecom or mid-infrared band, achieving
precise control over the core diameter presents a barrier in meeting the phase
matching condition with existing tapering techniques. Machine setting inaccuracies
introduce a theoretical error of 100 nm, preventing the fabrication of an optimised
structure compared to the required fabrication accuracy of 30 nm in the telecom band
and 100 nm in the mid-infrared band. Additionally, non-uniformity along the original
untapped fibres and the instability of the tapering machine contribute to this
challenge. The estimated core diameter is calculated under the assumption that the
ratio between cladding and core remains fixed. Nevertheless, this ratio fluctuates
during the tapering process due to factors such as temperature and tapering speed,
leading to an error bar of the core size. Currently, polishing the recipe after each
tapering round is the primary method to approach the optimised core size. However,
new tapering process is under exploration to achieve high precision control over core

dimensions and ensure long lengths with high quality in the future. Another serious
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issue is the low coupled-in pump power, a major limitation for obtaining high
conversion efficiency and Stokes output power. The existing experimental setup could
be optimised by introducing another objective lens on the input coupling side to adjust
the mode profile, reducing input coupling loss. The highest input power achieved is
~ 600 mW with the existing fixing method. In the future, new fixing method could be
explored to withstand more pump power and observe stronger nonlinear effects.

Moving on to CSRS observed in rib waveguides, both in the telecom band and
mid-infrared band, these are constrained by the coupled-in pump power. In contrast
to SCFs, limited by the fixing method, the main challenging here is the substantial
coupling loss. The second fabrication round, involving deep etching, encountered
failure during the etching process, leading to the destruction of the silicon layer and
waveguide structures. The recipe for deep etching needs development for future
success. An alternative approach is to explore a new coupling design, such as grating
couplers or other special types of couplers. Another noteworthy challenge is the high
linear loss during the characterisation of planar waveguides. This high linear loss may
be attributed to the roughness of the sidewall. In addition to improving the etching
operation, an in-depth investigation into the influence of the etch depth and width is
necessary to achieve an effective reduction in linear loss in the future. The
experimental setup could also be adjusted to increase coupling efficiency, for example,

by utilising aspheric lenses instead of spherical lenses.

Finally, the investigation of slotted waveguides represents another promising
direction. However, the high linear loss has forbidden the observation of any
nonlinear effects. This significant linear loss could potentially be attributed to SWGs,
difficult in achieving perfect fabrication and cleaning and introducing extra loss.
During testing, a higher-order light mode was easily excited and difficult to transfer to
the fundamental mode by adjusting the coupling. The design of the slotted
waveguide requires careful checking and refinement. The slot section might benefit
from exploring alternative methods to realise separation between core and side
waveguides. Conducting nonlinear measurements in a slotted waveguide with low

linear loss holds promise for achieving supercontinuum generation.
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Waveguide No. h(nm) W (um) L(mm) p; (ps*/m) A.ps (um?)

o (dB/cm)

Rib A
Rib B
Rib C
Rib D
Rib E

350
350
350
350
250

840
840
840
815
1490

15 0.32 0.063
10 0.32 0.063
20 0.32 0.063
20 0.3 0.031
20 0.63 —0.024

~ 3 (at 1545 nm)
~ 3 (at 1545nm)
~ 3 (at 1545 nm)
~ 3 (at 1545nm)
~ 2 (at 2171 nm)

TABLE A.1: The corresponding parameters of rib waveguide used in the nonlinear

experiments.

Apm) —n ny(m?/W)  Brea (m/W)
1432 3.489 42x10718  11.7x10712
1.5 3482 5x10718  10.8x10712
1.545 3.478 55x10718 10x1012
1.992 3453 7.6718 1.9x10712
217 3447 6.4x10718  0.15x10712

TABLE A.2: Linear and nonlinear parameters for silicon at different wavelength. [22]
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MATLAB code for NLSE

Code

Description

Resolution in the time and frequency domain

tic;

Ntime=256*1024;

Tmax=1000;

dT=2*Tmax/(Ntime);
TT=[-Ntime/2:(Ntime/2)-1]*dT;
FF=[-Ntime/2:(Ntime/2)-1]./(2*Tmax);
Fmax=max(FF);

dF=FF(2)-FF(1);

Time record

Number of time points
Maximum time window

Time resolution

Time window

Frequency window
Maximum Frequency window

Frequency resolution

Constants and material parameters

€=2.997924580e-4; %m / ps
n2=4.196e-18; %m? /W
Aeff=0.372e-12; Y%om?
beta2=1.1040; %ps2 /m
beta3=-4.0962e-5; %ops> /m
betad=6e-7; % ps4 /m
lam=1.432e-6; Y%om
k0=2*pi/lam; %1/m
beta_TPA=11.772e-12; Y%om /W
gamma=k0*n2/Aeff+i*beta_TPA /2 / Aeff;
sigma=1.45e-21; %m?
ke=1.35e-27; %m?
mu=2*kc*k0/sigma;
tau=7.5e3; %ps
h=6.626068*1e-34; %mzkg /s

Speed of light

Nonlinear refractive index
Effective mode area

2nd order dispersion parameter
3rd order dispersion parameter
4th order dispersion parameter
Pump wavelength

Wave vector

TPA coefficient

Nonlinear coefficient

FCA cross section

FCA coefficient

Free carrier dispersion

free carrier lifetime

Planck constant
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Waveguide parameters

L=3e-2; %m
Alpha_1=2e2; %dB/m
LdB=Alpha I*L; %dB
Lss=10"(LdB/10);
alpha_l=log(Lss)/L;

Crystal length
Propagation loss

Loss in other units

Parameters of pump source

Tpp=100e3; %ps

TOp=Tpp/1.665;
POp=1000e-3; %W
%E0=sqrt(P0)*sech(TT/TO0);

EOp=sqrt(POp)*exp(-1/2*(TT/T0p)." 2);

Yosqrt(W)

Tps=20;
T0s=Tps/1.665;
P0s=0;

deltf=15.45; %THz

phi_0=2*pi*deltf*TT;

EOs=sqrt(P0s)*exp(-1/2*(TT/T0s)"2)

*exp(i*phi-0);
EO0=EOp +EO0s;
Ephoton=h*(FF + c/lam)*1e24; %p]

Ef0=fftshift(ifft(fftshift(E0)))*2* Tmax+

sqrt(Ephoton*dF*A).*
exp(i*pi*(2*rand(size(FF))-1));

EO=fftshift(fft(fftshift(Ef0/2/Tmax)));

Full width at half height (FWHM) of
pump source

Width at1/e

Pump peak power

Sech-shaped pulse

Gussian -shaped pump function

Full width at half height of signal source

signal peak power

Difference between the signal and the
pump

Phase difference

Signal function

Superposition of pump and signal
Photon energy
Adding noise, A could be adjusted ac-

cording to the real noise level

Fourier transform

Draw spectrum in time and frequency domain

tigure(1)

subplot(2,1,1);
plot(TT,abs(E0)," 2);
axis([-Tmax Tmax 0 inf])
title('z = 0 m’);
xlabel("Time (ps)’)
ylabel('Intensity (W/m "))
Ef0 = fftshift(fft(fftshift(E0)));
subplot(2,1,2);
plot(FEabs(Ef0)." 2)
xlabel("Frequency (THz)")

Draw figure 1
Draw the top figure
Draw the light intensity in time domain

Set the ranges of axis
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ylabel(’Spectrum (a.u.)")
drawnow;

Dispersive operators

phi2=1/2**(2*pi*FF)." 2*beta2; 2nd order
phi3=1/6**(2*pi*FF)." 3*beta3; 3rd order
phid=1/24**(2*pi*FF)." 4*beta4; 4th order
Raman operators

T1=10.3e-3; %ps T
T12=3.0315; %ps T

% gR=2.9e-10;

hR=zeros(1,Ntime);
hR(x1+1:end)=(T1"2+T2"2)/(T1*T2"2)
*exp(-TT(x1+1:end)/T2)
Fsin(TT(x1+1:end)/T1);
hRf=fftshift(fft(fftshift(hR)));
HR=fftshift(fft(fftshift(hR)))*dT;

% tR=gR*(0.105*pi) / (n2*k0*15.5*2*pi);

fR=0.043;
chi1l111=HR;

Raman gain
Raman response function zeroed

Raman response function

Fourier transform
Fourier transform
Fractional contribution of Raman re-

sponse

Propagation segment

z=0;

Lz=L,;

E1=EQ;

al=le-3;
Nplots=(Lz-z)/al+1;
Nplots=round(Nplots);
a=al;

b=2;

pik=[0:al:Lz];

Set the segment of the length

Create matrix and vectors for storage

Eout=zeros(Nplots,Ntime);
Eout(1,:)=E0;
width=zeros(Nplots,1);
width(1)=fwhm(TT, abs(E0)," 2);
energy=zeros(Nplots,1);
energy(1)=sum(abs(E0)."2)*dT;
disp(["Ein="num?2str(energy(1))'pJ’]l)
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Nc=zeros(size(TT));

Main loop of the code

while z<Lz, Set the limitation of the loop
drawnow

Eltil=fftshift(ifft(fftshift(E1)));

dz=5e-4; For fixed step propagation

z=z+dz;

if z>=a Set the condition for drawing figures

Eout(b:)=E1;

width(b)=fwhm(TT,abs(E1).” 2);

energy(b)=sum(abs(E1).”2)*dT;

tigure(1)

subplot(2,1,1); Draw the top figure
plot(TT,abs(E1).” 2); Draw the light intensity in time domain
axis([-Tmax Tmax 0 inf]) Set the ranges of axis
title(['z =", num2str(z),’'m,E'num2str(energy(b1))]);

xlabel("Time (ps)’)

ylabel('Power (W))

subplot(2,1,2);

plot(FE,abs(Ef0).” 2)

xlabel("Frequency (THz)")

ylabel(’Spectrum (a.u.)")

a=a+l;

b=b+1;

end

GVD=exp((phi2+phi3+phi4)*dz); dispersion step
Eltil=E1til.*GVD;

E1=fftshift(fft(fftshift(E1til)));

convO=(fft(fftshift(abs(E1).” 2))) Xft- Raman step solved by Runge-Kutta
shift(chill1l); method
int0=(1-fR)*abs(E1).” 2+fR*fftshift(ifft((conv0)));
v1=E1-1/2*gamma/w0*dz*gradient(E1.*int0,TT);
conv1=fft(fftshift(abs(v1).” 2)).*fftshift(chil111);
intl=(1-fR)*abs(v1).” 2+fR*fftshift(ifft((conv1)));
v=El+i*gamma*dz*v1.*(int1-int0)-
gamma/w0*dz*gradient(v1.*int1,TT);
El=v.*exp(i*dz*gamma*int0);

%Nc=zeros(size(TT)); Free carrier step for pulse pump
%for ii=1:length(TT)-2
%Nc(ii+2)=(beta_TPA/(2*h*v0)*abs(E1(ii+1)).” 4/ Aeff" 2
*1e-24-Nc(ii+1)/tau)*2*d T+Nc(ii);
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Y%end

Nc=beta_TPA/(2*h*v0)*mean(abs(E1))"4 Free carrier step for CW light
/ Aeff” 2*1e-24*tau;

E1=E1.*exp(-sigma/2*(1+i*mu).*Nc*dz);

loss=exp(-0.5*alpha_1*dz); Linear loss step
E1=E1.*loss;

end The end of the loop
Results

Eout(Nplots,:)=E1;

width(Nplots)=fwhm(TT,abs(E1)." 2);

energy(Nplots)=sum(abs(E1)." 2).*dT;

disp(["Eout="num2str(energy(Nplots)) pJ’])

toc Calculation time

Efp=fftmeshshift(abs(ifft(Eout.”))."2).”; Output pump power in frequency do-
main

Ef_windows=exp(-1/2*((FF-deltf) /2)."6); Signal frequency window

Ef_outs=fftshift(ifft(ffshift(E1))).*Ef_windows;

E_outs=fftshift(fft(fftshift(Ef_outs))); Output specturm in signal frequency
Ef windowp=exp(-1/2*((FF)/2)."6); Pump frequency domain
Ef_outp=fftshift(ifft(ffshift(E1))).*Ef windowp;
E_outp=fftshift(fft(fftshift(Ef_outp))); Out put spectrum in pump frequency

TABLE B.1: MATLAB code for NLSE.

Code Description

function f=fftmeshshift(g); Name the function and the variable

% f=fftmeshshift(g) carriers out a columnwise fftshift on a
matrix g

m=size(g,1);
a=g(l:m/2,:);
b=g(m/2+1,);
f=[bjal;

TABLE B.2: Fourier transform code
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Chapter B. MATLAB code for NLSE

Code

Description

function f=fwhm(TT,A);

h=(max(A)-min(A))/2;

A=A-h;

is2=min(find(A>0));

isl=is2-1;

ifl=max(find(A>0));

if2=if1+1;
if(if2>length(A))|(is2>1ength(A))
|(is1<1)|(if1<1)

f=nan;

else

xs=(A(is1)*TT(is2)-
A(is2)*TT(is1))/(A(is1)-A(is2));
xf=(AGf1)*TT(if2)-
AGf2)*TT(if1))/ (A(if1)-A(if2));
f=xf-xs;

end

Name the function and the variable; TT
is the x grid and A is the profile whose
width is to be measured

Find the left edge of the pulse

Find the right edge of the pulse
Conditions to determine whether A is an

invalid matrix

output results

f is the FWHM of a pulse

TABLE B.3: FWHM calculation code
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Appendix C

Parameters for characterizing rib

waveguide

No. Linearloss (dB/cm) ICL (dB) PBrpa (x1072m/W)

1 2 18 5
2 2 19.5 7
3 2 20.5 9
4 2 21.5 11
5 2 22.5 13

TABLE C.1: Parameters for choosing the proper frps with the linear loss of 2dB/cm.

No. Linearloss (dB/cm) ICL (dB) PBrpa (x10~2m/W)

1 3 21 13
2 3 20.5 11
3 3 19.5 9
4 3 18.5 7
5 3 17.5 5

TABLE C.2: Parameters for choosing the proper frps with the linear loss of 3dB/cm.

No. Linearloss (dB/cm) ICL (dB) PBrpa (x1072m/W)

1 4 20.5 13
2 4 20 11
3 4 19 9
4 4 18.5 7
5 4 17 5

TABLE C.3: Parameters for choosing the proper frps with the linear loss of 4 dB/cm.



148 Chapter C. Parameters for characterizing rib waveguide

No. Linearloss (dB/cm) ICL (dB) PBrpa (x1072m/W) OCL (dB)

1 1 20 7 5.5
2 2 20 7 4.5
3 3 19 7 4

4 4 18.5 7 2.5

TABLE C.4: Parameters for choosing the proper f7PA and linear loss.
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