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Silicon photonics is fast becoming one of the most active research areas. Within this field,
silicon waveguides have gained significant attention for their tight light confinement, which
makes them well suited for nonlinear applications. In recent years, silicon core optical fibres
have emerged as a new platform for nonlinear optics. The motivation of this project is to
characterise the nonlinear properties of the silicon core fibres and build novel nonlinear
photonic devices. In this work, firstly, a tapering process is introduced to reduce the core
sizes of the silicon core fibres down to sizes required for nonlinear applications. The tapers
are studied numerically and the linear optical transmission properties characterised
experimentally. Then, the optical nonlinear properties, such as the nonlinear Kerr
coefficient and two-photon absorption parameter of these fibres are characterised by
fitting experimental data of high-power pulse propagation with numerical simulations of
the nonlinear Schrodinger equation. These characterisations cover wavelengths from
telecom band to short wave infrared regime. Secondly, supercontinuum generation is
demonstrated experimentally in various silicon core fibres with different taper profiles. The
process of the supercontinuum is also studied numerically to understand the pulse
dynamics. The results are analysed with respect to the power efficiency and coherence
properties. Thirdly, an inverse taper structure is demonstrated as a novel approach for
integrating the silicon core fibres with conventional silica fibre systems. The fabrication
process of the integration technique is fully documented. The coupling efficiency of the
device is characterised using a combination of experiments and finite element numerical
studies. These studies will pave the way for future all-fibre nonlinear silicon photonic

systems.
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Chapter1 Introduction

1.1 Fiberised nonlinear silicon photonics

Silicon is the second most abundant element on earth’s crust. It plays an important role in the
modern industrial world for its special properties. It is thermally stable, chemically inert and non-
toxic [1]. As a semiconductor, it has useful electrical conductivity properties that positions it
between insulators and metals in the periodic table, and which can be controlled by introducing
dopants into the material. Thus, silicon is widely used in the electronics industry for semiconductor
devices, such as integrated circuits and solar panels. Moreover, silicon is also a useful photonic
material as it has a wide transmission window that extends from 1 um up to 8 um. Silicon photonics
has been studied extensively in terms of passive and active devices since mid-1980s [2]. Drawing
on advanced CMOS fabrication technologies, silicon photonic devices can be produced at relatively
low cost, making them promising platforms for integrated on-chip photonics. Numerous photonic
devices have been successfully demonstrated, such as resonators [3], modulators [4] and optical
multiplexers [5]. However, most of these devices are still under development in research

laboratories and have yet to be fully adopted by industry.

Silicon also has attractive nonlinear optical properties. It is a highly nonlinear material that has a
Kerr nonlinear index two orders of magnitude larger than silica. It also has a high damage threshold
and so can tolerate high light intensities from ultrafast lasers. It has a high refractive index so that
light can be confined tightly within nano-sized waveguide structures. As a result, intense interest
has been devoted to the demonstration of nonlinear silicon devices such as all-optical switches [6],
Raman lasers [7] and parametric amplifiers [8], supercontinuum generation [9], and frequency
combs [10]. Although much of the early work was focused on the telecommunications band, owing
to silicon’s high nonlinear absorption in this region, in the past 10 years attention has turned to the
mid-infrared (mid-IR) spectral region, where it exhibits a higher nonlinear figure of merit (FOM).
The mid-IR is an important spectral region for applications in medicine, food production,
environmental monitoring, and security [11]. However, the transmission window of conventional
silicon photonics devices, constructed from the silicon-on-insulator (SOI) platform, are limited to
the shortwave infrared (SWIR) band. A few complex structures have been developed to extend the
transmission window to the mid-wave infrared (MWIR) band, such as silicon-on-porous silicon [12],
silicon-on-sapphire [13], silicon-on-nitride [14], suspended silicon waveguide [15] and silicon
pedestals [16]. However, these platforms encounter different challenges such as increased

fabrication complexity, robustness and device quality.
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In addition to the challenges associated with the chip design , there are also hurdles to robustly
integrate planar-based silicon photonics devices with widely used optical fibre systems [17]. The
most significant problem is how to couple light efficiently into these nano-sized waveguides.
Currently, there are two mainstream coupling methods used between fibre and chip-based
waveguides: edge coupling and grating coupling, as shown in Fig. 1.1. The coupling efficiency of the
former is modest when coupling light directly from an optical fibre to a nanometre sized waveguide
due to the huge mode mismatch. As a result, this method is often assisted by a spot size converter
(SSC), which is basically a section of tapered waveguide. However, this method lacks practicality as
it requires precise alighment when packaging. The second method uses waveguide gratings, by
which light can be coupled into the waveguide from an out of plane direction with a relatively large
spot size. However, it has less efficiency, narrow bandwidth and polarisation dependency [17].
Furthermore, both of these methods cannot avoid free space light propagation between the fibre
and chip, which reduces the robustness of the device. To date, there is still a need for a compact,
fibre integrated infrared photonics platform that takes advantage of the numerous optical

properties of silicon.

@ ®)

ptical fibre

| Optical fibre

Figure 1.1 Coupling strategies between an optical fibre and a silicon planar waveguide.

(a) Using a SSC. (b). Using a grating coupler.

1.1.1 Silicon core fibre

Following the invention of laser in 1960, optical fibres technologies have developed rapidly as a
means to steer the light over long paths. They are not only the foundation of modern
communication systems, but also used in many other fields, such as sensing, imaging and nonlinear
photonic applications. However, conventional silica optical fibres have many limitations in terms of
their transmission window and functionality. Efforts have been made to develop optical fibres with
different core materials for specific optical functions. The silica-clad, silicon core fibre (SCF)

emerged in the past decades as a novel fibre platform that incorporate silicon photonics into
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conventional silica fibre technologies. It has been investigated for various of applications in
photonics and optoelectronics including optical signal processing [18], [19], supercontinuum
generation (SCG) [20], and solar cells [21]. As an intermediate platform between on-chip silicon
devices and conventional optical fibres, the SCFs combine characteristics of both, with some
additional useful features. Compared with chip-based waveguides, the SCFs benefit from the fibre
geometry, so that they offer the potential to be robustly spliced with other fibre based optical
systems. Fig. 1.2 shows a concept plan for SCF device integration in a standard fibre system. The
silica cladding provides protection to the core from the surrounding environment. SCFs can also be
made with a larger variation in core sizes, which can be fabricated from a few hundreds of
micrometres to nanometre scales, to provide a wider range of modal properties than their planar
counterparts. Compared with conventional fibres, SCF offers much higher nonlinear coefficients
and tighter light confinement for nonlinear light manipulation. The nonlinearity parameter of the
SCFs is usually 2-3 orders of magnitude higher than conventional nonlinear fibres. Furthermore, it

has unique optoelectronics properties that can expand the range of potential fibre applications.

SCF Sio,

‘\

: —~ si
Single mode fibre

Single mode fibre

Figure 1.2 Concept plan of a SCF device in a standard fibre system. On the right shows

the cross section of a SCF.

There are two main methods for SCF fabrication. The first SCF was fabricated by depositing silicon
inside a silica capillary via the high-pressure chemical vapour deposition (HPCVD) method [22].
However, this method was time consuming and only produced fibres with centimetre lengths.
Shortly after this initial work, a more flexible method was proposed, the so called “molten core
drawing (MCD)” method, that made use of a conventional fibre drawing tower and so can produce
fibres over much longer lengths, making the MCD fibres cheaper to produce [23]. Therefore, the
SCFs used in this thesis were fabricated by the MCD method. Although the core sizes of the MCD
fibres are typically quite large (>10 um), recently our group developed a post-processing tapering
procedure that can controllably reduce the fibre dimensions, while at the same time improving the

material quality of the silicon core, making them more suitable for nonlinear applications [24].
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Although the SCFs produced from the MCD method looked to be a promising platform for compact
nonlinear photonics devices, they still required further development. Firstly, the optical properties
of the SCFs fabricated from the post-processing tapering were not fully characterised. Also, as the
research direction of the fibre optics community is gradually moving to the mid-IR band, there is an
increasing demand for the optical characteristics of the SCFs to be optimised for use in this new
wavelength region. However, the linear and nonlinear transmission properties of tapered SCFs
were previously only characterised in the telecommunication band [24]. Secondly, few nonlinear
optical devices were demonstrated using tapered SCFs. Thirdly, as SCFs are high-index core fibres,
there was a strong demand for establishing a method for robust integration with standard fiber
infrastructure. Hence, the main goal of this project was to exploit the potential of the tapered SCF
for all-fiberised nonlinear photonic devices extending beyond the telecoms band and into the mid-
IR. Specifically, in this thesis, the linear and nonlinear optical properties of the tapered SCFs are
characterised from the near-to mid-IR region. Wide band supercontinuum generation in the mid-IR
is studied. A robust, low loss all-fibre integration method for subwavelength SCF is proposed and

demonstrated. These studies pave way to next generation all-fibre nonlinear optical systems.

1.2 Literature review

1.2.1 From integrated circuit to nonlinear silicon photonics

After the integrated circuit (IC) emerged in the 1960s, the gate length of a single transistor has been
reducing at an incredible speed from 10 um in the early 1970s to below 10 nm nowadays. With this
enormous success of the silicon fabrication technology, it is easy to associate the silicon chip
fabrication technology with photonics, as silicon can also be used to make optical devices by virtue
of its distinguished photonic and optoelectronic properties. The initial concept of silicon photonics
was raised by Richard Sorefin 1986 [2]. In this early work, he demonstrated an optical power divider
using a planar silicon waveguide operating at 1.3 um. Several light manipulation schemes were
proposed, including using the free carrier effects and Kerr nonlinear effects. These waveguides
were produced using epitaxially grown high resistance silicon on a heavily doped silicon substrate.
However, they had high propagation losses, which were caused by weak light confinement and
large cladding leakage. Following Soref’s work, other platforms such as (SOI) [25], silicon-on-
sapphire (SOS) [26], and silicon-germanium-on-silicon [27] were reported around 1990. Among
these platforms, SOI has prevailed in the near infrared region for its low cost and low cladding
refractive index [1]. The large refractive index contrast of silicon and silicon dioxide offers a tighter

light confinement, which reduces the substrate leakage and allows for smaller scale devices. To
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date, SOl waveguides with nanoscale dimensions can have transmission losses less than 0.5 dB/cm

in the telecom band [28].

Within the field of silicon photonics, nonlinear optical effects have been widely studied thanks to
the tight light confinement and the high nonlinear coefficients of silicon. Compared with
conventional nonlinear optical fibres, silicon waveguides offer useful advantages in that they are
extremely compact and offer much lower power thresholds. The power threshold is also much
lower for waveguides. Like silica, silicon is a x®) material due to its symmetric crystalline structure.
Many nonlinear demonstrations have been reported based on Kerr effects, including Raman
amplification and lasering, harmonic generation, parametric amplification, SCG and frequency

combs.

In 2002 and 2003, spontaneous Raman scattering [29] and stimulated Raman scattering [30] were
first observed in a silicon waveguides. These findings opened up the study of nonlinear silicon
photonics. As the Raman gain in silicon is strong and has a narrow bandwidth, silicon waveguides
are suitable for making Raman amplifiers and lasers. The first silicon Raman laser was reported in
2004, with a lasing threshold of 9 W from a pulsed pump at wavelength of 1.68 um [31]. In the next
few years, the silicon Raman laser was further developed, a continuous wave (CW) Raman laser [32]
and a cascaded Raman laser [33] were reported. The laser threshold was reduced to microwatt

level by photonic-crystal nanocavity in 2013 [7].

The four-wave mixing (FWM) processes have been extensively studied in silicon waveguides, as the
generation of new frequencies and parametric amplification can be realised for communication and
sensing applications. In 2005, FWM was first observed in a silicon waveguide in the telecom band
[34], [35]. The bandwidth and gain of the FWM process in the telecom band were improved in 2006
by optimising the waveguide, pump power and phase matching [36]. This technique was soon used

for signal regeneration in the telecommunication band in 2008 [37] and mid-IR band in 2012 [38].

SCG is another widely studied phenomenon in silicon photonics, as silicon has the potential to
generate broadband supercontinuum thanks to its wide transmission window. SCG in silicon
waveguides can be classified into two types: one is by pumping with femtosecond pulses, where
the nonlinear processes are dominated by self-phase modulation (SPM) in the normal dispersion
regime and soliton dynamics in the anomalous dispersion regime; the other is by pumping with
relatively longer pulses or CW signals, where it is dominated by modulation instability (Ml) and
Raman scattering [39]. The early supercontinuum generated in silicon waveguides were pumped
by picosecond pulses near the telecom band [40], [41]. The bandwidth was limited by the large
nonlinear absorption in this wavelength regime. Significant improvements were made by using mid-

IR pump sources to reduce the nonlinear absorption [9], [42]. Since 2014, most of the SCG in silicon
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waveguides have used femtosecond pump source, as it is easier to achieve broader bandwidths
than when using picosecond pumps. However, the longest wavelength achieved within an SOI
waveguide is 3.6 um [43], which is limited by the large cladding absorption due to the transmission
window of silica. Broad mid-IR SCG was achieved by using the SOS waveguide [13], which enabled

the spectrum to be extended up to 6 um.

1.2.2 Silicon core fibre

Development of fabrication process

With the great successes of chip-based silicon photonics, SCFs emerged as a fiberised silicon
photonic platform, which uses silicon as a core and silica as the cladding. The fibre structure of the
SCFs offers the possibility for robust all-fibre silicon photonic devices. Compared to silica fibres,
they also have rich optoelectronic properties and an extended mid-IR transmission window. The
first silicon fibre was reported in 1996 via the micro pull down technique [44]. This technique
continuously feeds a seed crystal with melted silicon through a graphite crucible. To prevent
oxidation of the crucible and silicon, argon gas was flushed in the growth chamber. Bare single
crystal silicon fibre was drawn to 200 um in diameter over 15 cm in length. Similar to that of bulk
silicon single crystal growth, these fibres were always grown in the <111> direction. The crystal
growth mechanism was studied in this article, in terms of mass conservation, energy conservation
and shape stability to produce high quality single crystalline silicon fibre. However, dislocations and
subgrains occasionally appeared in these early fibres and they were not primarily considered for

light guiding.

In 20086, the first glass clad silicon core optical fibre was fabricated via the HPCVD method as shown
in Fig. 1.3 (a). Silicon was deposited into the hole of microstructured optical fibers (MOFs) using a
silane (SiH4) precursor in a high temperature furnace under high pressure [22]. Silane decomposes
and leaves silicon on the inside walls of the capillary, which eventually forms the core of the SCF.
Depending on the temperature, it can result in Hydrogenated amorphous silicon (a-Si:H) or
Polycrystalline silicon (p-Si) cores [45]. The first optical SCF had a core that was polycrystalline in
nature with a transmission loss estimated to be 7 dB/cm at 1.55 um. In 2009, another SCF fabricated
through a modified MOF template, as shown in Fig. 1.3 (b), was demonstrated to have a
transmission loss from 5-10 dB/cm and significantly reduced the number of modes supported by
the core. [46]. The loss was then reduced to 3 dB/cm at 1.55 pm in 2010 and 1.7 dB/cm by
controlling the hydrogen content in the a-Si:H [47], [48]. These SCFs used silica capillaries as the

deposition template instead of MOFs, as shown in Fig. 1.3 (c).
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The main drawback of the HPCVD method is that the deposition process is slow and produces fibres
with only a few centimetres’ length. The MCD method was developed to produce long polysilicon
fibres in 2008 [23]. This method fabricates polycrystalline SCF by adapting the convention fibre
drawing technique. A silicon rod with a 3 mm diameter was drilled out from a single crystal boule
and inserted into a thick silica tube with 3.5 mm inner diameter and 5 mm outer diameter. The fibre
was drawn at a rate of 2.7 m/min, at around 1950 °C, which is above the melting temperature of
silicon, so that the molten silicon fills the silica tube, leaving no gap between core and cladding. The
resulting fibre had a large core/cladding diameter (60-120 um/1-2 mm) and a length of 30 m, as
shown in Fig. 1.3 (d). However, this initial drawn fibre had a high defect density, with only a 5 cm
section of fibre shown to be “bubble free”. The measured transmission of this fibre was measured
to be 2.7 dB/cm at 1.3 um and 0.043 dB/cm at 2.9 um, as the large core size reduced the effects of
scattering loss from the core cladding boundary. Following this work, efforts were made to reduce
the core size of the drawn SCFs while maintaining low transmission losses. In 2009, the diameter of
the core/cladding of the MCD SCFs were reduced to 10-100 um/40-240 um using a custom-made
fiber drawing system [49]. Unlike the work in [23], it used high purity silicon powder filled in a silica
tube instead of a silicon rod. However, this method only produced fibres with a few centimetres’
length and their transmission losses were not thoroughly studied due to unknown coupling

conditions.
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Figure 1.3 A collection of reviewed SCFs in the past decade. (a). Scanning electron
micrographs (SEM) of silicon fibres deposited in a honeycomb MOF template [22]. (b).
A SCF deposited in a PCF template [46]. (c). SEM of a single core SCF [47]. (d). SEM of
the first MCD SCF [23]. (e) SCF after tapering by a splicer. (f)-(g). Small core SCF after

post process tapering [24].

Characterisations of the crystallinity of the SCF were carried out, including studies of the effects of
the core geometry, surface roughness, crystal grain boundaries, crack defect, oxygen diffusion and
longitudinal perturbations [50]—[53]. It was found that defects such as bubbles and stress can be
induced by chemical reactions and thermal mismatch between the silicon core and silica cladding.
To eliminate these defects, in 2013, alkaline oxide interface modifiers were introduced into the
SCFs as an interface layer between the core and cladding [54]. This layer can moderate the stress
between core and cladding, and at the same time reduce the impurities of the silicon core and
provide a gradient index of refraction. Different materials including NaO, MgQO, SrO, CaO and BaO
were tested. CaO and MgO modifier were considered to have the best performance. This method
significantly increases the quality of the SCF in terms of uniformity, mechanical properties and
defect rate. The fibre core diameter was reduced to 10 um with the reported loss of 4 dB/cm at

1.55 um.
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In 2015, a novel drawing method using an aluminium rod inserted inside a silica tube was reported
[55]. This method utilizes the reaction of aluminium and silica to produce a silicon core. However,
the optical transmission property of these fibres was not measured, leaving a question mark of the

optical quality of these fibres.

In 2010, tapered SCFs were first demonstrated by post-processing an a-Si:H core HPCVD SCF using
a fusion splicer, as shown in Fig. 1.3 (e) [56]. The fibre core was transformed into a polycrystalline
material with a smooth taper profile. This work showed that the fibre dimension could be further
decreased to nanometre scale via tapering. In 2016, a modified post-process tapering method was
used to reduce the losses of polycrystalline core MCD SCFs down to 3.5 dB/cm, while at the same
time reducing the core diameter to 0.94 um, shown in Fig. 1.3 (f)-(g) [24]. These fibres exhibit
different transmission qualities compared to the as-drawn SCFs, as the tapered process reduces the

core diameter as well as the number of grain boundaries.
Photonic applications

Following improvement in the transmission properties, various optical applications were studied in
these SCFs. In general, most of these applications exploited the excellent nonlinear optical
properties of the a-Si:H core fibres, which had the lowest transmission losses and smallest cores.
The most studied nonlinear application in SCFs is all optical modulation near the telecommunication
band. In 2007, all-optical modulation was first demonstrated in an a-Si:H core fibre using free carrier
absorption (FCA) generated by a 532 nm pulsed laser [57]. An 8.3 dB modulation depth was
achieved with 1.4 MHz modulation frequency at 1.55 um. In 2011, another all optical modulation
experiment was demonstrated in an a-Si:H SCF using two-photon absorption (TPA) [48]. A 40 MHz
modulation frequency with a 4-dB extinction ratio was achieved at telecom wavelengths. In 2012,
using a similar experiment configuration as in [48], cross phase modulation (XPM) was
demonstrated in the same fibre at telecom wavelengths, with an improved 12 dB extinction ratio
[18]. The first nonlinear application in a crystalline SCF was demonstrated in 2015, where optical
modulation was demonstrated in a hybrid silicon-core, silica-clad microspherical resonator using

the Kerr effect (Fig. 1.4 (a)) [19].

Other nonlinear phenomena were less studied, and so there is scope for further investigation. In
2010, the nonlinear transmission properties of a-Si:H core SCFs were characterised, such as the
linear absorption, nonlinear refractive index and nonlinear absorption. Numerical simulation of
short pulse propagation in tapered SCF was also studied. It showed that SCFs with tapered designs
could be used for parabolic pulse generation as well as soliton-like pulse propagation and
compression [58]-[60]. In 2014, an octave supercontinuum generation from 1.6 um to 3.4 um was

demonstrated in an a-Si:H core SCF [20]. The fibre was 4 mm long and pumped by a femtosecond
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pulse laser with peak power of 75 W at 2.5 um. This was strong evidence that the SCFs are a suitable

platform for mid-IR nonlinear photonics.

There have also been a few studies of optical devices drawing on the linear properties. In the year
2015, an all-fiber temperature sensor based on a silicon Fabry—Perot interferometer was
demonstrated using a polycrystalline silicon core fibre [61]. The device was realised by splicing a
single mode fibre (SMF) with the SCF, which was also the first all-fibre silicon photonic device. In
2017, Bragg gratings were written in to SCFs via laser treatments (Fig. 1.4 (c)) [62], however, their
optical properties were not characterised. Other research on SCFs, such as solar SCFs (Fig. 1.4 (b))
[21], [63], [64], infrared optical detection [65], [66], and silicon nano p-n spheres (Fig. 1.4 (d)) [67]

have indicated that these fibres are also suitable for optoelectronics applications.

In conclusion, significant progress has been made to the SCF platform over past decade. However,
there is still a large space for the SCF technology to be further developed in terms of fabrication
techniques, optical transmission, device integration with standard fibre systems and nonlinear
optical applications. Being a highly nonlinear fibre, many nonlinear applications such as SCG, optical
parametric amplification (OPA), Raman amplification and pulse shaping have yet to be
demonstrated experimentally in the MCD SCFs. Furthermore, although silicon has a wide mid-IR
transmission window, most of the early work focused on demonstrations in the telecommunication
band. Prior to the work in this thesis, little research on SCFs was carried out in the mid-IR band,

where increased attention is being focused in the silicon photonic community.

(@) silica clad 3.5 pm\L

Silicon core —_ .
100 um 100-um

Figure 1.4 Collection of SCF devices. (a) A hybrid silicon-core, silica-clad microspherical

resonator. (b) Packed solar SCF. (c) Bragg gratings written on SCF. (d) Silicon nano p-n

spheres, scale bar 100 um.
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1.3 Thesis outline

Chapter 2 reviews the basic knowledge of nonlinear fibre optics. It is divided into two sections. In
the first section, the optical properties of fibre waveguides are introduced. The modal behaviours
and optical transmission properties of SCFs are reviewed. The dispersion properties of SCFs are
studied numerically. The second section describes the nonlinear short pulse propagation in a
nonlinear fibre. The physics of nonlinear light matter interactions in silicon are introduced briefly,
including the third order susceptibility induced Kerr nonlinear effect and TPA. The TPA induced free
carrier absorption (FCA) is also discussed. The effect of these nonlinear behaviours is studied on
ultrafast pulses propagation. The pulse shape in both time and spectral domain is analysed both
analytically and numerically via the well-known Nonlinear Schrodinger Equation (NLSE). | mainly

focus on self-phase modulation (SPM) and soliton fission that are related to this thesis.

Chapter 3 mainly focuses on the fabrication and tapering technology of the SCFs. It starts with
reviewing the fabrication of the as-drawn SCF. The tapering process for the SCFs is then studied
experimentally and numerically. Firstly, the tapering rig is introduced, which talks about the
machine operation and parameter settings. Two types of fibre mounting techniques for tapering
are introduced, including the capillary method and splicing method. Then, the shapes of the tapered
SCFs are studied experimentally and numerically. A model is built based on fluid mechanics to get
a deeper understanding of the tapering process. Then the technique of tapering nanometre scale
SCFs is studied with both theory and hands on experience. Some tips are provided on the criteria
to achieve successful tapering of ultra-small core SCFs. Finally, the sample mounting and polishing

skills are introduced.

Chapter 4 introduces the optical characterisation of the tapered SCFs. It first reviews the material
properties of SCFs in previous work associated with the crystallinity of the core. Transmission
measurements of the tapered SCFs with a range of different core sizes are characterised
experimentally by cutback measurements for various wavelengths from the telecom to mid-IR
spectral band. These results are compared with the Fabry-Pérot cavity analysis. Two types of SCFs
are characterised, one is a SCF which is made from solar grade, heavily doped n-type silicon, the
other is made from pure silicon. The transmission properties of both fibre types are compared and
discussed. Then, the nonlinear properties of the SCFs, including nonlinear absorption and nonlinear
refraction are characterised. By pumping a SCF with high intensity femtosecond pulses, the spectral
broadening is recorded and fitted with numerical simulations to determine the nonlinear

parameters.

Chapter 5 demonstrates broadband SCG in the tapered SCFs. It begins with a short review of recent

SCG in silicon. Then the dispersion and transmission window limitation of SCFs are discussed for

11



Chapter 1

efficient SCG design in the SCFs. SCG is then studied in two parts. The first part uses untapered SCFs
for SCG generation and the second part uses tapered SCFs. The experimental results of these SCG
are compared with simulations. The SCG process is also studied using spectrograms to obtain a
deeper understanding of the pulse dynamics. Finally, the coherence properties of the SCGs are

analysed with numerical calculations.

Chapter 6 describes a novel method for SCF integration with other fibre systems. A nanospike
structure has been developed for efficient light coupling between SCFs and standard fibre systems.
Two types of couplers using the nanospike structure are studied in this chapter. They are studied
with both numerical simulation of light coupling and experimentally optical transmission
characterisation. The performances of these approaches are compared and discussed. Their

fabrication process is documented in detail.

Chapter 7 summarises the work that has been done to date and presents potential future work.

1.4 Key achievements

1. Characterised the linear and nonlinear transmission properties of small core tapered SCFs
from telecom wavelengths to the TPA edge in the mid-IR regime. These tapered SCFs exhibit low
linear loss on the order of a few dB/cm over the entire wavelength range. The obtained TPA
coefficient and nonlinear refractive index revealed the high nonlinear FOM of tapered SCFs above

2 um and the potential for these fibres to find nonlinear applications in the infrared region.

2. Demonstrated a broadband coherent 1.74 octave spanning SC generation from 1.6-5.3 um,
beyond the conventional silica absorption edge, with a ~ 60% in fibre conversion efficiency. The SC
is enhanced by an asymmetrical taper structure. Further optimisation of the fibre structure could
extend the spectrum to beyond 8 um. This is the broadest supercontinuum among silicon core,
silica clad waveguides. This result suggests SCFs are a viable platform for broadband nonlinear
applications in the mid-IR include free-space communications, gas detection and medical

diagnostics.

3. Designed, fabricated and characterised an inverse taper structure (nano-spike) on the end of
a SCF that is robustly fusion spliced to standard SMFs. The estimated coupling efficiency was 4 dB,
which could be further improved up to 0.2 dB by optimising the taper structure. This paves a path

to all-fibre nonlinear photonic systems that can exploit the material benefit of the silicon core.
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Chapter 2  Background

2.1 Introduction

This chapter reviews the fundamental background knowledge of fibre optics. In particular, it focuses
on the linear and nonlinear transmission properties of step index fibres. The optical properties of
fibre waveguides, including the fibre mode behaviour, mode coupling, light transmission, and
dispersion are discussed. The properties of ultrafast laser pulses are introduced, followed by a
description of nonlinear propagation of the ultrafast pulses in fibres. Some basics about the
nonlinear light mater interaction are reviewed, including the nonlinear absorption and refraction in
silicon. The nonlinear induced free carrier generation and absorption in silicon are also discussed.
Then the effect of these nonlinear properties is studied on ultrafast pulses propagation. The pulse
evolution in both time and spectral domains are analysed both analytically and numerically via the

NLSE. | mainly focus on SPM and soliton fission as they are related to this work.
2.2 Optical properties of fibre waveguides

2.2.1 Modal properties of step index fibre

A conventional telecommunication fibre for is a long, thin cylindrical structure where light can be
confined and transmitted via total internal reflection at the core and cladding interface. They are
made of two layers of silica glass with different refractive indexes. They are usually a few hundred
of micrometres thick and metres to kilometres long. Fig. 2.1 shows the schematic of the cross
section of a conventional fibre that has a refractive index profile as a step function. The core in
which light is guided has a higher refractive index than the cladding. The jacket coating is usually
made of polymer that provides necessary mechanical support for the fibre, it has a higher refractive
index than the cladding, which helps to remove undesired light from being transmitted in the

cladding.
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Figure 2.1 Cross sectional refractive index profile of a step-index optical fibre.

Light transmission can be studied by either ray optics where the light is treated as straight lines, or
wave optics where the light is treated as electromagnetic waves. Ray optics is used as an
approximation of wave optics when the wavelength is much smaller than the optical element that
is being studied. The optical properties of an optical fibre are usually studied by wave optics.
However, the electromagnetic wave transmission in the waveguide is rather complex, as Maxwell’s
equations in three dimensional fibre structures are difficult to solve. The modal studies of a fibre
offer a convenient way to analyse the complex electromagnetic wave propagation. When light
propagates in a fibre, the electromagnetic field in the fibre cross section can be decomposed to
many orthogonal sub fields, each sub field is called a mode. Every guided mode has to be a solution
of Maxwell’s equations within the boundary conditions of fibre cross section. In an optical fibre
where the fibre structure does not vary along the fibre axis, fibre modes are independent from each
other and do not change their shape or size while propagating along the length. Two terms need to
be clarified here, the supported modes are all the modes that can be guided in a fibre, whereas the
modes launched into the fibre represent the actual electromagnetic fields propagating in the fibre.
Each excited mode must be one of the supported modes, however, not all supported modes are

necessarily excited.

To determine the mode characteristics of a step index fibre, Maxwell’s equations are solved in the

fibre cross section and an eigenvalue equation can be obtained as [68]

4 _ ngore]{J(U) cladK (W)] []U(U) Klg(W) (2.1)

{vnEff}z{UW} - UJ,(U) WK,W) ||UJ,(U) WK,W)|

where v is an integer, ], is the Bessel function of the first kind, K, is the modified Bessel function

of the second kind, U, V and W are defined as:
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U= kor /n?ore —nZsr) (2.2)

V = kot [N20re — NZ00) (2.4)

:

Where r is the core radius and the effective mode index n.s is the eigenvalue of Eq. (2.1). Each
integer value v corresponds to a set of n,z¢. The values of n, lie between the refractive index of
fibre core and cladding. Each eigenvalue corresponds to a supported mode of the fibre. V is the
normalised frequency that can be used to estimate the mode numbers of a fibre. When V' is smaller
than the cutoff frequency 2.405, only one eigenvalue can be found. In this case, the fibre only
supports the fundamental mode and is called a single mode fibre. For large normalised frequency
V, the number of modes in a step index multimode fibre, known as the mode volume, can be

estimated by

M~ —. (2.5)

There is no analytical solution for Eq. (2.1), so it has to be solved numerically. When v = 0, the
solutions are transverse electric (TE) or transverse magnetic modes (TM), where the electric field E
or magnetic field H components are completely transverse to the fibre axis, in other words, E, = 0
for TE mode or H, = 0 for TM mode. With v > 0, the solutions are hybrid modes where all six
components (Ey, Ey, E,, Hy, Hy, H,) of the electromagnetic field are non-zero. In the general case
for conventional fibres, the core and cladding have a very small refractive index difference so that
the light in the optical fibre is regard as weekly guided. The modes can be approximately treated as
the linear polarised modes (LP modes), where E, and H, are relatively small so can be ignored [68].
Fig. 2.2 shows the LP;,,, modes of a step index fibre [69]. The footnote [ represents the half number
of maxima of the field around the circumference and m represents the number of maxima of the
field along the radius. The LPy; mode is called the fundamental mode of a step index fibre and is

often approximated as a Gaussian distribution.
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Figure 2.2 LP mode electric field amplitudes of a step-index fibre taken from Ref. [69].

The colour shows the different signs of the electric field.

The electrical filed of a mode can be represented as [70]

E(x,y,2) = A(w) - F(x,y) - exp [jB (w)z], (2.6)

where A(w) is a normalisation constant that only related to the angular frequency w, B is
propagation constant that is related to n.rr as f = ngrrkg, ko is the propagation constant in
vacuum and is related to the wavelength A as ky, = 2m/A and F(x,y) is the electric field
distribution in the fibre cross section. In an optical fibre, F (x, y) is usually represented as two parts

in the polar coordinate system as [70]
Jo\zp),  P<mT

F(x:y) = U w
r/p)?], (;p> exp <—7(p - r)>. p>r,

(2.7)

where 7 is fibre core radius and p is radial distance. The mode area is quantified by the effective
mode area Ay It is defined as [70]

_ (S IF(x, y)|* dxdy)?

Aett = [ IFGey)Pdxdy (28)

It also can be converted to polar coordinate as

_2n(fy " pIF(p)IPdp)?
T[T plF(ltdp (29)
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2.2.2 Modes of a SCF

SCFs have a large refractive index difference between the core and cladding. The confinement is so
strong that light is tightly confined inside the core. As a result, SCFs usually exhibit multimode
behaviour owing to the large V number. It cannot be treated as weakly guided fibre, however, the
modal behaviour of SCFs can still be approximated as LP mode, as the fraction of E, and H,
components in a SCF are still small enough to be ignored. Fig. 2.3 (a) and (b) show the mode field
comparison of a large core SCF (with core diameter D = 10 um) and a small core SCF (with core
diameter D = 1 um) at wavelength 1.55 um. The electric field intensity of these modes indicates
that the light confinement is tight in these fibres. The E, components of the 10 um fibre is negligible,

whereas the 1 um core has a small, but non-negligible, E, component.

(@) E Intensity

~
[=N
=

Mode profile

0.4

1.55 pm
2 um

Normalized intensity

o

-5 (I) 5 2 3 4 5 6
Distance (um) Core diameter (um)

Figure 2.3 Mode characteristics of a SCF. (a) Fundamental mode profile with core
diameter of 10 um. (b) Fundamental mode profile with core diameter of 1 um. (c) High
order modes examples of SCF with a core diameter of 10 um. (d) Mode intensity profile
(fundamental mode) of the SCF with core diameter of 10 um. The black line shows the
calculated profile and red dashed line shows the Gaussian curve fit. (e) Effective mode

area (fundamental mode) of SCFs at the wavelengths A =1.55 umand A1 =2 um.

Although SCFs usually have large mode volumes, in practice only the LP,,,, modes can be excited
efficiently due to the symmetry of beam profile from laser source. Fig. 2.3 (c) shows some of the

higher order LPy,,, modes of the 10 um SCF, as these modes are more likely to be excited by a
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Gaussian beam input. Fig. 2.3 (d) shows the fundamental mode profile of the 10 um core fibre at a
wavelength of 1.55 um where the profile is fit well with a Gaussian shape. The effective mode area

does not vary a lot with different wavelengths of interest, as shown in Fig. 2.3 (e).

When light is coupled into a multimode fibre such as SCF, light will excite one or more modes of the
fibre with different coupling efficiencies. The coupling efficiency for each mode depends on the
mode matching between the incoming beam and the modes of the fibre and can be calculated via
the mode overlap integral [68]. The overlap 1,04 between two modes (in the same direction) can
be calculated by [71]

N <Re{f E, x H; - d§}> (Re{f E, x Hi - d§}>

1 2

(2.10)

where El, ﬁl, Ez; ﬁz are the electric and magnetic field of the two modes, * represents the complex
conjugate. As shown in Fig. 2.4, a laser beam is focused by a convex lens into a small spot that has
a similar size to the fundamental mode of the fibre. With careful coupling into the core, it is possible
to propagate most of the light in the fundamental mode [72]. When the focused spot is smaller or
larger than the fundamental mode, the coupling efficiency to fundamental mode will drop, with the

rest of the energy coupled to higher order mode or scattered.

E LP,, LP,, LP,; LP,,

Free spacemode | I

Lens .

Figure 2.4 Schematic diagram of free space coupling to a SCF using lens.
223 Linear transmission

The electric field in a waveguide is often described in power intensity (power transferred per unit

area) I, which is related to the electric field as
EZ
I=—- (2.11)
Zy .

where Z; is the impedance of free space. Light attenuation in a fibre is described as
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I(z) = Ipe™™, (2.12)

where a is loss coefficient and I is the initial power intensity. « is related to the imaginary part of

the refractive index n; as

In practice, the loss per unit length is used with the relation

1
10logqg (I_)
Qyp = —f(’ = 4.343aq, (2.14)

where a5 is loss in dB per unit length.

Light attenuation in crystalline silicon can be caused by many factors. The cut-off wavelength in the
shorter wavelength region is mainly caused by band edge absorption, which depends on the
bandgap energy of the material. Since the bandgap energy of crystalline silicon is around 1.1 eV,
photons with energy above this value will be absorbed to excite electrons from the valence band
to the conduction band. This sets the shortest transparent wavelength of silicon to be 1.1 um. Below
this wavelength, silicon absorbs strongly and cannot be used as a waveguide material. For longer
wavelengths, absorption is caused by molecular vibrations and rotations [73]. The widely accepted
cut-off wavelength is up to 8 um, though above 8 um silicon is still partly transparent. Fig. 2.5 shows
the transmission window of silicon [74] and silica [75]. In practice, for the silicon in the SCF core,
the absorption spectrum could be different, as the bandgap and molecular vibrations of silicon

depend on different sample conditions such as impurity content, stress, strain and temperature.

Silicon
Silica

Absorption (dB/cm)

2 4 6 8 10 2
Wavelength (um)

Figure 2.5 Transmission window of silicon [74] and silica [75].

Another contribution to the attenuation in a fibre is Rayleigh scattering by the impurities and

imperfections in the material, such as contaminant atoms and crystalline defects. In optical planar
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waveguides, it can also be caused by the surface roughness at the core cladding boundary. The
surface scattering increases with increasing refractive index difference between waveguide core
and cladding. However, for SCFs, the light attenuation from surface scattering is usually considered
to be negligible as the fibre surfaces are very smooth [50], which is a significant advantage of this

geometry. The scattering loss is a function of wavelength and exhibits a A~ dependence:

Cr

where Cj is a constant related to the material quality and waveguide surface roughness.

224 Dispersion

Dispersion is the phenomenon when photons with different frequencies travel at different speeds
in the medium. It arises primarily due to the wavelength dependence of the refractive index of the
material. For waveguides, dispersion also exhibits a waveguide contribution as the effective
refractive index of a mode depends both on the waveguide geometry and the material dispersion.
The speed of light (phase velocity) in a medium v is related to the refractive index n as

_ c
) (2.16)

The propagation constant 8 is defined as the phase change of the electric field over a unit length

and can be expressed as

_dgo_dgo/dt_g_ ®
Blw) = dz  dz/dt v n(@) c’ (2.17)

where @ is the phase of the electric field. Then the propagation constant can be expanded in a

Taylor series at the central frequency w, as

1 1
B(w) = Bo + f1(w — wy) + E,Bz(w — wp)? + 6133(0) — wp)* .., (2.18)

where f8,,, is the m*" order dispersion and can be calculated by taking the m" derivative of § at

wg. f1 and B, are related to the refractive index n (n.sr in a waveguide) as

_1_ng_1< N dn)

Bl_vg_c_cn i) (2.19)
1 2dn d’n

bp=_|\20-twT—) (2.20)

where vy, ng are the group velocity and group index. Physically, B; governs the optical pulse

envelope speed and [3, is the group velocity dispersion (GVD) of optical pulses and responsible for
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pulse envelop spreading. The dispersion parameter D is also commonly used in optical fibre

systems. It is derived from S, as

(2.21)

B3 is the third-order dispersion (TOD), which results from the frequency dependency of the 3,. It is

responsible for the oscillatory structure on ultra-short pulses in time domain.
Material dispersion

When light propagates in a medium, it causes disturbance of the electron charges in the material
so that they oscillate with same frequency, but with a phase difference. The combined field of the
light and electron oscillation has the same frequency, but with a slower phase velocity than the
original wave. This mechanism leads to refraction and reflection, according to Huygens—Fresnel
principle. The refractive index of crystalline silicon and silica have been studied by various different
groups. The values measured in these studies are slightly different, as samples with different
material qualities and conditions were used. For convenience, we use the results from Ref. [73],
[76] for silicon and Ref. [75], [77] for silica in this work. The refractive index of bulk silicon and bulk

silica is a function of wavelength and temperature, which can be described by the Sellmeier

equation as
>\ S,(T) - 22
2 1=y 2
n*(A,T) -1 L )2 —/112(7")’ (2.22)
where
4
5i(T) = zSU T/, (2.23)
j=0
(2.24)

4
ROEDWI
=0

with the parameters shown in the Table 2.1 for crystalline silicon and Table 2.2 for fused silica.

Table 2.1 Coefficients of Sellmeier equation for crystalline silicon

S1 Sz S3 M A2 As
TO 10.4907 -1346.61 4,42827E+07 0.299713 -3.51710E+3 | 1.71400E+06
T -2.08020E-04 29.1664 -1.76213E+06 | -1.14234E-05 42.3892 -1.44984E+05
T2 4.21694E-06 -0.278724 | -7.61575E+04 | 1.67134E-07 -0.357957 | -6.90744E+03
T3 -5.82298E-09 | 1.05939E-03 678.414 -2.51049E-10 | 1.17504E-03 -39.3699
T4 3.44688E-12 | -1.35089E-06 103.243 2.32484E-14 | -1.13212E-06 23.5770
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Table 2.2 Coefficients of Sellmeier equation for fused silica

Sl Sz 53 }\1 }\2 }\3
TO 1.10127E+00 | 1.78752E-05 | 7.93552E-01 -8.906E-02 | 2.97562E-01 | 9.34454E+00
T! -4.94251E-05 | 4.76391E-05 | -1.27815E-03 | 9.08730E-06 | -8.59578E-04 | -7.09788E-03
T? 5.27414E-07 | -4.49019E-07 | 1.84595E-05 | -6.53638E-08 | 6.59069E-06 | 1.01968E-04
T3 -1.59700E-09 | 1.44546E-09 | -9.20275E-08 | 7.77072E-11 | -1.09482E-08 | -5.07660E-07
T4 1.75949E-12 | -1.57223E-12 | 1.48829E-10 | 6.84605E-14 | 7.85145E-13 | 8.21348E-10

The effect of temperature on the refractive index can be ignored in most cases as the temperature
shift is relatively low, even for our high-power pulses. Fig. 2.6 shows the refractive index of silicon

and the effect of temperature shift.

293K
350K

348 1

3461 4

Refractive index

3.441 .

3421 ]

! 2 3 4 > ’ 7 8
Wavelength (um)

Figure 2.6 Refractive index measured by Li in 1980 at 293 K and 350K [73].

Waveguide dispersion

In an optical fibre, each mode has a different dispersion characteristic. Propagation constants of a
mode can be derived from the effective mode index as

w

B =Merrko =Mepp— (2.25)

Then the overall dispersion profile can be found by taking derivatives of 8 against w. The waveguide
dispersion can be found by subtracting the material dispersion from the overall dispersion. Total
dispersion is a combination of effects due to the waveguide structure and the material dispersion
from the core and cladding. For subwavelength waveguides, the waveguide dispersion dominates.
For large waveguides, the material dispersion dominates. Fig. 2.7 (a) shows the numerically
calculated B, profile of fundamental mode of SCFas a function of core size at different wavelengths.
B, increases for larger core diameter and shorter wavelengths. The material dispersion, waveguide

dispersion and overall dispersion of a 1 um core diameter SCF is shown in Fig. 2.7 (b) for comparison.
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It is obvious that in this fibre dimension, waveguide structure plays an important role to the overall

dispersion.
@ > (®)
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0 —
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Figure 2.7 Dispersion profile of fundamental mode of SCF. (a) 5, of SCF as a function
of core size, for different wavelengths as labelled in the legend. (b) Material dispersion

and waveguide dispersion contributions to a SCF with core diameter 1 um.
2.3 Nonlinear short pulse propagation

23.1 Ultrafast laser pulses

Ultrafast laser pulses are typically used for nonlinear applications owing to their high peak intensity.
These pulses usually have pulse durations that are of the order of picoseconds (102 s) or
femtoseconds (107 s), which result in ultrahigh peak powers, up to kilowatts to megawatts levels.
These peak powers make nonlinear photonics applications much easier. The electric field of an

optical pulse can be described as the product of an envelop A(t) with a phase ¢(t) as

E(t) = A(t)el?®. (2.26)

For convenience of study, a frame of reference is used that moves with the pulse at the group

velocity. Within this frame, the time index is transformed as

VA
T=t——=t-pz

" (2.27)

One common form of a pulse envelop from a laser source is a hyperbolic secant profile, which can

be described as

A(T) = ,/Pysech (T_) e(_%>, (2.28)
0

where Ty is input pulse width at 1/e intensity point, P, is the peak power of the input pulse and C

is the chirp parameter of the pulse. The chirp can be caused by dispersion or nonlinear effects from
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the laser source. To describe the pulse duration of a hyperbolic secant pulse, the full width at half

maximum (FWHM) is defined as

Trwam = 2In(1 +V2)Ty =~ 1.763T,,. (2.29)

The spectrum of an optical pulse can also be obtained by the Fourier transform as

Alw) = fA(T) e JOTqT, (2.30)

It can be found that the spectrum of a hyperbolic secant pulse also has a hyperbolic secant shape.

(o]
o
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9

Wavelength (um)
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Delay (ps) Delay (ps)

Figure 2.8 Spectrogram of a hyperbolic secant pulse with different chirp parameters.

Both pulses have Tgyyy of 0.1 ps at wavelength of 1 =2 pum.

To study the combined temporal and spectral properties of the optical pulses, the spectrogram is
introduced as a tool for mapping the spectral and time domain pulse profiles in one single image.
The spectrogram of an optical can be obtained by

2
S(w,T) = UA(T)g(T—T) elvtdr| , (2.31)

where S(w, T) is the spectrogram signal, g(t — T) = |A(t — T)|? is a gate function. Fig. 2.8 shows
the spectrum of both unchirped and chirped hyperbolic secant pulses, with 0.1 ps FWHM at
wavelength of A = 2 um. When the pulse is unchirped, it is called a transform limited pulse as the
pulse duration is the shortest for a given spectral bandwidth. When the pulse is negatively chirped,
its shorter wavelengths are distributed more in the rising edge of the pulse, whereas the longer

wavelengths are distributed more in the trailing edge of the pulse.

2.3.2 Nonlinear light matter interaction

Optical nonlinearity in a medium primarily arises due to anharmonic motion of electrons in
response to an intense light beam. When the electric field is applied to a medium, the molecules in

the medium are affected by this field. The polarisation is proportion to the displacement of the
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positive and negative charges. Fig. 2.9 shows an illustration of electric field-induced polarisation of
a molecule. For the convenience of this study where femtosecond pulsed pump is used, Raman
effect can be neglected, as the pulse duration is much smaller than the phonon response time of
silicon (>3 ps) to have a sufficient Raman gain [78]. The optical filed is assumed to maintain it
polarisation so that a scalar approach is valid. Then the electric field-induced polarisation is typically

represented as a power series as [70]

P(t) = e(xWE®) + xPE2(t) + x®E3 () + ), (2.32)

where ¥ is the jt" order susceptibility. ¥ is the linear portion of the polarisation and is related
to the refractive index and attenuation coefficient in the frequency domain (¥ represents y in the

frequency domain) as
L ez
n(w) =1+ ERe[)( (w)], (2.33)

a(w) = %Im[)?(l)(w)]- (2.34)

)((2) is the second order susceptibility that can be ignored in silicon due to its symmetric crystalline
structure. )((3) is responsible for nonlinear effects such as nonlinear refraction and nonlinear

absorption as will be described in more detail below.

P4 Nonlinear medium
P=¢(yWE+yPE2+y® E3 )

P=eyyWE
Linear medium

Figure 2.9 Illustration of electric field-induced nonlinear polarisation of molecules.

Nonlinear absorption

The nonlinear absorption in silicon is primarily due to TPA, where a carrier is excited from the
valence band to the conduction band by simultaneously absorbing two photons, with assistance of

a phonon, as shown in Fig. 2.10 (a). When two photons have the same energy, the process is called
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degenerate TPA. The TPA is a nonlinear process, it happens when the light intensity is sufficiently
high. To study the effect of TPA on optical transmission, we neglect all other attenuation factors,

then the TPA process can be described as [79]

dl
dz - _ﬁTPAIZ: (2.35)
where Brp,4 is the TPA coefficient. Eq. (2.35) can be solved as
1
I (2.36)

 1/Ip + Brpaz

When the initial light intensity I, is small, the term Srp4z can be neglected so I = I,. When I is

large, the term 1/I, can be neglected and I = 1/f7p4z, which is defined as the saturation Intensity

of TPA. Brp4 is related to the imaginary part of Y@ as
3w ~(3)
TPA =5 2.2 . .
Brpa(®) Zeune Im| ® (w)] (2.37)

For silicon, the cut off wavelength of degenerate TPA is near 2.2 um, when the total energy of the
two photons is lower than the bandgap. Beyond this point, three photon absorption (3PA)
dominates the nonlinear absorption. It is a )((5) process and follows similar absorption scheme as

TPA.

P
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Figure 2.10 (a) TPA process in a momentum energy diagram. A is the reduced Planck

constant and Ej is the band gap energy. (b) FCA process in a momentum energy
diagram.

FCA is another light attenuation factor in silicon. It happens when a carrier absorbs the energy of a
photon and is raised into a higher energy state, as shown in Fig. 2.10 (b). The light attenuation due

to FCA can be described as
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1(z) = [je~9FcaZ,

(2.38)
where agc,4 is the loss coefficient. It is modelled as [80]
392
q°A ( Ne Ni )
%rca 4m2€,c3n\(0.26my)%u,  (0.39my)%uy, ( )

where N,, Ny, are the density of free electrons and holes, € is the permittivity in vacuum, q is
electronic charge, u, and u, are mobilities of free carriers, m, is the electron rest mass and c is the
speed of light in free space. In the two-band approximation, the density of free electrons and holes

are assumed to be equal as N, = N, = N,. Eq. (2.39) can then be simplified as

q312
4m2e,c3n

1 1
((0.26m0)2,ue (0.39m0)2,uh) ¢ = Orcalle (2.40)

Orca =

where ogc4 is FCA coefficient.

Free carriers can also modify the refractive index of the material and cause free carrier dispersion
(FCD) effect. The free carrier coefficient ¢ that contains both FCA and FCD is described in Ref. [81]

as
o = opca(l + iN,, (2.41)
where u governs the FCD and is described as u = 2k kqy/0rca, With k., = 1.35 X 1072”m3,

Free carriers can be generated from the TPA process. The free carrier density induced from TPA can
be described as [82]
ch _ BTPA 2 Nc

= - (2.42)
dt 2hw Tc

where N, and 7. are free carrier density and carrier life time, # is the reduced Planck constant.

Nonlinear refraction

Nonlinear refraction, also called the Kerr effect, arises from the real component of)((3). It manifests
as an intensity dependent change in the refractive index due to high-power light. It is one of the

fundamental processes in nonlinear optics. The modified refractive index 71 can be described as [70]

n=mngy+ nyl, (2.43)

where n, is the nonlinear refractive index, which is related to the real part of)((3) as
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n,(w) = Re[;?m(w)]. (2.44)

4eonc

Since the nonlinear interactions depend on both nonlinear absorption and nonlinear refraction, a

nonlinear figure of merit (FOMy.) is defined as

n;
ABrpa

The FOMn. describes the overall strength of the nonlinearity of a material. It tells us that a high
nonlinear refractive index does not necessarily means high nonlinearity when the f1p,4 is high. For
silicon, frps is quite large around telecommunication band, leading to a small FOMy. The

nonlinear FOM of SCFs will be discussed in Chapter 4 with more details.

233 Nonlinear short pulse propagation

Nonlinear Schrodinger Equation

Short pulse propagation in a silica optical fibre can be well-described by the NLSE [70]:

, A 2
l_Z+_A__—+y|A|A= : (2.46)

Here y is the nonlinear coefficient and is related to nonlinear refractive index and TPA coefficient
as

_kony  iBrpa

: (2.47)
Aerr 2457

To estimate the propagation length required to generate significant nonlinear effects, the nonlinear

length of a fibre is defined as

1
= — (2.48)
NL VP,
Nonlinear effects become significant when the propagation length L > Ly;. This length is usually
compared with the dispersion length which is defined as
Tg
L, = —. (2.49)
PR,
When Ly < Ly;, the pulse propagation is dominated by the GVD; whenLp > Ly;, the pulse

propagation is dominated by nonlinear processes. When L, and Ly, are comparable, the pulse

broadening and nonlinear processes will act together.
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For ultrashort pulse (femtosecond regime) propagation in the SCFs, a more complete model

including the high order dispersion and TPA induced free carrier effect is used [81]:

94 _ i imtig gma

1
—= y|A|I2A — = : 2.50
Ep T + iy|A|A 2(a+a)A ( )

mz2
The NLSE is usually solved numerically via the split-step Fourier method. The philosophy of this
method is to divide the fibre into small segments and consider the dispersion, propagation loss and

nonlinear effects separately. The equation is written in the form using operators D, N and L as

=(D+N+1)A(z ), (2.51)
where D, N and L represent the dispersion, nonlinear effects and losses terms

co
1 1
jm+ B @™

D= ——— 2.52
m!ot™m ( )
m22

_ i E?

N=i<k0n2+BTPA)| l, (2.53)

2 Ay
- a o
L=—7l—5(1+iy)NC. (2.54)

By assuming the pulse propagates over a very small distance Az each time, these effects can be

calculated separately. Then pulse can be then estimated by
A(z + Az, t) ~ A(z,t)eP+N+DAz (2.55)

Eg. (2.55) can be solved step by step numerically. The nonlinear step is solved in the time domain

and the dispersion and loss step can be solved in the frequency domain, where the temporal

derivatives;t—m in Eqg. (2.52) can be replaced by (jw)™.
Pulse broadening by dispersion

When an ultrashort pulse propagates in a dispersive medium, the different wavelengths of the
pulse travel at different speeds, so the pulse is stretched in the time domain. This broadening effect
can be studied using the NLSE. By setting the nonlinear part and loss to zero, Eqg. (2.46) can be

written as [70]

04 P04 256
t9z " 2012 0 (2:56)
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Then, it can be solved in the frequency domain to yield
B2 ,2,
A(z,w) = A(0,w)e 2 . (2.57)

As |A(z, w)| = |A(0, w)|, the spectrum of the pulse does not vary when it propagates. However,
the phase of the pulse is a function of frequency and distance. The pulse envelop in time domain

can be obtained by Eq. (2.57) using inverse Fourier transform

1 .
A(z,T) = ﬁfA(z,w)e‘“’wa. (2.58)

Self-phase modulation

SPM is a fundamental nonlinear phenomenon where the phase of an intense ultrashort short pulse
is modulated by itself though the Kerr effect. To analyse SPM on pulse propagation, the NLSE can

be simplified excluding the dispersion and loss terms as

94 .
— = iy|A]?A. (259)
0z

It can be solved as
A(z,T) = A(0,T)(ePet¥nr), (2.60)

where @y is the nonlinear phase shift and is described as
Z 2
onL(z,t) = L |AC0,t)]°. (2.61)
NL

Eqg. (2.61) shows that the nonlinear effects do not change the pulse envelope, they only modulate
the temporal phase of the pulse. This phase shift not only depends on z, but also is affected by the
intensity of the pulse. A time dependent pulse intensity can lead to a time dependent nonlinear
phase change. Thus, new frequency components Aw will be introduced by this phase shift. Aw can

be obtained by taking the derivative of nonlinear phase shift against time as

ooy, 2 a1A(0,T)|?

— (2.62)
oT Ly, OT

Aw(z,T) = —
This indicates that there will be a continuous phase shift accumulated along propagation, with new
frequencies being constantly generated that are related to the initial pulse envelope.

Fig. 2.11 (a) shows the spectra evolution of a 1 ps hyperbolic secant pulse at A = 1.55 um, after
propagation through a length of 10 L. New frequencies are generated at two sides of the central

wavelength. Fig. 2.11 (b) shows the nonlinear phase shift and chirp of the pulse. At the rising edge
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of the pulse, the chirp is negative, so the new frequencies generated are smaller, corresponding to
longer wavelengths. At the trailing edge of the pulse, the chirp is positive, so the new frequencies

generated are larger, corresponding to shorter wavelengths.
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Figure 2.11 (a) Spectral evolution of SPM for a 1 ps Gaussian pulse at 1.55 pm
propagating over the nonlinear length 10 Ly . (b) Nonlinear phase shift and chirp of the

output pulse.
Soliton propagation
An optical soliton is an important kind of pulse in fibre optics. When the fibre dispersion is in the
anomalous dispersion region with a positive nonlinear refractive index, the nonlinear and
dispersion effects can cancel each other if the pulse power is exactly right. In this condition, the

pulse remains undistorted in temporal shape and spectral profile over a long distance, and so is

called a fundamental soliton. To form a fundamental soliton, the input pulse needs to satisfy

T
A(z=0,T) = ,/Pysech (T—), (2.63)
0

2
N= |fo_ |Yhlo _ (2.64)
LNL |:82|

Higher order solitons can exist for N > 1, but it must be an integer. For these pulses, the shape and

where N is the soliton order.

spectrum periodically compress and broaden. The spatial period zg,; of a higher order soliton is

related to the dispersion length as
T
Zsol = ELD- (2.65)

In practice, solitons can be perturbed by various factors, such as loss, high order dispersion and
nonlinear effects. Particularly, for a femtosecond pulse, the soliton can be severely perturbed by

the TOD when it plays a significant role. High order solitons can then be unstable and break up into
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multiple constituent fundamental solitons. The distance before the breakup is called the fission

length, which is related to the soliton order and nonlinear length as
Lfiss = NLyy. (2.66)
Dispersive wave emission

When a fibre is in the anomalous dispersion region at the operational wavelength and the initial
pulse transmitted does not match the parameters with any orders of soliton, the energy will be
transferred to dispersive wave (DW). It can also be triggered by disturbation during pulse
propagation, such as higher order dispersion and sudden change in fibre dimension during
propagation. The physical explanation of this phenomenon is called the Cherenkov radiation
described in Ref. [83]. Here in this thesis, the focus is mainly on DW emission from the femtosecond

soliton propagation, when the third order dispersion plays a significant role.

For DW formed by third order dispersion, the position of the DW depends on the phase matching

condition in the fibre and can be estimated by [84]

318l | (2N +1)%Bs (2.67)

Av,y =~ ,
7 2nps  6mlB,ITE

where Av, is the frequency shift of DW.

It can be also seen that the position of the DW also depends on the soliton number N, which is
related to the fibre nonlinearity and pump power. Although N represents the soliton order number,

it does not necessarily to be an integer here in this equation.
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Chapter 3  Fabrication of tapered silicon core fibres

3.1 Introduction

This chapter introduces the fabrication method used to produce the tapered SCFs. First of all, it
reviews the MCD technique used for fabricating the as-drawn fibre. Then, the tapering process for
the SCFs is introduced in several parts. The first part talks about the hands-on experience of the
tapering rig operation and two methods for mounting the SCFs. Then, the tapering process,
including the fibre deformation in the hot region is studied both experimentally and numerically by
a model based on the fluid dynamics theory. Some problems during the tapering process are
discussed, such as fibre breakup and errors in the fibre profile. Then the fabrication of nanoscale
core SCFs is discussed, with the main focus on controlling the quality of the core in the tapering

process. Finally, the sample preparation technique to facilitate optical coupling is introduced.

3.2 Molten core drawing technique

The as-drawn SCFs used in this work were fabricated using the molten core drawing (MCD)
technique by our collaborators from the Norwegian University of Science and Technology (NTNU)
and Clemson University (CU). This technique has proven to be successful in producing large core
SCFs in previous work [23]. Later, it was found that adding an additional calcium oxide interface
layer between the fibre core and cladding can improve the mechanical properties of the fibres.
Fibres without this interface layer usually exhibit large stress in the core, which can cause cracking
during handling and even in the drawing process [54]. Fig. 3.1 shows the as-drawn SCF fabricated
from the MCD method [63], [64].

I si [l Ca0
W Sio,

@

Figure 3.1 SCFs fabricated using the MCD technique. (a) Photo of a small core SCF [64],
illustrating its flexibility. (b) Photo of a large core SCF that is more rigid [63]. (c) SEM
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image of a SCF core with its silica cladding etched by hydrofluoric solution [63]. (d)

Illustration of SCF structure with the interface modifier [63].

The fabrication procedure of as-drawn SCFs is described in [54], [63]. Firstly, high purity CaO powder
(>99.9%) is mixed with deionised water to form lime solution (calcium hydroxide) in a beaker. Then,
the solution is forced into a long silica tube using a vacuum pump, during which the calcium
hydroxide solution attaches to the side wall of the tube. The tube is then dried overnight and one
end is sealed with an oxy-acetylene torch. A silicon rod is inserted inside the tube and drawn into
fibres in a drawing tower with 1950 °C, a pulling rate of 2.7 m/min and feeding rate of 3 mm/min
[63]. This technique can produce meters of SCF with outer diameters larger than 150 um and core
diameters typically around 10 um, or larger. Fig. 3.2 illustrates the fabrication process of the as-

drawn fibre.

Fill in lime Dry at 100 °C Fill in silicon rod Fibre drawing

Vacuum
pump

o, » » »

| B \|| <m

1 I m v

Figure 3.2 Fabrication process of MCD with CaO interface modifier.

The chemical composition distribution of the as-drawn fibre was characterised using a microprobe
scan, as shown in Fig. 3.3 (a) and (b), taken from [54]. It shows that the CaO interface layer
successfully blocks the oxide diffusion, as there is little oxide content in the core region. The
thickness of the interface layer can be controlled by the fabrication process described in Fig. 3.2.
Fig. 3.3 (c) shows a microscope image (backlight configuration) of one of the as-drawn SCFs used in
this work. The interface layer can be distinguished as the thin circle between the core (dark region)
and the cladding (bright region). The interface layer is estimated to be around 1 pum in this fibre.
The refractive index of calcium oxide is estimated to be ~1.8 in the near infrared [85]. It is slightly
higher than silica but much lower than silicon. For a SCF with a core diameter of a few micron, the
thickness of its interface layer will be a few hundred nanometres in scale. Numerical simulations
have shown that the thin (nanometre scale) CaO layer has a negligible effect on the fibre modal

behaviour and dispersion.
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Figure 3.3 (a) SEM image at core/cladding interface of the as-drawn SCF [54]. (b)
Microprobe data of the cladding core interface. (c) Microscope image of silicon core

(backlight illumination).
3.3 Tapering technique of SCF

Fibre tapering has been a widely used post-processing technique for many years. It is principally
used as a means to modify the dimensions of the fibre in order to change its optical properties such
as dispersion, nonlinearity and modal behaviour. It follows a similar process to conventional fibre
drawing, where a fibre is softened in a hot zone and stretched to obtain smaller dimensions. The
hot zone can be induced by a flame [86], laser heating [87], [88] or an electrical powered graphite

filament [89].

The tapering technique used in this work is modified from a popular tapering scheme that is called
flame brushing technique. The flame brushing technique uses a movable hydrogen gas torch as the
heating unit. The fibre is fixed by two stages, with the tapered region heated by the flame of the
torch. The two stages pull the fibre slowly in opposite directions as the flame swings back and forth
to spread the heat evenly in the fibre. The taper shape can be controlled by the flame temperature
and motion, including speed, start and end position, and the number of times the flame moves back
and forth. The drawback of this technique is that the heating process could introduce contaminants
to the fibre. Furthermore, the flame has a non-uniform heating profile and its temperature cannot

be controlled precisely.

3.3.1 Vytran glass processor

In this work, a Vytran GPX-3300 glass processor is used for tapering the SCFs. It uses a modified
tapering scheme that is very similar to the flame brushing technique. The hot zone is induced by a
graphite filament which provides a more accurate, stable and uniform temperature profile with a
wide tuneable range. Thus, it does not require the multiple back and forth movement of the hot

zone and instead the whole tapering process is completed in a single sweep. As shown in Fig. 3.4,
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the machine consists of three parts: the left stage, the right stage and the splice head. The filament
is in a fixed position during tapering. The left stage is used as the drawing stage and the right stage
is used as feeding stage. These stages can move forward, backwards, as well as rotate and translate
for various purposes. The minimum step of the stages for moving forward and backwards is 1 um.
The fibre is heated in an Q shaped graphite filament, which is powered electrically. The filament is
protected from being oxidised in the air by a flow of argon gas. The mirror stage and microscope
are used to monitor the fibre alignment from different angles. Mirror a and b shown in the diagram
are used to monitor the cross-sectional view of the fibre facet. Mirror ¢ and d are used to monitor
the fibre from side for alignment. There are two tension monitors installed on the two stages to

monitor the overall tension along the fibre in the drawing process.

(a) Filament

Monitor mitrors
a-d V groove
{
= Microscope
— N
\ /

| /]

Left stage - 7 Right stage

Microscope

Left stage > Right stage

Rplice heﬁ o~ Monitor mi;rors
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v
—

=

Figure 3.4 (a) Diagram of Vytran GPX-3300 glass processor. (b) Photo of Vytran is

tapering a fibre.

The tapering parameters that can be controlled via this machine are shown in Table. 3. These
parameters need to be set properly to obtain an accurate taper profile. The filament power is the
power applied to the graphite filament. Its value depends on the size of the fibre cross section area
and the filament type used. For the filament (FTAV4) used in this work, the value is between 30 W
to 100 W for processing various fibre dimensions. However, one drawback of the graphite filament

is that its heating performance changes over time, proportional to its use. To maintain the
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repeatability of the tapering process, the filament needs to be calibrated periodically. The filament
delta is used for controlling the power variation of the filament during the tapering process. As the
waist region is much smaller than the other regions, it requires smaller amount of heat to soften,
thus, a negative delta value is used to lower the power when tapering the fibre waist region. The
pull velocity is the drawing speed of the left stage during tapering. In this work, | established that
the best drawing speed for tapering SCFs is 1 mm/s. The machine becomes unstable when using
speeds beyond this point due to some mechanical issues. The gas flow rate is the argon flow rate,

used for filament protection.

Table 3 The tapering parameters for the Vytran GPX-3300

Taper dimensions [mm)] Dimension of the target taper.

Filament power [W] The electrical power of the filament.

Filament delta [%] Power variation in the taper waist region.

Pull velocity [mm/s] The drawing speed.

Taper pull delay [s] The heating time before fibre drawing.

Gas flow rate [I/min] Argon gas flow rate during tapering.
3.3.2 Tapering SCF with mechanical support

Capillary method

The SCFs need to be long enough (> ~20 cm) to be mounted on the tapering rig. After each taper
process, only the tapered section in the middle of the SCF is useful. The remaining parts of the SCF
will be removed and disposed of as they do not have enough length to be mounted back on the
tapering rig. The amount of fibre we can access is limited by what our collaborators can supply. To
save material, the SCFs can be cut into small pieces in lengths of around 5 mm and inserted into a
hollow core silica tube before tapering, as described in Ref. [24]. The SCF is manually cleaned by
acetone with lens tissue and inserted in the opening of the tube and pushed into the middle of the
tube using a bare single mode fibre (Corning SMF-28). The silica tube acts as a mechanical support
for the SCF and an extension of the fibre length for mounting. The silica tube used in this work has
a 150 um inner diameter and 200 um outer diameter, as shown in Fig. 3.5 (a). The inner diameter
of the tube needs to be a few tens of micrometres larger than the SCF cladding, otherwise the fibre
insertion can be very difficult, as the SCF can easily get stuck due to small glass fragments inside the
tube. Some of this gap can still exist in the fibre after tapering, but it has a negligible effect on the
tapering process as there is always part of the sidewall of the SCF and silica tube that are fused
together at the drawing temperature. However, it can make the tapering ratio unpredictable and

make fibre cleaving difficult.
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The tube can be fused with the SCF cladding completely if the starting position of the tapering is set
to be a few millimetres before the starting position of the SCF. In this way, the silica tube is initially
tapered down to a slightly smaller inner diameter, which can fuse with the SCF more easily. The
fusion process is shown in Fig. 3.5 (b) and (c), where the SCF is squeezed by the tapered silica tube.
When the SCF surface is properly cleaned before inserting into the silica tube, the fusion interface
can have a good quality such that the silica tube is no longer distinguishable from the SCF. Using
this method, the as-drawn SCF lengths are used to their maximum, without waste of material, i.e.,
a tapered fibre device will only cost a few millimeters of as-drawn fibre. This method can also be
used to modify the core/cladding ratio by repeatedly cladding the SCF with silica tubing, which can

be very useful in the SCF integration. This will be discussed further in Chapter 6.

 ———
—— —
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| position | direction
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Figure 3.5 (a) Microscope (Vytran) image showing a SCF inside of a silica tube. The red
dashed line shows the starting position of the filament to obtain complete fusion. (b)
Microscope (Vytran) image showing perfect fusion of the tube and SCF in (a). (c)

Schematic of perfect fusion between the silica tube and a SCF.

SMF splicing method

Although using silica tubing as a mechanical support can greatly save the material, the sample
preparation can be time consuming. Also, dust and perspiration attaches to the SCF surface during
handling, which can affect the tapering quality. Thus the SCF requires careful cleaning before it is
inserted into the glass tubing, which increases the complexity of the process. Another method is to
splice one side of the SCF to a SMF-28 as a means to extend its length for mounting. The silica fibre
acts as the mechanical support similar to that of silica tube. The splicing process can be achieved
using in the same Vytran tapering rig. Fig. 3.6 shows an SMF-28 at the left side of the image and the
SCF on the right side. Using a standard splicing process, the cladding of the two fibres can be fused

together easily. The core of the SCF melts and forms silicon spheres as shown in the Fig. 3.6 (b).
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However, this is not a problem as this splicing is only used for connecting the SCF and SMF-28

mechanically and not for light coupling.

®)

100 pm

Figure 3.6 Splicing SMF to SCF as mechanical support before tapering. Image taken

from Vytran microscope.
3.33 Profile of tapered SCF

Using these tapering methods, a number of tapered SCFs were fabricated to test the performance
of the tapering system. At the beginning, the main task is to find proper tapering parameters. For
various cases, the fibre broke during the tapering process, as the filament power was not enough
to soften the fibre. When the power is high enough, the SCF can be successfully tapered with a
smooth profile. Fig. 3.7 shows a fibre profile measured from a tapered SCF. The down transition,
waist and up transition lengths were set to be 10 mm, 10 mm and 10 mm with a taper ratio of 0.2.
The resulting down transition is slightly longer than 10 mm and the up transition is slightly shorter

than 10 mm. Further improvement of the profile accuracy can be achieved by the trial and error

method.
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Figure 3.7. Measured fibre profile of a tapered SCF. Inset is a microscope image of the

SCF.

Numerical model for tapering

To further investigate the profile of the tapered SCF and the tapering process, a model was built to
simulate the tapering process numerically. The tapering process is described in Fig. 3.8. The tapering
rig consists of three stages: a pulling stage, a feeding stage and a hot zone. The feeding stage slowly
feeds the untapered fibre into the hot zone with the feeding speed ;. The pulling stage draws the
fibre, with a faster speed 7. The hot zone has a length of L;,,, which is typically a few millimetres.

The untapered fibre has a diameter of Dy and the target taper waist diameter is D,,,.

Drawing stage Feeding stage

Lhz

q - P_w ) Flbre
Hot zone I
- U i

Figure 3.8 Diagram of single sweep tapering process.

In the drawing process, the hot zone temperature rises above the softening point of the fibre
material (fused silica), which allows the fibre to deform. The fibre satisfies mass conservation, which

leads to the relation between fibre dimension and tapering speed as [90]

Dw® _ Js(@), (3.1)
Dy
_ 7@
s(t) = 5.0 (3.2)

Then Egs. (3.1) and (3.2) can be represented in the spatial domain using drawing length z as

t

z = | Py(r)dr, (3.3)
/
Dw () =,/s(2), (3.4)
Dy
_ p(2)
s(z) = 522 (3.5)

Egs. (3.4) and (3.5) indicate that the tapered profile can be designed by controlling the speed ratio

of the two stages. However, the non-negligible length of the hot zone makes the tapering process
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more complicated, as the deformation of the softened glass is a gradual process that is affected by
the material viscosity [90]. To have a better understanding of the fibre tapering process, we refer

to the model described in Ref. [91]. In this model, the fibre deformation is described by the

equations:
d .07
— (BjiA=—)=0 3.6
az( KA s2 ’ (36)
04 0
4+ — (A =0 (3.7)
ot Ta P =0
- 0D
F= BﬁA—Z, (3.8)
with the boundary conditions [90]
Uy — D
Bl = dz I (3.9)
Uy —7
Blpey = — dz L (3.10)
A|,_, = Ao, (3.11)

where fi is the viscosity distribution of the silica cladding along the fibre axis, 4 is the cross-sectional
area of the fibre cladding, ¥ is the axial velocity distribution of the fibre, F is the force distribution
along the fibre. These parameters are two-dimensional variables that are dependent on the z and
t. Egs. (3.6) - (3.11) can be solved numerically by the finite difference method. To solve this model

numerically, Egs. (3.6) and (3.7) can be rewritten in their expanded form as:

v on 04 _ (3.12)
0z (4 0z ta az) + a4 dz2 0,
04 _op 04
94 iV L 5% _ (3.13)
ot T3, 705,70

Writing them in the finite difference form, using the centred differentiation formulas yield:

Vi1 = Vimq o Bipr —Hic1 | - Aipr —Aima | - 2 Vip1 =20+ 0y
A . A =0 (3.14)
28z AT gn, TR )T RA Az? ’
Ay — Ay ~ Vi1 — Ui Ay — A
A =i 5 5. _o. (3.15)
T Gy v ey v Al

Eq. (3.14) can then be written in the form as
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Xﬁi_l‘l‘Yﬁi + Zﬁi+1 = 0, ( 3.16 )

where X, Y, Z are coefficients that are functions of A and i, derived from Eq. (3.14). Thus, Eq. (3.16)

can be described in a matrix as below:

X, Y, Z, 0 .. O 0 071f Dy 1 107
0 X, ¥, Z, .. 0 o ofl 7 0
0 0 X3 Y3 - 0 o ofl 7 0
S T S S : s =] (3.17)
0 0 0 0 - Zy, 0 0lflons| lo
0 0 0 0 - Yy, Zv Olflonal o
0 0 0 0 - Xy Yy Zyllzy_d Lol

From Egs. (3.9) and (3.10), ¥y and ¥y _; are known boundary conditions, which can be substituted
into Eq. (3.17). 7; is then solved for numerically using Matlab. The fibre cross section can be
updated for small units of time using Eq. (3.15), as illustrate in Fig. 3.9. ¥; and A; are then
repeatedly calculated until the final fibre profile is obtained. In this process, the relative position
between the viscosity distribution fi and the fibre profile needs to be updated with a relative speed

of U, = (Uq + Ur)/2. The viscosity distribution fi is assumed to have a super Gaussian as:
1) = fonas — G — o) (27D
A(2) = fimax — (Bmax — @min) | € hz ) (3.18)

where fpin, Bmax are the minimum and maximum viscosity of the fibre during tapering, as shown
in Fig. 3.9 (b), and m is the super Gaussian power. This model is verified by comparing the numerical
results of the fibre tapering process described in [90]. Same taper profile is obtained which indicates

the effectiveness of this model.

(®)
i 1 Ly,
ﬁmax
ﬁmin

Figure 3.9 (a) Schematic of model used for numerical modelling of the tapering
process. The blue and red lines show the small profile change before and after pulling
in a small amount of time. The grey and green lines show the changes in the viscosity

distribution. (b) Viscosity distribution of a fibre during tapering process.
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Profile of tapered fibre

The numerical model is used for investigating the profile of the tapered fibres. The simplest example
is when the designed taper profile is a step function, that is, the drawing speed and feeding speed
are fixed throughout the tapering process. Fig. 3.10 shows the tapering profile evolution as a
function of time. The drawing speed is set to be 1 mm/s with a feeding speed of 0.25 mm/s, which
corresponds to a taper ratio of 0.5 according to Egs. (3.4) and (3.5). The viscosity distribution is
assumed to be a super Gaussian distribution with power m =5 and Ly, =1 mm. fi,,4, and f,,;, are
assumed to be 10% Pa-s and 10? Pa-s, as described in Ref. [92]. It takes around 1 s for the fibre to
reach the waist diameter, shown in the Fig. 3.10 (a). There is a small overshoot at the end of the
initial transition region, before the fibre waist diameter gradually stabilizes. The overshoot is
independent of the initial fibre diameter, instead it depends on the taper ratio and hot zone length
[90]. Larger tapering ratios will result in larger overshoots at the transition region. When the taper
ratio is fixed, the overshoot can be reduced by shortening the length of the hot zone or increasing
the length of the down transition. When a long down transition region is applied, the overshoot is
not as significant. As shown in Fig. 3.10 (b), when the down transition is set to be 3 mm, the
overshoot at the end of the down transition is greatly reduced. The up transition of the fibre does
not suffer an overshoot problem, as shown in Fig. 3.10 (a) and (b). Therefore, in practice the taper
profile is more or less asymmetric, even if the down and up transition are designed to have the
same length, especially when the transition region is short. When the down and up transition are
set to be the same length, the actual fabricated down transition length is usually slightly longer than
the up transition. These characteristics need to be considered when designing the tapered profile

to obtain more accurate shapes.

In the case of tapering the SCFs, as the silicon core is small compared to the silica cladding, the
process can be approximately treated as tapering a silica fibre. The transition is usually set to be a
few millimetres or longer to minimise overshoot of the fibre profile. By carefully designing the taper
profile and correctly setting the tapering parameters, the overshoot of the waist diameter can be

controlled within the order of +5%.
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Figure 3.10 Simulated taper profile evolution (y axis is normalised outer diameter of
the fibre). (a) Fixed tapering ratio of 0.5 with 0 mm target down transition length. (b)
Fixed tapering ratio of 0.5 with a 3 mm down transition length. The dotted line is to

guide the eye to the designed fibre waist diameter.
3.34 Fabrication of silicon nanowire

For nonlinear photonics applications, efficient frequency conversion in the SCFs requires not only a
high light intensity, but also a proper dispersion to meet the phase matching conditions. As the
dispersion of the SCFs is dependent on the operating wavelength and fibre geometry, in some cases,
the SCFs need to be fabricated smaller than 1 um to obtain a desired dispersion profile. The

fabrication process is slightly different when tapering nanoscale SCFs.

As silicon has a lower melting temperature than silica, when tapering a SCF the silicon core is in a
molten state, thus, it typically follows the same shape as the inside wall of the cladding. This is true
for fibre cores that are larger than a few micrometres in diameter. However, when the targeted

core dimension reaches sub-micron sizes, the core can easily breakup. Fig. 3.11 shows a comparison
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between a continuous core SCF and a SCF that has undergone core breakup. This is expected to
happen as it has been found that, for crystalline materials such as semiconductors, there exists a
fundamental size limit of the core diameter that can be drawn [93]. Below this limit the core will

become extremely unstable and easily breakup due to the Plateau—Rayleigh instability.

Figure 3.11 Microscope image showing SCF with core breakup (top) and SCF with

continuous core (bottom).

Capillary number

Although the physical force that causes this breakup is still unknown, a simple model has been
suggested to study this effect by calculating the capillary number C, of the fibre [93]. The capillary
number for a molten core fibre is defined as the ratio between the viscous stress in the cladding

F /Dy and the Laplace pressure due to the interfacial tension of the core #/D,,, as

_FD,,

= 3.19
Ca 7D0 ) ( )

where Dy is initial fibre outer diameter, D,,, is the diameter of the fibre core at the waist region, F
is the drawing force and 7 is the interfacial tension (also known as the surface tension) of the core.
The interfacial tension leads to the core breakup and the viscous stress prevents the core breakup.
When C, > 1, the viscous stress dominates so the core is more likely to be continuous, and when
C, < 1, theinterfacial tension dominates so the core is more likely to breakup. C, needs to be large

enough to maintain a continuous core when tapering a SCF to nanoscale core dimensions.

When a SCF with an initial cladding/core diameter D, /D, is tapered down to D,/ D, at the waist

region, Eq. (3.19) can be rewritten with Eq. (3.8) as

0D Y R i
_ (3aA E)Dcw _ 3inDy;Deyy 97z _ 3mji . DCSW ] c’)_v (3.20)
7Dq 47D, 47 D,y 0z

a

Therefore, when the target D, is fixed, C, can be increased by increasing d7/0z, which is
proportional to the drawing speed. The term [i/¥ is the ratio between the viscosity of silica and

surface tension of the silicon. This ratio is inversely proportional to the temperature [92], [94],

45



Chapter 3

which means that lower heating temperatures leads to a smaller C,. In summary, to successfully
taper a SCF down to nanoscale core dimensions, some tips are listed below:
1. Keep the drawing temperature low.
2. Use a fibre with a small initial core diameter (This can be achieved by pre-tapering of the
fibre).

3. The drawing speed needs to be fast.

Optimisation of hot zone temperature

To find the lowest temperature suitable for fibre tapering, the tension along the fibre is monitored
by a built-in force gauge in the tapering rig during the drawing process. The tension along the fibre
changes with time as the tapering process proceeds. Fig. 3.12 shows an example of a typical tension
evolution curve measured during a tapering process. As shown in this plot, before tapering the fibre
is strained with a small initial tension of 8 gram-force (gf) to counteract the effect of gravity. At the
beginning of the tapering process, position g, the filament heats the fibre for a short while before
drawing, causing the tension to drop slightly to position b. Then the drawing begins and the fibre
starts to deform. The down transition, waist and up transition region corresponds to b-c, ¢c-d and d-
e, respectively. The two peaks between b-c and d-e are caused by the speeding up and speeding
down of the feeding stage. After the tapering process, there still remains a small tension on the
fibre due to thermal contraction. When the filament temperature is low, the overshoot region
between the down transition and waist region has the smallest cladding diameter where the fibre

is most likely to break.
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Figure 3.12 A typical tension curve for a SCF during the tapering process.
To avoid the fibre breaking, some tips to choose the best target parameters are listed below for
reference. These tips are mostly based on hands on experience.

1. Decreasing the up/down transition length can reduce the overall tension during the

tapering.
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2. Longer sections of the waist region can withstand larger tensions due to the elasticity of
the fibre.
3. Increasing the initial heating duration before pulling can decrease the overall tension along

tapering.

3.4 Sample polishing and mounting

As the tapered SCF usually has a cladding diameter of a few micron to a few tens of micron in
diameter over length of a few centimeters, it is difficult to cleave both ends of such a small fibre
with available laboratory facilities. As a result, the fibre is placed inside a thick polymer capillary
with adhesive wax, which provides mechanical support and allows for facet polishing. The tapered
region of the SCF is manually cut and put into a capillary tube with a similar length, as shown in Fig.
3.13 (d). The gap between the capillary and the fibre is filled with wax adhesives ( Crystalbond 509,
Agar Scientific Ltd) using a hotplate to help the wax flow. The polymer adhesive used in this work
has a flow point of 121 °C that will melt completely on the hot plate into a liquid form. After the
tube is filled completely, it is taken off from the hotplate to cool down. The polymer tube is then
cleaned using acetone to remove the wax around its surface. Finally, it is mounted on a sample
holder and a standard polishing process is applied using optical polishing films. The polishing
process has three steps, each step uses a polishing film with a reduced surface roughness. The final
polishing film has particle sizes of 20 - 50 nm. The polished sample has a clean and smooth surface

as shown in Fig. 3.13 (a) and (b).

4 SCF core SCF nanowire

v ¢

Polymer
adhesive

Polymer tube
N 200 pm

(d) Polymer tube
| m—

— L ——

Figure 3.13 (a) Microscope image of a SCF sample in cross section view. (b) Microscope
image of a large core SCF after polishing. (c) Microscope image of a SCF with a

nanoscale core. (d) lllustration of the SCF sample preparation before polishing.

However, there are some disadvantages of this sample preparation scheme. As the adhesive wax
has a flow point of 121 °C, it can easily melt when the fibre is pumped with a high average power

laser. The threshold of the melting is related to the average pump power, coupling efficiency at the
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front fibre facet and also the pumping wavelength, as the polymer absorption is wavelength
dependent. In this work, the highest average power applied on a SCF sample is ~600 mW when
using this preparation scheme. When the wax melts, it will flow out of the polymer tube and block

the fibre facet. This can badly damage the input facet and decrease the coupling efficiency.

To overcome this problem for higher power operation, the preparation scheme is modified, as
shown in Fig. 3.14. First of all, the input side of the fibre facet is polished, then the sample is placed
on the hot plate again to melt the adhesive inside. The input side of the SCF in the tube is pushed
out for ~1 mm from the polymer tube using a silica fibre inserted from the other side. Finally, the
output end of the facet is polished. In this way, the fibre input facet has some distance from the

wax and will no longer be affected by high input powers.

Polish — Polymer tube
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Figure 3.14 Sample preparation of SCFs for high-power applications.

3.5 Conclusion

This chapter has presented a detailed study of the tapering process for SCFs, including the tapering
rig operation, profiles of the tapered fibres, silicon nanowire fabrication, and SCF sample
preparation for optical characterisation. The fabrication technique of the as-drawn fibres using the
MCD method is reviewed. A numerical model of the fibre drawing has been provided, which can be
used for studying SCF tapering, but also for general fibre tapering and fibre drawing. The technique
of fabricating of silicon nanowires is studied qualitatively. Information has also been given based
on hands-on experience of SCF processing, which can be useful for increasing the quality of tapered

SCFs and may be used as reference for other semiconductor core fibre fabrication and processing.
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Chapter4 Characterisation of silicon core fibres

4.1 Introduction

In this chapter, characterisation of the SCFs is introduced in three sections. To begin with, the
material crystallinity of the tapered SCF is introduced. Two crystallinity characterisation methods,
Raman spectroscopy and X-Ray diffraction (XRD) are reviewed. Then, the linear transmission losses
of the various tapered SCFs are characterised via the cutback method and the Fabry—Pérot method
extending over the telecommunication band to the mid-IR region. The results show that the micron-
sized core tapered SCFs exhibit low linear losses on the order of a few dB/cm in the infrared region.
In the third section, the nonlinear transmission properties, including the TPA coefficients and
nonlinear Kerr indices are characterised from 1.54 to 2.35 um. The wavelength dispersion of the
TPA coefficients and nonlinear Kerr indices, obtained by fitting the experimental data with
numerical simulations, are determined, and then used to calculate the nonlinear figure of merit
(FOMn.) of the tapered SCFs. These results are a guideline for identifying nonlinear applications for

the SCFs in the mid-IR regime.

4.2 Crystallinity of tapered silicon core fibres

This section focuses on the material crystallinity of the SCF cores. There are three common types of
allotropes of silicon: amorphous silicon (a-Si), crystalline silicon (c-Si) and polycrystalline silicon (p-
Si). As shown in Fig. 4.1, for a-Si, the atoms are in a short range order, for c-Si, the atoms are
arranged orderly and p-Si exhibits an intermediate state between c-Si and a-Si, which is a mixture
of small crystal grains in random order. The core of the as-drawn fibres are in p-Si form, with the
crystal grains in various orientations [54]. The size of the crystal grains depends on the drawing
condition and fibre dimensions [95]. The optical transmission depends on the degree of crystallinity.
Large gain sizes mean that less scattering loss is introduced from the grain boundaries. The optical
transmission losses of these as-drawn fibres are usually high, typically larger than 10 dB/cm. This
can be caused by the fabrication condition of the drawing process, such as relatively large hot zone,
high drawing speed (typically in metres per minute) and large preform diameters (usually in
millimetres). As silicon melts at 1414 °C [96], which is lower than the softening temperature of high
purity fused silica (1675-1800 °C [97]), the core of the SCF is recrystallised during the tapering
process. Although the tapering process is fundamentally the same process as drawing, the
crystallinity of the core could be very different to that of the as-drawn fibres as the cooling dynamics

are different.
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Amorphous silicon Polycrystalline silicon Crystalline silicon

Figure 4.1 Common allotropes of silicon.

The crystallinity of the tapered SCF is characterised by two methods, the first is the Raman
spectroscopy and the second is XRD. Raman spectroscopy characterises vibrational modes of
molecules. It is a fast and non-destructive method for crystallinity characterisation. It can provide
information of the degree of crystallinity of the silicon core, thus, providing quick feedback as to
the fibre core quality. As shown in Fig. 4.2 [98], a-Si, p-Si and c-Si have different Raman response
spectra. The peak width of the spectra depends on the degree of crystallization of silicon. The peak
position depends on both the crystallization and the strain of the material. Single crystal silicon has
the narrowest Raman peak at around 520 cm™. This peak is shifted to lower frequency with a larger

bandwidth for a-Si.
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Figure 4.2 Raman response of the a-Si, p-Si and c-Si [98].

The Raman spectra of the tapered SCFs have been reported in Ref. [99]. However, the result is not
conclusive enough to characterise the crystallinity of the SCF, as the Raman peak and bandwidth
also depends on the stress level in the core [98]. The tapering process can modify compression or

tensile stress in the fibre core due to the complex thermal dynamics.

XRD was used to further investigate the material properties of the SCF core in Ref. [99]. The XRD
technique can determine the structure of a crystal by measuring the beam diffraction caused by
the crystalline structure. A tapered SCF with a 2 um core diameter and an as-drawn fibre were
characterised and compared. As shown in Fig. 4.3, the core of tapered SCF has a more uniformed

crystalline orientation along the fibre compared with the as-drawn fibre. Its grain length is also
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much longer, up to 9 mm, whereas the as-drawn SCF has various different crystal orientation along
the length. During the drawing process, the silicon core melts completely, and any crystal
orientation is rewritten. The new orientation of the crystal is either depends on on the material

interface or a random, spontaneous process.
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Figure 4.3 Lattice spacing of diffraction spots measured using XRD along tapered and

untapered as-drawn SCF [99].

4.3 Linear transmission characterisation

4.3.1 Cutback method

The cutback method measures the difference in insertion loss of the fibre with different lengths, as
illustrated in Fig. 4.4. It is a widely used method that is considered to be reliable and convincing.
This method gives a good unit loss assuming the fibre loss is uniformly along the length. The
drawback of this method is that it destroys the measured fibre section. Another limitation of this
method is that it only reflects the average loss of the region removed from the fibre. If the fibre loss
is not uniform, it will lead to large measurement errors. Maintaining the same coupling loss

between measurements is also a challenge in practice.

First measurement

POH( |

Tapered SCF
AL

i Second measurement

Tapered SCF

Figure 4.4 Loss measurement using cutback method.
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Experiment setup

The experimental setup is shown in the Fig. 4.5, where a CW source is coupled into and out of a SCF
using objective lenses. The light is collimated by an objective lens Ls on stages. After passing through
a beam splitter (BS, 90/10), the beam is launched into the fibre core via the objective lens L;. CCD;
camera (MicronViewer 7290A) is used for imaging the input fibre facet to precisely launch the beam
into the fibre core. The coupling condition is controlled via stages, stage,, stages and mirrors M; and
Ms.. The objective lens L is used to collect the light from the SCF. A pinhole is used to block the light
transmitted in the cladding of the fibre. The output of the SCF is imaged on the CCD, camera to
monitor the output mode profile. The input/output power is measured by the power detector

(InGaAs Photodiode, Thorlabs $132C) PD;/PD..

The insertion loss is defined as the ratio of the measured input and output power. After the
insertion loss is measured, a short section of the fibre is removed via polishing before the fibre is
replaced on the setup for another measurement. This process is repeated to obtain as many
measurements as possible. The linear regression between the insertion loss (in dB) and fibre length
is calculated, where the slope of the linear regression line represents the loss per unit length of the

fibre.

1\’{1

CCD,

Pinhole | M;

M, BS i ‘*

PD,; I N PD,

Figure 4.5 Schematic of transmission characterisation setup. Mirror (M), beam-splitter
(BS), microscope objective lens (L), charge-coupled device camera (CCD), photo

detector (PD).
Primary loss measurement results

In the early stage of this work, the as-drawn fibres were primarily designed for solar cell
applications, thus the silicon used for the core was heavily doped, n-type silicon (D429, EL-CAT Inc.).

The purity of the fibre core material was improved by using a purer silicon during later stages of the
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work. Here in this section, the linear loss characterisations were carried out with the solar grade

SCFs.

Fig. 4.6 (a) shows an example of cutback measurement of a tapered SCF with 2.5 um core diameter.
The output transition region is removed such that the core size at the output of the fibre is constant
in each measurement, as shown in the inset. The insertion loss of this fibre was measured for 9
different lengths. The linear regression of the measured data is calculated. The fitted equation is
y = (4.7 £ 0.36)x + 6.6 (herey represents insertion loss, x represents fibre length). Therefore, the
loss of this fibre is 4.7+0.36 dB/cm and the coupling loss is 6.6 dB. The coupling loss includes the
reflection from the fibre facets, losses of the lenses, and the loss from the mode mismatch between

the incoming beam and fibre facet.

Using the cutback method, a number of tapered SCFs with different fabrication conditions, core
sizes and qualities were characterised. The losses of these solar grade as-drawn fibres were usually
above 10 dB/cm at A = 1.55 um and 2-7 dB/cm after tapering. A summary of the lowest losses
obtained with each different core diameter are plot in Fig. 4.6 (b). The red dashed line is a guide to
the eye. It can be seen that as the core size decreases, the losses decrease dramatically. This is due

to the larger grain sizes caused by higher cooling rates for smaller fibre core [24].
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Figure 4.6 Cutback measurements of a SCF at 1.55 um. (a) Insertion loss at different
lengths. (b) The lowest loss obtained with various SCF core diameters. The red dashed

line is a guide to the eye.

The wavelength dependency of the loss of these early SCFs was also characterised. The
experimental setup is shown in Fig. 4.7, where the laser source used was a supercontinuum laser
(Fianium SC450, with 6 ps pulse width and 20 MHz repetition rate) with an acousto-optic tunable
filter (AOTF) used to select the wavelength. As the output beam profile from the AOTF depends on
the wavelength, the beam after the AOTF is first coupled into a patch cord fibre in stages and then
collimated in stages to maintain the same coupling condition into SCF for different wavelengths. All

measurements were taken using a modest power (less than 100 uW) to minimise the nonlinear
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absorption. To cover a wider wavelength range, a CW fibre laser source at 2 um was also used in

this measurement.

M,
/ M,
AOTF
SC laser :H
1
CCD, M;
T pd b
\ { ) E:[ L, %:1 L, : [| ccp,
M, BS i | |Pinhole
1
I T O T O T O
PD, Stage, Stage, Stage; PD,

Figure 4.7 Schematic of multiple wavelength transmission characterisation setup.
Mirror (M), beam-splitter (BS), microscope objective lens (L), charge-coupled device
camera (CCD), photo detector (PD), patch cord (PC), acousto-optic tunable filter

(AOTF), supercontinuum laser (SC).

The measured results are shown in Fig. 4.8. For wavelengths below 1.2 um, the loss increases
dramatically as the band edge of silicon is around 1.1 um. The lowest losses are around 1.2 - 1.6
um. The losses increase at longer wavelengths due to the effect of intrinsic FCA in this solar grade
silicon material. The resistance of the raw silicon material used for the as-drawn fibre was 0.05-0.15
Q-cm, which corresponds to carrier density of 4.6x10%-2.4x10Y cm?. This level of free carrier
density is high enough to cause significant FCA (a few dB/cm) [2]. Thus, it is important to use pure

silicon as the core material to obtain higher transmission for longer wavelengths.
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Figure 4.8 Losses of various core diameters solar grade tapered SCF at different

wavelengths. Dashed lines are guides to eye.
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Error in the cutback method

The main drawbacks of the cutback method for SCF loss measurements are that, firstly it destroys
the measured sample, secondly, the measurements require extreme care to be conducted properly.
To minimise the measurement error, the coupling condition of the input and output of the fibre
need to remain unchanged. This is difficult in practice, as the sample needs to be polished for each
measurement. The fibre facet condition can be slightly different after polishing. Variation of the
size of the fibre core can change the coupling efficiency at the output of the fibre. When using a
CW laser, the linewidth of the laser needs to be large enough to avoid the Fabry—Pérot cavity effect.
Interference effects from the Fabry—Pérot cavity can easily introduce a few dB error in each
measurement. These measurement errors can be reduced by taking repeated measurements,

which is very time consuming, especially when measuring the losses for various wavelengths.

4.3.2 Fabry—Pérot method

Light transmission in a Fabry—Pérot cavity

The Fabry—Pérot cavity method is a fast and non-destructive method for the SCF loss
measurements. It uses the interference pattern on the transmission spectrum to estimate the loss
of the SCF. As the refractive index of silicon is much higher than air, the input and output fibre facets

form a Fabry—Pérot cavity, as shown in Fig. 4.9.
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Figure 4.9 Schematic of a Fabry—Pérot cavity formed by SCF. lo, I; and I; are input,

reflected and transmitted light intensity.

The transmitted light intensity can be described by the well-known equation [28]

I (1—R)%e %
Iy (1—Re )2 + 4Re~Lsin2(¢p/2) (4.1)

where R is the facet reflectivity, L is the cavity length, I,, I, and I;, are the input, reflected and

transmitted light intensity. ¢ is the phase difference between successive waves in the cavity. I; has
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a maximum when sin?(¢/2) = 0 and a minimum when sin?(¢/2) = 1. Thus, Eq. (4.1) can be
rewritten as

_ Lpax (1 + Re™%L)2
§= Lnin - (1 — Re—aL)?’ (4.2)

where £ is the ratio between the local maximum and minimum power transmission I,;,4, and L.
This equation can be rearranged to obtain the loss coefficient a as

)

a= (4.3)
As a result, the absorption coefficient can be obtained from measuring the maximum and minimum

spectral response of the SCF and the fibre length.

Experiment and results

The experimental setup is similar to that for cutback measurements and is shown in Fig. 4.10. A
tunable CW laser with very narrow linewidth is used. Light is first collimated via Ls and coupled into
the fibre via a microscope objective lens L; through mirrors M; and M,. The output light from the
SCF is then collected via another lens L, and coupled into a power meter via objective lens Ls. The

power meter and the laser are controlled by a computer for wavelength tuning and data recording.

Lz Tunable Power meter L,
CW Laser
| |
Computer
Fibre Pinhole
L, L,
M, M,

Figure 4.10 Experimental setup for Fabry—Pérot cavity measurements.

The tested sample was a tapered SCF with a 4 um core diameter and 2.6 cm length. Its transition
regions were removed so that the fibre diameter and material properties were approximately
constant along the entire length. The silicon material used in this fibre (0212, EL-CAT Inc.) has a
higher resistance of 15~22 Q-cm than in Section 4.3.1, which has negligible intrinsic FCA. The
tunable wavelength increment of the laser was set to be 1 pm. Fig. 4.11 shows the measured
spectral response of the sample. The y axis is the ratio of transmitted/input light intensity. The

interference pattern on the spectrum can be clearly seen in the figure. The loss coefficient is then
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calculated to be 1 dB/cm using Eqg. (4.2) and (4.3), assuming the reflectivity of the silicon/air

interface is 30%.
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Figure 4.11 Spectra response of the SCF Fabry—Pérot cavity.

The free spectra range (FSR) of the interference pattern is defined as the distance between two
peaks in the spectra. It is related to the centre wavelength A, refractive index n and the effective
length L of the cavity

2

A5

FSR =
2n-L

(4.4)

Using Eq. (4.4), the FSR of this fibre is calculated to be 0.01329 nm, with n = 3.4757 [73], L=2.6 cm,
and 4 = 1.55 pm. It is almost identical to the value 0.0133 nm measured from the Fig. 4.11. This is

evidence of the reliability of this method.
Discussion

There are a few considerations when using the Fabry—Pérot method for SCF loss measurement. It
can be seen in the Fig. 4.11 that the envelop of the spectrum oscillates with a period of around 0.4
nm. This could be caused by other Fabry—Pérot cavities in the system (for example, patch cables
and objective lenses). As the period of the envelop fluctuation is a much larger (30 times) than the
FSR of SCF spectrum, using Eq. (4.4), the cavity length is calculated to be 2 mm. This indicates that
this oscillation is most likely caused by the objective lenses whose thicknesses are in the order of a
few millimetres. However, this assumption is proved to be wrong. When the SCF is absence, the
oscillation disappears. It still requires further investigation to explain this envelop oscillation. In
practice, the focused beam at the fibre facet could have a small angle with the fibre axis, the facet
reflectivity will then be smaller than 30%, which can also lead to a larger calculated loss value.

Therefore, the loss coefficient measured by the Fabry—Pérot provides the upper bound on the loss
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of the sample. The loss values from the Fabry—Pérot method are comparable with the values from
the cutback method. However, the bandwidth of this method is limited by the laser facility available

(A =1.5-1.6 um). Thus, most of the loss characterisation is measured by the cutback method.

4.4 Nonlinear properties of the SCFs

The nonlinear parameters of silicon such as TPA and nonlinear Kerr coefficient n, across the
telecoms band up to the mid-IR have been reported in bulk crystalline silicon wafers and SOI
waveguides [100]-[102]. However, the nonlinear property of SCFs fabricated via the MCD method
were yet to be fully characterised. The nonlinear properties of the SCFs were first characterised in
telecommunications band in our group via analysing the nonlinear transmission using a short pulsed
pump source [24]. In this section, | extend the characterisation of the SCFs to the mid-IR from 1.5-

2.5 um, which covers the telecommunication c-band up to the TPA cut-off wavelength of silicon.

44.1 Transmission characterisation

The sample used in this characterisation is a tapered SCF with a core diameter of 3 um (material
type: high purity silicon, 0212, EL-CAT Inc.). Both sides of the taper transition were removed so that
the fibre diameter was constant along the length. This core dimension is chosen as the fibre has a
normal dispersion in the wavelength range of interest. We prefer the fibre to have normal
dispersion as nonlinear effects such as FWM and modulation instability can be avoided. The optical
transmission measurement was conducted using the experimental setup shown in Fig. 4.12. Two
different lasers were used to cover the wavelength range of interest. The wavelength region from
1.7-2.5 um was studied using a Ti:sapphire pumped femtosecond optical parametric oscillator
(OPO) with an 80 MHz repetition rate and pulse width between 90-200 fs (FWHM). To study
propagation in the telecommunications band, a fibre laser at 1.54 um with a 650 fs pulse duration
and 40 MHz repetition rate was used. The light was coupled into and out of the SCF via free space
coupling using a silica microscope objective lens L; and L, (NA=0.85). The output beam was then
coupled into a mid-IR optical spectrum analyser (OSA: Yokagawa AQ6375) via another objective
lens Ls. The pump power was controlled via a variable optical attenuator. The linear propagation

loss was measured using the cutback method.
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Figure 4.12 Schematic of the transmission setup. Beam-splitter (BS), photo detector
(PD1 & PD2), microscope objective lenses (L1 & L2), CCD Cameras (CCD1 & CCD2),

optical spectrum analyser (OSA).

As shown in the Fig. 4.13 (a), the loss of this SCF measured by the cutback method stays consistently
around 2 dB/cm over the entire wavelength region. The remaining fibre has a length of 11 mm.
There is a small difference (1 dB/cm) between the value measured by the cutback method and the
Fabry—Pérot method, also reported in Fig. 4.13 (a). This could be caused by a non-uniform loss
distribution along the fibre. The slightly increasing loss for longer wavelength could be caused by
the mode interaction with the silica cladding, which has higher absorption at longer wavelengths.
The coupling loss is 5.6 dB at 1.54 um. It increases to 11.8 dB at 2.5 um, as shown in Fig. 4.13 (b).
This is primarily caused by the increasing light absorption of the microscope lenses. The absorption
of the two silica lenses increases by 2 dB each as the wavelength increased from 1.5 to 2.5 um. The
coupling loss due to the mode mismatch at the fibre input and light collection efficiency at the fibre
output increased by 2 dB, as the focused beam size changes slightly with the wavelength due to the

chromatic aberration of the objective lens.
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Figure 4.13 (a) Transmission loss measured by the cutback method compared with the

Fabry—Pérot method. (b) The coupling loss at different wavelengths.

44.2 Nonlinear absorption characterisation

To measure the TPA coefficient, the transmission of the fibre was measured with different input
powers. When the input power increases, the nonlinear absorption becomes stronger until the

transmitted power is saturated. The nonlinear transmission of a SCF can be described as [47]

dl

- = —al — Brpal® — opcalNel, (4.5)
with N, determined by the TPA coefficient Srp4 and free carrier lifetime 7. in Eq. (2.68). To
determine the value of f1p4, the measured input and output powers were fit using numerical

calculations based on Eq. (4.5).

The experimental setup is the same as described in Section 4.4.1. The coupled pulse peak power is
derived from the input and output average power excluding the coupling efficiencies. As most of
the power is coupled into the fundamental mode, the effective mode area of this mode was
calculated to be 3.7 um?2. This value is used for all wavelengths as it has only a negligible change
with the wavelength. Fig. 4.14 (a) shows the nonlinear absorption curves at different wavelengths
(the output power of each wavelength is normalised for comparison). It can be seen that the
nonlinear absorption decreases with increasing wavelength. For wavelengths from 1.75 to 2.15 um,
the nonlinear absorption starts to be obvious when the power exceeds ~2 GW/cm?. At 1.54 um, the
nonlinear absorption is particularly severe, so that it starts to saturate after 1 GW/cm?. At 2.35 pum,
where the wavelength is beyond the TPA edge (2.2 um) of silicon, the output power has an almost
linear relation with the input power, with the additional loss from nonlinear absorption being only
~0.3 dB at a coupled peak intensity of 8 GW/cm?, which is negligible. The peak intensity level used
in this experiment is insufficient to observe the power saturation caused by the 3PA, though it will

limit the intensity level beyond the TPA edge [103].

60



Chapter 4

(a) _ (b) !

lr — 154pm L A Bristow et al
B ogl A X Lin etal
% 0.8 - T“& A A I This work
a — 2.15um - N
— q -
g — 235 um 5 06} \,\\ A
2 0.6} E % X\,
o 2 X 3
53 < N,
£ o4l | Z04t I\ A
< o~ \,
: * Il A
=] )™
202t )@ ] 02t . 1

'
‘\\X I I
D!‘ R . . R 0 ) ) ) N“'-.x )3.
0 - 4 6 8 10 1.6 1.8 2 22 2.4
Coupled peak intensity (GWEcmz) Wavelength (um)

Figure 4.14 (a) Nonlinear absorption measurements for different pump wavelengths.
The solid curves are the simulated fits for the corresponding wavelength given in the
legend. (b) Measured TPA parameter as a function of wavelength, together with data
points from measurements by other groups [100], [101]. Error bars represent the
uncertainty in the input powers. Dashed line is theoretical fits based on calculations of

Garcia and Kalyanaraman [104].

The obtained TPA coefficients are presented in Fig. 4.14 (b). The Brp4 drops from ~0.75 cm/GW to
~0.1 cm/GW from 1.54 um to 2.3 um. That is, it becomes negligible after the TPA edge. Previous
measurements of the TPA parameters that were presented in Refs. [100], [101] are also listed for
comparison. It can be seen that although there are small differences for the different studies, these
measurements follow a similar decreasing trend with decreasing wavelength. We believe that some
of the differences are caused by the silicon material used, as our fibres are p-Si so the values will
depend on the number of grains present. It could also be due to measurement errors, such as
uncertainties in the coupling efficiency and pulse profile (that is, pulse peak power). It is worth
noting that all of these these works have made use of mid-IR femtosecond laser sources, whose
pulse duration and pulse profile usually contains large uncertainties. To reduce the measurement
error, the pulse durations of the OPO at different wavelengths were measured via an auto-
correlator. As shown in Fig. 4.15, these results have large uncertainties due to the poor stability of
the OPO. Reducing the uncertainty to obtain highly accurate values of the nonlinear parameters in
the SCFs will be part of our future wok when more advanced mid-IR sources are avaliable.
Nevertheless, these experimental measurements follows the theoretical fits based on calculations

of Garcia and Kalyanaraman [104], as shown by the dashed line in Fig. 4.14 (b).
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Figure 4.15 Pulse duration of the OPO measured by a mid-IR auto-correlator. The red

dashed line is a guide to the eye.

4.4.3 Nonlinear refraction characterisation

The nonlinear Kerr index n; of a bulk optical material is usually characterised by the Z-scan
technique. For waveguides, the n; is usually studied by measuring the size of nonlinear effects such
as SPM [105] and or XPM [106] with different power levels. The SCFs in this work were characterised
by measuring the spectral broadening induced by SPM. The value of n, can then be determined by
fitting the numerical data obtained from the NLSE Eg. (2.50) to the experimental results. n; is first
characterised at A =1.54 um. The experimental setup is the same as used for the TPA
characterisation, as described in the previous section in Fig. 4.12. The spectral evolution with
increased coupled peak intensity is shown in the Fig. 4.16. The numerical curves (shown as the black
dashed lines) are in reasonable agreement with the measured spectra with the same input peak
intensity. Table 4.1 shows the -20 dB bandwidth of these spectra, it can be seen that the numerical
results are in good agreement compared with the experimental measurements. The estimated

value of n; is ~0.42x103cm?/GW, which is similar to the value reported from previous work [24].

To study the dispersion of n,, the same protocol is repeated for wavelengths between 1.75-2.35
pum with the OPO source. A selection of results are shown in Fig. 4.17. The spectral broadening
increases as the wavelength increases with same coupled peak intensity. We found that the pulses
from the OPO are not transform limited by comparing the spectral bandwidth and the pulse
duration before propagating through the SCFs. Therefore, a small chirp C ~ -1.1 is added to the
input pulse [107]. Although this could increase the uncertainty of the obtained n,, we found the
measured spectra are still in good agreement with the simulations in terms of bandwidth, as shown

in the Table 4.2.
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Ny 5.36 GW/em? Table 4.1. -20 dB band width for A=1.54 pm

Coupled

Intensity 0.03 0.27 133 5.36
(GW/cm?)

Experimental

bandwidth 13 13 20 30
(nm)

Simulated

bandwidth 13 13 20 30
(nm)

1.33 GW/em?

0.27 GW/cm?

Power (20dB/div)

1.52 1.53 1.54 1.55 1.56
Wavelength (um)

Figure 4.16 Spectral evolution with different coupled peak intensities at 1.542 um.
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Figure 4.17 Experimental transmission spectra as a function of pump centre
wavelength: (a) 1.75 um, (b) 1.85 pum, (c) 1.95 um and (d) 2.15 um. The dashed lines

are numerical fits obtained by solving the generalised NLSE. The normalised spectra
are offset for clarity.

Table 4.2. -20 dB band width for selected pump wavelengths

Wavelength (um) 1.75 1.85 1.95 2.05 2.15 225 2.35°

Experimental bandwidth (hnm) 192 250 281 281 303 321 168

Simulated bandwidth (nm) 218 264 280 285 326 318 178

*Bandwidth taken at -10 dB due to OSA’s maximum measurable wavelength of 2.4 um.
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The corresponding values of n, are shown in Fig. 4.18 (a). As the wavelength changes from 1.54-
2.35 um, the n; first increases significantly from 0.4x1072 cm?/GW to 1x1072 cm?/GW, then it

decreases slowly as the wavelength increases, down to 0.7x10*3cm?/GW at 2.35 pm.
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Figure 4.18 (a) Wavelength dependence of the Kerr nonlinear coefficient n, for a
tapered SCF. Error bars represent the uncertainty in the input pulses power. (b)

Wavelength dispersion of the FOM\.

The dispersion of the nonlinear figure of merit (FOMy.) of the SCF is calculated by using the
definition ny/ABrpa, as shown in the Fig. 4.18 (b). It can be clearly seen that, the FOMy. increases
with increasing wavelength. The FOMy. in the telecommunications band has the lowest value of
~0.36, which limits the nonlinear performance of the SCFs in this region. However, this is also a
general conclusion for all silicon-based waveguides. The increasing trend of the FOMy, suggests that
these fibres are more suitable for nonlinear applications for wavelengths toward mid-IR region. At
2.35 um, where TPA disappears, the FOMy. is no longer an accurate measure of the nonlinear
performance as 3PA becomes the dominant nonlinear absorption effect in this wavelength region.
The FOMy. is then defined as ny/ABspal, where | is the light intensity inside the nonlinear medium.
Using data for the 3PA parameter of single crystal silicon from the literature [103], the FOMy just
beyond the TPA cut-off wavelength is calculated using a typical value I=1 GW/cm? for comparison.
This is shown as the square data point in Fig. 4.18 (b). Even using this definition, the FOMn, keeps
increasing for longer wavelengths, so the SCF is expected to have higher nonlinear performance in
this region. However, this should be verified by future work as it is possible that multiphoton

absorption such as 3PA may eventually limit the nonlinear performance [108].

4.5 Conclusion

In summary, this chapter has reviewed the material properties of the tapered SCFs in terms of their

crystallinity and then characterised both the linear and nonlinear transmission properties of MCD
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SCFs from telecom wavelengths up to the TPA edge in the mid-infrared regime. The linear loss was
characterised using both the cutback method and the Fabry-Pérot method. The nonlinear refractive
index and TPA were characterised by fitting simulations of the nonlinear propagation with
experimental data. The low loss, high nonlinear properties of the SCFs make them a promising
platform for nonlinear photonic devices in the infrared regime, especially beyond 2 um where

applications include free-space communications, gas detection and medical diagnostics.
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Chapter 5 Mid-infrared supercontinuum generation

5.1 Introduction

In this chapter, we experimentally and numerically study femtosecond pumped SCG in the SCF
platform. To begin with, the group velocity dispersion and cladding loss SCFs with different
diameters are studied. On this basis, we first tried to observe SCG in straight SCFs, with some
preliminary results obtained. To improve the SC bandwidth, SCFs with tapered profiles were tested.
By analyzing the results, we found that the tapered fibre profile can greatly improve the spectral
broadening. The studies of SCG in tapered fibres are divided into two sections, where the fibre
profile has been designed for different wavelength bands (SWIR and MWIR). The broadest
spectrum obtained in this work is from 1.65 pum to 5.3 pm (1.7 Octave). Using numerical simulations,
this SCG is shown to be highly coherent. Furthermore, we show that theoretically the SC spectrum
can be further optimised by tailoring the taper profile so that it can cover the full transmission
window of silicon in the mid-IR. This work could provide a crucial step toward cheap, robust all-

fibre mid-IR broadband sources.

5.2 Review of mid-IR SCG

To date, mid-IR SC has been demonstrated in a range of materials in both fibre and planar
waveguide platforms. The best mid-infrared spectra have been demonstrated in the non-silica soft
glass fibre systems made from chalcogenide [109], fluoride [110] and non-silica oxides [111],
primarily due to their power handling capabilities and broadband transmission properties. However,
there are challenges to working with these materials as they are not as stable or robust as their
silica counterparts and, in the case of the chalcogenides, they often contain toxic compounds.
Alternatively, SC systems employing highly nonlinear Group IV semiconductor materials can avoid
these issues. The most common form of group IV waveguides are the SOl nanophotonic wires and
these small core waveguides usually suffer high coupling loss (typical 5-10 dB per facet) and
increased core/cladding interactions. As a result, the best SCG in SOI waveguides has been so far
limited to the SWIR band, due to the heavy material absorption from the silicon dioxide layer. A
few state-of-art platforms have been developed to extend the transmission window to the MWIR
band and achieved broader SC to longer wavelengths. A review of mid-IR SCG over the past 10 years
in Group IV platforms is shown in Table 5.1 and Fig. 5.1. Most of these SC sources were pumped
with femtosecond laser sources in the range A = 2 - 4 um. The conversion efficiency of SCG in is

defined as the ratio between input and output power, which is usually very low for silicon
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waveguide, typically below 10% due to propagation loss and unoptimised waveguide structure. A
recent work using a SiGe platform is shown in Ref. [112] has been the best SCG so far in the Group
IV platforms. It has a 1.5 octave frequency span and 48% conversion efficiency. Though, for most

Group IV platforms, generating broad band SC efficiently in the mid-IR is still a challenge.

Table 5.1 Summary of SCG in Group IV waveguide in recent 10 years.

Year Platform Linear SCG Pump Pump Efficiency Ref
loss Bandwidth  wavelength duration  (on-chip)
(dB/cm)  (um) (um) (fs)
2018 SiGe 1 3-85 4.15 200 ~48% [112]
2018 Si-AlLO; 5-7 2.5-6.2 3 100 4%-8% [113]
2018 SOl 1.5 1.2-2.4 1.9 >50 N/A [114]
2015 Si-AlLO; 1 19-6 3.7 320 <10% [13]
2015 SiGe 2 1.4-2.8 2.4 90 ~16% [115]
2015 SOl 0.2 1.5-3.2 2.3 70 N/A [116]
2014 SOl N/A 1.5-3.67 2.5 300 N/A [43]
2014 SCF 0.8-2.8 1.64-3.1 2.4 300 N/A [20]
2011 SOl 2.5 1.5-25 2.15 2000 N/A (9]
2020 T r T T T T T
H()] g — |
) 2016 y
—
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Figure 5.1 Summary of SCG in silicon-based waveguide in recent 10 years.

53 Transmission window and dispersion map

Silicon is transparent up to 8 um. However, when silicon is surrounded by silica, such as in SOI
waveguides and SCFs, the transmission window will be affected by the cladding absorption for
wavelengths beyond 2.5 um, where silica starts to be less transparent. The degree of this effect
depends on the mode field distribution that spreads in the cladding and the wavelengths. It also
depends on the material purity of silica glass. To study the cladding absorption in the SCFs, the loss
from the cladding is numerically calculated by the finite element method (FEM) by including the
imaginary component of the refractive index of silica adapted from literature [117]. Fig. 5.2 (a)

shows the absorption map of the fundamental mode in a SCF as a function of core diameter and
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wavelength. It can be seen that the losses at mid-IR wavelengths are not significant when the core
size is large. For example, a SCF with a core diameter of 3 um exhibits a propagation loss of 10
dB/cm at a wavelength of 5.2 um, but when the core diameter is 6 um, this loss is reduced to 1
dB/cm. When the core diameter is 9 um, the transmission window is extended to 7.7 um if 3 dB/cm

is used as a dividing line.
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Figure 5.2 (a) Simulated absorption map in dB/cm as functions of wavelength and fiber
core diameter. (b) Contour map of GVD parameters f3,(ps?/m) as functions of fiber
core diameter and wavelength. The pink areas in (a) and (b) shows when 3, lies

between -0.5 and 0.

The physics of SCG primarily depends on the pump pulse duration and the GVD of the fibre. When
using femtosecond pulses, SCG is dominated by SPM and soliton dynamics. When pumping in the
normal dispersion region, SCG is dominated by SPM. When pumping in the anomalous dispersion
region, SCG is dominated by soliton fission and dispersive wave (DW) emission [39]. The broadest
SCG often happens when f3, is negative and close to zero [39]. As 8, depends on both the fibre core
size and wavelength, 8, is shown on a contour map in Fig. 5.2 (b). In the upper left region, 5, is
positive; in the bottom right region, 3, is negative. For efficient wavelength conversion, ideally the
pump wavelength and fibre core diameter need to be in the region where the absolute value of 3,
is small. For example, if B, is between 0.5 and -0.5 ps?/m, the pump wavelength and fibre diameter
should be in the pink area of Fig. 5.2 (b). This area is also highlighted in Fig. 5.2 (a). It can be seen
that the cladding absorption is below 1 dB/cm in this area, indicating that the cladding absorption

has a negligible effect at the pump wavelength.
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5.4 Modelling of supercontinuum generation in silicon core fibres

5.4.1 Modified NLSE model for supercontinuum

We use the NLSE to model the SCG process. As the SCG process is a combination of all the nonlinear
effects in the fibre. To be effective, additional terms including the third order dispersion, 3PA effect,
and wavelength dependent loss are included in the equation. The Raman effect is considered to be
negligible for femtosecond pump sources and therefore is not included in the model. As the pump
is positioned beyond TPA edge of silicon, the TPA term is also not included in the equation. The

modified NLSE is an extension of Eq. (2.67) and can be written as [13]

0A iBy(d)9%A Bs(d)d%A 2, BapalAl* 1

where d is the fibre core diameter which depends on the location of taper profile, S3p4 is the 3PA
coefficient and a(d, 1) is the wavelength dependent absorption coefficient, which is also related to
the fibre diameter. The wavelength dependent loss is obtained from the finite element method

(FEM) simulations as discussed in Section 5.2.

The free carrier density N, introduced via 3PA in the fibre due to the presence of the pump can be

calculated by [13]

aNc _ B3PA |A|6 Nc

ot 3hv A, (d) To

(5.2)

5.4.2 Flow chart of modelling

The flow chart of the numerical modelling is shown in the Fig. 5.3. As discussed in Section 2.3.3, Eq.
(5.1) can be solved numerically via the split-step Fourier method. For a tapered fibre where its core
diameter changes along the fibre, its dispersion properties, linear loss and effective mode area
change with the fibre core diameter. These parameters need to be updated for every small step the
pulse propagates. As shown in the figure, the nonlinear effect, dispersion and losses are applied to
the pulse step by step. The nonlinear step needs to be solved in time domain and the dispersion

and linear loss needs to be solved in frequency domain.

The propagation step size is usually set to be a few microns to tens of microns to have a relatively
accurate result. The criteria for the step size can be determined by the maximum step size that
gives convergent results. The same rule applies to the window size and resolution of the pulse in

the time and spectral domains. The window size needs to be much larger than the pump pulse

70



Chapter 5

duration, whilst the sampling frequency needs to be power of 2 for fast Fourier transform (FFT)

calculations and is typically in the order of 212-216,

Define Pump Pulse
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Renew 2. B3 Nonlinear Step
A
Fourier Transform
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A Dispersion Step
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SHEw A€ Loss Step
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TmEs il Inverse Fourier Transform
t End of
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Figure 5.3 Flow chart of the NLSE modelling for propagation in a tapered SCF pumped

by an ultrafast laser.

5.5 SCG in straight fibre structure

In our initial investigations we tried to generate SCG in a tapered SCF with both down and up taper
transitions removed. As the core size is constant, the dispersion, loss and effective mode area are
all constant along the fibre, which makes the fibre design and analysis of the results much easier

compared to studies of fibres with tapered profiles.

The experimental setup for SCG is shown in Fig. 5.4. A Ti: sapphire-pumped OPO with a pulse
duration in the range 90-200 fs (FWHM) and a 80 MHz repetition rate was used as the pump source.
The beam is guided by two mirrors M; and M; and launched into the SCF via lens Li. The reflection
from the fibre input facet is collected by the lens L; and guided by a beam splitter BS; to a CCD;
camera to monitor the input injection. The output light is collected by another lens L, and guided
into CCD, camera for output monitoring. The input coupling can be optimised by the mirrors My,
M, and the optical stages to ensure most of the light is coupled into the fundamental mode of the
fibre. Finally, the output light is coupled into a mid-IR fibre that is connected to an OSA via lens Ls.
When the output spectrum is beyond the range of the OSA (2.4 um), it is guided to a
monochromator (Bentham TMc300), which has a wider working range detector (1-5.5 um,

Photodiode, DH_INSB Dewar-Cooled). The signal is then amplified and recorded by a computer.
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Figure 5.4 Experimental setup of SCG in a SCF. The pulsed pump source is coupled into
the tapered SCF with a lens (L1). The output light is collected with a second lens (L2)
and measured by an OSA or a Monochromator. Beam splitters (BS1 and BS2) are used
to direct light at the fibre input and output facets onto CCD cameras (CCD1 and CCD2)

to monitor the coupling.

5.5.1 SCF with a 2 um core diameter

The pump wavelength for SCG in silicon is usually beyond 2 um to avoid strong TPA. Thus, referring
to Fig.5.2 (b), the fibre should have a small core size to have a small §,. Furthermore, smaller fibres
offer tighter mode confinement and thus higher intensities that lead to lower power thresholds for
SCG. As a result, a fibre with a 2 um core diameter was chosen (Material of core: 0212, EL-CT Inc.).
Although SCFs with smaller core sizes can be fabricated, the coupling efficiency will be much lower.
The zero-dispersion wavelength (ZDW) for this fibre is 2.25 um. The loss of the fibre was ~3 dB/cm,
measured near the ZDW wavelength using the cutback method. After the cutback measurement,

the remaining fibre length was 8 mm.

The fibre was pumped at wavelengths from 2 um to 2.35 pm with various pump powers. As shown
in Fig. 5.5, the generated spectrum broadens when the pump power increases. The power values
used in the figure are the coupled average power. As shown in Fig. 5.5 (a), when the fibre is pumped
at 2 um, the pump is in the normal dispersion region that is away from the ZDW, thus, the SCG
process is dominated by SPM. The spectrum of the pump pulse needs to cross the ZDW into the
anomalous dispersion region to allow for significant spectral broadening. It can be seen that
pumping at A = 2 um is not close enough to the ZDW so the SC bandwidth is limited. When the
pump wavelength moves slightly closer to the ZDW at A = 2.1 um, as shown in Fig. 5.5 (b), the
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spectrum of the pulse can easily across the ZDW at A = 2.25 um, leading to a much wider SC

bandwidth.
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Figure 5.5 SCG spectra from a 2 um core SCF. (a) Pumped at A = 2 um. (b) Pumped at
A=2.1pum. (c) Pumped at A =2.15 um, A =2.25 um and A = 2.35 pm. (d) A = 2.15 um

with different pump powers.

When pumping the fibre at longer wavelengths at 2.15 um, 2.25 um and 2.35 um, the spectral
broadening is easier to achieve as the pump wavelength is close to the ZDW, or in the anomalous
dispersion region. The spectra extend further in the blue region, down to 1.4 um, shown in Fig. 5.5
(c). The longer part of the spectra extends beyond 2.4 um, which is the cut-off wavelength of the
OSA. The full spectra were measured using the monochromator, but the long wavelength edge
dropped sharply at around 2.6 — 2.7 um for these longer pump wavelengths. For example, when
using A =2.15 um as the pump, the spectral evolution with increasing pump powers is shown in Fig.
5.5 (d). The spectra drop sharply at 2.7 um and maintain the same profile when the pump power is
increased beyond 12.5mW. The spectra pumped at 2.25 pm and 2.35 um have same bandwidth

from 1.4-2.6 um. The spectral bandwidths measured in these results were not as broad as expected
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and were also less broad than the previous results obtained in an amorphous SCF [20] with a similar
fibre diameter. As none of these spectra extend beyond 2.7 um, we suspect the reason could be
absorption from the silica cladding, as it has an absorption peak around 2.7 um, and/or from the
interface layer. It is possible that this peak stops the SCG expanding further into mid-IR. The
simulated cladding absorption values were obtained using the imaginary refractive index provided

in Ref. [117]. However, these values are larger than in Ref. [118].

5.5.2 SCF with a 3 um core diameter

Based on the assumption that the cladding absorption was the most likely limitation to generating
SC bandwidths at the longer wavelengths. To reduce the cladding absorption, | simply tried another
fibre (Material of core: 0212, EL-CT Inc.) with a larger core size to reduce the mode interaction with
the silica cladding. The fibre had a 3 um core diameter and a length of 11 mm, the linear loss was
measured to be ~2 dB/cm over the region 1.5-2.5 um by the cutback method. The pump wavelength
was chosen to be close to the ZDW near 2.4 um, where the TPA is also negligible. The results are
shown in Fig. 5.6. The broadest spectrum is from 1.4-3.5 um at the -40 dB level, which is much
broader than the previous results (The artefact is caused by the monochromator). The coupled
average power to obtain this spectrum was double that used in the 2 um core fibre Section 5.5.1,
as the effective mode area is twice as large. These results indicate that the cladding absorption is
not an insurmountable obstacle. The drawback of this SCG is the power level, as the core size is
large and the pump is in normal dispersion regime, the SCG is dominated by SPM and requires a

relative high pump power.

Artifact

32 mwW

16 mW ]

Spectra (20dB/div)

1.5 2 25 3 35
Wavelength (um)

Figure 5.6 SCG in a straight 3 um core diameter SCF pumped at 2.4 um.
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5.6 SCG in tapered SCF in the SWIR

There are a few disadvantages of using straight SCFs for SCG. First of all, the fibre core diameter is
usually required to be very small to obtain a GVD parameter that facilitates efficient wavelength
conversion. Small core SCFs have lower coupling efficiencies, which can lead to extra heating of the
surrounding adhesive wax. When the wax melts, it can easily flow out of the capillary and block the
fibre facet. Secondly, small core SCFs have higher cladding absorption. To reduce the absorption,
one solution is to use shorter fibre lengths. However, limited by the sample preparation technique,
it is very difficult to polish and mount a SCF with a few millimetres’ length. To solve these problems,

SCG in a SCF with a tapered profile was investigated.

As illustrated in Fig. 5.7, the fibre was designed to have an asymmetric taper profile. This profile
was chosen as the large input core allowed for a high coupling efficiency, before the core was
tapered down slowly to ensure tight confinement in the waist (with minimum mode coupling and
radiation loss). The sharp up-taper was then employed at the output to reduce the interaction with
the lossy cladding and maintain a high collection efficiency for all generated wavelengths. The

principles behind this design are explained below.

Essentially, there are six parameters that can be controlled in the taper design: input core diameter
Din, waist diameter Dy, output core diameter Doy, down transition length Ltq, Waist length Ly and
up transition length Ly,. Here | simply summarise the design criteria that was established from these,

which balance the nonlinear pulse dynamics with the overall losses of the fiber:
1. Large input/output cores to facilitate light coupling.

2. An input down-taper transition that is long enough for convenient sample. This section can also

induce some initial spectral broadening, which helps to seed further nonlinear processes.

3. A tapered waist with a diameter that is in the anomalous dispersion region of the pump and a

length that is long enough to induce a large nonlinear phase shift.

4. An up-taper transition at the output that is as short as possible to minimize absorption of the

longer mid-infrared wavelengths.
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Figure 5.7 Schematic of the asymmetric taper design.

5.6.1 Design of the fibre profile

To test the improvement of the tapered design, a tapered SCF was fabricated with its profile
following the design criteria. The pump wavelength is again chosen near 2.4 um, where the
nonlinearity of the fibre is relatively high and TPA can be neglected. The fibre profile is shown in
Fig. 5.8 (a). The ZDW is also shown in the same figure with the dashed purple line indicating the
location of the pump wavelength. The fibre core diameter changes from 4 um to 1.5 um and back
to 7 um at the output. At the designed pump wavelength, the first 3 mm of the fibre is in the normal
dispersion region; from 3 mm to 10.5 mm of the fibre is in the anomalous dispersion region; and

the last 4 mm of the fibre is again in the normal dispersion region.

As the fibre has a tapered profile, the cutback method cannot be used to determine the
transmission characteristics. However, the absorption from the fibre can be estimated by excluding
the coupling loss from the total insertion loss. The coupling loss includes the loss from the input
and output lenses, radiation loss at the fibre input (mode mismatch), fibre-air interface reflection
and light collection efficiency from the output lens. Among these terms, the loss from the lenses
can be measured experimentally; the silicon/air reflection is usually assumed to be 1.5 dB per facet;
the loss from the light collection is determined numerically by a commercial software (Lumerical
Mode solution); the radiation loss at the fibre input can also be numerically estimated from the
beam profile and the lens properties. To have a better estimation of the radiation loss at the fibre
input, the beam profile from the OPO was measured using a mid-IR camera (Pyrocam IIIHR, Ophir
Optronics), as shown in Fig. 5.8 (b). The transmission loss near the pump wavelength was estimated

to be less than 5 dB/cm.
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Figure 5.8 (a) Fibre profile with the corresponding ZDW when the pump wavelength is
at 2.4 um. (b) The beam profile from a mid-IR camera (Pyrocam IIIHR, Ophir Optronics).

(c) The mode image from the output of the fibre in the CCD camera.

5.6.2 Experimental results

The experiment setup has been described in Section 5.4. The alignment was optimised for
fundamental mode coupling and the output mode profile is shown in Fig. 5.8 (c). The SC spectra are
shown in Fig. 5.9 (a). The broadest spectrum spans from 1.35 to 3 um with only 4 mW coupled
average power. It is much wider than the results in previous sections when using straight SCFs.
When further increasing the pump power, the spectral bandwidth saturates, which could be due to
cladding absorption and 3PA. The fibre was then pumped at different wavelengths across 2.2 um-—
2.5 um. The bandwidth of the obtained spectra are very similar, with only a small change in the
spectral shape. Generally speaking, the spectra are flatter but narrower when pumped with shorter
wavelengths, as a longer section of the fibre will be in the normal dispersion region and the
spectrum will be more affected by SPM. The spectra pumped at longer wavelengths are wider but
less flat, as the pump will be primarily in the anomalous dispersion regime, so that the continuum
is dominated by pulse compression and DW emission. As the position of the DW is related to the
third order dispersion of the fibre, a varying fibre profile can lead to multiple DWs generated at
different wavelengths, resulting in an increased bandwidth of the spectrum [119], [120]. This is
particularly obvious when pumping the fibre at 2.5 um, as shown in Fig. 5.9 (b), where one DW
occurs at 1.4 um and another DW occurs at 1.6 um. The position of DW can be roughly estimated
by Eq (2.67) by assuming a constant fibre core diameter. For example, when pumping at 2.5 um
with 4 mW coupled average power (corresponds to 470 W coupled peak power), the soliton order
is calculated using Eq (2.64) to be N=6.7 for an averaged 2 um core, leading to a DW at 1.58 um.

This number is just between the two DWs measured, as a result of the varying fibre profile.
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Figure 5.9 (a) SCG spectra generated in the tapered SCF, pumped at 2.4 um with

increasing coupled average power. (b) Wavelength tuning of the pump.

5.6.3 Numerical modelling analysis

To have a better understanding of the SC evolution in the tapered fibre, the pulse evolution in both
frequency and time domains were studied numerically using the NLSE model. The parameters used
in the modelling are shown in Table 5.2 and Fig. 5.10. The spectral and temporal pulse evolution
are shown in Fig. 5.11 (a) and (b). It can be seen that the SCG process can be divided into three
parts by the sign of GVD parameters. In the first part of the fibre from 0 to 2.5 mm, the pump pulse
propagates in the down transition of the fibre. In this section, the core size is large and 3, is positive,
the pulse only has some initial spectral broadening through SPM. The peak power of the pulse also
decreases due to the dispersion and loss. In the second part of the fibre from 2.5 mm to 11 mm,
due to the negative 8, and smaller fibre core, the pulse compresses and its intensity rises
dramatically, which triggers soliton fission and DW emission. In the third part of the fibre from 11
mm to the end, the pump enters the normal dispersion again and the light intensity is greatly

reduced. As a result, no nonlinear interaction happens in this section and the spectrum remains

unchanged.
Table 5.2. SCG simulation parameters
Parameter Symbol Value (unit)
Pump wavelength A 2.4 um
Linear loss a; 5 dB/cm at pump wavelength
Kerr effect coefficient n, 6.0 x 10718 m?/wW
Pulse width Trwinm 100 fs (hyperbolic secant)
Carrier life time T 10 ns
FCA parameter o 0.55 x 10721 m? from Ref. [121]
3PA coefficient B3pa 7 X 10727 m3 /W? from Ref. [108], [122]
GVD parameter B Shown in Fig. 5.10 (a)
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3™ order dispersion Bs Shown in Fig. 5.10 (b)
Effective mode area Aerr Shown in Fig. 5.10 (b)
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Figure 5.10 (a) Dispersion properties of the tapered SCF at the pump wavelength of 1
= 2.4 um. (b) Effective mode area of the tapered SCF at the pump wavelength of A =

2.4 um.

To investigate the wavelength distribution of the SC in the time domain, SCG in this fibre was also

studied using numerical spectrograms, shown in Fig. 5.12. At z= 6 mm, the spectral bandwidth is at

the broadest position (also as seen in Fig. 5.11 (a)). The pulse is temporally compressed, and its

energy is concentrated. After this point, the SC gradually stretches temporally due to dispersion,

which weakens the frequency mixing, as shown in Fig. 5.12 (b). The output SC has a ~2 ps pulse

duration. As the broadest position of the spectral was produced in the middle of the fibre, the fibre

section from 6 mm to 14 mm does not help to extend the spectrum further but purely introduces

additional losses. This indicates that the fibre profile could be further optimised by using shorter

fibre length.
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Figure 5.11 NLSE simulation of the SCG in the tapered SCF with 520 W pulse peak
power. The white dashed lines divide the fibre by sign of dispersion at pump

wavelength. (a) Spectral evolution along fibre. (b) Pulse propagation along the fibre.
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Figure 5.12. Spectrogram of the SCG at different fibre locations. (a) At 6 mm along the
fibre. (b) At 12 mm along the fibre.

5.7 SCG in the tapered SCF in MWIR

5.7.1 Design of fibre profile

To further extend the spectrum to longer wavelengths in the MWIR band, the pump wavelength
was moved to 3 um. To determine the best tapered fibre profile, | used extensive modelling of the
NLSE to establish the design that was likely to produce the broadest SC. To simplify the problem,
modelling of each section was initially conducted independently in three steps. Firstly, | choose the
waist diameter and length. The waist diameter was targeted to be ~3 um such that it is close to the
ZDW, in the anomalous dispersion regime, and yet still has relatively low cladding losses. The waist
length was then determined from results of the NLSE simulation. In the simulation, a straight fibre
with a core diameter of 2.8 um was used. The pump peak power was set to be 1.5 kW. This power
corresponds to an intensity of 40 GW/cm? in the fibre waist, which has a moderate nonlinear
absorption in the region of the pump wavelength [122]. The spectral evolution is plotted in Fig. 5.13
(a). From this | targeted a length of ~2 mm as this corresponds to the shortest length to obtain
maximum spectral broadening. The second step was to determine the fibre down transition. The
input diameter was set to be 10 um to allow for easy alignhment and efficient coupling. The down
transition length was determined numerically. Fig. 5.13 (b) shows SC spectra generated in down
taper lengths of 0, 2.5, and 5 mm. It is clear from the figure that the 5 mm down transition produces
the broadest spectrum with the longest red spectral edge. Longer lengths do not offer any
additional broadening as the losses will also increase. The final step was to design the up transition.

The output core diameter was set to be 10 um for efficient light collection for the longer
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wavelengths and the up-transition length was chosen to be as short as possible to minimize the

cladding loss for the long wavelengths.
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Figure 5.13 (a) Simulation of SCG evolution in a straight SCF with a 2.8 um core
diameter and 1.5 kW coupled pump power at A =3 um. (b) Simulated SCG spectra with

different down taper transition lengths.

With the target fibre profile parameters determined, | fabricated another tapered SCF with the
technique described in Chapter 3. The measured fibre profile is shown in Fig. 5.14 (a) with the ZDW
plotted in the same graph for comparison. The pump wavelength is indicated by the dashed purple
line. Compared with the fibre profile in Section 5.5, this fibre is only 8 mm long and only a 2 mm
fibre section from 5.2 mmto 7.2 mm is in the anomalous dispersion region. The up-transition length
is also much shorter, less than 1 mm. The overall fibre diameter is much larger, which means the

cladding absorption at longer wavelengths will be much smaller.
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Figure 5.14 (a) Fibre profile with the corresponding ZDW when pumped at 3 um. Inset

is the schematic of the fibre. (b) The beam profile from a mid-IR camera (Pyrocam IlIHR,
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Ophir Optronics). (c) The mode image of the SCG from the output of the fibre in the

CCD camera.

5.7.2 Mode coupling and transmission

The experimental setup has been described in Section 5.4. As the input core diameter is large, care
must be taken to select a proper lens to ensure most of the coupled light is in the fundamental
mode. The input beam from the OPO was measured by a mid-IR camera (Pyrocam llIHR, Ophir
Optronics), as shown in Fig. 5.14 (b). The beam radius was measured to be ~1.5 mm. To find the
proper lens for input coupling, the focused beam size was calculated numerically using different
lenses. Then the focused beam size (assumed to be Gaussian distribution) and its overlap with the
guided modes of the SCF were calculated numerically for the pump wavelength of 3 um. Fig. 5.15
(a) shows the mode overlap between the incoming beam and fibre modes from a 10 um core
diameter SCF. Most of the power is coupled into the LPo; and LPo; modes. The fundamental mode
percentage to the total coupled power is over 90% when the incoming beam radius is between 2.5
pum to 4.5 um, as shown in Fig. 5.15 (b). Based on these criteria, a black diamond lens with NA =
0.56 was used for the input coupling, with a calculated focused beam radius of ~2.9 um. Thus, we

expect that for this configuration most of the coupled power is in the fundamental mode.
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Figure 5.15 (a) Mode overlap of a Gaussian beam and the two lowest order LPo, modes
in the SCF with a 10 um core diameter at a 3 um pump wavelength. (b) Percentage of

the fundamental mode for different input beam waist radi.

To characterise the transmission properties of this tapered SCF, the insertion loss of the device was
measured for OPO wavelengths between 1.7-3.7 um, using the lowest power setting to minimise
the effects of nonlinear absorption. At the pump wavelength of 3 um, the total insertion loss is only

7.3 dB. The fibre insertion loss and estimated loss per unit length are shown in Fig. 5.16. The large
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error bars are due to the uncertainty of the coupling loss. The average propagation losses are
extracted to range between 0.2 dB/cm up to 3 dB/cm over this wavelength region. This is
comparable to the lowest values reported in planar silicon waveguides over a similar wavelength

regime [12], [13].
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Figure 5.16 Transmission properties of the tapered SCF at different wavelengths. The

error bars are from uncertainties of the coupling efficiency.

5.7.3 Experimental results

The fibre was pumped at 3 um with various input powers. The output SC spectra are shown in Fig.
5.17 (a). The coupled average pump powers increase from 0.4 to 10.8 mW. The SC bandwidth and
the power used are shown in Table 5.3. The spectrum spans over one octave from 1.94 um — 3.96
pm with only 4.17 mW coupled average power. This is comparable to the SC spectra in Section 5.6
show in Fig. 5.9 (a), where the spectrum spanned 1.15 octaves from 1.35 pm to 3 um with a similar
coupled average power. For the highest coupled average power at 10.8 mW, the spectrum spans
1.72 octaves from 1.62 to 5.34 um at the -40 dB level, which is much wider than the SC in Section
5.5, extending well beyond the absorption edge of the silica cladding, thanks to the specially
designed tapered structure. Moreover, the long wavelength signals (>5.5 um) in the high-power
spectrum of Fig. 5.17 (a) are still above the noise level, however, we were not able to measure
beyond this point due to the limited detector sensitivity. Owing to the free space coupling
arrangement, the atmospheric CO; absorption dip at 4.25 um can be clearly observed in all spectra
when the coupled input average power is above 6 mW. As the pump is in the normal dispersion
regime for most of the fibre sections, the spectral broadening is dominated by SPM followed by
soliton fission and DW emission, as evident from the evolution of the spectral profile and as labelled

in the top spectrum (SPM SB1, SB2 at A =2.67 um and A =3.4 um and DW at A = 1.8 um) in Fig. 5.17

83



Chapter 5

(a). Using Eq (2.67), the calculated DW position is 1.8-2 um corresponds to the core diameter 2.9-

3.1 uminthe

Fig. 5.17 (b) shows the results from tuning the pump wavelength for four different wavelengths
near 3 um. For comparison, all the spectra have been recorded at their broadest bandwidth and
the corresponding coupled average pump power is as labelled. As expected, the maximum spectral
bandwidth is obtained for the optimum pump wavelength at 3 um. In particular, when pumping at
2.7 um in the normal dispersion regime the spectral broadening is mainly induced by SPM, so that
it exhibits the smallest broadening. These results again highlight the important role dispersion plays

to enhance the broadening, with the broadest spectrum being obtained when the phase matching

waist region of the taper.

conditions for DW emission are met.

Table 5.3 MWIR SC results

Coupled Average Power (mW)

Coupled Peak Power (kW)  Spectral Range (um) Octaves

10.8 1.19 162-534 1.72
8.75 0.96 1.66-4.51 144
6.25 0.69 1.68-4.45 141
417 0.46 194-3.96 1.03
2.08 0.23 2.48-3.59 0.53
041 0.045 2.62-3.37 0.36
(@) ' ' ' (®) ' '
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Figure 5.17 (a) Experimental spectral broadening as a function of coupled average

input power. The wavelength converted peaks associated with FWM (FWM sidebands

SB1 and SB2) and DW emission are labelled in the top spectrum. Black arrow shows

the CO2 absorption dip. (b) Comparison of SC generation with different pump

wavelengths.

Fig. 5.18 shows the converted SC power at the output fibre facet for increasing coupled average

(peak) power up to 10.8 mW (1.19 kW). The converted SC powers are back calculated using the

84



Chapter 5

values measured on the detector by excluding the coupling loss at the output facet. The
input/output powers measured on the detector were 26 mW/3.8 mW. The transmission loss from
the front/back lens (Molded IR Aspheric Lenses, Thorlabs) are 1 dB each. Assuming the reflectivity
of silicon/air interface is 1.5 dB and mode mismatch at the front facet is 1.3 dB, the coupled average
power can be then calculated to be 10.8 mW. The converted in-fibre SC power can be calculated to
be 6.8 mW by excluding the 1.5 dB output facet reflection and 1 dB lens loss, leading to a power
conversion efficiency as high as ~62%. This is the highest power conversion efficiency reported in
any Group IV semiconductor platform, as shown in Table 5.1. The converted SC power reached a
value of 6.6 mW for 10.8 mW coupled average power, resulting a spectrally bright SC with an
average power spectral density of PSDaverage= 2 UW/nm. The total nonlinear loss introduced in the
SCF is only 1-2 dB due to the short taper waist length and low pump power. When combined with
the high output coupling efficiency, a SC power of ~4 mW is obtained outside the fibre. This is a
significant improvement over previous mid-IR SC demonstrations in silicon waveguides, which have
been limited to out-coupled powers less than 1 mW [13]. As the pump power (21 mW average
power at the fibre facet) is far below the damage threshold of crystalline silicon, stable operation
is expected and the tapered SCF used in this experiment exhibited no measurable change in
transmission over several months of experiments. Higher pump power was not used, as we found
that when the coupled average power was further increased up to 14.5 mW, the spectrum did not
get broader and the output power gradually saturated at ¥4 mW due to 3PA. However, in this work,
the maximum average power that was tested on a tapered SCF was ~600 mW, which further

confirmed that the tapered SCF device is resistant to relatively high powers.

Output power (mW)
l\
1
A
1

0 2 4 6 8 10 12 14 16
Coupled average power (mW)

Figure 5.18 Output SC power versus coupled power, average power (bottom) and peak

power (top), for the tapered SCF. Black line indicates linear loss.
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5.7.4 Numerical analysis

The pulse evolution in frequency and time domain were studied numerically using the NLSE. The
parameters used in the simulations are provided in Table 5.4 and Fig. 5.19 (a) and (b). The spectral
evolution with increasing pump powers are shown in Fig. 5.19 (c). Compared with the experimental
results in Fig. 5.17 (a), the stimulated spectra show reasonable agreement with the measured
results, not only in terms of the bandwidth, but also their spectral features. The slight difference
between the simulations and experiments arises in the position of the DW, where there is a
mismatch of ~0.2 um. This discrepancy could be caused by uncertainties in the higher order
dispersion values used in the simulations, principally due to the difficulty in precisely mapping the
core diameter variations along the taper profile and waist. In addition, the discrete peaks on the

short wavelength side are not visible in the experimental spectra, which is artefact from the

simulation.

Table 5.4. SCG simulation parameters

Parameter
Pump wavelength

Linear loss

Kerr effect coefficient
Pulse width
Carrier life time
FCA parameter
3PA coefficient
GVD parameter
3™ order dispersion
Effective mode area

Symbol
A

a;

n;
Trwum
T
o

)B3PA

B2
Bs

Aesr

Value (unit)
3 um
Wavelength dependent losses
shown in Section 5.2
3.0 x 107 m?/W
100 fs (hyperbolic secant)
10 ns
2.9 X 10721 m? from Ref. [121]
2 x 10727 m3 /W? from Ref. [108], [122]
Shown in Fig. 5.19 (a)
Shown in Fig. 5.19 (a)
Shown in Fig. 5.19 (b)
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Figure 5.19 (a) Dispersion properties of the tapered SCF at the pump wavelength of 4
= 3 um. (b) Effective mode area of the tapered SCF at the pump wavelength of 1 =3
pum. (c) Numerical simulation results for SC spectra generated in the tapered SCF when

pumped at 3 um.

Fig. 5.20 (a) and (b) show the simulated spectral and temporal evolution along the SCF for the
maximum coupled peak power of 1.19 kW, clearly illustrating the complete spectral dynamics.
Similar to the SCG in tapered SCF for SWIR, the whole process is divided into three sections in the
fibre. In the first section, between 0 and 4 mm, the pump pulse propagates in the normal dispersion
regime and exhibits modest broadening due to SPM. In the second section from 4 — 7 mm, the core
diameter continues to reduce, and the pump pulses access the anomalous dispersion region with a
larger peak intensity. This forms high order soliton which eventually leads to compression, break-
up and DW emission to produce a broadband SC spectrum. It can be seen that most of the SCG
happens in the last 2 mm of the fibre. This is useful as it greatly reduces the cladding loss for longer
wavelengths. The final section incorporates the sharp, 1 mm long, up-taper during which there is
no significant absorption of the spectral components. The large output fibre core allows the light

to be collected out of the fibre with minimal loss.
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Figure 5.20 (a) Simulated spectral evolution of the SC along the tapered fibre on a
normalised log scale. (b) Simulated temporal evolution of the SC along the tapered
fibre for the maximum coupled peak power of 1.19 kW. The colour bar shows the peak

power in kW.

To investigate the wavelength distribution of the SC in the time domain, the SCG process is plotted
using spectrograms, shown in Fig. 5.21 (a). The SPM sidebands SB1, SB2 and the DW can be clearly
distinguished in the figure when z = 8 mm. Fig. 5.21 (b) shows the output pulse in the time domain
compared with the input pulse before the fibre. It can be seen that the output SC consists of many
sub-pulses, with two of them having a peak power as high as ~1 kW. In fact, the peak power of the
pulse in the fibre always maintains a high level, as shown in Fig. 5.20 (a). The maximum peak power
of the propagating pulse is as high as 2 kW at z = 7 mm of the fibre. This is one of the reasons for

the high nonlinear frequency conversion efficiency in this particular fibre design.
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Figure 5.21 (a) Spectrogram of the SCG at different fibre locations. The scale of the
horizontal axis is shown as scale bar. (b) Input and output SCG pulses in the time

domain.

5.7.5 Coherence property

For applications such as spectroscopy and optical frequency comb metrology, it is important to
ensure the generated SC can preserve the coherence of the pump laser. Unlike SC sources that
make use of picosecond or longer pump pulses, where the broad spectral bandwidth is generated
via amplification of background noise (modulation instability) [123], by relying largely on SPM and
FWM, the SCG in Fig. 5.17 is expected to have maintained good coherence, as reported in Refs.
[112], [116]. Coherence of the SC can be calculated by the equation in [123]:
(A1(DA, (D)
Vaa @ P14, @ P

912D = (5.3)

where A; and A; are the electric field amplitudes of two independent SC output. g1, is the complex
degree of first-order coherence and the angle bracket represents the ensemble average over all
independently generated SC pairs. In this work, the coherence is calculated by applying 100 pairs
of individual SC output with this equation, described in Ref. [114]. The laser source (OPO) used in
this work has a 5% intensity noise with 30 dB level signal to noise ratio. To model the quantum noise
from the input pulses, each of these spectra is generated by incorporating 5% intensity noise
together with 30 dB level signal to noise ratio to the input pulse envelop [114]. As shown in Fig.
5.22, the SC is highly coherent (>0.9) and close to unity over its entire bandwidth. A £5% pump
intensity difference does not affect the overall spectral shape. This is in good agreement with the
predictions that SC spectra pumped by femtosecond pulses will largely preserve the coherence of
the pump source [124]. The coherence could be further improved to approach unity if pumped by
a more stable laser source (e.g., a mode-locked fibre laser [125]) with negligible power fluctuations.
For an example, when using mode-locked laser with power fluctuation of 1.5% [126], the coherence
of the whole spectrum is almost 1. This indicates that the coherence of the SC mainly depends on

the stability of the pump source.
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Figure 5.22 Simulated coherence with quantum noise and intensity fluctuations (5% in
purple and 1.3% in red) together with the simulated SC spectra with + 5% and -5%

differences of the highest input power in Fig. 5.19 (c).

5.7.6 Spectral optimisation

The experimental results have shown that the tapered SCF platform can generate SC spectra
extending over 55% of the transparency window of the silicon core material. In order to study the
ultimate limit of the SC bandwidth, further optimisation of the taper design was numerically
investigated. To simplify the problem, the wavelength is fixed at 3 um and the SCG is optimised by
changing the fibre profile and pump power. The generated spectra are compared in terms of

spectral bandwidth. | define spectral bandwidth factor as I = [S(w)dw , where S(w) =

|A(w)|?
max(|A(w)|?)

is the normalised SCG spectrum. This factor is related to both spectral bandwidth and
flatness. Larger I' corresponds to wider and flatter spectrum. There are 7 variables in this
optimisation process (pump power, Di,, Dw, Dout, Ltd, Lw and Ly,) to find the maximum value of I'. To
simply the problem, the fibre profile is created based on a simple model described in Ref. [127]. By
calculating the SCG spectra with combinations of these 7 variables, the best spectrum can be found
when T' is at maximum. However, this optimisation process can be time consuming as the
computational time exponentially grows with number of variables and variable step size. As a result,
the optimisation process requires manual assistance to set proper variable range. Using this
method, the fibre profile that produced the best spectrum is shown in Fig. 5.23 (a) together with
the corresponding SC in Fig. 5.23 (b). We find that when the fibre is pumped with an average input
power of 27.2 mW (3 kW peak power), the spectrum spans from 2 um to beyond 8 um at the 20 dB

level.
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The SC evolution in this tapered design is shown in Fig. 5.24. The longer wavelength components
(beyond 6 um) are, in fact, generated in the up-transition region in the last millimeter of the fibre.
Although this is beneficial for minimizing the long wavelength interaction with the cladding, it does
mean that the broadening is very sensitive to variations in the output taper diameter as higher
order dispersion plays a key role in the frequency conversion. Nevertheless, this simulation
indicates that the tapered SCF platform has the potential to produce SC spectrum that covers the

entire silicon transparency window, even with an absorptive silica cladding.
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Figure 5.23 (a) Tapered SCF profile. (b) Simulated SC spectra with different coupled peak powers.

>0

0

6
-10
8 |
£ 4 20 £
Py o
2 b
53 3
A A
2
-40
1
-50
2 4 6 8 0.2 -0.1 0 0.1 0.2 (kW)
Wavelength (um) Time (ps)

Figure 5.24 Simulation result for optimised taper profile. (a) Spectra evolution along

the SCF. (b) Pulse evolution along the SCF.

5.8 Conclusion

In summary, this chapter has presented results on femtosecond pumped SCG in tapered SCFs. The

GVD profiles and transmission windows of the tapered SCFs make them a suitable platform for
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broadband SCG in the infrared region. SCG in straight and tapered SCFs were studied, both
experimentally and numerically. Tapered fibre profiles can greatly improve the SC bandwidth and
efficiency. A highly coherent SC spanning 1.74 octaves has been generated from 1.6-5.3 um, which
is the broadest SC reported in a silicon core/silica clad waveguide. Numerical modelling suggests
that broader SC can be obtained by further optimising the fibre profile. The source also has high
brightness and coherence, making it readily suitable for applications in mid-IR communications,

spectroscopy and imaging.
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Chapter 6 High index fiber integration

6.1 Introduction

In this chapter, we report the fabrication of tapered SCFs with inverse taper couplers that enable
efficient optical coupling into the silicon core, as well as their robust integration to SMFs by splicing.
Different couplers for integration of SCF nanospike structures and SMFs were investigated. The best
coupler was found to be when both fibres were tapered. A proof-of-concept 30 um cladding
diameter SMF-SCF device was fabricated. The optical transmission property of this device was
studied experimentally via the cutback measurement and numerically via FEM simulations. This
integration design was found to be efficient and robust which will help to overcome significant

barriers for all-fiber nonlinear photonics and optoelectronics.

6.2 Splicing of SCF nanospike to SMF

The inverse taper coupler has been especially designed for small core high index waveguides. It
offers the capability to provide efficient coupling over a wide bandwidth [17]. The key idea behind
this approach is to gradually decrease the SCF core to a small dimension at the facet, so the guided
mode spreads out to better match both the area and the effective index of the incoming mode. The
schematic diagram of the device is shown in Fig. 6.1 (a). Numerical simulations (Lumerical mode
solution) were used to study the modal behavior in the SCF with nanoscale core sizes. Fig. 6.1 (b)
shows the mode fields of the SCF with core diameter decreasing from 600 nm to 200 nm at A = 1.55
pum. Due to strong light confinement, the mode is tightly confined in the core even when the core
diameter is 300 nm. When the core diameter is smaller than 300 nm, light starts to spread out of
the fibre core and propagates as evanescent field with its energy centered in the middle of the fibre.
We define the criteria for mode spreading when less than 50 % of the power is confined in of the
core. Thus, the core diameter of a SCF should be at most one fifth of the wavelength. Fig. 6.1 (c)
shows the transmission between a SCF and a SMF as a function of tip diameter (calculated by Mr
Joseph Campling). The optimum tip size is around 200nm. This means that theoretically if the tip

size is 200 nm, the mode coupling at the tip can be as high as -0.5 dB.
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Figure 6.1 (a) Schematic of SMF integration with the SCF nanospike. (b) Fundamental
mode profile in a SCF with different core diameters at A = 1.55 um. (c) Mode overlap

between silicon tip and SMF as a function of tip diameter at A = 1.55 um.

6.2.1 Fabrication

The fabrication process to produce inverse tapers in SCFs can be achieved by properly setting the
tapering parameters, such as heating power, tapering ratio, and tapering length. As discussed in
Chapter 3, the core continuity can be affected by the drawing power and fibre dimensions. When
the tapering ratio is relatively large, at the position between the down transition and waist of a
tapered SCF, a small overshoot will occur. This overshoot leads to a local minimum of the fibre outer
diameter. When the heating is slightly higher than normal the core in the overshoot area can
become so small that it vanishes and form a silicon “nanospike”. Fig. 6.2 (a) and (b) show
microscope and SEM images of a tapered SCF with a nanospike region. It can be seen that the tip is
smooth, with a size that gradually vanishes. The SEM image was taken by chemically etching the
silica cladding away using hydrofluoric acid (Work by Dr. Yohann Franz). The sharpness of the spike

depends on the tapering parameters.
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10 pm

Figure 6.2 (a) Microscope image of a SCF with nanospike. The rainbow colour on the
nanospike indicates the smoothness of its tip. (b) SEM image of the naked nanospike

with the silica cladding etched.

As the final goal is to integrate the SCF with a nanospike coupler to SMF, the cladding diameter of
the tapered SCF needs to be close to that of SMF (125 um). The as-drawn fibre available has a ~120
pum diameter cladding and ~12 um core diameter (core material D429, EL-CAT Inc.), thus, they need
to be inserted into a thick silica tube before tapering to increase the cladding thickness, as shown
in Fig. 6.3 (a). After the tapering process, the fibre is cleaved carefully using a cleaver (FC-6S Optical
Fiber Cleaver) at the end of the nanospike under a microscope. Usually, the distance from the
cleaved facet to the tip end should be kept within the Rayleigh length of the mode coming out of
the SMF, which is estimated to be 60 um at 1.55 um. Otherwise, the light will spread into the
cladding before entering the SCF nanospike. As the silicon tip is very small, it is extremely sensitive
to heating, which makes the splicing process rather difficult with a commercial splicer, as the lowest
power (1/16 of the power used for standard SMF fusion) with shortest arc duration (0.01 second)
available can still damage the spike. To overcome this problem, we use the more flexible Vytran
tapering rig to splice these fibres using a “cold splicing” method. Firstly, the SMF and the tip of the
nanospike are aligned with both facets touching. Then, a modest heating power is used for a short
duration. The power is just high enough to soften the silica glass. Once the two fibres are lightly
fused together, pressure is applied to move them slightly closer together and the splice joint is
heated again. This process needs to be repeated several times to enhance the strength of the joint.
The final fused fibres are still very delicate. Thus, to protect the splicing joint, the integrated device

is inserted into a capillary tube and filled with polymer wax for mechanical support.

95



Chapter 6

. ] SCF {
(a)| Silica tube I = |
breakup
v i, Cleaving | SCF
1!
© 5 :
’//’IT_:_J_ _______ \
SMF ; SCF
(©) F :
Lo Cold splice

Figure 6.3 Fabrication of the nanospike and splicing with SMF. (a) Sample preparation
of the SCF. The SCF is inserted into a silica tube for mechanical support and also to
increase the cladding thickness. (b) SCF with nanospike forms between the waist and

down transition region. (c) Cleaved SCF is spliced with SMF.

Fig. 6.4 show a few slightly different SCFs with nanospikes and their splicing with the SMF (Sample
A, B and C). The silicon nanospike in sample A was spliced using a commercial fusion splicer
(Sumitomo type-35SE). It was completely destroyed in the splicing process as a result of exceeding
heating. Although the claddings of the SCF and SMF are fused strongly, this sample is not expected
to have good transmission qualities. The nanospike in sample B has a good quality in the microscope
image before splicing, the end of the tip has a ~50 um distance to the fibre end. However, after the
fusion, the nanospike shape is affected by the heating during the splicing process, as the tip position
moves away from the SMF and the tip angle becomes larger. Sample C has a small air gap between
the silica tube and the SCF near the nanospike region. This gap is accidently formed as the starting
tapering position is not optimised. The cleaving facet of this fibre is closer to the tip. After splicing,
however, the tip is less affected by the heating compared with sample B. This could be caused by
the air gap as it acts as a heat insulating layer when splicing. After splicing, these samples were put
into polymer capillaries and fixed with adhesive wax. The SMF sides of these devices were spliced
to fibre patch cables. The SCF sides of these devices were polished following the same procedure

discussed in Chapter 3.
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Figure 6.4 (a) Splicing of nanospike with SMF using commercial arc splicer. (b)-(c) SCF
with nanospike before and after splicing with SMF. The glass tube is fused with the SCF
cladding. (d)-(e) SCF with nanospike before and after splicing with SMF. The glass tube

is not fused with the SCF cladding.

6.2.2 Optical characterisation

The optical transmission of the samples A, B and Cin Fig. 6.4 were characterised. The experimental
setup is shown in Fig. 6.5 (a). The SMF side of the devices were connected to a CW fibre laser source
with a centre wavelength at 1.55 pum. The output light was collected via a 40x objective lens and
recorded by a CCD camera. To measure the power transmitted within the core, a pinhole was used
to block the light transmitted in the cladding. The output mode profiles (without pinhole) of these
samples are shown in Fig. 6.5 (b), (c) and (d). For sample A and B, the spike shapes and position are
affected by the splicing process, leading to a poor coupling efficiency. It can be seen that most of
the power is transmitted in the cladding. For sample C, the spike shape remains unaffected in the
splicing process so the coupling efficiency into the core is much higher than the other two devices.
Most of the light is transmitted in the core. Furthermore, the unfused gap between the SCF and the
glass tube also improves the coupling efficiency, as the gap reduces the size of the SCF cladding

which leads to a smaller mode area that better matches the mode from the SMF.
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Figure 6.5 (a) Optical characterisation setup used for loss measurements. (b-d) Output
mode images measured from the CCD camera without the pinhole for the different

samples, as labelled.

For sample C, the insertion loss is measured to be 23 dB at 1.55 um. The SCF part of the device is
around 1 cm long. Assuming the fibre has an average loss of 5 dB/cm, the loss at the splice joint is
roughly estimated to be around 10 dB by excluding the losses of the connector, fibre main body,
reflection at the SCF output, and collection efficiency by the objective lens. Although this method
successfully integrates SCF with the SMF, the coupling loss is still very high. The reason can be

summarised as below:
1. The spike shape is usually changed by the splicing process.

2. With the current technique, it is difficult to align the nanospike and SMF accurately. Small

alignment error can lead to large coupling loss.

3. The distance between the cleaving point and the tip end is difficult to control. Light will spread
out into the cladding if this distance is large. Simulation shows that 1-2 dB extra coupling loss will

be introduced if the length is 50 um.

6.3 Splicing SCF nanospike to tapered SMF

To further improve the coupling efficiency and increase the fabrication robustness of the nanospike
coupler, another design was investigated that uses a tapered SMF as an intermediate section
between the SMF and SCF nanospike, as shown in Fig. 6.6 (a). Inspired by sample C in Fig.6.4, we
noticed that the coupling efficiency could be greatly improved by using a SCF with a smaller
cladding. The idea of the new design was to reduce the cladding size of both the SCF and SMF to
increase the mode matching between the two fibres. Fig. 6.6 (b) shows the mode profiles of a SCF

with different core sizes. The cladding diameter of the SCF is 10 um. Different from the modal
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behaviour in Fig. 6.1 (a), it is treated as a three-layer index fibre, as the mode is limited by the
cladding/air interface when the light extends out of the core. As the cladding of the SCF is small,

the SMF also needs to be tapered to match the size of the SCF for splicing.

SMF taper

Figure 6.6 (a) Schematic of the SCF nanospike integration with tapered SMF. (b) Mode
profile of SCF with same 10 um diameter cladding and different core diameters at A =

1.55 pum.

6.3.1 Fabrication

The as-drawn SCF used in this design has a cladding diameter of 144 um and core diameter of 5.5
pum. For nonlinear applications in the telecommunication c-band, the core diameter needs to be
around 1 pum. Thus, the cladding diameter needs to be tapered down to ~30 um. As the targeted
core diameter is very small, the heating power used in the tapering process needs to be kept as low
as possible to prevent break-up of the core. However, we find that it is difficult to choose a proper
heat power to form the nanospike with 1 um core, as the power is either too high, resulting in
discontinuities in the core, or too low, so that the nanospikes cannot form. Thus, the fabrication

process was modified.

The cores of the as-drawn SCFs are poly-crystalline and under tensile stress due to the large
difference in the thermal expansion coefficients of silica and silicon [54]. This tensile stress can be
used to create a void gap by melting the core locally with a heat-polishing method based on
unidirectional movement of the as-drawn fiber in a hot zone, as shown in Fig. 6.7. With this void

gap, the nanospike can be formed more easily.
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Figure 6.7 Illustration of void gap formation of SCF. Lower image shows the microscope

image of a SCF with a void gap.

The modified fabrication process is shown in Fig. 6.8. After the spike formation by tapering, the
fibre is cleaved on the left side of the silicon tip. The cleaving position needs to be at least 1 mm
away from the tip to prevent the spike being damaged by the heating during splicing. The cleaved
facet of a fibre is shown as an inset in Fig. 6.8 (c). There is a small bright spot in the centre of the
fibre. This indicates that this cleaved section is actually not coreless, instead, the CaO interface layer

between the silicon core and cladding acts as the fibre core in the absence of a silicon core.
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Figure 6.8 Fabrication of the nanospike and splicing to a tapered SMF. (a) Gap

formation in the core of the SCF. (b) Tapering the SCF and formation of the nanospike.
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(c) Cleaving near the nanospike. The inset shows the cleaved facet. The scale bar is 10
pum. (d) Splicing of the tapered SCF with a tapered SMF. (e) Remove the up transition
of the tapered SCF by cleaving. The inset photo shows the cleaved facet. The scale bar

is 10 um.

The cleaved SCF with the nanospike tip is then spliced with a tapered SMF. The cladding diameter
of the SMF is also tapered adiabatically to 30 um to match the size of the SCF. During the tapering,
the transmission of the SMF is monitored by a power meter. The insertion loss of the tapered SMF
is usually below 0.2 dB, which can be neglected. The tapered SMF is then cleaved at the taper waist
position. Finally, the tapered SMF and SCF with nanospike are spliced using the Vytran tapering rig.
The splicing process requires much lower heating power as the fibre is much smaller. Also, as the

splicing joint is away from the silicon tip, the shape of nanospike is unaffected in this process.

Small core fibre cleaving and splicing

As the fibre cladding diameter is only 30 um, it cannot be cleaved by a conventional cleaver. To
cleave fibres with these dimensions, the Vytran tapering rig is reconfigured into a cleaver by
manually attaching a blade onto the splice head, shown in Fig. 6.9 (a). The tension monitor on the
fibre holder stage and microscope can be used to monitor the cleaving process. Fig. 6.9 (b) shows

the top view from the microscope of the cleaving process.

The fibre cleaving can be completed by 4 steps:

1. Thefibreis placed on the V groove of the two stages. These stages are moved slightly away
from each other to create a small tension (~20 gram-force for 30 um fibre diameter) on the
fibre.

2. The splice head with the blade attached rises slowly until the blade touches the fibre. Then
the blade needs to rise another ~ 10- 20 um to increase the contact.

3. Lightly push the fibre in the vertical direction forward and backward with a probe to score
a breach on the fibre surface.

4. Gently tap the fibre in the vertical direction with a probe and cleave the fibre.

The splicing of the 30 um core fibre is similar to the conventional splicing process. The two fibres
are aligned properly, heating and pushing together at the same time. However, as the fibres are
very small, the splicing parameters need to be experimental tested many times before finding the
optimised splicing parameters. Table 6.1 shows the splicing parameters that were used for splicing
optimisation. In this table, the Pre-gap is the distance between the two fibre sections before splicing;
The Hot-push is the pushing distance; The Velocity is the pushing velocity; The Delay is the heating

time before pushing; The Duration is the heating duration; The Power is the electric power applied

101



Chapter 6

on the filament; The strength is the minimum tension to break the splicing joint (unit is gram-force).
As shown in Fig.6.9 (c), we demonstrate that it is possible to perfectly splice the fibre in this

dimension using the parameters in Table 6.1 (Sample number 10).

Table 6.1 Splicing optimisation of Vytran parameters (FTAV4 filament).

Sample number | 1 2 3 4 5 6 7 8 9 10

Pre-gap (um) 8 8 8 8 8 1 1 1 1 1
Hot-push (um) | O 32 32 33 10 3 5 8 5 7

Velocity (um/s) |50 30 10 7 50 3 5 8 50 10

Delay (s) 02 02 02 02 02 01 01 01 0.05 0.05
Duration (s) 5 5 5 5 5 4 4 4 4 7
Power (W) 50 50 50 50 55 55 55 55 55 55
Strength (g) - 4 20 7 30 25 large large large large

N 50 um

Before splicing

After splicing

Figure 6.9 (a) Microscope top view of the cleaved fibre and blade. (b) Cleaving of the
30 um core fibre. (b) Splicing of the 30 um core fibre.

6.3.2 Optical characterisation

The schematic of the light propagation in the device is shown in Fig. 6.10. The light transmission

can be divided into 4 parts, as shown in Fig. 6.10:

1. The light is transmitted into the tapered region of the SMF, the mode expands slowly and

becomes cladding guided. The loss in this section is negligible as the fibre is adiabatically
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tapered. The large mode area means that the fibre is not sensitive to misalignment at
splicing joint.

2. The light enters the coreless section of the SCF. In this section, the SCF only has a thin layer
of CaO that acts as the fibre core. Its refractive index is assumed to be 1.6, which is between
the refractive index of silica and CaO.

3. The light is coupled into the nanospike.

4. The light propagates in the SCF main body.

1 1 1
1 1 1

Tapered SMF : Coreless : SCF : SCF

(waist) : SCF : nanospike :
1 1 1
) L .
1 1
1 1
1 1
I ! IT [ IT1 v
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Figure 6.10 Schematic of the light transmission in the SMF-SCF devices.

We use the cutback method to characterize the optical transmission properties of the device. The
transmission setup is shown in Fig. 6.11 (a). The SMF-SCF device under test is connected to a 1.55
pm CW fibre laser source (Tunics T100S-HP). The power from the laser is set to be 1 mW. A 63x
objective lens with a NA of 0.85 is used to collect the output power from the cleaved facet. The
output mode is a superposition of cladding guided and core guided modes, as can be seen from the
image in Fig. 6.11 (b), taken by a CCD camera. Fig. 6.11 (c) shows the simulated mode profile from
the device output using COMSOL. Note, all of the COMSOL modeling in this section was conducted
by Dr. Ozan Aktas. A pinhole was used to filter the cladding mode so that only the core mode
remained for the power measurement. The output mode profiles measured by a beam profiler
(Pyrocam IlIHR, Ophir Optronics) before and after spatial filtering are shown in Fig.6.11 (b) and (c),

respectively.
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Figure 6.11 Optical characterisation setup used for loss measurements. (b) IR camera
image of the output mode profile. (c) Simulated power profile of the output mode. (d)
Experimental output mode profile image taken by a beam profiler. (e) Output mode

profile after spatial filtering of the cladding guided mode.

The power was measured at 5 different cut-back positions along the device, as shown in the inset
of Fig. 6.12 (a). Initially, the total transmitted power is 330 uW, including light from the cladding
and core. After spatial filtering, the power of the core guided mode was measured to be 118 pW at
position a, which corresponds to a total loss of 9.2 dB. A short section of the fibre is then removed
by cleaving, and the transmission is measured using the same method. A total 8 mm section of the
fibre is removed for the cutback measurements. A linear fit to the cut-back data was used to
calculate a propagation loss of 1.66 + 0.54 dB/cm. The uncertainty in the measurements occurs due
to the slight changes in the angle of cleaving, the surface quality, and the output coupling condition.
In the end, the SCF part of the device is totally removed from position e. The insertion loss of the
remaining part is measured to be 2 dB, which includes fiber connector loss, SMF taper loss, and the
mode conversion loss at the splicing point (calculated to be 1.25 dB from COMSOL). The nanospike
coupling loss is then estimated to be 2.75 dB, assuming the reflection from the silicon air interface
is 1.5 dB and lens collection efficiency is 1 dB (lens collection efficiency is calculated using Lumerical
Software). This is much lower than the coupling efficiency of free space coupling for a 1 um core

size SCF, which is often over 20 dB.
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Figure 6.12 (a) Loss measurements with a linear fit to the data. Inset schematically
shows cut-back positions where the tapered SCF was cleaved. (b) Simulated coupling
efficiency as a function of the spike length and cladding diameter using 3D model in

COMSOL.

The light transmission in the SMF-SCF device was also simulated in a 3D model using COMSOL. The
coupling loss of the nanospike was calculated with different cladding diameters from 8-15 um and
CaO layer thickness from 0-400 nm at 1.55 um. The nanospike starts from 5 nm in diameter and
widens to a core diameter of 1 um at the end of the transition length of 200 um. Material absorption
and scattering were assumed to be zero to investigate only the effects of a change in dimension on
the coupling losses. For a CaO layer with a thickness of 260 nm in our device, the coupling loss from
the nanospike is shown in Fig. 6.12 (b). It can be seen that smaller cladding sizes and longer spike
lengths lead to higher coupling efficiencies. When the device dimension is optimised, theoretical,

the coupling loss can be negligible small as shown in the Fig. 6.12 (b).

6.4 Conclusion

In summary, the tapered SCFs with nanospikes and their robust integration with SMFs by splicing
was studied. The fabrication process of these devices is detailed documented. Loss measurements
have revealed the propagation and nanospike coupling losses for our 30 um cladding diameter
device to be below 2 dB/cm and 4 dB, respectively. The coupling efficiency can be further improved
by reducing the cladding size of the SCF. Seamless integration of SMFs and SCFs can pave the way

for photonic and optoelectronic devices such as SCF Raman amplifiers and fiber photodetectors.
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Chapter 7 Conclusion and future work

7.1 Conclusion

In summary, this thesis has investigated tapered SCFs as a novel nonlinear photonics platform. The
fabrication techniques of small core SCFs, including the tapering process, sample preparation is
studied and detailed documented. Two types of fibre mounting techniques for tapering are
introduced, including the capillary method and splicing method. A numerical model based on fluid
dynamics has been developed to describe the tapering process of the SCFs. The technique of
tapering nanometre scale SCFs is studied with both theory and hands on experience. Transmissions
of the tapered SCFs with a range of different core sizes are characterised experimentally by cutback
measurements and the Fabry-perot cavity analysis. The SCF with propagation loss down to less than
1 dB/cm, which is the lowest SCF to date were fabricated in this work. The nonlinear properties of
crystalline SCF, including nonlinear absorption and nonlinear refraction are characterised from
telecommunication bands to mid-IR for the first time. By pumping a SCF with high intensity
femtosecond pulses, the spectral broadening is recorded and fitted with numerical simulations to
determine the nonlinear parameters. The FOMy, increases for longer wavelengths, making SCFs a
suitable platform for nonlinear applications in the mid-IR region. SCG in SCFs is studied in straight
and tapered fibre profiles. It is shown that SCFs with an asymmetric tapered profile can greatly
enhance the SC bandwidth and power efficiency. A broadband SC (1.67-5.3 um) has been generated
in a tapered SCF, using a femtosecond pump, which has a high power efficiency and coherence.
Simulation shows that by further optimise the fibre structure, SCFs has the potential to generate
supercontinuum cover its full transmission window in the mid-IR. A nanospike coupler has been
developed for efficient light coupling between SCFs and standard fibre systems, with a 2.8 dB
coupling loss achieved experimentally. This is the first fibre integration of semiconductor photonic
device. This nanotaper coupler paves the way for all fibre SCF devices. These results show the

promising future of the SCFs being used in mid-IR sources and other nonlinear applications.

7.2 Future work

Although this work has many achievements, most of the studies have been focused on optimizing
the tapered fabrication techniques and optical characterisation. Thus the SCFs are still far from
commercialisation. The next step is to carry on the optimisation work, at the same time, make

progress on practical nonlinear photonics devices. A few proposals are listed below.
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1. Mid-IR optical parametric amplification (OPA). OPA is a degenerate FWM process that requires
precision dispersion engineering of the fibre. Since the dispersion of SCF can be engineered via
tapering, SCF has the potential to be used as optical parametric amplifier, especially in the mid-IR

where the FOMy is large.

2. Raman amplification. Large gain Raman amplification has been demonstrated in planar silicon
waveguides, due to the narrow Raman response of silicon. SCF has greater power handling abilities
than planar silicon waveguide, thus, it has a great potential of being used as Raman amplifier or

even lasing.

3. All fibre device integration. Although Chapter 6 has demonstrated the nanospike integration
method, it only integrated one end of the SCF to a standard fibre system. This technique needs
further improvement for double-ended nanospike integration with SMF for the development of all-

fibre silicon photonic systems.

4. Investigations of other nonlinear processes that would benefit from precise dispersion

engineering such as pulse shaping, broadband frequency comb generation, single photon sources.

5. Commercialization. Including cost reduction, quality control.
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