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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

Thesis for the degree of Doctor of Philosophy

by Dong Wu

Silicon waveguides have been investigated widely for nonlinear photonics because they
have high nonlinear coefficients and can be fabricated with low cost. Among the different
platforms for silicon waveguides, silicon core fibres show excellent nonlinear behaviour
and also offer potential for seamless integration with other fibre-based devices. In this
thesis, silicon fibres with polycrystalline core materials were fabricated via a conventional
molten core drawing method. To obtain high nonlinearity, the polysilicon core fibres were
subsequently tapered down to have small sub-micron metre core diameters (800 nm to
1.5 um) and low transmission losses less than 3dB/cm. After optimisation of the two-
step tapering method, several polysilicon core fibres were characterised. Firstly, two
submicron sized silicon core fibres with different waist lengths were tapered using the
optimized method. Broad-band wavelength conversion using a continuous wave pump
in the telecom band was realized, with a bandwidth covering from the S- to L- band,
and conversion efficiencies of -30 dB. Then, another silicon core fibre with its dispersion
engineered for optical parametric amplification based on four wave mixing was obtained.
An optical on-off parametric gain of up to 9dB was demonstrated, which we believe is
the largest parametric gain observed in any crystalline silicon waveguide when using
a telecom pulsed pump source. Moreover, 20Gb/s QPSK signals at both the C- and
L- band have been successfully converted with the power penalties at a BER of 3.8
%1073 less than 1dB. These results highlight the potential of silicon core fibres for use

in nonlinear signal processing within future telecommunication systems.
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Chapter 1

Introduction

1.1 Nonlinear silicon photonics

Silicon photonics has gained increased interest owing to its unique possibilities to inte-
grate optical components with electronic processors. Due to the large refractive index
contrast between the silicon core and the silica cladding, light is well confined in silicon
waveguides, leading to sub-micronmeter-sized photonic devices with ultra-small foot-
prints [1]. Moreover, silicon has a large third-order nonlinearity, which makes it an
excellent material for nonlinear photonics. Hence, nonlinear effects have been studied
extensively in silicon waveguides, including self-phase modulation (SPM), two-photon
absorption (TPA), cross-phase modulation (XPM), third-harmonic generation (THG),
four-wave mixing (FWM) and stimulated Raman scattering (SRS) [2].

Based on these effects, a large number of nonlinear applications in silicon waveguides
have been demonstrated. For example, the spectral broadening caused by SPM has
been investigated [3] and all optical regeneration has been realized [4]. Cross-TPA
modulation has been exploited to achieve all-optical switching [5]. FWM in silicon
waveguides has been used to generate new frequencies through photon mixing, which can
be exploited for applications ranging from optical parametric amplification (OPA) [6-9],
wavelength conversion [10-12], optical regeneration of telecommunication signals [13,14]
and more recently quantum signal processing [15,16]. Silicon also has a high Raman gain
coefficient, and SRS has been investigated for the development of Raman lasers [17,18],
which opens a route for all-silicon-based light sources [19]. Finally, the most extreme
nonlinear process of supercontinuum generation has also been widely studied in silicon

waveguides from the telecoms band into the mid-infared [8,20-22].



2 Chapter 1 Introduction

1.1.1 FWM-based wavelength conversion at telecom bands

One of the domain above-mentioned nonlinear applications on silicon photonics is wave-
length conversion for all-optical signal processing. Over the past decade, high-performance
FWDM-based wavelength conversion has been studied extensively, as FWM can be used
to modulate or switch high-speed and complex data format signals within silicon waveg-
uides [2,23]. The first FWM-based wavelength conversion using a continuous wave pump
in the telecom band was demonstrated in 2005, where a 1.58-cm-long waveguide made
from the silicon-on-isolator (SOI) platform was used. The waveguide had linear losses
of about 2.4 dB/cm and the maximum conversion efficiency of -35dB was achieved with

the input pump power of 8 dBm [6].

As high-performance FWM requires phase matching of the pump, signal and idler beams,
one of the methods to optimize the process is dispersion engineering. By comparing
the designs of different SOIs, a bandwidth of 150nm and peak conversion efficiency
of —9.6dB, with the coupled input pump power of 20 dBm, was realized using a 1.8-
cm-long SOI wire waveguide, with a width of 600 nm and height of 300 nm. For these
dimensions, the telecom pump wavelength was in the anomalous dispersion region of the
SOI waveguide, where the FWM conversion efficiencies are strong [24]. Moreover, by
using a rib waveguide structure, the group velocity dispersion (GVD) was placed closer
to centre of the telecom C-band wavelengths, enabling broad bandwidth conversion, as
seen in the Ref [10]. A silicon rib waveguide was fabricated with a slab of 30 nm, a height
of 300nm and a width of 700nm. The wavelength conversion reached over ~ 800 nm

bandwidth and the maximum obtained conversion efficiency was -18 dB.

Another main limitation of high-performance FWM is the nonlinear losses in silicon,
because the telecom band is located where nonlinear losses due to TPA, and TPA-
induced free carrier absorption (FCA), is large when high pump powers are applied. An
approach to mitigate this is to pump SOIs with ultra-fast pulses, as when the time of
the accumulation of the free carriers is longer than the pulse duration, the free carriers
absorption gets suppressed [25]. By using a 17-mm-long SOI waveguide, a pulsed pump
source with the repetition rate of 70 MHz and width of 3.5ps, an on/off parametric
gain of 5.2dB was reported in the telecom band with negligible nonlinear absorption
[9]. Moreover, it was also demonstrated that reversing biased p-i-n junctions on SOI
waveguides help to sweep away the free carriers, thus reducing the nonlinear losses and
allowing higher input pump powers for obtaining large conversion efficiency [26]. A
conversion efficiency of -8.5 dB was reported using a SOI p-i-n waveguide with a length

of 8cm and continuous wave pumping at 25 dBm [27].

Solutions to obtain high-performance FWM also investigated the use of hydrogenated
amorphous silicon (a-Si:H) waveguides and silicon nitride waveguides, as these silicon-
based materials have a wider band gap than crystalline silicon, so that pump wavelengths

in the telecom bands (A ~ 1.5um) are below the TPA absorption edge. For example, a
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1.1-cm-long hydrogenated amorphous silicon waveguide with a width of 500 nm and the
thickness of 300 nm was used for FWM-based OPA [8]. The obtained parametric gain
was 26.5dB using a pulsed pump at 1.54 pm with a repetition rate of 10 MHz and pulse
width of 3.8 ps. Higher parametric gain was achieved using a silicon nitride waveguide
with a width of 550 nm, a height of 300nm and a length of 7mm [28], as there is no
TPA at wavelength of 1550 nm due to its large band gap. By using a pulsed-pump at
1.56 um with a duration of the 500 fs and repetition rate of 20 MHz, a parametric gain
of 42.5 dB was obtained, which represents the largest optical parametric gain to date on

a silicon-based platform.

Meanwhile, the FWM-based wavelength conversion on these SOI platforms has been
successfully applied for practical signal processing into high speed and high capacity
systems. By converting the modulated signals to available bandwidths, the most early
demonstrations of optical signal processing in silicon waveguides started vis using on-off
keying (OOK) modulation formats [13,27]. As demonstrated in [13], a 17-mm-long SOI
wire was used and the authors realized the conversion of 10 Gb/s OOK signals using
a low pump power of 18.8dBm. Complex signals modulation has also been widely re-
ported using SOI platforms to increase the transmission capacity and spectral efficiency
in the communication systems [29-35]. The modulation of quadrature amplitude modu-
lation(QAM) single polarization (112 Gb/s) signals were presented in silicon waveguides
with 22 Gbauds [31] and 28 Gbauds [32]. In 2016, in a 1-mm-long amorphous silicon
waveguide, the binary phase shift keying (BPSK) and quadrature phase-shift keying
(QPSK) signals, at the bit rate of 20 Gb/s, were demonstrated and the maximum ob-
tained conversion efficiency of FWM-based wavelength conversion was -26 dB with the

pump power of 18.5dBm [34].

1.2 Silicon core fibres

All these above-mentioned planar-based silicon waveguides using high nonlinear mate-
rials like silicon and silicon-nitride offer combined advantages in nonlinear applications
such as small device footprints and lower power thresholds owing to its high nonlinear-
ity [9,13,36]. However, there are ongoing challenges to integrating these waveguides and
materials with standard fibre components and commonly employed fibre laser sources.
For signal processing devices used in practical fibre-based telecom systems, the nonlin-
ear platform must exhibit key features including stability, low cost and compatibility
with standard fibre components and pump sources. Thus, by combining the benefits of
the highly nonlinear silicon materials and the flexible fibre geometry, a fiberized silicon
waveguide platform would be highly advantageous in providing high-performance FWM
and efficient fibre integration [37].
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1.2.1 Fabrication of SCFs

Dated back to 1996, the first silicon core fibre (SCF) with a silica cladding was suc-
cessfully grown using the micro pulling down technique [38]. The molten silicon was
suspended above the seed crystal within a silica chamber through a graphite crucible
which controls the diameter of the drawn fibre. Argon gas was flushed through to prevent
oxidation of the silicon. The 15-cm-long single crystal SCF was then fabricated with core
diameters ranging from 200 pgm to 1.0 mm with growth rates of 0.1 to 5.0 mm/min. How-
ever, these early drawn SCFs didn’t guide light due to defects such as the dislocations

and stacking faults.

In 2006, another method of high pressure chemical vapour deposition (HPCVD) was pre-
sented for fabricating the SCFs [39]. By applying high temperatures and high pressures,
the silicon can be deposited into the holes of the microstructured optical fibres, which
act as the silica cladding. As the precursor silane decomposes, silicon gets conformally
deposited on the inside of the smooth walls of the MOFs. The HPCVD method can be
used to produce centimetre length silicon fibres with the core diameters varying from less
than 1 gm up to 10 pm. The first SCF produced via this method had polycrystalline sil-
icon core and estimated linear losses of 7dB/cm at 1.5 um. After the initial work, it was
found that the phase of the silicon core could be controlled using the HPCVD method by
adjusting the temperature, with amorphous materials deposited at low temperatures and
crystalline materials at higher temperatures [40]. In 2010, a hydrogenated amorphous
silicon (a-Si:H) core fibre was fabricated at a deposition temperature of ~400°C [41]
with the linear losses of 5dB/cm at 1.55 ym [41]. The incorporation of hydrogen into
amorphous silicon core helps to saturate the dangling bonds, thus reducing the losses
at telecom bands [42]. The linear losses of these hydrogenated amorphous silicon core
fibres were then reported to get reduced to 3dB/cm [43] by increasing the hydrogen con-
tent in the amorphous silicon core. However, the HPCVD method is a time-consuming

fabrication procedure that produces fibres with only few centimetres long.

In 2008, another approach, the molten core drawing (MCD) method, was introduced
that made use of traditional fibre drawing towers for fabricating the SCFs over long
lengths [44]. The preforms are produced by sleeving a silicon rod with the diameter of
3mm into a silica tube that has the inner diameter of 3.5 mm and the outer diameter
of 5mm. The formed preform then gets melted in a furnace and drawn down to form
fibres with a silicon core at the temperature of 1950°C [45]. The temperature was
chosen to soften the silica cladding , while still encapsulating the molten silicon core.
The initial fabricated SCF were ~30m long with core diameters between 60 ym and
120 pm, with the cladding diameters ranging from 1 mm to 2 mm. Then in 2009, smaller
SCFs with core diameters between 10-100 um and cladding diameters of 40-240 pym were
fabricated by the power-in-tube preform [46]. After that, demonstrations about factors

that influence the crystallinity for the silicon core were also studied. They included
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studies of the surface roughness [47], the core geometry [48], the grain boundaries, cracks,
longitudinal perturbations, the oxide precipitates [49]. Afterwards, in 2013, alkaline
oxides were reported for use as interface modifiers, which provides great flexibility to
draw small cores silicon fibres [50]. The interface modifiers act to prevent oxygen from
diffusing into the silicon core, relieve the thermal mismatch between the core/cladding
materials, as well as decrease the viscosity of the boundary between the silicon core and
the silica cladding [50]. Among all the alkaline oxides studied, CaO and MgO showed the
best performance of improving the uniformity and mechanical properties of the silicon
core, and decreasing the defect rate. However, it was shown that due to the significantly
different thermal properties of the silicon core and silica cladding, high temperatures
can lead to break-up of the core due to Rayleigh instabilities [51], and made it difficult

to produce as-drawn SCFs with the core sizes less than ~ 10 ym.

Unfortunately, such large cores diameters are not ideal for nonlinear applications. Thus,
to address this, post processing methods were introduced to reduce the SCF core sizes
such as fibre tapering. Importantly, tapering has the benefits of both decreasing the
core diameters and improving the crystallinity of the as-drawn SCFs. A fusion splicer
was used to taper an a-Si:H fibre fabricated via the HPCVD method to produced the
first SCF with a tapered sub-micron core [52]. Then in 2016, the first polysilicon core
fibre fabricated by MCD method was tapered using a filament method, to produce a
fire with linear losses of 3.5 dB/cm and a core diameter around 1 ym [53]. Although the
core material was still polysilicon, based on the crystallographic study, it was confirmed
that the tapering method can help to reduce the linear losses by increasing the single
crystal grain sizes in the micron-sized tapered waist [54]. More recently this process has
been improved further to fabricate tapered MCD SCFs with core diameters of ~3 um
and lengths of 1cm with linear losses of ~1 to 2.5dB/cm over the wavelength region
from 1.55 um to 2.5 um [55]. Detailed investigations of the nonlinear parameters have
been undertaken in the SCFs, which have revealed that the silicon core retains high Kerr

nonlinear parameters consistent with those of planar crystalline silicon waveguides [55].

1.2.2 Recent progress on the application in SCFs

Based on its linear properties, silicon core fibres have been demonstrated for various
applications in optoelectronics and photonics. For example, the first all-fibre highly sen-
sitive Fabry—Perot interferometer (FPI) based on the SCF platform was proposed with
the ability to provide the extinction ratio of 14 dB and free spectral range of 9.34 nm [56].
The FPI was formed by splicing a standard single mode fibre (SMF) with a SCF of the
34 pm core size and 125 pm cladding diameter. The deformation region between the SMF
and the SCF was measured to be 38 um long. Then in 2019, the fabrication of nano-
spikes couplers onto the end facets of the tapered SCFs was achieved for the seamless

integration with SMFs. With the cladding diameter of 30 um, the nano-spike coupling
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losses were measured to be ~4 dB, which is significantly less than the corresponding free
space coupling loss [57]. Bragg gratings have also been written into SCFs successfully
using a 517 nm femtosecond laser with the observation of grating reflectivity and stress
relieve in the core material [58]. Solar cells have also been fabricated using SCFs pro-
duced via the MCD method [59-61]. Finally, silicon Schottky photo detectors (SSPD)
have been demonstrated in SCFs at telecom regimes with comparable photo-detection

characteristics to the conventional SSPD [62].

In regards to the nonlinear optical applications, the micron-sized SCFs, combined with
the high nonlinearity in the silicon core, have also performed well. In 2010, using an
a-Si:H fibre with a core diameter of 5.6 um and linear losses of 1.7dB/cm at 1.54 pm, the
nonlinear transmission was firstly characterised by studying the SPM [43,63]. All-optical
modulation scheme that made use of TPA when pumped telecom bands on the same
platform was reported [64]. The achieved extinction ratio was more than 4dB, which
indicates the possibilities of the SCFs for high speed signal processing applications. After
that, the XPM with an extinction ratio of 12dB was demonstrated at telecom bands
[65]. In 2015, the first micro-spherical resonator using the silicon core fibre platform
was fabricated and Kerr-based all-optical modulation was reported using a femtosecond

pump pulse, with an obtained extinction ratio of 5.9 dB [66].

In addition to these demonstrations, numerical simulations of tapered SCFs with sub-
micron sizes have been carried out to study parabolic pulse generation [67], soliton
propagation [68] and soliton compression [69]. Motivated by this success, experimental
FWM and octave-spanning supercontinuum generation (1.64-3.37 ym) was demonstrated
by pumping in the mid-infared in 2014, using a 4-mm-long, a-Si:H fibre with a core
diameter of 1.7 pm [70]. This work was further extended in 2019, where the generation
of a mid-infared supercontinuum spectra, spanning almost two octaves (1.6 ym-5.3 ym)
was demonstrated, by employing a novel designed tapered SCF with a core diameter

waist of 2.8 ym.

1.3 Motivation of this thesis

As an emerging platform, SCFs combine the benefits of silicon materials and the excellent
waveguide properties of the fibre geometry. Thus they offer the potential for realizing
efficient all-optical signal processing in compact and robust geometries. Moreover, these
SCFs can be produced via a standard fibre drawing procedure, allowing for the rapid
production of long lengths of material, significantly reducing costs. Post-processing
treatments can also be applied to improve the core material quality for obtaining low
loss SCFs and to tailor the core dimensions down to submicron sizes. The ability to con-
trol the core size through tapering offers two key benefits. Firstly, it provides a route

to engineer the dispersion in the SCFs, which is critical for achieving high-performance
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FWDM-based wavelength conversion. Secondly, it can be used to tailor the mode prop-
erties to improve coupling with conventional fibre components and lasers. With the
development of the fabrication techniques for the SCFs, numerous nonlinear applica-
tions have been demonstrated. However, prior to the work in this thesis, there had been
very few studies of the FWM performance and FWM-based signal processing using SCFs

due to challenges in achieving phase-matching.

The work presented here makes use of the above-mentioned tapered SCF platform for
demonstrations of FWM-based wavelength conversion and optical parametric amplifi-
cation. The first focus of this thesis is to obtain low losses, and small core SCFs. As
demonstrated in the prior art, linear losses below 3dB/cm are typically sufficient to
show good performance in nonlinear applications and so this formed the target for my
work. The second focus is on reducing the core diameter to sub-micron sizes required
to obtain small effective mode areas for high efficiency nonlinear processing at telecom
band wavelengths. Obtaining small cores is also beneficial to achieving the dispersion
profiles required for high gain and wide bandwidth FWM processes. Thus, the ultimate
goal is to produce low loss, small core tapered SCFs for the observations of FWM-based
wavelength conversion and parametric amplifications. Based on the studies of the FWM
behaviours of these SCFs, the research in FWM-based modulated signal processing will
pave the way for applying the SCFs into all-optical signal processing system.

1.4 The structure of this thesis

Chapter 2 briefly introduces the background theory. First, the waveguide characteristics
are introduced, such as the waveguide structures, mode properties, propagation losses.
This is followed by a discussion on the material properties of the different silicon forms,
amorphous silicon (a-Si), crystalline silicon (c-Si) and polycrystalline silicon (poly-Si).
The dispersion properties and the nonlinear processes used in this thesis are explained,
including TPA, SPM and FWM. In the end, the generalised nonlinear Schrédinger equa-
tion (GNLSE) used to study nonlinear propagation is presented, together with the split

step Fourier method that is used to solve it.

Chapter 3 describes the fabrication and tapering post-processing procedure used to
produce the small core SCFs. The MCD method for producing the as-drawn SCFs in
this thesis is first introduced. The focus then switches to describing tapering via a
filament method to decrease the fibre core size to sub-micron. The tapering method
and related tapering parameters are introduced. The measurements of the linear losses
and the nonlinear losses are described and the estimation of the nonlinear refractive
index and TPA parameter are provided via a comparison with simulations. At last, the
procedures for optimizing the tapering process for obtaining sub-micron core SCFs are

introduced. It starts with the two-step tapering method for reducing the core size below
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a few microns. The related recipes used for the two-step tapering are given. Then the
double clad method is explained in order to further increase the cladding/core ratio,

with details for the used recipes.

Chapter 4 presents results of FWM-based wavelength conversion using a continuous
wave pump in the tapered SCFs. The impact of the SCF profile on the wavelength
conversion is discussed. Then, the role of the length dependence on the bandwidth
and the maximum conversion efficiency is studied, using two tapered SCFs with the
same design but different waist lengths. Furthermore, a tapered SCF is produced with
the longest waist length to date, to enhance the conversion efficiency with lower pump
powers. As FCA is observed with high input pump powers, the explanation of the
FCA in SCFs when using a continuous wave pump is briefly described using numerical

simulations.

Chapter 5 focuses on FWM-based optical parametric amplification in the tapered SCFs
using a pulsed pump. Firstly, the FWM is characterized together with simulations to
describe this parametric amplification process. With the introduction of the coupled
wave equations for four-wave mixing, numerical simulations were conducted to study
the impact of free carrier absorption on the parametric gain as a function of the pulsed
pump parameters. Next, a low-loss dispersion engineered SCF is designed for FWM-
based OPA, using the chosen pulsed pump parameters. Finally, the experimental results
are compared with the simulations to determine the performance of the tapered SCFs
for OPA.

Chapter 6 demonstrates the realization of all-optical signal processing of 20 Gb/s QPSK
signals using a tapered SCF. It starts with the characterization of the FWM behaviours
with the continuous pump. Then the quality of the wavelength conversion is discussed,
using the constellation diagrams and the bit error rate (BER) measurements. Next, the

fabrication method to achieve SCFs with nano-spike couplers is also briefly explained.

Chapter 7 concludes the work conducted in this thesis and discusses potential avenues

for future work.



Chapter 2
Background

In this chapter, the background theory that supports work in the thesis is discussed.
The waveguide structures and their basic properties, such as their mode characteristics
and linear propagation losses, are introduced. To characterise the linear losses, the cut-
back method is explained first. Secondly, the properties of amorphous silicon (a-Si),
crystalline silicon (¢-Si) and polycrystalline silicon (poly-Si) are discussed in relation
to their optical applications. Thirdly, the dispersion properties are described, in which
material dispersion and waveguide dispersion are explained. Fourthly, the nonlinear
processes studied within this thesis are discussed, specifically two photon absorption
(TPA), self-phase modulation (SPM) and four-wave mixing (FWM). Finally, the gen-
eralised nonlinear Schrédinger equation (GNLSE) for nonlinear propagation in a silicon

waveguide is given. To solve the equations, the split step Fourier method is explained.

2.1 Waveguide characteristics

2.1.1 Waveguide structure

The silicon waveguides investigated in this report are formed within a fibre platform.

h

4
r

n2

FIGURE 2.1: Schematic illustration of the cross-section and refractive index profile of
silicon fibres
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Silicon fibres have a cylindrically symmetric silicon core and silica cladding. The circular
cross section can be seen in Figure 2.1, where a and b are the radius of the core and
the cladding, respectively, and n; and ng are the refractive index of the core and the
cladding, respectively. The difference between n; and no allows for the confinement of
light within the waveguides. Due to n; being higher than ns, total internal reflection
is realized at the core/cladding boundary. Therefore, light is guided in the waveguides

cores.

The relative refractive index difference A between the core and the cladding is defined

as [71]
ni —nj

A =
Zn%

(2.1)

The numerical aperture (NA) is denoted to define the light acceptance angle of the
waveguides. NA is related to A by

NA = \/n} — n3 2 nyvV2A. (2.2)

Waveguides with large NA have large acceptance angles, within which injected light rays
can propagate at discrete angles. The distributions of the electric field and magnetic field
of these light rays are known as guided modes in waveguides. A normalised frequency
V' parameter determines the number of modes supported by the waveguide M, and is
given as
2ma

v =2 (0 - nd), (2.3)
where A is the wavelength of light. Normally, for a step-index waveguide, the condition
for single-mode operation is V' < 2.405. For step-index fibres with larger V' number, the
total guided mode number is approximated as

V2

M~ —. 24
5 (2.4

The next section discusses about the mode properties in fibres.

2.1.2 Mode properties

Considering the fibre geometry, a cylindrical coordinate system with coordinates r,
and z is chosen for detailed discussions about the guided modes. The electric field E

and magnetic field H in an optical fibre are expressed as

E = E(r,0)e/ @)

2.
H = H(r,0)e/ @), (25)



Chapter 2 Background 11

where w is the angular frequency and g is the propagation constant. Derived from
Maxwell’s equations, the electric field E(r,#) and magnetic field H (r, #) are expressed as
two independent components E,(r,0) and H,(r, 8) by the two sets of wave equations [71],
which are written as

O’E. 10E. 1 0%E,

< a 2 2 2 _
or? + r Or + r2 96? + [k n(r )" —Fw) } B, =0, (2.6)

0’H., N 10H, N 1 0*H,
or2 r Or r2 0602

where (3 (w) is the propagation constant of the mode at an angular frequency w in the z
1/2

+ [k% (r,0)2 — 8 (w)ﬂ H, =0, (2.7)

direction, r denotes the position in the plane transverse to the z—axis, r = (x2 + y2)
in Cartesian coordinates and n (r,0) is the refractive index of the waveguide. Using the
method of separation of variables, the wave equation of the optical transverse electric
field E, has the solution

E, = A(w)F (z,y)exp (imh) exp (if (w) 2) , (2.8)

where F (z,y) describes the mode distribution, A (w) is only dependent on w and m is
an integral. In step index cylindrical fibres, the refractive index in the core and cladding
is uniform and the refractive index of the mode distribution is independent of 8, hence
it can be simplified as n(r), in which n (r) = ny, for r < a and n (r) = ng, for r > a.
Substituting Equation 2.8 into Equation 2.6, the general solutions of F'(z,y) of the
electric field are the Bessel function J,, (pr) and the modified Bessel function K,, (¢r),

where p and ¢ are defined as

p= (n%kQ—ﬁz),rga

(52 — n%k‘2 T > a,

(2.9)

i

q:

where k is the wave number of free space and k = w/c = 27/A. Then the solutions of

F (x,y) are expressed as

Flx,y) =Jdn(pr),r<a
(2, y) = Jdm (pr),r < (2.10)
F(z,y) = Kp(qr),r > a.
When the boundary condition that the tangential components of E and H are contin-
uous across the core-cladding interface is satisfied, the eigenvalue equations, known as

the dispersion equation, can be written as

Jn(pa) | K, (qa)
pJ(pa)  ¢K,,(qa)

pd(pa) 1 qK,,(qa) anip?q’ S

where F (x,y) is the m'-order Bessel solution of the wave equations. For each m, the
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eigenvalue equation provides n solutions for the propagation constant3. Each (,,, corre-
sponds to one mode with a field distribution. The indices m and n in 3,,, represent the
azimuthal mode number and the radial mode number, respectively. Detailed solutions
can be found in [1,71,72]. In this thesis, only the propagation of the fundamental mode
is discussed, because with careful input coupling, most of the power within the guided

light is propagated in the fundamental mode [69].

For a single-mode fibre, only two modes of orthogonal polarizations with the same prop-
agation constants are supported and are regarded as degenerate under ideal conditions.
The notations HE,,,,, are customary used to describe the modes profiles within fibres. For
the silicon core fibres, the notations LP,,,, as approximate solutions of Equation 2.11,
can be used to describe the linearly polarized modes. To note, the fundamental mode

HE{; corresponds to LPy;.

The propagation properties of each guided mode in a fibre can be well described by the
effective refractive index neg and the effective mode area A.g. The effective refractive

index of the mode neg is defined as

_ B
Mot = (2.12)

The effective mode area A.g is defined as

U f | F (z,y) |2d1:dy]
f f | F(x,y) |* dady

Aot = (2.13)
As seen here, the effective mode area A.g is related to the mode distribution. Hence,
Aegr is dependent on the fibre dimensions and the refractive index of the core and the
cladding. Especially in our silicon core fibres, A is reduced in order to increase the
intensities of the input pump power, thus enhancing the nonlinear effects and generally

small because of the high index contrast between the silicon core and the silica cladding.

Using FDE (Finite Difference Eigenmodes), the analytical solutions of the eigenvalue
equations can be obtained via modelling software such as Lumerical Mode Solutions.
Figure 2.2 shows profiles of the fundamental mode, of which the electric field distribu-
tions are modelled using Lumerical Mode Solutions with A = 1550 nm, n; = 3.45, ny =
1.45 and fibres with core diameter of D = 500nm, 1.0 yum and 2.0 pm. Considering that
the light is well confined in these silicon cores within the cladding diameter of 20 um,
larger cladding diameter doesn’t change the mode properties for the wavelengths less
than 2 um. In all cases the cladding diameter is set as of 20 um (rather than the full
125 pm) to make sure all the guided mode is captured whilst ensuring a high computa-
tion speed. Figure 2.3 shows the effective refractive indices (a) and mode areas of the
fundamental mode (b), dependent on the core diameters with the wavelengths at 1.55 ym

and 2 um. The refractive index values used for the silicon core and silica cladding are
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FIGURE 2.2: Fundamental mode profiles of silicon fibre of the core diameter D =
500nm, 1.0 pm and 2.0 yum at the wavelength of 1.5 pm.

from Ref. [73]. As it is shown in Figure 2.2, the fundamental modes of the fibre core
diameter for 1 pm and 2 um are well confined in the silicon core. However, there are
evanescent fields extending into the cladding of the fibre core diameter for 500 nm, which

will cause radiated loss from the mode.
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FIGURE 2.3: (a) Effective refractive index and (b) effective mode area as functions of
core diameter at wavelengths of 1.55 ym and at 2 ym.

2.1.3 Optical pulses

To access the high peak powers needed to observe nonlinear effects, the pump beam
normally consists of short pulses. A description of optical pulses is given as below. The
approach in this thesis is simplified by only considering a single polarization component
of the electric field along the fibre. The two main temporal profiles used to describe

an optical pulse are Gaussian and hyperbolic secant. For the Gaussian form, the pulse
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envelope A (z,t) can be expressed as a Gaussian envelope with a phase ¢ (t)

t2 ,
A(z,t) = \/ Poexp <_2T02> exp [i¢ (1)], (2.14)
where Py is the peak optical power, Ty is the pulse width at 1/e intensity point, which
is related with the full width at the half maximum (FWHM) pulse width by Trwmm ~

1.665Ty. Alternatively, for a hyperbolic secant, the pulse envelope can be expressed as

A(z,1) = /Pysech <7f0> exp [id (£)] (2.15)

with Tpwam ~ 1.763Ty. The temporal optical field can also be expressed in the frequency
domain through the Fourier transform .#{A (z,t)} as

A(z,w) = /_OO A(z,t) exp (iwt) dt. (2.16)

2.1.4 Fibre losses

Loss describes the attenuation of light during transmission down a waveguide. In a
silicon core fibre, there can be both linear losses and nonlinear losses, which originate
from three sources: scattering, radiation and absorption [1]. Scattering losses in the
silicon core fibres can result from the crystalline defects and dopants within the core,
as well as roughness at the interface between the core and the cladding. Radiation loss
occurs due to the leakage of the mode from the core into the cladding, which is usually
negligible for silicon core fibres because of the tight mode confinement and the large core
diameter. The absorption losses can be divided as linear losses and nonlinear losses. For
the linear losses, it is mainly caused by the molecular vibrations and the rotations at
long wavelength [74]. The nonlinear losses result from the band edge absorption and free
carrier absorption at short wavelengths, when the transmitted light has an energy larger
than the band gap. More details about the nonlinear losses can be found in Section 2.3.2.
To analyse the losses, the definition of the losses are as follows. If the optical power of
the input light is Py, after transmission through a fibre of length L, the output power
Pr is given by

Pr = Pye™ ™k, (2.17)

where the attenuation constant g, in units of m™!, is used to describe losses for the
waveguide. In general, the loss a is expressed in dB/m for silicon waveguides, and is

related to ag as

1 P
o= folog <P§> = 4.343 0, (2.18)

where L is in units of m. To characterise the linear losses, the cutback method is
commonly employed. While conducting the measurements, some additional losses occur.

They are, for example, coupling losses, resulted from the mode mismatch between the
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mode coming from the lens, and that from the fibre end facets, lens absorption losses,
caused by the material absorption of the lens, and the Fresnel reflection losses of the fibre
end facets. By comparing the optical transmission through a longer length of fibre to
that of a shorter one, the cutback method can eliminate the influence of these additional
losses. The schematic illustrations for fibres under the cutback method are shown in

Lo
Po P1

Ly AL
PO = -l Pz
FIGURE 2.4: Cutback method for fibres.

Figure 2.4. The first step is to measure the single pass loss of the fibre as a whole length
Lo and record as arg,,, to note here. At the second step, polish off a length of the fibre
AL and repeat the loss measurement of the fibre of the second length L, obtaining
another single pass losses of the fibre as ay,,. For example, between two points, as seen

in Figure 2.4, the linear propagation loss a; (dB/cm) can be estimated as

10 P
o = Elog <P;> , (2.19)

where P; and P, are the output powers of the length Lo and L1, respectively, and AL
is in unit of cm. Then, with several repeats of the second step, single pass losses «y,,
where n denotes the n-th time of the cutback, with different lengths L,, under the similar
experimental condition and materials are achieved. By fitting a curve to the plot of the

measured losses a1, versus length L, the linear losses can be calculated.

2.2 Dispersion

For a short optical pulse, dispersion is a critical parameter to take into consideration
during propagation within a waveguide. It relates to the frequency dependence of the
effective refractive index with a silicon waveguide. Specifically, dispersion combines
both material dispersion and waveguide dispersion that is determined by the waveguide
geometry. To describe dispersion within a waveguide, the mode propagation constant

can be expanded in a Taylor series expansions as

B(w) = o+ 1 (w— o) + 582 (w = w0)? + 56 (0 = w0)® -+ B (w0 = 0) "

(2.20)
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where [3,, represents the m-th order dispersion and is denoted as

dw™

B = (dmﬂ> (m=0,1,2-) (2.21)
(w=wo)

B1 is related to the group velocity vy, which represents the speed of the phase envelope
and is expressed as
1
6= —. (2.22)
B2 is referred as the group-velocity dispersion (GVD) which causes the pulse to spread

in time. The dispersion parameter D is related to S8y as

2me

In general, the magnitudes of higher order dispersion (3, 8-+ ) are much smaller than
B2, hence By is commonly regarded as the main dispersion element. Only when the
pump wavelength is near the zero dispersion wavelength, or when the pulse spectral
bandwidth is very large, the orders of dispersion higher than s, such as 83 and 54 need

to be considered.

2.2.1 Material dispersion

Currently, there are three different phases of silicon used in silicon waveguides. They are
polycrystalline silicon, amorphous silicon and single crystalline silicon. The refractive
indices of these materials vary from 3.4 to 3.6 at the wavelength of 1.55 um, depending

on the composition, deposition temperature, and the material structure. Three forms

.{

@ (b) ©
FIGURE 2.5: Schematic illustration of three types of silicon [75], a-Si, poly-Si and c-Si.

of silicon are represented in Figure 2.5, from amorphous silicon, polysilicon to single
crystalline silicon. Figure 2.5(a) represents the amorphous silicon structure, of which
the bonds between the silicon atoms are randomly arranged. Figure 2.5(c) is crystalline
silicon, where the atoms are aligned regularly and Si-Si bond is fully connected. Fig-
ure 2.5(b) is the structure of poly crystalline silicon, which consists of single crystal
grains held together by an amorphous network. Crystalline silicon has excellent optical
and electronic properties, offering great electron mobility and low optical transmission

losses.
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FIGURE 2.6: Transmission properties of ¢-Si (green curve) and fused silica (blue curve)
[76].

As mentioned previously, the silicon core fibres can only be produced with a-Si cores or
poly-Si cores. Based on the MCD method, poly-Si core fibres can be produced with long
lengths that are suitable for post-processing. The focus of this work is poly-Si core fibres
and their transparency covers 1.1 um to 7 pm, as seen the green curve in Figure 2.6. By
making the grain sizes larger via post processing to reduce the scattering and absorption
losses, the poly-Si core fibres can approach the optoelectronic properties, comparable to
that of ¢-Si [53]. Thus, the standard refractive index in transmission window can be

suitable for these post-processed poly-Si core fibres.

The material dispersion can be determined by the wavelength dependent refractive index

through the Sellmeier equation [73]:

3
S; (T) N2
2 _ _
n?(\T) =1+ ; N (T) (2.24)
where A
Si(T) =) ST/, (2.25)
j=0
4 .
A (T) = N TY. (2.26)
§=0

Si (T') and \; (T) are the oscillation strength and the wavelength of i-th resonance at
temperature 7. The sum in Equation 2.24 extends over all material resonances that
contribute to the frequency range of interest. S;(7T') and A; (T) can be obtained ex-
perimentally by fitting the measured dispersion curve. Because the refractive index for
polysilicon has not been well documented, Figure 2.7 plots the refractive index dependent
on the wavelength for c-Si, using values as seen in [73]. These are a good approximation

as the phase matching calculating will be shown in later sections.



18 Chapter 2 Background
S1 Sa S3 A1 A2 A3
70 term 10.4907 -1346.61 4.42827x107 0.299713 -3.51711x106 1.71400% 10
T term 2.08020x 104 29.1664 -1.76213 x10° -1.14234 x10~° 42.3892 -1.44984x10°
T2 term 4.21694 x10~6 -0.278724 -7.61575 x10* 1.67134 x10~7 -0.357957 -6.90744 x10°
T3 term -5.82298 x10~9 1.05939%10~3 678.414 -2.51049 x10~ 10 1.17504x10~3 -39.3699
T% term 3.44688 x10~12 -1.35089 x10~6 103.243 2.32484 x10~ 4 -1.13212 x10~6 23.577

TABLE 2.1: Sellmeier coefficients for crystalline silicon from [73].
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FI1GURE 2.7: Refractive index of silicon as a function of wavelength at T= 295 K.
2.2.2 Waveguide dispersion

In step-index fibres, larger wavelengths of arbitrary distribution will have a broad field
distribution and thus be less confined than the shorter wavelengths. This dependence of
field distribution on wavelength leads to a perturbation in the effective refractive index,

thereby modifying the propagation constant and engineering the waveguide dispersion.

As discussed in Section 2.1.2, calculations of 8 are determined by numerically solving the
eigenvalue equations Equation 2.11. Each S relates to an optical fibre’s dimensions and
refractive indices at a given wavelength, for any mn mode. As an example, Figure 2.8
shows the calculated dispersion curves (35 of the fundamental mode for different silicon
core fibres with three core diameters D= 815nm, 915 nm and 1015 nm, using Lumerical
Mode Solutions. The most notable feature is that the wavelength at which [s passes
That

wavelength is referred to as the zero dispersion wavelength (ZDW) and denoted as Ap,

from positive to negative values shifts to longer wavelengths for larger cores.

where A\p1=1467 nm, Apo=1550nm, A\p3=1619nm. As seen from Figure 2.8, if the value
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F1cURE 2.8: Simulated dispersion curves s dependent on the wavelength for silicon
fibres of different core diameters (D= 815nm, 915nm and 1015 nm).

of B is positive and the fibre exhibits normal dispersion, the shorter wavelengths of an
optical pulse travel slower than longer wavelengths. If the value of By is negative, then
the fibre exhibits the anomalous dispersion, where shorter wavelengths of an optical
pulse travel faster than longer ones. If 35 is close to or equals 0, higher order dispersion

should be considered.

2.3 Waveguide nonlinearities

The polarization field P is the response of the electrons in the outer shells of the atoms
in a material to the electric field F of incident optical signal. In silicon waveguides,
the power density can remain very high, as the light is tightly confined due to the
light core/cladding index contrast, which induces a strong nonlinear response in the
polarization field P in time domain. This gives rise to several nonlinear effects. The
induced polarization P is the contribution of the electric field E' and the susceptibility

x and is expressed as
P =P.+ Py =exVE + ¢ (x‘” : EE + x®)EEE + > , (2.27)

where (™ is the n-th order of the susceptibility and is a tensor of rank (n+1) )
contributes to the linear polarization field Pr. Higher order susceptibilities contribute
to the nonlinear polarization field Pyy. The second-order susceptibility ¥ contributes
to second order nonlinear effects, such as second harmonic generation, and optical para-

metric oscillation and etc. For the centrosymmetric structures, such as silicon, Y@ is



20 Chapter 2 Background

absent and therefore the third-order susceptibility ) dominates the nonlinear effects

of silicon waveguides. In this case, Py from Equation 2.27 can be simplified as
Pni = eoxP):EEE. (2.28)

Under conditions that the molecular vibrations caused by x® and third-harmonic fre-

quency generation can be neglected, Py, can be approximated by
Py = €oenrLE, (2.29)

where enp, denotes the nonlinear contribution to the dielectric constant and is defined
as 5
exL =X B (2.30)

With the linear polarization, it is customary that the first order of susceptibility x()

relates to the refractive index n and the absorption coefficient a by the relations as

n=1+ %Re [X(U} : (2.31)
a= %Im [X(l)] . (2.32)

However, as derived from the nonlinear polarization with waveguides, the refractive

index and the absorption coefficient become intensity dependent as
fij=n+ny| E? (2.33)

a=a+a | E|? (2.34)

where no is the nonlinear refractive index and a9 is the nonlinear absorption. In a
simplified form and assuming the involved waves are linearly polarized along one same

axis x, they are respectively given by

my= o Re (X)), (2.35)
g = %Im ( gggm) . (2.36)

2.3.1 Self phase modulation

In this section, the nonlinear effect of SPM is briefly discussed. SPM is related to
the intensity dependence of the refractive index of material. It gives rise to spectral

broadening of light pulses in frequency domain. When the light of intensity I propagates
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in a waveguide, the refractive index n changes as
n(I)=n+mng xI, (2.37)

where nsy follows from Equation 2.35, the temporal phase of the light changes with
nonlinear refractive index as
énL = nalkz. (2.38)

It is worth noting that, on its own, the nonlinear phase shift doesn’t affect the pulse
shape in the temporal domain and it primarily manifests as a spectral broadening. By
analysing the spectral broadening, we can estimate the nonlinear refractive index via

solving NLSE and comparing the spectral profiles.

2.3.2 Nonlinear absorption

Conductio Conductio
\ band
Energy Energy Q
S Sam—
//
//< Eg
-~
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FIGURE 2.9: The diagrams of (a) TPA process and (b) FCA process .

In silicon waveguides, the main nonlinear absorption is TPA, which excites free carriers
from the valence band to the conduction band if the sum of the energy of the two injected
photons is larger than the band gap energy. The diagram of the TPA process is shown
in Figure 2.9(a). These photons can have the same, or different energies, i.e., degenerate
or non-degenerated TPA. The creation of a carrier in the conduction band is termed free
carrier generation, and in turn this can cause free carrier absorption (FCA) of which the
mechanism is shown in Figure 2.9(b). The TPA coefficient S1ps describes the strength
at which the pump light is depleted by this process, which is related to the third-order

nonlinearity as

3w
BrpA = mlm {X(xi)cc:c} ) (2-39)

where ¢ is the vacuum electric permittivity. The band gap of silicon is around 1.12eV,
which corresponds to a wavelength of ~1.1 um. Brpa is related to ag with the relation

of Equation 2.36. Combing the effects of no and «g, the third order nonlinearity ~ is
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introduced to describe the strength of nonlinear processes is determined by

_ 27y . iB8TpA
>\Aeff 2Aeff ‘

v (2.40)

2.3.3 Four wave mixing

Another important nonlinear effect is FWM, which involves the mixing of four waves
with frequencies w1, wo, w3 and wy. The total scalar electric field of these four waves is

written as

4
E = Z Ejexp i (Bjz — w;t)] + c.c.. (2.41)
j=1

Substituting Equation 2.41 into Equation 2.29, the polarization field Py consists of

four frequency components and is expressed as
4
P = Z Pjexp [i (Bjz — wjt)] + c.c.. (2.42)
j=1

For instance, the fourth term of the polarization field Py can be written as [72]

3€
Po= 20 [V P Bt 2 (1B P+ | By 2+ | Bs ) B

+ -+ 2E By Egexp (i04) + 2E1 Eo Efexp (i0-) |,

(2.43)

where F, is the electrical field of the wave of frequency w,, 61 and 6_ are phase mis-
match parameters, which will be discussed in Section 2.3.3. Typically, the first term
in Equation 2.43 is responsible for SPM and the other three terms containing FE, are
devoted to the XPM effects. The remaining terms contribute to the FWM process [2].
The strength of FWM conversion depends on the overlap between the waves, which all

travel at different speeds, and thus phase matching considerations are critical.

2.3.3.1 Phase matching condition

The coupling efficiency of FWM depends on the phase mismatch, governed by 6_ and 6
in Equation 2.43. One of the requirements for significant FWM is the phase matching
condition, which means either §_ = 0 or ; = 0. The phase mismatch parameters 6_

and 64 are defined as
0+ = [B(w1) + B (w2) + B (w3) — B (wa)lz — (w1 + wa + w3 — wa) L, (2.44)

0— = [B(w1) + B (w2) — B (w3) — B (wa)]z — (w1 + w2 — w3 —wa) . (2.45)

Two types of FWM usually operate in silicon waveguides. One concerning 6. is the case

where the total energies of three photons at frequencies w1, we, ws transfer to one photon
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at the frequency wy. FWM of this type with high efficiency is challenging to achieve
phase matching condition in silicon waveguides. The other one concerning 6_ is a more
general case, where the sum of two photons with energies fw; and hws get transferred to
the other two photons, fws and Aw,. In this case, the conservation of energy is satisfied
and follows as

w1 + wo = w3 + wy. (2.46)

Substituting Equation 2.46 into Equation 2.45, the phase mismatch term Ak can be

expressed as

Ak = f(w3) + B (wa) = B (w1) = B (w2)- (2.47)

When w; equals wsg, it is called degenerate FWM. The following description in this
section will only focus on degenerate FWM as it is the main focus of the research in
this thesis. In degenerate FWM, the involved three waves of the frequencies as wi, ws
and wy, are called the pump wave, signal wave and idler wave, respectively, which are

denoted as wyp, ws and w; in following context. It is noted that
ﬂ (wj) = ﬁjwj/c, (2.48)

where j = p,s,i and 7n; is the refractive index at frequency w;. Hence, substituting

Equation 2.48 into Equation 2.47 and then to Equation 2.45, the phase match conditions

can be realized by making 6_ = 0, which is written as
2wp = ws + wy, (2.49)
Ak = [0 (ws) ws + 1 (wi) wi — 27 (wp) wp]/c = 0. (2.50)

Generally, Ak can be expressed in the form as
Ak = Akp + Aknr, (2.51)

where Ak, and Akyy, are respectively, the linear phase mismatch term and the nonlinear
phase mismatch term. Aky is caused by the dispersion in fibres, which can be expressed
as

Akp, = (news + niw; — 2npwy) /c. (2.52)

The frequency difference Aw is defined as
Aw = |wp — wg| = |wi — wp|. (2.53)

In terms of Aw, Ak, can be expressed by using Equation 2.20 and Equation 2.48. By

retaining the expression up to fourth-order terms in Aw, the even-order terms ; and
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(B3 vanishes, and Akj, is written as
Ak = BoAw? + ByAw?/12. (2.54)

Only considering the fundamental mode and without including the TPA the nonlinear
phase mismatch Akyy, is dominated by changes in the refractive index induced by the

high power of the pump wave and is expressed as
Ak‘NL = 27pppa (255)

where «, is the real part of the nonlinearity at pump wavelength and P, is the pump

power. Therefore, in FWM, the phase matching condition is satisfied when

Ak = Akp + Akyp = BoAw? + B4Aw* /12 4 2v,P, = 0. (2.56)

2.3.3.2 Dispersion engineering

Depending on the magnitudes and signs of §o, 84, various phase matching conditions
in silicon waveguides can be obtained, which result in different conversion bandwidths
[11,24,77,78]. When the pump wavelength is close to the ZDW, and then FOD plays a
role, the width of the phase-matching region is obtained from Equation 2.56

6
Aw= <\/5§ + 2|84l Py /3 + @) , (2.57)

where 52 and 4 must be opposite in sign in the normal dispersion regime to compensate

the positive 7. In the limit of |84|vP, < 82, Equation 2.57 can be simplified as

_ [12]B]
Aw =, o (2.58)

Similar to the nanophotonic silicon waveguides, the group velocity dispersion (GVD)fs

of the SCFs can be controlled by reducing the core diameter so that the waveguide
dispersion can compensate for the large normal material dispersion. For a fixed pump
wavelength, the core diameter must be carefully engineered to access the desired disper-

sion regime and be close to the ZDW for the phase matching conditions.

The propagation constants 8 of SCFs for several core sizes across different wavelengths
are firstly modulated using the Lumerical Mode Solutions. Then, 85 and B4 can be
obtained via fitting 5 as a function of the wavelength using a poly-fit function in Matlab.
Figure 2.10 shows the dispersion values for 82 and 34 at different wavelengths for SCFs
with three core diameters (800 nm, 915nm and 3 um). From the calculated dispersion
profiles shown in Figure 2.10, the SCF with a large core diameter of 3 um would only

exhibit large positive $9 and the value of 84 is negligible, which could not realize the
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FicUure 2.10: Calculated By and (4 dispersion as a function of wavelength for the
SCF with different core diameters shown in the legend.

phase matching in the telecom band. For the two smaller cores, the one with 915nm
would exhibit a relatively broad bandwidth of the parametric gain, owing to its small
B2 and negative B4, while the 800nm core has a larger negative #2. As evident from
Equation 2.58, the dispersion combination for the 915 nm core permits broadband phase-
matching from the pump at the wavelength of 1.55 pm with a conversion bandwidth of

~ 380 nm, spanning almost the entire telecom window [10, 28, 77].

2.4 Pulse propagation

2.4.1 Generalised nonlinear Schrodinger equation

When propagating short pulses with widths ranging from 100 fs to 100 ps within a semi-
conductor waveguide, dispersion, nonlinear effects and loss can all act to change the
pulse shape and spectral components. For our silicon core fibres, taking TPA and FCA
into consideration, we define a GNLSE [79] as
0A i3y 0’A D3A
32 B3 L +ay A=

= v | Al A 2.59
9. T2 92 6 oe 2 vl A[4, (2.59)

where A is the slowly varying amplitude envelope of the electric field, z is the propagation
distance of the light, ¢ is the propagating time in a reference frame with the pulse ,
is the second-order dispersive coefficient, a; is the linear loss of the fibre, ay is the

contribution of the free carriers [80]. The free carrier contribution ay is given by

ap =o (14 ip) Ne, (2.60)
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where o is the FCA coefficient and p governs the free carrier dispersion. The number of
generated free carriers N, is derived as
a]\Tc o BTPA ’ A ‘4 Nc

= - — 2.61
ot 2hvy A% T (2:61)

where 7. is the carrier life time, vy is the central frequency, vg = w/27 and h is the

Plank’s constant.

2.4.2 Split-step Fourier method

A(0,t) A(z,w)i Alzt) |Alzw)

Dispersion Only Nonlinearity Only

FIGURE 2.11: Schematic illustration of the split-step Fourier method for numerical
simulations.

To solve the GNLSE, the split-step Fourier method is generally employed. The main
idea is to assume that the propagation of the light happens in two separate steps, the
dispersion only region and the nonlinear only region, as seen in Figure 2.11. Thus the

equation can be numerically solved in split steps, by writing the GNLSE as

% - (E + N) A, (2.62)

where D represents the dispersion and linear losses and N governs the nonlinear parts.
These two operators are given by
i 0* B30«

b=—Faetsas 2 (2:63)

o tkny  Brpa 9 Qg
N = — Alr ——. 2.64
(Aeﬁ‘ 2Aeff> | Al 2 (2.64)

In the nonlinearity only region, we can assume D = 0 in Equation 2.62. Then in the
second dispersion only step, it can be assumed N = 0. The whole fibre length L is
divided into several parts with the step length as hg, which is set small enough to get
exact results, but not so small to be prohibitively slow to solve. In each step, the

corresponding operator is applied and the GNLSE is solved, with the output used as the
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input for the next step. For example, at the s-th step, firstly
A(shs,t) = exp [(f) n N) hs} % A((s — 1) hs, 1), (2.65)

where A (shg,t) is the solution for Equation 2.62 at the propagation length of z = shs,
as A = A(z,t) is the complex field envelope at the propagation distance z and time ¢.
Because the D denotes the dispersion term and is expressed in terms of time deriva-
tives, by applying a Fourier-transform to Equation 2.63, the term % can be replaced
by —iw. Thus, solving this term in the frequency domain speeds up the simulations.

Equation 2.65 is then split into the first step
A((s — 1) hg,w) :ﬁ{]\?hs xA((s—l)hs,t)}, (2.66)
and the second as
Al(shg,t) = F! {exp (f) (i) hs) A(s —1) hs,w)} . (2.67)

The split-step Fourier method will be used to solve the GNLSE in the following chapters

to investigate nonlinear pulse propagation in the silicon core fibres.






Chapter 3

Fabrication and characterization

of silicon core fibres

In this chapter, I will describe the fabrication method, primary characterization tools
for the tapered polysilicon (poly-Si) core fibres and the optimization of the tapering
process. Firstly, the fibre drawing method for producing the silicon core fibres used in
this thesis is discussed. Secondly, post-processing used to taper the fibre core sizes down
to dimensions suitable for nonlinear propagation is described. Then, the transmission
loss measurements are used to determine the optical quality of the tapered silicon fibres.
Next, the two-step tapering is explained with the comparison of different recipes. Finally,

the double-clad method for tapering is introduced for increasing the cladding/core ratio.

3.1 Molten core drawing method

There are three main steps in the MCD fabrication process as depicted in Figure 3.1. At
first, a silicon rod is sleeved into a silica tube, of which one end is sealed to form a preform.
Then, the whole preform is loaded into a furnace and the temperature increased. The
temperature of the preform must be sufficiently high that the silicon rod is molten while
the whole cladding is viscous, so that the cylindrical geometry is retained [44]. Finally,
the preform is drawn down and the SCFs are fabricated. By choosing the appropriate
drawing conditions, the fibre core can be produced with crystal grains with lengths of
about a few millimetres to several centimetres [81,82]. Thus, a key advantage of the

MCD method is that long fibres can be fabricated using this technique at high speeds.

However, the high temperatures required to draw the SCFs introduce several problems
[83]. One of them is that it will result in diffusion of oxygen from the silica cladding to
the silicon core [44], which will limit the core size of as-drawn silicon fibres to several

tens to hundreds of microns. To solve this problem, a new solution was demonstrated by

29
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FIGURE 3.1: Schematic of the MCD method.

introducing another layer into the fabrication between the core and cladding that acts as
an oxygen getter or diffusion barrier. These barriers can not only isolate the silicon core
from oxygen diffusion, but also minimize the cracking and separation between the core
and the cladding due to the thermal expansion mismatch of the materials [50]. Using
this solution, silicon fibres were reported to be drawn with a core size down to less than
10 pm. The polycrystalline core fibres used in this thesis were fabricated through the
MCD method with a thin layer of calcium oxide as the diffusion barrier, as shown in

Figure 3.1.

A consequence of the large cores of the MCD fibres is that it limits their use for nonlinear
processes. For higher nonlinear effects, small effective mode areas and larger nonlinear
refractive indices are preferable. Hence, to enhance the nonlinearity, one way is that
we could fabricate fibres using different core materials to obtain larger nonlinearities.
An alternative material could be silicon alloy materials, such as SiGe [84]. The other
option is to reduce the core size of fibres using post-processing procedures. Tapering via

filament heating, as one of the post-processing methods, is discussed below.

3.2 Tapering via filament heating

The large refractive index difference between the silicon core and silica cladding provides
good confinement for light propagating within the silicon fibres. However, as previously
mentioned, the fibres typically fabricated via the MCD method have core diameters of
around 10 gm to 20 um. Several post-processing techniques exist for conventional silica
fibres that can be applied to our SCFs in order to optimise both the quality of the silicon

material and the fibre geometry. The two main post-processing techniques involve either
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heating the fibres using laser radiation or heating via a filament. Scanning laser radiation
along the fibre has been demonstrated to produce low loss fibres with core dimensions
as large as 20 um [85]. But laser radiation can only fulfil one of our two main targets.
In contrast, the combination of heating via a filament and stretching the heated fibre,
known as fibre tapering, has been investigated lot extensively using conventional silica
fibres.

This method can also reach the temperatures required for melting and re-growing the
crystal structure of the silicon core to help improve the material properties. Meanwhile,
simultaneous tapering of the core is used to tailor the SCFs to the desired dimensions [86].
Tapering via filament heating, therefore, is chosen as the post-processing method to
further optimize the as-drawn fibres [87]. Using this approach, the crystallinity of the
fibre core has been reported to be improved to levels comparable to what has been
obtained with laser heating [52-54]. The process of tapering via filament heating is

described in more detail below.

3.2.1 Tapered fibre profile

D1 HI})}

L2

FIGURE 3.2: General design profile of a tapered fibre.

Here, the general profile of our tapered silicon fibres is introduced. The silicon core area
is marked dark grey in order to be distinguished from the silica cladding. As seen in
Figure 3.2, the fibre section with the narrowest constant core diameter in the middle is
the waist region. Between the waist region and the untapered regions, the fibre diameters
change along with the axial direction, 2z axis, which are known as the transition regions.
Within them, the region where the fibre diameter decreases from the untapered region
to the waist region is called the down taper region and correspondingly, the region where
the fibre diameter increases from the waist region to the untapered region is called the
up taper region. The fibre lengths of the down taper region, the waist region and the up
taper region, are labelled as Ly, Lo and Ls, respectively. The taper ratio is defined as
the ratio of the cladding diameters of the original fibre Dy and that of the waist region
D5. In practice, even though the lengths of the down taper Li and the up taper Lg
are designed to be the same, the profile of the fabricated fiber is asymmetric, with the

slightly longer L; but shorter Lg.
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3.2.2 Taper technique

An automated glass processor (Vytran GPX-3400-V5) was used to conduct the tapering
processes. The work station of the processor is seen in Figure 3.3. It consists of a
filament-based heater, which provides a stable high temperature for processing, two
precision stages, which are also called fiber holders that hold and control the fibres
precisely, and a high resolution CCD camera, which monitors the top down view of the
sample above. The main tapering schematic via filament heating using the Vytran is
depicted in Figure 3.4. The filament used in the processing is the standard graphite
filament V4F, which covers a range of cladding diameters from 125-600 pm. This is
suitable for tapering most fibres with diameters below 600 ym. The fibre is heated in
the filament and when the temperature goes up, resulting in the silicon core melting
and the silica cladding softening. By pulling the left part of the fibre and feeding the
right part towards the left, the fibre can be stretched down to the desired core/cladding

dimensions and the silicon core crystallizes as it cools.

CCD camera

Pulling stage Feeding stage

Filament

F1GURE 3.3: The workstation of the Vytran processor.

The work station is connected to a personal computer, where software is installed for
monitoring and controlling the tapering processes. The in-built software is used to adjust
the whole process according to our needs. The window for Tapering Properties is
seen in Figure 3.5. Based on the designed tapered fibre profiles, the parameters on the
first two tabs of the tapering properties, Taper Dimensions and Taper Parameters
are mostly revised. Here, explanations for main parameters will be provided and some
important notes will be given, based on personal experimental experiences. Information
on the last two pages can be found in the user manual and their settings have been kept

as default within the use.

The page for tapering dimensions is seen in Figure 3.5. After inputting the fibre
properties, L1, Lo, L3, D1 and Do, as in Figure 3.2, together with the other parameters,
such as the tapering speed, the software will automatically calculate and design the
taper process based on the input information. The minimum number input for lengths

(L1, Lo and L3) is 1 mm and the minimum input for D; and Dj are 80 ym and 10 pm,
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FIGURE 3.4: The tapering scheme using the Vytran processor, in which the filament
heats the middle area and the fibre gets tapered.
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FiGUrE 3.5: The GUI window of tapering properties for Vytran GPX 3400

respectively. Therefore, this requires a conversion between the real diameter and the
input one if we would like to taper the fibre from 50 yum to 10 pm with the taper ratio
of 5.0. In this case, only input D; and Dy as 80 uym to 16 pm, which will ensure the
fibre gets tapered under the same taper ratio (5.0=80/16). The adiabatically tapers are

guaranteed by limiting the minimum transition length of 1 mm.

The page for tapering parameters is seen in Figure 3.6. When the tapering process
starts, the software will initiate the filament to move to a certain height so that the
fibre is loaded in the middle of the filament. The filament then start to heat up and the
tapering can begin. Furnace Offset is used to shift the filament along the fibre axial
direction to a desired location before tapering is started. Because the reflection mirror
for imaging the fibres on the Vytran is at the right side of the filament by around 7 mm,

the actual imaged point of the fibre obtained from the mirror is 7mm away from the
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FIGURE 3.6: The editable tapering GUI for Vytran GPX 3400

filament. Hence, in order to taper the fibre starting from the exact point of the image
obtained from the reflection mirror, the filament offset must be set accurately every time
when it starts to taper. Alternatively, it can be set manually by moving the filament
location in the Motor Control window. Here, 7mm is just an approximate number.
Each time after the filament gets replaced, the calibration process will be conducted
and the calibrated number for the filament offset shall be updated. Until the next time

of filament replacement, this number normally remains the same.

Filament Start P; will give the filament an initial power to start the tapering process.
The initial filament power indicates a certain temperature to which the fibre will get
heated. However, the heating temperature does not increase linearly with the power
of the filament and its precise value is not obtainable because measurements of the
temperature within the filament cannot be conducted accurately. Besides, the filament
itself will degrade with multiple uses. Therefore, Ps given in this thesis is presented as
a guide value and will need to be revised after a period time of use and for different
filaments. Generally, for single mode fibres, the filament start power for a tapering
process can be set as 80% of its splice power. In regards to tapering fibres with various
cladding and core materials, the filament start power Ps shall always change according

to designed fibre profiles and materials.

Filament Delta § will change the filament power from Ps to Ps(1 + §) at the start
of the waist tapering. Hence, if § is below zero, the filament power will decrease when
the down taper region finished and increase after tapering the waist area. For a fibre
designed with a length of ~1cm, the tapering process can be completed within ~1min
at a tapering speed of 1.0mm/s. Thus, it is recommended to keep § at 0 for tapering a
SCF with a short waist length, as any drastic temperature change will cause instability
during the waist tapering. Most of the tapered fibres fabricated in the thesis had J set
to 0.
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Filament Delay 7 is the period of time when the filament is kept on before the filament
moves up to begin the tapering process. The default is 0.5s for fibres with cladding
diameters of 125 um. However, for fibres with a cladding diameter of 400 pm, as many
of the SCFs have, 7 should be changed to 1.2s.

Gas Flow Rate and Post-purge Time, Pre-purge Time are used to control the
argon gas flow during the tapering process. The default values are 0.21/min, 5.0s and
5.0s. This means the argon will flow for 5.0 seconds at the rate of 0.21/min before
and after the fibre is pulled, respectively. These values will normally remain as default,

except for some special circumstances.

Pull Velocity represents the constant speed at which the fibres get pulled during the
whole tapering process. The value can be changed from 0.2mm/s to 2.0 mm/s. In this

thesis, all fibres are tapered under the speed of 1.0 mm/s.
Time Constant has a default value of 0.1s, and represents the time for the software

to calculate the velocities for the whole system in order to finish the taper process.

3.2.2.1 Tension monitoring
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FIGURE 3.7: The window of the tension monitor

The only tool utilized to track the tapering process is a tension monitor on the Vytran,
as it can provide feedback of the fibre tension with time during the whole process.
The window for the tension monitor is displayed in Figure 3.7. Considering that the
temperature can’t be measured during the tapering process, we can observe the fibre
tension instead because the tension is largely dependent on the temperature during the
process. The sensor for measuring the tension is built in the right fibre holder. Even
though the displayed tension is measured to be the tension of the fibre held within the

right holder, it should be the same across the waist region as the assumption is that the
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tension remains the same along the whole fibre in the axial direction. It is worth noting
that the tensions must be zeroed in Figure 3.7 before loading the fibre onto the holders
to ensure the tension readings are accurate. As an example, a typical relation of the
measured tension as a function time during the tapering is shown in Figure 3.8, which

was obtained by tapering a fibre with 15 mm waist length.
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FIGURE 3.8: The typical tension monitor as a function of time, Ty to T represents six
different positions while tapering.

Ty is the initial tension before the tapering process starts. The value indicates how the
fibre gets loaded and initially stretched. A suitable start tension T} for a silica-clad fibre
with a diameter of 400 um is typically around 20 g by adjusting the positions of the left
and right fibre holders in fine steps. In comparison, for a SCF with the diameter as

125 pm, Tj is generally set around 10 g.

When tapering starts, the filament will heat up and soften the fibre. T3 represents the
tension when the fibre is fully softened. Its values depends on the given power of the

filament Ps and the time of the filament heating delay 7.

During the tapering process, the left fibre holder will pull the fibre to the left and the
right one will feed the fibre at a slower speed than the pulling speed. The maximum
tension in the whole process will appear as T5, when the fibre is just about to get pulled
by the left fibre holder but the feeding hasn’t yet started. T5 provides an indication of
what the temperature in the waist region is. This in return, gives instruction on how
the filament power shall get revised. If T5 is too high, for example larger than 100 g, the
power of the filament Ps should be increased because the fibre hasn’t softened enough
and there is a risk of breaking the small core silicon fibres. Especially for tapering fibres
with cladding diameters less 30 um, 100g is the maximum tension before it breaks.

Negative T5 indicates that the fibre has been overheated, therefore, it is recommended
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to decrease the power P;. For SCFs, overheating during tapering will mainly cause
breakup in the silicon core, making it discontinuous, resulting in poor crystallization of
the silicon. However, it is not always harmful. For specific structures, such as SCF with
nano-spikes, slight overheating will help to form the nano-spike tip. If the temperature

is well controlled, good crystallinity of the silicon could still be realized.

T3 displays the tension when the waist region is being formed, after the feeding starts.
T4 may appear sometimes when it forms the up taper region. To note, when tapering
fibres with the cladding diameter below 30 pum, T4 needs to be controlled under the
maximum breakable tension of the fibre waist region. Otherwise the fibre will easily
break at the last step during the formation of the up taper region. T is the measured

tension after the whole process is finished.

3.3 Fibre end facet preparation

(a)

Tapered SCF Capillary

(b)
= > pull

eave

Sample

F1cURE 3.9: Diagram of preparing small tapered SCF into a capillary for polishing.
(a) Insert the tapered SCF. (b) Pull the tapered SCF to protect the waist region. (c)
Cleave off the straight sections of the SCF.

To prepare the end facets for subsequent characterization and nonlinear investigation,
the tapered SCF is firstly mounted inside a large silica capillary, whose inner diameter
is 250 um, and outer diameter is 665 pm. As seen from Figure 3.9, a tapered fibre was
inserted to a thick silica capillary, which acts as a buffer to secure and strengthen the
bare fibres. In order to mount the tapered silicon fibre successfully, especially for small
core fibres that have a cladding diameter less than 30 um in the waist region, some
untapered regions, whose length is the same as the total taper length, were kept after
tapering at each end. Slowly insert the untapered region in to capillary by moving the
capillary towards the SCF, as shown in Figure 3.9(a). After some of the untapered region
can be seen outside of the capillary, slowly pull the whole tapered fibre into the capillary

until the tapered region including the up- and down- tapers are all in the capillary.
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Then carefully cleave off the unwanted SCF sections that are outside the capillary, as in
Figure 3.9(c).

Next, to fix the SCF inside the capillary, beeswax with a melting point temperature of
63°C was used. By heating the wax on a hot ceramic plate, the melted wax forms a fluid
to fill the gaps between the capillary and the fibre. After the wax fills the entire fibre
length, leave the whole sample to cool down to the room temperature, at which point
the wax solidifies and the fibre gets fixed robustly in the silica capillary. Figure 3.10(a)
shows the longitudinal cross-section of a fibre that has been successfully inserted in to

the capillary, with the gap between the fibre and the capillary filled with wax.

wax _

(a) (b)

FIGURE 3.10: (a) Longitudinal cross-section plane of the fibre in a capillary. (b)
Transverse plane of a polished fibre.

The third step is to prepare two flat, damage- and crack-free facets to couple light into the
fibres. A conventional polishing method was used, which employs an Ultrapol polishing
machine manufactured by Ultratec. A precision jig was used to maintain the flatness
of the fibre facing on the polishing plate. Polishing films were put on the polishing
plate and, by using different grades of polishing films in sequences, the end facets of
the fibre can be polished by circulating the fibre over those polishing films. The three
grades of polishing films used had particle sizes from coarser to finer diameters, 9 um,
3pum and 0.3 um, respectively. Distilled water was added on the 0.3 um polishing film
for obtaining smooth end facets. A successfully polished end facet of a fibre is shown in

Figure 3.10(d), where the silicon fibre is surrounded with wax.

3.4 Characterization of tapered silicon core fibres

With the goal of making a small core SCF with low losses, different types of as-drawn
fibres have been used for tapering. These fibres were all pre-drawn by our collaborators

in Prof. John Ballato’s group from Clemson University, with the preforms provided
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by Prof. Ursula Gibson’s group from Norwegian University of Science and Technology.
These specific as-drawn fibres have been successfully tapered to low-loss SCFs. The
two fibres are labelled as D429 and O212. The silicon core rod used for the D429 was
heavily doped n-type silicon, whereas the silicon material used for 0212 has higher purity
silicon and higher resistance of 15~22 Q-cm [88].These original values were provided by
our collaborators. The dimensions of cladding and core, and their cladding core ratio of

two fibres are also different, as all listed in Table 3.1.

Label | Clad diameter(um) | Core diameter(um) | Clad/Core ratio

D429 144.0 5.9 26.2
0212 376.2 28.5 13.2

TABLE 3.1: Dimensions of as-drawn fibres of two samples.

The as-drawn fibres labelled as D429 and 0212 were used for demonstrating the trans-
mission characterization methods in this section. Table 3.2 shows the recipes and struc-
tures for fibre 1, 2, 3 and 4, where P is the filament start power. D429 was tapered
firstly from 144.0 pm to 52.0 um to obtain fibre 1 with a core diameter of 2.0 ym, and
from 144.0 pm to 40.0 pm to obtain fibre 2 with a core diameter of 1.5 yum. Fibre 1 and
fibre 2 have the same design for the transition and waist lengths, where L1, Lo and Lg,

were respectively 7mm, 15mm and 7 mm.

Label | Material || Deope (pm) | D1 - Do (pm) | Li-Lo-L3 (mm) P,
fibre 1 D429 2.0 144-52 7-15-7 79 W
fibre 2 D429 1.5 144-40 7-15-7 74 W
376-70 5-13-5 85 W
fibre 3 0212 0.9
70-11 3-5-3 68 W
376-70 9-13-5 85 W
fibre 4 0212 0.9
70-11 3-9-3 63 W

TABLE 3.2: Recipes for four tapered fibre samples.

As 0212 has a smaller cladding/core ratio of 13.2, in order to taper the core size from
28.5 um down to less than 1 ym, the outer cladding diameter needs to be tailored from
376.2 um to around 10 gm. Thus, to avoid breaking the fibres due to drastic changes
in tension needed during tapering to achieve such a smaller cladding diameter, a two-
step tapering process is applied to maintain a continuous and high quality crystalline

core. The detailed consideration for the two-step tapering is presented in the following



40 Chapter 3 Fabrication and characterization of silicon core fibres

Section 3.5. But briefly, the first step tapers the fibre down to 70 pum and the second
step tapers it down further to a fibre with a diameter of 11 ym. Fibre 3 and fibre 4 have
an identical taper design. The transition and waist lengths L, Lo and L3, were 5 mm,
13 mm and 5 mm, for the first step, and 3 mm, 5mm and 3 mm for the second step. The

core diameter of fibre 3 and fibre 4 were both designed to be 0.9 um.

3.4.1 Linear loss measurements

To estimate the linear losses of these SCFs, cutback measurements were undertaken
using the experimental setup, as shown in Figure 3.11. A mode-locked fibre laser with
a central wavelength at 1541 nm (Onefive ORIGAMI) was used as the pump source,
with the calibrated pulse width at 650fs and the repetition rate at 40 MHz. The input
average power was kept at a rather low value (around 30 yW), so that only linear process
happened in the SCFs. Two beam-splitters (T=92% @ 1 - 2 um) were mounted in the
setup. One in the input arm was used for capturing the reflected light from the input
facet of the fibre and the second at the output was used to collect the light propagating
through the sample. For the purpose of getting brighter and clear images, these beam-
splitters can be exchanged to ones with transmission rates of 55% , which is suitable for
small input core fibres. Objectives were used to couple the light from free space into the
sample and then out of the sample onto the power meter. A 40X silica objective lens
OBL1 with a NA of 0.65 and a 60x lens OBL2 with a NA of 0.80 were used at the
input and output, respectively, to couple the light efficiently. These two objective lenses
and the sample were all mounted on piezoelectric-controller stages. CCD cameras were
used to monitor the input and output beam profiles. By monitoring the beam profile in
the camera of the output arm, the single mode can be selected by carefully adjusting the

input objective lens OBL1. The optical power meter used was a Thorlab S140c detector.

Laser source - -

SAMPLE
Power meter

NN @eEn S

OBL1 OBL2
M1 Attenuator BS BS

FIGURE 3.11: Experimental set-up for loss measurements.

The total losses of each sample were measured several times and, for each data point,
the output power recorded was averaged over a minute time period. The uncertainty
in the measured coupling losses was as £0.2dB and the uncertainty of the fibre length

was as 0.1 mm. For each data point, the variation in the output measured powers was
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very small because the average output power from the pulsed laser source was stable
and the main variation is due to the different coupling losses each time. Eventually, the
uncertainties of linear losses from the cutback method are calculated from the linear
fit with several loss measurements at different lengths via the linear fit function in
OriginLab. These error estimations are shown in each figure presented below, where the
y error bars include the contributions from the uncertainties in the coupling losses and

output powers, and the x errors are due to the uncertainties in the length measurements.
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FIGURE 3.12: Transmitted power as a function of fibre length at 1.54 um for fibre 1,
of a core diameter at 2.0 um

The waist regions of fibre 1 and fibre 2 were kept by removing both transition regions,
leaving a straight fibre with constant core diameter. The core diameters of the input
and output end facet for fibre 1 and fibre 2 were 2 ym and 1.5 ym, respectively. For fibre
3, the down-taper region was kept. Its input end facet was polished to a core diameter

of 4.0 um and the core diameter of the output end facet was 0.9 pm.

The results for fibre 1 are shown in Figure 3.12. It was polished from 7.4 mm to 6.4 mm
and then 5.4mm and the losses at each length were measured. It can be seen from
Figure 3.12 that the linear losses of fibre 1 was 4.3dB/cm, and at 5.4mm, the total
transmission was about 11.4dB. The total coupling losses can be calculated as 9.6 dB,

by subtracting the linear loss from the total transmission.

Fibre 2 was polished from 9mm to 7.5 mm, 6.5 mm and 5.5 mm and the measured linear
losses are shown in Figure 3.13. The linear loss of fibre 2 was 7.3 dB/cm, and at 9.0 mm,

the total loss was about 15.5dB. The coupling losses can be estimated as 8.9 dB.
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FIGURE 3.13: Transmitted power as a function of fibre length at 1.54 ym for fibre 2,
of a core diameter at 1.5 pm.

18.0- Experimental data e .
- — - Linear fit P el
-~
@ L
Z 16.0F 10.0 £ 0.3 dB/cm s .
%) P 1
[0} Ve
o -
© -’
° -7
[ o
14.0- 7 -
m/
120 1 L 1 L 1 L 1 L 1 L 1
8.0 9.0 10.0 11.0 12.0 13.0

Length of the fibre (mm)

F1GURE 3.14: Transmitted power as a function of fibre length at 1.54 ym for fibre 3,
of a core diameter at 0.9 um.

Linear losses of fibre 3 were measured at 5 different lengths, from 9.2mm, 8.4 mm,
7.6mm, 6.0mm and 4.9mm. The results for fibre 3 are displayed in Figure 3.14. The
linear loss for this taper was about 10.0dB/cm. The total loss was about 13.1dB at

4.9mm. The coupling losses can be calculated as 8.0 dB, lower than that of fibre 1 and
fibre 2.

As explained in Section 2.1.4, the total loss is comprised of linear loss, nonlinear losses
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and the coupling losses, which mainly result from the Fresnel reflection of the input and
output facet(~ 3dB), the absorption of the lens to the laser source (~2dB) and the
mode mismatching due to the free space coupling. By injecting light into the fibre 3
whose input core diameter (4.0 ym) is larger than its waist region (0.9 um), the mode
mismatch losses decreased, therefore, its coupling efficiency is better than fibre 1 without
the input taper kept. To obtain lower coupling losses for further nonlinear experiments
for small SCFs, both transition regions shall be kept to decrease the mode mismatch
losses. By using this data, and other measurements for different input /output diameters,
we estimated the coupling efficiencies for SCFs with known facet dimensions. Therefore,
the linear losses can be estimated by subtracting the fixed coupling losses from the total
losses. Under such schemes, the linear losses of the waist region for tapered SCFs can be
evaluated and its values should be reasonably accurate without the need for conducting
cutback measurements, which are destructive. This provides a fast characterization of

the fibre linear losses of the waist instead of damaging the fibres at the first hand.

For example, an estimation of linear losses for fibre 4 is given. By adjust the tapering
powers carefully, Fibre 4 was fabricated with the initial filament power P; of 63 W,
which is 5W lower than that of fibre 3, as seen in Table 3.2. The total length of
fibre 4 is 8.0 mm, which includes a 5-mm-length waist region and both the down and
up tapers. The input and output facets were both polished down to 4 um as the core
diameter to improve the coupling efficiency. The total loss of 9.0 dB was measured, using
the setup in Figure 3.11 with the pump wavelength of 1.54 um at a low average input
power around 30 pW. The propagation loss of fibre 4 was estimated to be 2.5dB/cm at
1.54 pm, by subtracting the coupling loss of 7.0dB in total from the total loss, where
2 dB is estimated to be as the mode mismatching losses. This propagation loss represents
one of the lowest value reported for a poly-Si sub-micron waveguides [53], which will be

confirmed in Section 3.4.2 using the nonlinear measurements.

Label | Waist diameter | Linear losses | Total coupling losses
fibre 1 2.0 pm 4.3dB/cm 9.6dB
fibre 2 1.5 um 7.3dB/cm 8.9dB
fibre 3 0.9 pm 10.0dB/cm 8.0dB
fibre 4 0.9 pm 2.5dB/cm* 7.0dB

TABLE 3.3: Linear losses of four samples tested

In the end, Table 3.3 shows a summary of the results of the loss measurements for
these four SCFs. The linear losses of fibre 1, fibre 2, fibre 3 and fibre 4 are respectively
4.3dB/cm, 7.3dB/cm, 10.0dB/cm and ~2.5dB/cm. The reasons that fibre 4 has shown
the lowest linear losses can be attributed to the tapering temperature. As silicon fibres
with smaller cores are quite sensitive to the heating and cooling rate, the tapering

temperature is one of the key factors of the improving the crystallinity of the poly-Si
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core. With the reduction of the tapering power at the second-tapering for fibre 4, the

linear losses has been decreased largely.

3.4.2 Two-photon absorption coefficient estimation

In SCFs, nonlinear absorption due to two-photon absorption (TPA) can be observed at
high pump powers. When increasing the input peak power, the output peak power starts
to saturate due to the increased absorption induced by Srpa. The transmission curve
can be obtained by measuring the output power vs increasing input power in gradual
steps. Orpa and af can be estimated reasonably by fitting that curve via solving the
GNLSE that describes the pulse propagation in silicon fibres, as discussed previously in
2.4.1. However, as the length of the silicon fibres is shorter than the dispersion length,
the effects of dispersion can be neglected during the initial simulations. By substituting
Equation 2.40 and the pulse intensity I =| A|?/Aqg into Equation 2.59 and Equation 2.61,
the temporal pulse propagation in the fibre pumped at high intensity can be expressed
by the simplified NLSE as

oI
a = —OqI — ﬁTpAI2 - afNCI, (31)

8Z\[c /BTPA 2 Nc
= I —— 3.2
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where o indB/cm is the linear propagation loss.
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F1GURE 3.15: Output power increasing with input peak power in fibre 2.
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Using fibre 2, for example, as this fibre has a consistent core diameter, experimental
results of TPA were obtained by using the same setup in Figure 3.11 but using higher
input pump powers. The normalized output peak power as a function of input peak
power at 1.54 um is plotted in Figure 3.15, where the orange dots are the experimental
results and the continuous blue curve is the simulated results. For fibre 2, oy = 7.3
dB/cm and the length of 9 mm were used for the simulations. Srpya is estimated as 0.70
cm/GW for the best fitting, with oy = 1.0 x 107 1%ecm?, 7. = 86 ns, from Ref [64], and
Aegr = 0.97 pm?.
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FIGURE 3.16: Measured TPA parameters as a function of wavelength [55,89,90].

Wavelength dependent Stpa has been measured for bulk silicon materials and polysilicon
fibres in Ref [55,89,90] and the results are replotted in Figure 3.16. As seen from
Figure 3.16, Srpa decreases the increasing wavelength and tends to zero if the wavelength
is over 2.25 um. It should be noted that the measured Srpa in this section is consistent
with the values reported Figure 3.16. The same TPA coefficient was expected for tapered
fibre 1 and fibre 2, as they are from the same as-drawn fibre. Fibre 3 and fibre 4 are
from the same as-drawn fibres 0212, and these were estimated to be approximately 0.75
cm/GW at 1.54 pm.

3.4.3 Nonlinear refractive index estimation

The role played by the nonlinear refractive index is to induce spectral broadening of the
pulses, due to SPM, as they propagate with with high peak powers. The experimental
setup to observe SPM is similar to that in Figure 3.11, where a 10x silica objective
lens with NA = 0.26 and a single mode fibre (SMF-28) were now used for capturing the

output spectra into an optical spectra analyser. Using the modified setup, the spectral
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FIGURE 3.17: Experimental spectral evolution dependent on the input peak power for
fibre 2.

broadening can be mapped as a function of the coupled input power. Then, ny can be
estimated via simulations using the full GNLSE and the predetermined loss values by
finding the best fitting for spectral broadening dependent on the increasing input peak
power. Because the no values are obtained by comparing the experimental data to the
calculated results, the fitted values are affected greatly by the estimated input coupling
losses. By considering the minimum and the maximum of the input coupling losses, the

errors of estimated ny can be given.

Figure 3.17 shows the experimental spectral evolution when pumping fibre 2 with dif-
ferent input peak powers (from 1 W to 230 W) as orange curves. When pumping with a
peak power of 1 W, the output spectrum was smooth, symmetric with a near hyperbolic
secant profile indicating linear propagation. After the input peak power increased to
10 W, the spectrum becomes broadened and a shallow dip appears in the centre, which
is mainly due to SPM. The spectra also start to become asymmetric due to the free
carrier absorption [80]. Then, with greatly increased input peak power, the spectrum
continues to get wider. However, after 190 W of input peak power, the spectral broad-
ening only increases slightly with further increases in the input peak power, which was
due to saturation of nonlinear absorption. When the peak power reaches to 190 W, the
spectral width could expand around 45nm, from 1515nm to 1560 nm. As the input
coupling losses for fibre 2 shall range from 4.5dB to 6.9dB, the estimated ng shall be
3.5-4.5x 107 cm?/W. The best fit was found by using the value of ny as 4.0x 10714

cm?/W, as seen in the blue curves in Figure 3.17.

The SPM was also investigated in fibre 3 in order to draw a picture about the spectral
broadening with a smaller core size. In comparison to our previous reported results in

Ref [53], fibre 3 has larger linear loss, but it also showed wider spectra broadening, as
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F1cURE 3.18: Experimental spectral evolution dependent on the input peak power for
fibre 3.

plotted in Figure 3.18. It is assumed that keeping the down taper region has improved
the coupling efficiency and the nonlinearity for the as-drawn fibre is similar to the one
in Ref [53], where ny was determined to be 5x 107 ¢cm?/W.

3.5 Two-step tapering of small silicon core fibres

While tapering as-drawn SCFs that have different cladding-to-core ratios, the tapering
parameters shall be chosen according to their dimensions and changes in the tapering
recipes should be made to reflect these differences. In general, there are two main
considerations when setting the tapering parameters. The first one is to obtain the
desired dimensions of fibres. To obtain the right geometry, we mainly monitor the
cladding diameter as it is assumed that the cladding-to-core ratio is kept constant during
the whole tapering process, if no double-clad method is applied. The transition lengths
are also kept to long lengths for obtaining slowly varying angles between the taper
transitions and the waist, to avoid excessive coupling to cladding modes. The down and

up taper regions were set as ~3 mm.

The second consideration is to realize the optimal crystallization for the silicon core
along the whole fibre length. Through precise control of the maximum temperature
during the tapering process, the quality of the poly-Si can be improved [91]. The initial
power of the filament P, will determine the maximum temperature during tapering,
which needs to reach the melting point of silicon (1440°C) and softening of the silica

cladding. Particularly for smaller core fibres, less heating power but more accurate
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controll of the temperature is preferred. As the filament temperature will degrade with
time of use, an alternative way to monitor the filament temperature is to keep track
of the fibre tension during the tapering process, as explained in section Section 3.2.2.1.
Among the six tension values, T3 is the most valuable one. The set values of the used
filament power P; and maximum tension 75 can be used to repeat the whole tapering
process. By mainly comparing these two values, a guidance of the tapering process can

be given.

Label | Clad diameter(um) | Core diameter(um) | Clad/Core ratio
J895 125 12.5 10

TABLE 3.4: Dimensions of as-drawn fibres of the third sample.

Due to the limited length of as-drawn D429 and 0212 fibres, the third as-drawn fibres
J895 were used here for the comparison of the recipes, as these are in plentiful supply.
The silicon that J895 used has the same nonlinearity to D429 and 0212, but the highest
resistance, more than 4800 Q-cm, which will induce less FCA. Therefore, the as-drawn
fibres J895 were mostly used for the nonlinear experiments in this thesis. As listed in
Table 3.4, J895 has a cladding diameter of 125 ym and a core diameter of 12.5 ym with
the cladding core ratio of 10. For small core SCF with core diameter of around 1 um,
the cladding would be around 10 um. For a fibre with such a small geometry, lower
powers will be beneficial for improving the crystallinity for poly-Si cores. By applying
the two-step tapering method using J895, the tapering recipes were compared to produce
a low-loss tapered small core fibre, via applying different filament powers. All the other

settings remained as the default values.

At first, fibres 5-9 were all tapered from 125 pum down to 49 pm with the down-taper
and up-taper regions of length 3mm, and the waist region as 7mm long. Then, to
prepare the end facets for loss measurements, I kept the down and up taper regions
and polished the input and output of core diameters to around 6 yum. The total length
of these fibres were all the same, about 10.0 mm. The only difference with these fibres
were the tapering powers P;. The maximum tensions Th are also given, as seen from
Table 3.5. The fibre loss is a convenient parameter to check the crystallinity of these
fibres and then decide which recipe is most suitable. For these loss measurements, the
total losses o were measured using a CW laser at 1550 nm at low input power. Table 3.5
shows that the total losses for fibres 5-9 were all around 6.0 dB, where the linear losses

were estimated to be around 0.5dB/cm with the coupling losses to be 5.5dB.

It can be also seen that, when the tapering power P decreased, the maximum tension
T5 will go up. The relation of Ps and 75 is drawn in Figure 3.19, where the red line
is the linear fit calculated via OriginLab. It confirms the approximately linear relation
between T5 and Ps;. with the linear slope of about -9.1g/W. Even though slightly

different tension and powers are applied, the tapered fibres all show low fibre losses.



Chapter 3 Fabrication and characterization of silicon core fibres 49

Label || a(dB) | Di-Da(um) | L1-Lo-L3 (mm) | Ps (W) | T2 (g) | af(dB/cm)
fibre 5 6.0 125-49 3-7-3 70 30 0.5
fibre 6 6.0 125-49 3-7-3 69 37 0.5
fibre 7 6.0 125-49 3-7-3 68 40 0.5
fibre 8 6.0 125-49 3-7-3 67 96 0.5
fibre 9 6.0 125-49 3-7-3 66 66 0.5

TABLE 3.5: Recipes of fibre tapering for the first step(taper from 125 pm to 49 pym).

This can prove that filament powers which provide the maximum tension within the
range between 30g and 60g can be suitable for conducting the first step. Hence, the
power of 68 W was chosen as the fixed filament power at the first step tapering for the

second step taper comparison.
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FIGURE 3.19: Measured maximum tension 75 as a function of initial filament power
P, (taper from 125 pm to 49 ym).

By applying the same recipe for fibre 7 as found from the first step, another 7 fibres
(10-16) were tapered in order to compare the second step recipe for small core SCF
tapering. The parameters for all of them are seen in Table 3.6. To obtain tapered SCFs
with core diameter around 960 nm, the waist diameter of the cladding will be around
9.6 um. The aim of the second step is thus to taper the outer diameter of the fibres from
49.0 pm to 9.6 um, with a tapering ratio as 5.1=49/9.6. To note, the Vytran limits the

minimum diameter of original fibre for tapering as 80 um. The second-step tapering can
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still be realized by setting the Vytran to taper from 80 um to 16 um, considering that

the targeted taper ratio of 5.1 will remain the same during the whole process.

Label | «(dB) | Di-Da(pum) | Li-La-Lz (mm) | Py (W) | T3 (g) | aj(dB/cm)
fibre 10 | high 80-16 3-5-3 59 0 high
fibre 11 | high 80-16 3-5-3 58 7 high
fibre 12 | high 80-16 3-5-3 57 14 high
fibre 13 8.7 80-16 3-5-3 56 20 1.7
fibre 14 8.8 80-16 3-5-3 55 22 1.8
fibre 15 | high 80-16 3-5-3 54 30 high
fibre 16 | high 80-16 3-5-3 52 36 high

TABLE 3.6: Recipes of fibre tapering for the second step (taper from 49um to 9.6um
of the core diameter).

The input and output core diameter were all polished down to 4.6um and 4.0 um, respec-
tively, and all the fibres had the same total length of about 9mm. The total losses were
measured as in the same method to test step-one. Table 3.6 shows that with the tension
around 20 g, the tapered SCF has the lowest total losses. Higher or lower filament power
P, will result into fibres with high losses, which were above 13dB. But both 56 W and
55 W could result in fibres with low losses. The total losses within the core diameter of
960 nm were ~8.7dB and the linear losses were estimated to be ~2.0dB/cm, assuming
the coupling losses to be 7.0dB. For powers higher than 59 W, break up of the core
region appears, as seen in Figure 3.20(b), where Figure 3.20(a) shows the continuous

core region as contrast.

Figure 3.21 shows the relation of measured maximum tension 75 and the initial filament
power Pg, while conducting the second tapering step. The linear fit shown as the red
line is given using the OriginLab fit. The slope here is about -5.2 g/W. Both Figure 3.19
and Figure 3.21 show that T5 linearly decreases with Ps within the tension range under
100 g, using the same tapering scheme. But the slope and the inception will change
according to different taper profiles. It can be concluded that the suitable tapering
range for tapering the SCF using J895 from 125 um to 49 ym is between 30-60g. In
regard to tapering the fibre from 49 ym to 9.6 um, tension values located around 20-22 g
should be optimal. Appropriate filament powers can be found according to the relations

pictured in Figure 3.19 and Figure 3.21 .
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(a)

||

(b)

FIGURE 3.20: The topdown view from the Vytran. (a) Continuous core. (b) Breakup
of the core.
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FIGURE 3.21: Measured maximum tension 75 as a function of initial filament power P;
for tapering the fibre from 49um to 9.6pm.

3.6 Double-clad tapering

The starting point for double-clad tapering is to cleave about a 1 centimetre-long section
of as-drawn SCF from the whole SCF roll, using a ceramic cleaver, before inserting it
into a hollow core silica fibre (inner diameter of 150 ym and outer diameter of 400 ym).
The hollow core silica fibre with a SCF inside is called a double-clad SCF. The tapering
is then conducted with the SCF part of the double-clad SCF in the middle of the heated
region. The double-clad method is useful as it helps to save the as-drawn SCFs material,

as only 1 centimetre-long as-drawn SCF is consumed in the processing.
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FIGURE 3.22: The end facets of double-clad SCFs

As the J895 fibres have cladding/core ratios of 10, in order to make a fibre with waist
diameter of 950 nm, the cladding diameter will be only 9.5 pm. Such a small fibre is
difficult to handle, and prepare for measurements, and they break quite often. They
also bend when sleeved into capillaries sometimes, which increases the bending losses.
Over-bending will break the fibre in the capillary when the wax in the capillary gets
solidified or when pulling the fibre from the other side. In comparison, the double-clad
tapering method helps to increase the cladding to core ratio by increasing the silica

cladding diameter, and also provides more support for the small silicon core.

When using high powers for the tapering, the cladding of the SCF and the side walls
of the hollow core fibre merge together, increasing the cladding-to-core ratio to 22-24.
The polished fibre end facets of a double-clad fibre can be seen in Figure 3.22 (a). Even
if the two claddings don’t merge well and a gap still exists between them, the fibres
can still be used. Figure 3.22 (b) shows an example of double clad fibres where the
ratio was measured to be around 24. Therefore, in order to taper the fibre down to
the core diameter of 950 nm, the cladding diameter can be around 21 pm to 23 ym.
Handling fibres with these dimension will be less difficult in comparison to fibres with
cladding diameter of 9.5 um. Hence, one of the other benefits for using the double-clad
method is because it raises the success rate of preparing these fibres for the transmission

measurements.

The two-step tapering is also applicable for double-clad SCFs. Recipes of low loss tapered
double-clad SCFs are given in Table 3.7, where the fibre profiles, filament powers P,
and the maximum tension 75 are given for comparison. Here, L is the total length of
the polished fibre sample, and the linear loss ¢ is estimated using the coupling losses
of 7dB. Table 3.7 presents results for tapers produced from double-clad SCF where
the diameters are decreased from 400 ym to 125 um, and then from 125 pm to desired

diameter as the second step (~30 ym).

The structure of the two-step double-clad tapered fibre is seen in Figure 3.23. Lg; is the
waist length for the first-step tapered SCF and Lo is the total length for the second-
step tapered SCF. L3 is the length between two transition areas before the second step
starts. The schemes for preparing the two-step double-clad tapered SCF at the first
step into a measurable sample is seen in Figure 3.23. As the unprocessed fibre for the
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« L oy Di-Dy | Li-Ly-Ls | P, Ts
Label

(dB) | (mm) | (dB/cm) || (um) (mm) | (W) | (g)
400-125 3-40-3 93 79

fibre 17 12 29 1.7
125-30 3-25-3 50 40
400-125 3-20-3 95 40

fibre 18 9 15 1.3
125-30 3-10-3 51 39
400-125 3-15-3 95 38

fibre 19 8 15 0.7
125-26 3-10-3 52 37

TABLE 3.7: Recipes of tapered double-clad SCF (taper from 400 ym to 26-30 pm).

Cleave Cleave
L02
— —> | e
[ |
—
Los |
. » Tapered SCF
I_Ol

F1cURE 3.23: The first step of sample preparing for two-step double-clad tapered SCF.

double-clad SCF has the cladding diameter of 400 ym, larger than the inner diameter
of 250 um of the capillary, the unprocessed SCF and the transition areas obtained from
the first-step tapering shall be cleaved off, before continuing the rest steps of the sample
preparing. And Lgs is generally designed to be slightly larger than Lgs. The rest of the

sample preparing steps are the same as shown in Figure 3.9.

A particular example for the sample preparation is given using the longest fibre 17. At
the first step of tapering fibre 17, 40 mm was chosen to be the waist length Lg;. Before
starting the second step tapering, about 35 mm was set as Loz and then the total length
for the second step tapering Lo was about 30 mm. Therefore, the length Lg; of the
waist region for the first step shall be designed to be much longer than the total length
Lgs at the second step, in order to leave room for Lgs, which is the applied for all fibres
17-22. Moreover, the input and output core diameters of fibres17 to 20 were kept around

4.6 pm.

After measuring the core and cladding diameters of several double-clad tapered SCFs
after polishing their end facets, the cladding-to-core ratio of these double-clad SCFs
was calculated to be 23.0+1.0. After measuring the cladding diameter under the high-

resolution microscope for both fibre 17 and fibre 18, their waist core diameters were
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estimated to be around 1304+45nm. The dimension for fibre 19 was estimated to be
1130+45 nm. Moreover, as it can been seen in Table 3.7, for the first step tapering, the
tension 75 between 30g to 100 g is suitable for tapering double-clad SCF from 400 pm
to 125 um. And 75 around 40 g shall be an optimal tension for the second step tapering
of the double-clad SCF that needs to be tapered from 125 um to smaller core dimension,

less than 30 pm.

(6] L 042k D1 - DQ Ll—LQ—Lg PS T2
Label

(dB) | (mm) | (dB/cm) || (um) (mm) | (W) | (g)
400-80 3-20-3 102 | 89

fibre 20 8 11 1.1
80-23 3-6-3 58.5 | 53
400-80 3-20-3 105 | 81

fibre 21 7.5 10 0.5
80-21 3-5-3 59 48
400-80 3-40-3 105 | 89

fibre 22 9.3 20 1.2
80-19 3-15-3 60 | 51

TABLE 3.8: Design of tapered double-clad SCF (taper from 400 pm to 19-23 pm).

In addition, another group of recipes for the two-step tapering double-clad SCF is listed
in Table 3.8, with the aim to taper SCFs with core diameters down to 1 um. It shows
the recipes for smaller SCFs by starting to taper from 400 gm to 80 pm as the first step.
Because the filament temperature increases with time, the powers used for Table 3.8
were lower than in Table 3.7. Also the filament became less stable as it was older
than in the previous tests. However, the tension 75 is still a useful tool to look for
the suitable filament powers when such a change happens. As after the first step, the
cladding diameter for the waist is 80 um with the core diameter of around 3.5 um, the
fibre after the second steps will only have the input and output core diameter of no more
than 3.5 ym. Therefore, the final samples prepared for measurements following the step
in Figure 3.23 were polished to have the input and output core diameters of 3.3 um. The
linear loss «; is estimated using the coupling loss of 7dB. Similar to fibre 17, the errors
of the core dimensions shall be considered. The core diameters of fibre 20, 21 and 22
are estimated to be around 1000445 nm, 913+45 nm and 830+45 nm, respectively. It is
indicated that the tension suitable for the first step is between 30 g to 100 g for tapering
from 400 pm to 125 ym and the second steps shall be around 37 g-40 g for tapering from
125 pm to 26-30 pm.



Chapter 4

Wavelength conversion using

silicon core fibres

4.1 Introduction

Wavelength conversion is the key function in all-optical signal processing networks.
Based on FWM, it has been demonstrated widely using the silicon waveguides [26,
29,92,93]. With the phase-matching condition met, FWM-based wavelength conversion
can be realized, where the idler waves can be converted from the signal waves across a
wide range either by tuning the signal wave or sometimes tuning the pump wave. The
two main considerations to evaluate the effectiveness of wavelength conversion is the
bandwidth and the conversion efficiency between the signal wave and the idler wave.
This chapter starts with a discussion about the role of the silicon core fibre profile on
the wavelength conversion when pumped by a continuous wave source. Then, the role
of the length dependence is studied using two tapered silicon core fibres with the same
design but different waist lengths. The experimental results are discussed with regard
to the bandwidth and the maximum conversion efficiency. To further increase the con-
version efficiency, a tapered silicon core fibre is produced with the longest waist length
to date. Finally, the wavelength conversion is realized using this fibre, where the FCA is
observed with the high pump power as the input. The explanation of the FCA in silicon
core fibres with continuous wave pumped is briefly introduced based on the numerical

simulations.

4.2 TImpact of fibre profiles on wavelength conversion

FWDM-based wavelength conversion is realized using continuous wave pump and signal

waves, where the signal sees the conversion. The conversion efficiency (CE) of the

55
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wavelength conversion is defined as the ratio between the output idler power and the
input signal power. Under the assumption of an undepleted pump and a strong signal

wave, CE can be expressed as [94],

= pin

signal

Pout P, 2
CE = idler __ |:“ SiDh(gLeff):| ) (41)
g

where P2 is the output power of the idler wave, Psii“grlal is the input power of signal

wave, and g is expressed in

9= \/1Poump Ak + (Akp/2)2. (4.2)

In order to compare the bandwidth of the wavelength conversion, a 3 dB bandwidth is
defined here, using the separation of signal and idler wavelength, when the conversion
efficiency drops to half of its maximum value. To realize wavelength conversion in the
silicon core fibres, the core diameter and length are the main two profile parameters that
should be considered. The fibre core diameter will affect the dispersion properties, and
thus the phase-matching conditions, and the fibre length will affect the effective length
for parametric gain. At first, I simulated the conversion efficiencies, using two different
core diameters, 850 nm and 915 nm, respectively, to explain the influence of the fibre
core size on the wavelength conversion pumped in telecom band. The fibre length is set
as 10 mm and the linear losses are estimated to be 2dB/cm. The pump power is set as

18.5dBm and different pump wavelengths are also considered.

Core diameter (nm) 850 915
Augr (pm?) 031 0.36
Y(W=im™1) 52.1 45.5

TABLE 4.1: Nonlinear parameters of the tapered SCFs at the wavelength of 1.55 ym.

Figure 4.1 shows the simulated conversion efficiency as a function of signal wavelength
using different pump wavelengths, and hence GVD values for the 850 nm core diameter
SCF'. The nonlinear parameter is given in Table 4.1 at the pump wavelength of 1.55 ym as
a reference. As the ZDW of 850 nm SCF is around 1.50 um, the three pump wavelengths
(1.53 pm, 1.55 pm and 1.57 pm) in telecom band are located in the its negative dispersion
region. As these pump wavelengths are far away from the ZDW, the || is large and the
bandwidth will decrease with the increasing of |f2|. The maximum conversion efficiency
remains at the same value of -30.3dB using these three pump wavelengths, which is
determined by the input pump power. However, the maximum bandwidth achieved is
154nm for the pump wavelength of 1.53 um and the results show that the bandwidth

decreases with increasing of |2|. Thus the longer pump wavelengths shorten the tuning
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F1GURE 4.1: Conversion efficiencies of the simulated SCF with the core diameter of
850nm as a function of signal wavelength, pumping at 1.53 pm, 1.55 ym and 1.57 pm,
where 5 = —0.12ps?/m, —0.20ps? /m and —0.29ps? /m, respectively.

range of wavelength conversion, plus the large |33| creates more and denser side bands

in the tuning curve.
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F1GURE 4.2: Conversion efficiencies of the simulated SCF with the core diameter of
915nm as a function of signal wavelength, pumping at 1.53 pm, 1.55 ym and 1.57 pm,
where 8o = 6.4 x 1072ps?/m, 9.5 x 1073ps? /m and —8.3 x 10~2ps?/m, respectively.

The second SCF is then studied with a core diameter of 915 nm and its CE curves for
different pump wavelengths is shown in Figure 4.2. The ZDW for this fibre is closer to

the 1550 nm pump, at which the second order dispersion term is positive but rather small
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with the value of 9.5 x 1073ps?/m. With a small positive 32, phase matching can be
satisfied together with a negative 84. The maximum conversion efficiency obtained here
is -32.5 dB, which is lower due to the lower input pump intensities of larger core diameter.
With pumping at 1.55 um, the broadest bandwidth of about 335 nm is obtained, covering
the whole telecom band. When tuning the pump wavelength from 1.53 ym to 1.57 um,
the bandwidth changes from 198 nm to 175 nm. It can be concluded here that with the
same input pump power, SCF with smaller core size would exhibit higher conversion
efficiency. However, if the fibre is pumped with its core size close to ZDW, a wider
bandwidth can be obtained.

(a) D=850 nm (b) D=915nm
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FI1GURE 4.3: Conversion efficiencies of the simulated SCFs as a function of fibre length

and signal wavelength, pumping at 1.54 um with the core diameter of (a) 850 nm and
(b) 915 nm.

Next, by changing the fibre length from 0 to 20 mm,the simulated conversion efficiency
as a function of the SCF length and signal wavelength is plotted in Figure 4.3, when
pumping at 1.55 ym using the 850nm and 915nm SCF core size, respectively. The
input pump power is still set as 18.5dBm. As shown in Figure 4.3(a) and (b), high-
order phase-match bands can be observed in both SCFs. The conversion bandwidth
increases from 154 nm to 370 nm, as the core diameter of SCF changes from 850 nm to
915 nm, when the tapered waist length is of 5mm. The maximum conversion efficiency
can reach ~-30dB when the SCF length is 10 mm, but the bandwidths are decreased to
126 nm with the core diameter of 915 nm . The highest conversion efficiency of ~-25dB
can be obtained with the fibre length of 20 mm and the core diameter of 815 nm, but
with a further reduction in the bandwidth. In general, a larger conversion bandwidth
can be achieved but at a cost of lower conversion efficiency with the decreasing of fibre

length.

In contrast, Figure 4.4 shows the contour map of conversion efficiency as a function of
pump and signal wavelengths, with a SCF length of 10 mm. When high-order phase-
match bands merge with the fundamental band, a maximum conversion bandwidth can
be obtained. This can be realized by fine tuning the pump wavelength in the vicinity of

the ZDW. As the submicron SCFs exhibit negative 84 values over a pump wavelength
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F1GURE 4.4: Calculated conversion efficiencies as a function of pump and signal wave-
lengths, with a fibre length of 10 mm with the core diameter of (a) 850nm and (b)
915 nm.

range from 1400 nm to 1700nm for both of these fibre core sizes, a 3-dB conversion

bandwidth of over 60 nm is achievable across the entire tuning bandwidth.

4.3 Wavelength conversion in submicron silicon core fibres

4.3.1 Fibre design

Label Fiber I Fiber II
Waist diameter Dy, (nm) 850 850
Waist length Ly, (mm) 5 10
Total length Ly (mm) 9 14
Input diameter Dippyt (pom) 5 5
Output diameter Doyput (pm) 4.6 4.6
Total loss « (dB) 8.6 9.5
Linear loss o; (dB/cm) 2.0 1.9

TABLE 4.2: Parameters for Fibre I and Fibre II.

As indicated by the results of the previous section, a SCF with a length of 10 mm can
obtain both high conversion efficiency of ~-30 dB and fairly broad bandwidth, more than
100 nm with continuous wave pumping at 1.55 um. To verify this experimentally, two
tapered SCFs with different waist lengths (5mm and 10 mm) were fabricated to have
core diameters around 915 nm for use as wavelength converters. The SCFs were labelled
as Fibre I and Fibre II, respectively. The two step tapering method was applied here.
At the first step, the as-drawn fibre J895 fibre was tapered from 125 ym to 49 um with
the filament power of 69 W, and then from 80 um to 15 um with the filament power of
56 W. The fibre profile parameters are listed in Table 4.2.
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Fibre I and Fibre II include a uniform straight waist region, of a particular length, and
two transition regions, the down-taper transition and up-taper transition, respectively.
By maintaining relatively slowly varying transition regions, coupling between the var-
ious modes supported by the submicron-sized cores and/or the radiation modes of the
cladding will be minimal. Dy, is the silicon core diameter of the waist region, the actual
core diameters are smaller than the target diameter of 915 nm. Even though the main
goal is to achieve the core dimensions of 915 nm, the errors induced from the tapering
method ended up with the actual core diameter of ~850 nm, measured under the micro-
scope. The values for the total loss () of the SCFs were measured using a CW laser at
a wavelength of 1550 nm. The linear losses («;) of the tapered waist were then estimated
by subtracting the coupling losses (~ 7dB) from the total loss and dividing by the length
of the SCF. As it can be seen from Table 4.2, Fibre I and II exhibited linear losses lower
than 2dB/cm, which is the lowest losses obtained for the submicron silicon core fibres
to date. As the crystallinity of the silicon core material has been shown to improve with
decreasing diameter [54], this loss value represents an upper bound on the loss in the
tapered waist, which is considerably smaller than the input and output transitions, and

where nonlinear processing occurs.

4.3.2 Experimental setup of wavelength conversion

Pump r 4

Signal 9

O

FIGURE 4.5: The experimental setup of FWM. PC, polarization controller; OC, optical
coupler; OL, objective lens; TLF, tapered lensed fibre; OSA, optical spectrum analyser;
PM, power meter.

Figure 4.5 shows the setup for the wavelength conversion experiments. The pump and
signal beams are combined using a 3dB optical coupler (OC), and then free space cou-
pled into the tapered SCFs. Two polarization controllers (PC) are used to adjust the
polarization of the two waves for optimising the conversion efficiency. In order to match
the mode size at the input facet of the tapered SCFs, a 40x objective lens (OL) with
NA = 0.65 was chosen to optimize coupling into the fundamental mode of the SCF [69].
No additional polariser was needed in the input coupling as the cylindrically symmetric
SCFs are polarization insensitive. The output light is collected by a tapered lensed fibre
(TLF, NA = 0.40), or a second microscope objective lens (OL2) with NA = 0.85. The
output power was measured using a power meter (Thorlab S148C) and the spectrum
recorded with an optical spectrum analyser (OSA Yokogawa AQ6370D), operating at a

1 nm resolution bandwidth. For wavelength conversion experiments, the pump source is
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a tunable CW laser operating in the C-band. An erbium-doped fibre amplifier (EDFA)
is used to boost the average pump power and a tunable band-pass filter (BPF) is used
to suppress the amplified spontaneous emission (ASE) noise caused by the EDFA. To
investigate the bandwidth of the wavelength conversion, a second tunable CW laser

covering 1500 nm to 1680 nm is used as a signal wave.

4.4 Results and discussion

Or Pump 7
™~ Signal

Intensity (dBm)
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FIGURE 4.6: Measured spectra taken at the output of the SCF as the signal wavelength
is tuned from 1555 nm to 1680 nm.

Figure 4.6 shows the spectra taken as the signal wavelength was tuned from 1555 nm to
1680 nm with the tuning step of 5nm, when the pump wavelength was 1550 nm using
Fibre I as a reference. Considering that the signal wave is strong and almost undepleted,
the CE can be obtained directly from the readings of the peak powers of the signal and
idler in the spectra, and calculated using Equation 4.1 for both signal wavelength tuning

and pump wavelength tuning.

To investigate the optimum pump power for FWM wavelength conversion, the efficiency
in Fibre II is plotted as a function of the coupled pump power with the signal wavelength
set at 1560nm in Figure 4.7. It can be seen that the conversion efficiency increases
linearly from —61.0dB to —31.2dB as the coupled pump power is raised from 5.0 dBm
to 20.0 dBm. The dashed line is the linear fit which has a a slope of 2. This corresponds
to Equation 4.1, where CE is increasing with P? linearly, and therefore the relation of
CE and P in dBm has a slope of 2. In comparison, Figure 4.8 shows that the CE remains
constant when the signal power is varied from —11.1dBm to 8.0 dBm for a pump power

of 20.0 dBm, which suggests that the nonlinear losses are negligible at this power level.
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F1cURE 4.8: Conversion efficiency as a function of coupled input signal power with an
input coupled pump power of 19.5dBm. The pump and signal wavelengths are 1550 nm

and 1560 nm, respectively.

To investigate and compare the FWM based wavelength conversion in two tapered SCFs,

Fibre I and Fibre II, the idler waves were measured by tuning the signal wavelengths

with a step of 2nm. Figure 4.9 to Figure 4.11 display the measured CE dependent

on the signal wavelength at three different pumping wavelengths 1540 nm, 1550 nm and
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FIGURE 4.9: Measured conversion efficiencies as the signal wavelength which tuned
from 1545 to 1680nm with the tuning step of 2nm, with the pump wavelength of
1540 nm using Fibre I and Fibre II.

1560 nm, where the coupled optical powers of the signals and the pump in the exper-
iments were set to be —11.0dBm and 20.0 dBm, respectively, to obtain the maximum

conversion efficiency.

As it can be seen from these figures, wavelength conversion can be still observed when
the low power CW signal is tuned to 1680 nm for the three pump wavelengths (1540 nm.
1550 nm and 1560 nm). Thus, these results suggest that broadband wavelength conver-
sion (more than 260nm) can be achieved in our tapered SCFs, covering the entire S-,
C-, and L- telecom bands. Moreover, it is important to note that this experimental
conversion bandwidth was only limited by the tuning range of our CW source.  As
can be seen from Figure 4.9, Fibre II exhibits largest 3 dB bandwidth of 144 nm when
pumped at 1540 nm. As the pump wavelength moves further from its ZDW (1502 nm),
the bandwidth reduces slightly to 122nm at 1560 nm. This suggests that this SCF ex-
hibits broad bandwidth when the pump wavelength is tuned in the most useful telecom
C-band, owing to its relatively low GVD close to ZDW. In regards of Fibre II, the maxi-
mum conversion efficiency is higher than that of Fibre I for all three pump wavelengths.
In spite of higher conversion efficiency obtained in Fibre II, its conversion bandwidth
(~120nm) is narrower, due to walk-off between signal and pump waves caused by the
longer fibre length, which supports the previous predictions in the numerical simulations
as seen in Figure 4.3. Nevertheless, this conversion bandwidth is slightly larger than
previous reports of FWM in silicon waveguides using a telecom pump source [24], except
in the exotic silicon nano-waveguides. These waveguides were designed to have a 30-nm
thin slab layer [10], where the height is 300nm and the width is between 680nm and

720 nm with its dispersion engineered.
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FI1GURE 4.10: Measured conversion efficiencies as the signal wavelength which tuned
from 1555 nm to 1680 nm with the tuning step of 2nm, with the pump wavelength of
1550 nm using Fibre I and Fibre II.
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FIGURE 4.11: Measured conversion efficiencies as the signal wavelength which tuned
from 1565 nm to 1680 nm with the tuning step of 2nm, with the pump wavelength of
1560 nm using Fibre I and Fibre II.

In order to verify the relationship between the conversion efficiency and the the tapered
SCF design, the theoretical conversion efficiency is then compared with the experimental
results, using the calculated dispersion values of 3 = —0.17 ps?/m, B4 = —1.03 x 107°
ps*/m at 1540nm and B = —0.25 ps?/m, B = —0.95 x 107° ps*/m at 1560 nm. As
shown by the shadowed areas in Figure 4.12, the main tuning band of the simulated
curves are in reasonable agreement with the measured conversion efficiency. More side

bands appear in Fibre I when pumped with 1560 nm and in Fibre II when pumped with
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FIGURE 4.12: Measured FWM conversion efficiency (normalized) as a function of

signal-idler wavelength separation for different tapered SCFs at selected pump wave-

lengths, given in the legend. (a) Fibre I (5 mm) pumped at 1540 nm, (b) Fiber I (5mm)

at 1560 nm, and (c) Fibre II (10mm) at 1540nm. Solid lines and shaded area show
the simulation results.

1540nm. The drop of the measured maximum conversion efficiency between the main
band and the first side band is -10 dB, which is similar to the simulated results. However,
the drop between the maximum CE and the first dip in the CE curve is only -20dB,
lower than the simulated results. We attribute this slight mismatch of the side bands
to the discrepancies of the estimated FOD dispersion of the SCFs and the detection
sensitivity of the OSA.

Label Fibre III
Waist diameter Dy, (nm) 800
Waist length Ly, (mm) 15
Total length Lo (mm) 19
Input diameter Dinpyg (pm) 4.6
Output diameter Doytput (pm) 4.6
Total loss « (dB) 12
Linear loss a; (dB/cm) 2.6

TABLE 4.3: Parameters for Fibre III.

Considering that longer fibres should help to increase the maximum CE, seen from
Figure 4.3, one more tapered SCF with a waist length of 15 mm was fabricated using
the two step tapering method with a double cladding, and its parameters are listed in
Table 4.3. For the first step, the double-clad fibre was tapered from 400 ym to 80 ym
at the filament power of 95 W. In the second step, the fibre was tapered from 80 um
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to 19 um with the filament power of 60 W. The fibre structure is similar to Fibre I
and Fibre II that have the transition regions kept at the input and output facets. The
core diameter was measured to be about 800 nm. The linear loss of Fibre III was then
estimated to be about 2.6dB/cm. The slightly higher losses may be induced by the
instabilities of temperature control of the used tapering machine during tapering the

long sub-micron SCFs.
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FI1GURE 4.13: Measured output power as a function of the input pump power at the
pump wavelength of 1550 nm for Fibre ITI

Using Fibre III, the wavelength tuning was conducted using the same setup seen in
Figure 4.5 with the pump wavelength of 1550 nm. Figure 4.13 plots the output pump
power as a function of the input coupled pump power. This shows that the nonlinear
saturation begins when the input coupled power is more than 15dBm. And when the
input power increases to 16.7dBm, the output power starts to drop and the total loss
goes up by 3dB. As TPA will be low, when using this level of pump power, we attribute
the saturation effects to a build up of FCA associated with the CW pump. Because
TPA-induced FCA will increase with a decrease in the core diameter of the silicon core
fibre, Fibre III shows stronger FCA than the other two fibres, Fibre I and Fibre II.

Figure 4.14 displays the conversion efficiency as a function of the signal wavelength. It
shows that the maximum CE reached is -34 dB, with the input coupled pump power of
only 14.8 dBm, which is 5 dB lower than the input pump power( 20 dBm) used for Fibre I
and II. Assuming no nonlinear loss, if the pump power of 20 dBm was applied to Fibre III,
we might expect that the CE could go up to -24 dB, because the CE is proportional with
the pump power with the slope of 2. However, as displayed in Figure 4.13, increasing
the pump power abovel4.8 dBm will induce absorption and not bring more enhancement

to the conversion efficiency. In other words, using Fibre III, lower pump powers were
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FIGURE 4.14: Measured conversion efficiencies for Fibre III as the signal wavelength
is tuned from 1545 to 1680 nm, using tuning step of 2nm and a pump wavelength of
1550 nm.

required to achieve the maximum CE of -34 dB benefiting from the longer length. But
due to the stronger FCA associated with the smaller core, increasing the coupled input

pump power any further will not result in an increase of the conversion efficiency.

Parameters SOI wire | SCF | silica-HNLF
y(W=tm1) ~ 400 ~45 | ~20x1073
Aeg (pm?) ~ 0.1 ~ 0.36 ~ 11

Propagation loss «; (dB/cm) < 1.1 <3.0 | ~0.5%x107°

L (mm) ~ 20 ~ 20 ~ 10°
Maximum CFE (dB) ~ -10.5 ~ -34 ~ -13.5
Ppump (dBm) ~ 248 | ~ 148 ~ 20
Nnorm %0(W ™ 2mm—2) ~248 | ~10.9 | ~ 1.1x107%

TABLE 4.4: Comparison of optical parameters of: SOI wire, SCF common silica HNLF
at 1.5 pm

Furthermore, for a better comparison of the results to other platforms and taking the de-

vice length L and the used pump power F,ump into consideration, a normalized efficiency

Thormis defined as [95,96]
100 x CE

Thorm = . (43)
em = pr T2

In our case using Fibre III as example, Nnorm% = 10.9%W2mm~2. As listed in Ta-
ble 4.4, our result is comparable to that of the SOI wire [24] as 24.8%W ~2mm~2, but
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much higher than that of the common silica-HNLF [97] as 1.1 x 10~4%W~2mm~2, be-
cause much longer fibres were needed to achieve high conversion efficiency due to its low

nonlinearity.

4.4.1 FCA consideration
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F1cURE 4.15: Calculated FCA dependent on the SCF core diameters, with the pump
wavelength of 1.55 um at different input pump powers shown in the legend.

To understand the effects of FCA on the wavelength conversion in SCF, some simulation
work is conducted here. For continuous wave pumping of wave mixing in a SCF, the free
carriers will eventually reach to a steady state. This can be expressed via Equation 2.60,

where the loss induced by FCA is calculated as

otfreal;

_—. 4.4
2hU0Agff (4.4)

ap =0N.(z) =
It shows that the FCA increases with the input pump power but decreases as the effective
mode area increases, which is dependent on the fibre core dimension. Assuming the free
carriers life time is 1ns and using the parameters in Table 5.1, the FCA induced loss
can be calculated. Figure 4.15 shows the simulated FCA as a function of the SCF core
diameter, using the pump power of 15dBm, 16 dBm and 17dBm, respectively. It can
be seen from this figure that the FCA is negligible with the input powers of 15 dBm for
SCFs with core sizes larger than 800 nm. Then it increases with increasing input pump
power. For the input pump power of 17dBm, FCA will reach 3.6 dB with fibre core of
800nm but 1.5dB with a 915nm fibre. To reduce FCA, using either a larger SCF or a

lower input pump power are desirable.
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4.5 Conclusion

In this chapter, using continuous wave sources as the pump beams, the bandwidth of
the FWM-based wavelength conversion with different fibre profiles was firstly calculated.
The results have shown that broad bandwidth of the wavelength conversion can be
obtained using fibres with ZDW near the pump wavelength. For pumping at telecom
band, specifically for 1550 nm, SCF around 915nm would perform the widest signal
wave tuning. Long fibre lengths can help to increase the conversion efficiency. With
the two-step method applied for tapering, two SCFs with core diameters of 850 nm, but
different waist lengths (5mm and 10 mm), were fabricated. By pumping at 1550 nm,
we realized wavelength conversion covering the telecom bands, from S- to C- band, and
the maximum conversion efficiency could be as high as -30dB. To further improve the
conversion efficiency, another SCF with a waist length of 15mm and core diameter of
800 nm was tapered. The conversion efficiency in this SCF reached -34 dB with only
half of the input power that was used for the other two fibres. However, the conversion
efficiency could not be increased further via increasing the pump power due to the larger
FCA in this SCF associated with the smaller core size.






Chapter 5

Optical parametric amplification

using silicon core fibres

5.1 Introduction

Optical parametric amplification (OPA) using x(®) has been studied wildly using silicon
waveguides [6,9,13,27,98]. This is known as FWM-based OPA. It allows the pump
light that propagates in the medium to amplify the converted waves, signal wave (long
wavelength) and idler wave (short wavelength), thus building high power light source
with the wavelength aside the pump wavelength. Also, OPA has extensively been studied
as a means to generate and amplify information [23]. In our silicon core fibres platforms,
for obtaining the high parametric gain, the dispersive properties and the pulsed pump
needs to be considered carefully. This chapter begins by introducing the coupled wave
equations of FWM, which were used to conduct the simulation work and specifically to
investigate the impact of free carrier absorption on the parametric gain, with regard to
the pulsed pump nature. Next, the design used to realise a low-loss dispersion engineered
silicon core fibre suitable for FWM-based OPA is presented for the chosen pulsed pump.
Finally, the experimental results are compared with the simulations to determine the

performance of the tapered silicon core fibre for FWM-based applications.

5.2 Impact of a pulsed pump on the parametric gain

5.2.1 Coupled wave equations for four-wave mixing

Similar to previous FWM-based OPA demonstrations in planar silicon waveguides, the
properties of the pump pulse, mainly its pulse width and the repetition rate, have a

significant impact on the parametric gain in the SCFs due to the presence of TPA and

71



72 Chapter 5 Optical parametric amplification using silicon core fibres

FCA induced by TPA in the telecom band. Therefore, the study of the role of the
pulse parameters would be helpful to choose a suitable pump source for obtaining high
parametric gain in the FWM-based OPA experiments. In the case of degenerate FWM,
assuming that the pump power has a much higher intensity than the signal wave and
idler waves, it can be assumed to be undepleted. The coupled wave equations can be
written as [99-101]

OA, B, %A a a .
azp + 2p 8t2p - _épAp B %AP +ivp [ Ap |2 Ap, (5.1)
a145 825 aZAS s s . . * .
s + ZB; 52 = —%AS - QTfAS + 20y, | Ap |? As + WSA]%AZ» exp (—iAkz), (5.2)
DA; | ifa A i i , . .
ER + 2522 5z = —%Ai - OéTfAi + 2y, | Ap |2 Ai + wiAf,A:exp (—iAkz), (5.3)

where A; is the slowly varying amplitude (j=p, s,1), cj represents linear losses for each
wave, ay;j = 0N, represents the TPA-induced FCA loss, where o} is the FCA coeffi-
cient, 32; is the second order dispersion. The terms on the left-hand side of Equation 5.1
are related to the pump pulse dispersion. The propagation constants of the fundamental
mode in the SCF can be calculated using the finite element method to solve the eigen-
value equation for fibre modes, with the appropriate wavelength dependent refractive
indices for the silicon core and silica cladding, more details can be seen in Section 2.1.2.
The terms on the right-hand side of Equation 5.1 are responsible for attenuation due to
linear absorption and FCA, as well as the nonlinear processes of SPM and TPA, which
are included in v. Equation 5.2 and Equation 5.3 for the signal and idler beams are
similar, but the second terms on the right-hand side are responsible for XPM and TPA
and the last term describes the energy transfer between the interacting waves. The
equation for the carrier density N, is described as in Equation 2.61 and given here fore

convenience as A
ch(t, Z) _ BTPA Ap _ Nc(tvz)
dt 2hvy, A Te

(5.4)

where 7. is the free carrier life time. While using pulse pumping with a pulse width
To < 7 (at the 1/e-intensity point), the repetition rate R and the pulse width Tj are
significant factors that will affect N.(¢, z), which can be given by

1 BreaToAj
1 — e /R 2hvp Aesr ’

N, (t,z) = (5.5)

Using the split-step Fourier method for the individual equations and the fourth-order
Runge-Kutta solver to link the coupled-wave equations, Equation 5.1 to Equation 5.3
can be solved with the optical parameters of the SCF. As it is discussed in chapter 4, the
SCF with core diameter of 915 nm has its ZDW located near 1.55 ym. Therefore, 915 nm
is chosen as the diameter of the SCF in the simulations and its length is set as 5 mm.

For simplification in the simulation work, only the straight waist region is considered,



Chapter 5 Optical parametric amplification using silicon core fibres 73

without the transition regions. The other parameters used for solving the equations are
shown in Table 5.1.

Parameter Symbol SCF (unit)
Central wavelength A 1.55 pm
Linear loss o7} 2.8dB/cm
Kerr effect coefficient N9 4.0x10~¥m? /W
Carrier life time T 1ns

FCA parameter o 1.4x1072'm?
TPA coefficient BTPA 4x10712m/W
Effective mode area A 0.4x1072m?
Nonlinearity ¥ 40.77 W lm=1!
Dispersion value Bo 9.5 x 10~ 3ps?m~!

TABLE 5.1: Linear and nonlinear parameters for SCF for simulation.

5.2.2 Simulation results and discussion

To obtain high parametric gain, the influence of the pulse duration on the maximum
parametric gain together with the repetition rate is studied here, using simulation results.
In the examples given here, the pump pulse has the central wavelength of 1.55 pum and the
coupled input peak pump power is set to be 12 W. The input signal is a continuous wave
with its wavelength tuned between 1.55 pm to 1.68 pm and its power is kept constant as
15mW, which was the practical value of the tunable laser used in the future experiments.

The pump and the signal are launched into the fibre at the same time.
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FIGURE 5.1: Simulated output spectra with the signal wavelength at 1.6 um.
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To begin with, Figure 5.1 shows simulated spectra at the output of the SCF. In order to
calculate the amplified output signal pulse, the residual narrow-band continuous wave
signal from the seed is first removed numerically by applying a 2nm band-stop filter.
Then the filtered time-averaged signal spectrum is converted using the pulse duty cycle
factor F' = 1/(R x Tp). As the conversion efficiency has the same increasing trend as

the signal gain, the discussion below will focus on the parametric signal gains.
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FIGURE 5.2: Signal gain as a function of pulse width, for five different pulse repetition
rates (40 MHz, 100 MHz, 400 MHz 1GHz and 5 GHz), with the signal wavelength of
1.6 pm.

Figure 5.2 shows the signal gain dependence on the pump pulse widths for five different
pulse repetition rates. As can be seen here, the maximum parametric gain appears with
the pump pulse of the shortest pulse width at the lowest repetition rate. This can be
explained via using Equation 5.5, that when R7. < 1, the free carrier density is mostly
dependent on the pulse width Ty and it decreases with Tp. Under the relatively low
repetition rate, free carriers produced have enough time to recombine before the next
pulse comes, thus FCA will be relatively low and even negligible. However, for pulse
widths that are longer than the carrier lifetime with high input peak power, the FCA will
be significant as the free carriers created by the starting edge of the pulse will dampen
the power at the pulse tail. Inversely, the free carrier absorption will remain relatively
low for short pump pulses. To note that, modest pump power shall also be used to
reduce TPA, thus decreasing the TPA-induced FCA [102].

When Rr. is larger than 1, which means the repetition rate is high or the free carrier
lifetime is long, there won’t be enough time for the free carriers to get recombined before
the next pulse arrives. The pump intensity would get reduced by the increasing e free
carrier density, which will be the main obstacle to enhancing the conversion efficiency

via increasing the pump power [103]. Figure 5.3 shows the parametric gain versus the
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FIGURE 5.3: Calculated signal gain as a function of repetition rates at two pulse
widths ( 0.67ps and 2 ps) with FCA on and off at the pump wavelength of 1.55 pm
and the signal wavelength of 1.6 um.

pump repetition rates at two pulse widths (0.67 ps and 2 ps) with the FCA on and off,
at the CW signal wavelength of 1.6 um. It can be seen that, when an ultra short pulse
is used, the FCA has no significant influence on the parametric gain. Even for the high
repetition rates, FCA induced loss is only 1dB. However, for the longer pulse width,
such as 2ps, the FCA will be a critical factor that affects the parametric gain when
the repetition rate is larger than 1 GHz. Therefore, to increase the FWM-based optical
parametric gain at a lower price of FCA, an ultra-short pulse widths will be desirable
and a moderate pump power should be chosen. Alternatively, a long pump pulse but

with relatively low repetition rate could also be considered.

5.3 Optical parametric amplification in submicron silicon

core fibres

5.3.1 Fibre design

The fibre used in this work is labelled as Fibre IV. It was produced with input and output
core diameters of 4 ym, which were tapered down to a target waist 915 nm over a length
of ~ 5mm in the centre region, as illustrated in the inset of Figure 5.4. By optimising
the tapering filament powers, and applying two-step tapering, Fibre IV was successfully
tapered down to have a core waist diameter of ~ 900 nm. For the first step, the SCF
was tapered from 125 ym to 49 um at the filament power of 68 W. In the second step,
the fibre was tapered from 49 yum to 9 pm with the filament power of 52 W. Its properties
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Label Fibre IV
Waist diameter Dy, (nm) ~915
Waist length Ly, (mm) 5
Total length Ly (mm) 8
Input diameter Dinpye (1m) 4.6
Output diameter Doytput (pm) 4.0
Transmission a (dB) 9.5
Linear loss a; (dB/cm) 2.8

TABLE 5.2: Parameters for Fibre IV

are given in Table 5.2. The total fibre length was 8 mm including the input and output
coupling tapers. The propagation loss of the SCF at the 1541 nm pump wavelength
was estimated to be ~ 2.8dB/cm, by subtracting the input ~ 4dB and output ~ 3dB
coupling efficiencies from the total 9.2 dB transmission loss, as the output has larger core
size thus, less mode mismatch losses. This propagation loss represents a relatively low
value reported for a sub-micron SCF [53] and indeed, any planar polysilicon waveguide
of similar dimensions in the telecom band [104]. Moreover, as the crystallinity of the
core material has been shown to improve with decreasing diameter [53], we expect that
this loss value represents an upper bound on the loss in the tapered waist, where the

nonlinear processing occurs.

5.3.2 Experimental setup of optical parametric amplification

Optical parametric amplification
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FIGURE 5.4: Schematic of the experimental setup. PC: polarization controller. OC:
optical coupler. OL: objective lens. OSA: optical spectrum analyser. PM: power meter.
Inset, symmetric tapered SCF profile.

The experimental setup for OPA within Fibre IV is depicted in Figure 5.4. Based on the
study in Section 5.2.2, a short pulsed pump source with low repetition rate was chosen.

It was a mode-locked erbium doped fibre laser emitting pulses centred at 1541 nm with a
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670 fs full-width at half-maximum (FWHM) duration, corresponding to a 3dB spectral
bandwidth of ~ 7nm (transform limited), and a repetition rate of 40 MHz. A tunable
CW laser was used as the signal beam, with a tuning range covering 1570 — 1680 nm.
Two polarization controllers (PCs) were used to align the linearly polarized pump and
signal beams to optimize the conversion efficiency. The pump and signal were combined
by a 3 dB optical coupler before free space coupling into the SCF. The input coupling was
achieved with a microscope objective lens (OL1) with a N A of 0.65, which was chosen to
optimize coupling into the fundamental mode [69]. No additional polarizer was needed
at the input stage as the cylindrically symmetric SCF is polarization insensitive, which
was confirmed by monitoring the output signal power when changing the polarization of
the combined input pump and signal beams. The output light was collected by a second
microscope objective lens (OL2) with a N A of 0.85 and directed either to a power meter
or focused into an optical spectrum analyser (OSA YOKOGAWA AQ6370D). All the
spectra were measured with a 1 nm resolution bandwidth of the OSA. It is worth noting
that, owing to the high nonlinearity and improved coupling efficiency of the tapered
SCF platform, we do not require any additional amplification stages for our pump and
signal beams, simplifying the setup and helping to reduce noise levels. All the optical

powers were measured by a power meter (Thorlab PDA20H).

5.4 Results and discussion
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FIGURE 5.5: Transmission properties of the Fibre IV at different wavelengths from
1570 nm to 1680 nm.

Firstly, to characterise the transmission properties of Fibre IV, the insertion loss of
the device was measured for signal wavelengths between 1570nm to 1680 nm, using

the low power CW laser source, as shown in Figure 5.5. The black squares are the
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measured propagation losses and the red dots are the estimated linear losses. The
transmission of the fibre was then estimated by excluding the ~4dB input and ~3dB
output coupling losses induced from mode mismatch and facet reflection. The large error
bars are due to inconsistent coupling losses that vary for the different input wavelengths.
It can be seen that the insertion losses are between 10dB to 11dB and linear losses are

fairly constant over the entire signal wavelength range, averaging ~ 3dB/cm. Using
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FIGURE 5.6: Measured transmission as a function of input peak pump power. The
red curve is the simulated transmission including nonlinear loss from TPA. The dash
line (black) indicates the linear insertion loss.

the same experimental setup, the nonlinear transmission properties of Fibre IV were
then measured at the pump wavelength, seen in Figure 5.6. In order to minimize the
effects of nonlinear absorption and spectral broadening of the pump, a moderate coupled
average power of ~ 0.63mW (~ 17 W peak power) was chosen, just below the saturation
threshold.

FWM-based OPA was then investigated by simultaneously injecting the pump pulses
with low power CW signals (> 1mW) at different wavelengths. Figure 5.7 shows the
optical spectra generated by the degenerate FWM process, with signal wavelengths from
1570 nm to 1680 nm overlaid. Owing to the use of a pulsed pump, the amplified signals
and generated idlers also occur as a train of short pulses, which is evident from their
broad bandwidths, seen in Figure 5.7. These results clearly show that the signal can be
down-converted by ~ 260nm (32 THz), from 1680 nm to 1420 nm, covering the entire
S-, C- and L- telecom bands. It is important to note that this experimental conversion
bandwidth was only limited by the tuning range of our CW source and it should be pos-
sible to extend this over the full ~ 380 nm, as predicted by Equation 2.58. Nevertheless,
this conversion bandwidth is larger than previous reports of OPA in silicon waveguides

using a telecom pulse pump source, thanks to the low GVD, and the bandwidth could
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FIGURE 5.7: Transmission spectra taken at the output of the SCF as the signal
wavelength is tuned from 1570 to 1680 nm.

be further improved by carefully tailoring the core diameter to reduce the FOD at the

pump wavelength, seen in Equation 2.58.

The method used to extract the conversion efficiency from the measured spectra is ex-
plained below, and follows the same method described in Ref [9,28,105]. To understand
the approach easily, all the powers are expressed in dBm. As the units used is in dBm,
the multiplication factors in the expressions can be switch to additions, which makes
this process easier to understand. Generally, the time-averaged powers of signal/idler
Pivg signal/idier can be obtained by integrating the average power distributed of the wave-
length P,y 0SA_signal/idier(A) from the spectra in Figure 5.7. Then the peak power of
signal/idler is obtained by

Poeak_signal/idler = F + Payg_signal/idler = F + ( / PavgOSAsignal/idler()‘)d)‘) , (5.6)
where F' = 1/(R x Tp) is the duty cycle factor, and in the unit of dB, is written as
F = 10log (1/(40 MHz - 670 fs)), due to the pulsed nature of our pump wave. Again a
2-nm wide band-stop filter was numerically used for the time-averaged signal spectrum
to exclude any remaining power from the CW wave. For signal wavelengths close to
the pump (1570nm, 1580 nm and 1590 nm) shown in Figure 5.7, where the amplified
outputs overlap with the pump, the output signal and idler spectra are reconstructed
assuming that they are symmetric. The output CW signal power was measured with the
pump off, denoted as Piignal out pump offs; Which is then converted to the input signal
power Pignal in by

Psignaliin = I'signal out_ pump_ off + a, (57)

where « in dB is the measured propagation loss through the 8 mm fibre, which is de-

pendent on the signal wavelength, as seen in Figure 5.5.
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Considering that the OSA attenuates the measured optical power for protecting the
sensitive components, the spectra in Figure 5.7 only displays the relative power within
each wavelength. Therefore, we used the pump power as a reference for obtaining the
loss due to both the OSA attenuation and the coupling losses from free space to the
OSA at each signal wavelengths measures. Then we denoted the whole losses as apga

in dB, which is expressed as

QQOSA = Pmeauredipump - PavgipumpiOSAa (58)

where Pcaured pump is the measured average output pump power in free space after the
output objective lens and P,yg pump 0sa is the integrated averaged power of the spectra
obtained from the OSA. Then, the output power of the idler wave Pgjer out and that
of the signal wave Pijgnal out Were obtained by taking into account both the loss of the

OSA and the propagation loss by

-Pidler_out/signal_out = Ppeak_idler/peak_signal + aosa- (59)

Finally, the idler gain 7 of the idler wave is defined as the difference between the peak
power of the idler wave and the input signal wave, by 7 = Pdier out — Peignal_in- The
on-chip parametric gain is obtained by G = Psgnal out — Psignal _in- Error bars were
derived from the uncertainties in the propagation loss and the contribution of the OSA

noise accumulated when integrating the signal/idler power.
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FIGURE 5.8: Idler conversion gain (a) and on/off parametric signal gain (b) as a
function of wavelength. The error bars in the parametric gain data are derived from
the uncertainty in the total propagation loss and the OSA noise.

The extracted values of the parametric signal gain and idler conversion gain are plot-

ted in Figure 5.8(a) and (b), respectively. The experimental data reveal that a large
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maximum on/off signal gain of ~ 9dB is achieved at a wavelength of 1570 nm, with a
corresponding idler conversion gain of ~ 8.5dB. Such a large on/off parametric signal
gain in our tapered SCF is sufficient to overcome the moderate fibre insertion losses
(7dB), demonstrating a 2dB net off-waveguide gain. The maximum signal gain ob-
tained in our 8 mm long SCF exhibits more than a 3dB improvement over the current
highest record in a 17 mm nanophotonic silicon waveguide in the telecom band, which
was obtained with a picosecond pulsed pump [9]. We attribute this increased gain to
the lower overall losses in our system, which is due in part to the larger core size of
the fibre, and also the reduced free carrier absorption associated with our shorter pump
pulses. For both the signal and idler beams, the gains decrease as the signal wavelength
moves away from the pump, which follows the theoretical predictions for waveguides
pumped in the normal dispersion region [101,106]. Although the maximum measured
idler conversion gain is also higher than previous reports, it is slightly lower than the
signal gain, which we attribute to the larger linear losses at the shorter wavelengths for

polysilicon fibers [107].
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FIGURE 5.9: (a) Measured amplified idler power (black) and conversion gain (red) as
a function of signal power (1590nm) at the SCF output. (b) Measured signal power
(black) and gain (red) as a function of signal power (1590nm) at the SCF output.

Additional experiments were carried out to investigate the gain dynamics with the signal
wavelength set at A = 1590 nm, so that both the signal and idler beams were far away
from the pump bandwidth. In the regime of negligible nonlinear losses, the parametric
gain should remain constant when the signal power is varied. This can be seen from
the linearly increasing trend of the idler and signal output powers as the coupled signal
power is raised from -3dBm to 1.3dBm, as shown by the black lines in Figure 5.9(a)
and (b), respectively. The slope efficiency, plotted as the red curves in Figure 5.9(a)
and (b), represent the idler and signal gains as a function of power, which yield values
of ~ 4.8dB and ~ 6.5dB, with a fluctuation of less than 1dB. These measurements
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reveal that there is no significant gain saturation in Fibre IV for peak pump powers up
to ~ 17 W, which are easily attainable using conventional cost-effective fibre lasers, and

the powers could be reduced further by increasing the SCF length.
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FIGURE 5.10: Calculated (blue solid line) and measured (red squares) on/off signal
gain as a function of signal wavelength, using a pump with ~ 17 W peak power centred
at 1541 nm.

As a final comment, in order to understand the relationship between the on/off paramet-
ric signal gain and the dispersion properties of Fibre IV, the measured gain is replotted
as a function of signal wavelength in Figure 5.10 (red squares). Here, we neglected FCA
due to the use of a sub-picosecond pump pulse with a low repetition rate. This gain dis-
tribution can be compared with the theoretical predictions for the signal gain as [23] [94]
with the assumption of an undepleted pump. The parametric gain for signal wave can
be then expressed as

P 2
G, = 1+ P;’ sinh(gLCﬁr)] , (5.10)

where Ps(L) is the signal power at the fibre output facet, Ps(0) is regarded as the
input signal power, and Leg = (1 — exp(—al)/«a is the effective fibre length, taking
into account the linear propagation loss a. The parametric gain coefficient g is given in
Equation 4.2. The signal gain was calculated by substituting the values in the Table 5.1
and the dispersion parameters (f2 and f4) into Equation 5.10. However, instead of
fixing the values of By and B4 to those obtained from Figure 2.10, here we leave them
as free parameters to achieve the best fit to the experimental data. The blue curve

L and

plotted in Figure 5.10 was obtained with the estimated values By ~ 0.042ps?m™
Bs ~ —0.3 x 1075 ps?m™!, corresponding to a coefficient of determination R? ~ 0.8
which agree well with the calculated dispersion parameters assuming the target core

diameter of 915 nm.
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We attribute the discrepancy between the fitted curve and the measured gain at the
wavelengths close to the central frequency of the pump to difficulties in calculating the
peak signal power when the signal and pump bandwidths overlap, resulting in an under-
estimation of the gain in this region. Nevertheless, such agreement is fairly reasonable
when we consider how sensitive these values are to the precise core size in such a high-
index contrast waveguide and that we are approximating the dispersion of our polysilicon
core material with that of single crystal silicon. Thus these results are further evidence
of the high quality of the SCF core materials and our ability to precisely control the

dimensions of the tapered profiles.
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FIGURE 5.11: Idler conversion gain (a) and on/off parametric signal gain (b) as a
function of wavelength for Fibre I. The error bars in the parametric gain data are
derived from the uncertainty in the total propagation loss and the OSA noise.

FWDM-based OPA were also conducted using Fibre I and Fibre IT that have smaller core
diameter than Fibre IV, but different fibre lengths (5 mm and 10 mm). Their properties
were listed previously in Table 4.2. The experimental up is the same in Figure 5.4. The
input peak power of the pump was kept at 17 W. The measured parametric signal and
idler gains using these two fibres are seen in Figure 5.11 and Figure 5.12. It shows that
using Fibre I, the maximum on/off signal gain of ~ 4.2dB is achieved at a wavelength
of 1570 nm, with a corresponding idler conversion gain of ~ 3.6 dB. Higher parametric
gain was obtained using the Fibre II due to its longer waist lengths. The maximum
parametric on/off gain for Fibre II is ~7.2 dB with a corresponding idler conversion gain
of ~ 7dB. This indicates that the fibre waist length of 10 mm helps to increase the
parametric gain as well in FWM-based OPA. However, in both Fibre I and Fibre II,
the side band is obvious throughout the whole tuning range. For Fibre I, the first side
band starts at the signal wavelength of 1660 nm, and for fibre II, it begins at 1650 nm.
These side bands correspond to the previous results for wavelength conversion, seen

in Figure 4.9. In comparison to measured results of Fibre IV in Figure 5.8, it can be
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FIGURE 5.12: Idler conversion gain (a) and on/off parametric signal gain (b) as a
function of wavelength for Fibre II. The error bars in the parametric gain data are
derived from the uncertainty in the total propagation loss and the OSA noise.

assumed that Fibre IV has the ZDW closer to the pump wavelength than the other
two fibres, Fibre I and Fibre II but with fairly similar maximum conversion efficiency.
For further FWM-based applications, Fibre IV would also be the preferred choice as it

exhibits a flatter tuning curve.

5.5 Conclusion

In this chapter, I carried out simulation work to investigate the influence of free carrier
absorption and the role of the pulse pump parameters on FWM-based OPA. The results
show that for repetition rates less than 100 MHz and femtosecond pulse widths, the
influence of FCA on the parametric gain in telecom band was minimal, allowing for
high net gain. Therefore, I chose a laser with a repetition rate of 40 MHz and pulse
width of 670fs as the pulsed pump to realize the OPA with high parametric gain in
telecom band. Then, I fabricated a low-loss SCF that had been tapered down to have a
submicron core diameter. Owing to the high coupling efficiency and negligible nonlinear
absorption in this SCF, a signal gain as high as 9dB was achieved with a moderate
pump peak power of 17W. To the best of our knowledge, this is the highest parametric
gain reported in a crystalline silicon waveguide using sub-picosecond pump pulses at a
telecommunications wavelength, resulting in the first demonstration of net off-waveguide
gain in this regime. The experimentally measured conversion bandwidth of ~ 260 nm
covers the entire S-, C- and L- telecom bands and this could be extended further with
careful design of our tapered structure. We expect that continued efforts to reduce the

transmission losses will significantly improve the practicality of this platform, opening a
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route for the development of compact and efficient all-fibre nonlinear signal processing

systems.






Chapter 6

All-optical signal processing using

silicon core fibres

6.1 Introduction

FWDM-based wavelength conversion is the widely investigated nonlinear effects used in
all-optical signal processing. As it has been discussed in previous chapters, submicron
tapered SCFs have shown high conversion efficiencies and a wide tuning bandwidths
for FWM-based wavelength conversion, due to their high nonlinearity and dispersion
tailoring. Thus in this chapter, I explore the possibility to convert high-speed amplitude
and phase modulated optical signals directly to the corresponding idler wavelengths
based on the SCF platforms. After characterizing the SCF, the investigation starts with
details of the signal modulation scheme, quadrature phase-shift keying (QPSK), which
is a type of digital modulation that is used to convey data by changing the phase of the
input carrier wave. Following this, the realization of all-optical signal processing of 20
Gb/s QPSK signals using a tapered SCF is described. The quality of the wavelength
conversion is discussed, using the constellation diagrams and the bit error rate (BER)
measurements. Finally, the fabrication method of the nano-spike coupler is introduced

for realizing the all-optical signal processing using SCFs.

6.2 Characterisation of four-wave mixing

The tapered SCF Fibre IV with a core diameter of 915nm is used here to investigate
broad band wavelength conversion of QPSK signals, as this fibre offered the best per-
formance in terms to CE and bandwidths. The profile and properties of Fibre IV were
given previously in Table 5.2. Experiments to characterize the FWM performance were

conducted, using the setup in Figure 4.5. The first goal is to investigate the optimum

87
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FIGURE 6.1: (a) Conversion efficiency as a function of coupled input pump power with

an input signal power of 9dBm. (b) Conversion efficiency as a function of coupled

input signal power with an input coupled pump power of 20dBm. The pump and
signal wavelengths are 1550 nm and 1563 nm, respectively.

pump power and signal power to reach high conversion efficiency for the wavelength
conversion. The conversion efficiency is plotted as a function of the input coupled pump
power with the signal wavelength set at 1563 nm in Figure 6.1(a), with the idler wave-
length of 1537nm. It can be seen that the conversion efficiency increases linearly from
-67.8dB to -30.1 dB as the coupled signal power is raised from 5.4 dBm to 19.5dBm. Fig-
ure 6.1(b) shows that the conversion efficiency remains constant when the signal power
is varied from -11dBm to 9dBm for the input pump power of 20dBm, which shows
that nonlinear absorption at this level can be neglected. For the purpose of keeping the
output idler power at its highest level for the signal processing system, the powers of

the signal and pump were kept at 15dBm and 19.5 dBm, respectively.

The second characterization conducted here is to determine the wavelength tuning for
Fibre IV. The results are plotted in Figure 6.2, which shows that the 3 dB bandwidth is
about 36 nm from the pump wavelength to the signal wavelength. Moreover, the signal-
idler separation is up to 72 nm, covering from S-band to L-band. The wide tuning range
and the high conversion efficiency of Fibre IV make it promising for use in multi-channel

signal processing systems, thus wavelength division multiplexing (WDM).
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FIGURE 6.2: Measured conversion efficiencies for Fibre IV as the signal wavelength
is tuned from 1555 to 1680 nm with a tuning step of 2nm and a pump wavelength of
1550 nm.
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FIGURE 6.3: The experimental setup for signal processing of 20 Gb/s QPSK signals.

OMA, optical modulation analyser; BPF, band pass filter; PC, polarization controller;

OC, optical coupler; OL, objective lens; OSA, optical spectrum analyser; VOA, variable
optical attenuator; PM, power meter.

6.3 Experimental setup for the 20 Gb/s QPSK signals pro-

cessing

The experimental setup for the wavelength conversion of widely used QPSK signals is

plotted in Figure 6.3. The pump wave originates from a laser emitting light at 1550 nm



90 Chapter 6 All-optical signal processing using silicon core fibres

which is amplified by a high-power erbium-doped fibre amplifier (EDFA) for the FWM
process. A band pass filter (BPF1) is used to suppress the amplified spontaneous emis-
sion (ASE) noise. QPSK optical signals are generated at 10 Gbaud using an optical
modulation analyser (OMA), which is connected to a tunable laser as the input seed sig-
nal wave. Due to the limitation of the OMA system, the signal wavelength can be tuned
up to a maximum of 1580nm. Therefore, the two channels we chose to investigate for
signal processing are positioned at 1563 nm (C-band) and 1580 nm (L-band). The mod-
ulated QPSK is then used as the signal wave for the FWM process and gets amplified
by a second EDFA. The two EDFAs used here are meant to increase the output power
of the converted idlers from the SCF. Two polarization controllers (PCs) were employed
to align the polarization states of the pump and signal waves to achieve the optimum
conversion efficiency. The pump and the modulated signal are then combined together
by a 50:50 fibre coupler and free space coupled into the SCF using a 40x objective lens
(OL1). The output is coupled from the SCF by another objective lens2 (OL2, 63x) and
sent for detection. A 99:1 tap coupler is used to accurately monitor the output power
and spectrum by an OSA. The converted idler is selected using the BPF2 and sent to
the EDFA3. The BPF3 is then used to suppress the ASE noise. The received power
level is controlled by using a variable optical attenuator (VOA). Finally, the light is
measured by a power meter and sent to a real time OMA that allows us to assess the
performance of the wavelength conversion, both in terms of constellation diagrams and

bit error ratio (BER) measurements.
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FIGURE 6.4: Measured spectra for wavelength conversion of 20 Gb/s QPSK data at

two signal wavelengths of 1563 nm and 1580 nm , corresponding to the idler wavelengths

of 1537nm and 1521 nm, respectively. The blues curve of the FWM spectra is offset by
10dB, for clarity.

Figure 6.4 shows the optical spectra measured at the output of tapered SCFs, for mod-
ulated signals at 1563 nm (C-band) and 1580nm (L-band). The conversion efficiency
with two signal wavelengths both achieved -30 dB. The back to back (B2B) signals were
measured by taking the SCF out of the system. Both back to back and converted idler
constellation diagrams are recorded by the OMA and plotted in Figure 6.5 for the modu-
lated signals at 1563 nm (C-band) (a) and 1580 nm (L-band)(b). From the constellation
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a) C-band B2B Idlers
b) L-band Idlers

FIGURE 6.5: Measured constellation diagrams for wavelength conversion of 20 Gb/s
QPSK data at C-band (a) and L-band (b) with the signal wavelengths of 1563 nm and
1580 nm, for the B2B signals and the converted idlers.

diagrams, it can be clearly seen that the modulated data has been successfully converted

with moderate additional noise.
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FIGURE 6.6: BER curves as a function of the calibrated received power for the 20
Gb/s QPSK data of the signals from C-band.

The quality of the signal processing system based on Fibre IV was also evaluated quan-
titatively by measuring the BER as a function of the calibrated received power, with the
results shown in Figure 6.6 and Figure 6.7 for the different idlers. The received power
is compromised mainly by the poor coupling efficiency to fibre based optical detector
and secondly by the insertion losses of BPFs. However, the results still reveal that a
successful conversion has been achieved with a power penalty of 1dB at a BER of 3.8
%1073 (the hard-decision forward error correction (HD-FEC) limit) for the signals in
C-band. Similar results can be seen for the signal wave length of 1580 nm at L-band
shown in Figure 6.7, with the power penalty of 0.9dB at a BER of 3.8 x1073 .
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FicUrE 6.7: BER curves as a function of the calibrated received power for the 20
Gb/s QPSK data of the signals from L-band.

As the 3 dB bandwidth of Fibre IV is of 72nm for the signal-idler separation, even
wider wavelength conversion of 20Gb/s QPSK signals should be possible with similar
low power penalty achieved. Also, because the power penalty is around 1 dB for all
measured optical powers both in the C- and L- bands, this SCF shows potential for the
wavelength conversion at even higher speeds, for example 32 Gbaud QPSK signals, and

larger volume signal sequences, such as 16-Quadrature amplitude modulation (QAM) or
64-QAM.

6.4 Silicon core fibres with nano-spike coupler

Early in 2007, as reported in [57], full integration between the SCFs and SMF can be
realized by incorporating nano-spike couplers onto the end facets of the SCFs. The nano-
spike couplers can help to match the modes and also reduce the reflection at the interface
between the SMF and SCF. Up to date, in 2019, a successful nano-spike coupler was
demonstrated for all-fibre optical processing by Huang Meng et.al in our group [108].
The core size of the straight waist area for the SCF with nano-spike structure was
1.1 pm and the obtained FWM tuning range was 6 nm, which smaller than ours mainly
is because of the ZDW is far from the pump wavelength. Nevertheless, wavelength
conversion of 20Gb/s QPSK signals were achieved with the power penalty of 1dB at a
BER of 3.8 x1073. Significantly, my more recent work has shown the possibilities of
wider tuning bandwidths using the SCF with smaller core sizes, which helps bring the
telecom pump wavelengths closer to the ZDW. Thus, by combing these new designs with
the nano-spike integration in [57], we can anticipate high efficiency, all-fibre based all-

optical signal processing systems capable of supporting multiple channels with advanced
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FIGURE 6.8: Transverse image of a successful nano-spike: (a) obtained via camera in
Vytran, (b) obtained via high-resolution microscope.

signal formats. In this section, the fabrication method of the nano-spike couplers of SCFs

with submicron core sizes are introduced, with some recipes given as references.

Generally, excessive heating will compress the silicon and create a discontinuous core
that doesn’t guide light, as seen in Figure 3.20(b). But if the overheating process is
controlled well, and combined with tapering, the silicon core can be shaped into a nano-
spike structure. There are two method of forming the nano-spike structure. One is
tapering the fibre with a filament power that is just about to induce a break up of
the continuous core. The recipe used to taper the nano-spike SCF via this method is

described below.

Label (0] (dB) D1 - D2 (/,Lm) Ll—LQ-Lg (mm) PS 6 T2

400-125 3-15-3 91IW | 0 | 34g

A 10

125-26 3-15-3 60W | -10 | 10g

TABLE 6.1: Recipe of nano-spike SCFs (the first method).

Firstly, the double clad method was applied using the as-drawn fibre J895. § of -10%
was set at the second step with the filament start power P; as 60 W, so that the filament
power can decrease to 54 W when it moves to the waist region for tapering. And the
tension used for nano-spike SCF is lower that that for small core tapered SCFs. By
applying a slightly higher temperature, the nano-spike will form in the middle of the
waist area. Using the parameters given in Table 6.1, a nano-spike SCF was formed as
seen in Figure 6.8. However, this method require precise temperature controlling and

the position of where the nano-spike is formed in the SCF couldn’t be exactly controlled.

The second method of forming the nano-spike coupler is introduced. During the tapering

process, a void gap will always appear at the beginning of the tapered region, due to
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FIGURE 6.9: The void gap in the SCF.

melting and relaxing of the strained as-drawn silicon core, which is seen in Figure 6.9.

By tapering the area that includes the void gap, the nano-spikes can subsequently form.

The detailed scheme is pictured in Figure 6.10. At the first step, the as-drawn SCF is
heated for 2mm long, seen in Figure 6.10(a). The void gap will appear in the beginning
of the heated region. The second step is to taper the fibre including the void region. After
moving the void gap region to the right of the originally heated centre by 1.35 mm, the
tapering process can be started as shown in Figure 6.10(b). Here, the optimised recipe
in the previous sections of tapering the small core fibres can be applied. In the end, the

nano-spike will be fabricated successfully in the tapered region as seen in Figure 6.10(c).

(a) > riament (b)
«— «— «—

Pull Feed Pull

=4

SCF with nano-spike

FIGURE 6.10: The schemes of the fabricating the nano-spike in SCF.

After fabricating the nano-spike in the SCF, the next step is to integrate with the SMF.
At first, SMF-28 is tapered down to have the same outer diameter as the SCF cladding
diameter of the nano-spike area. This is to match the cladding dimensions between the
two fibres for better mechanical integration and matching of the modes. Next, as seen in
Figure 6.11(a), carefully cleave the SCF part with nano-spike at the facet. The way we
cleave is using a sharp blade and taped it next to the filament of Vytran. As filament can

be controlled to move up and down via the software of Vytran, after firmly attaching the
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blade to the filament, the blade can be controlled precisely together with the filament.
When the tension is applied along the fibre, and the blade was raised up about to touch

the fibre, a quick cleave could give us a clean end facet for splicing at the next step.

SCF, | | | SMF
== | B
| Gz BN\ AN ]

Cleave T T Cleave
Keep (@) Keep (b)
SME SCF
:“% “““ - “‘7/-:'
:| l!l—@ D —
NS 7270
Cleave SCF with nano-spike coupler

FIGURE 6.11: The integration of the nano-spiked SCF with the tapered SMF.

Normally, the formed nano-spike exhibit better quality on the right side of the SCF,
hence, we mainly keep the right part of the SCF with the nano spike. Next, as seen in
Figure 6.11(b), the tapered SMF is cleaved using the same method and half of it is kept.
In the third step, the SMF and the SCF with nano-spike coupler are spliced together.
The third cleave is needed to cleave of the up-taper region of the SCF, as depicted in
Figure 6.11(c). Finally, the SCF with the nano-spike coupler that is integrated with
SMF is formed as shown in Figure 6.11(d).

Step | Dy - Dy (um) || Li-Lo-Lg (mm) | P, | Tp
Step 1 400-125 3-15-3 93W | 45¢
Step 2 125-125 1-2-1 47TW | Og
Step 3 125-30 3-15-3 51W | 30g
Step 4* 30-30 — 33W | -

TABLE 6.2: Recipes of nano-spike SCFs (the second method).

The recipes used for the method above are given in Table 6.2. In order to fabricate
nano-spike onto the ends of sub-micron core silicon fibres, the optimised double-clad
method was also applied. Step 1 shows the fibre gets tapered from 400 pm down to
125 pum with the maximum tension 75 of 45¢g. The second step heats the fibre in the
middle at the power of 47 W with the tension dropping down from 13 g to 0g. Next at
the third step, the fibre gets tapered down to 30 ym using the filament power as 51 W
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with T5 of 30 g.To note, the filament power for forming the void gap at the second step
is lower than that for tapering. In the fourth step, the splice between the nano-spike
SCF and the tapered SMF was performed with P; as 33 W. EW32

Finally, a SCF with the nano-spike coupler was fabricated. Its core size of the straight
waist area was estimated to be 0.9 um and the length of the straight waist area was
about 2mm. The total length of the device including the SMF area was about 0.5 m.
The nano-spike coupler was then characterised using the similar setup as shown in
Figure 3.11. Differently, the pump laser was connected directly to the SMF using a
the fibre adaptor. The output coupling was still the free space coupling, with the 60x
lens applied. The output beam profile was monitored using a CCD camera that was

connected to a monitor screen.

(a) (b)

FIGURE 6.12: The output spot image of the nano-spike SCF: (a) with the submicron
core size, (b) with 1.1 ym core size.

The output spot profile on the monitor is then seen in Figure 6.12(a) after spatial filter-
ing. Comparing to the output profile, as displayed in Figure 6.12(b) obtained by Ren
et.a. [57], the output mode of our nano-spike coupler was mostly scattered from the sili-
con core to the silica cladding. This may be resulted from the poor integration between
the SCF and the SMF. The total losses for the device was measured to about 13 dB,
with the input pump power of 10 mW at the wavelength of 1550 nm. Unfortunately, no
significant nonlinear process was observed using this nano-spike coupler when a pulsed
pump (670fs, 40 MHz) was applied at a higher input power of 20 mW. The reasons are
still under investigation. Possible reasons can be attributed to the poor quality of the
formed nano-spike and the integration between the SCF and the SMF. These factors
will reduce the coupled-in pump intensity into the silicon core of the SCF, thus limit-
ing the conversion efficiency greatly. The splicing between the SCF and the SMF also
needs to be considered more carefully due to the optical mode mismatching, especially
when the submicron core was used. Further improvements can be mainly optimising the
parameters as shown in Table 6.2, but also reducing the complexity of the nano-spike

couplers.
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6.5 Conclusion

In this chapter, we characterized the FWM-based wavelength conversion for Fibre IV
with a core diameter of 915nm and a waist length of 5mm. It has a tuning range of
36 nm. Then, we chose two signal wavelengths 1563 nm and 1580 nm for conducting the
signal processing experiments. The 20Gb/s QPSK signals at both the C-and L-band
have been successfully converted, with conversion efficiencies as high as -30dB, using
the SCF. The power penalties at a BER of 3.8 x1073 are less than 1dB. Finally, the
fabrication method to achieve SCFs with nano-spike couplers is explained. By combing
the small core SCFs designs with the nano-spike couplers, we anticipate that successful
high speed wavelength conversion of more advanced signals could be demonstrated in
our SCFs with improved coupling and conversion efficiency. Moreover, this work paves
the road for all-fibre optical signal processing systems when the SCFs are connected to
conventional fibres via nano-spike couplers, indicating the potential for them to find use

in practical telecom applications.






Chapter 7

Conclusions and future work

7.1 Conclusions

This thesis is focused on FWM-based nonlinear applications using tapered silicon core
fibres.

The first main achievement is based on optimization of the tapering process, such as the
two-step tapering and the double-clad tapering methods. Using these methods, several
sub-micron core sized silicon core fibres were tapered successfully with linear losses less
than 3dB/cm, with the improved crystallinity of the poly-Si core. The longest tapered
SCF has the waist length of 15 mm to date.

The second is by using these tapered sub-micron SCFs with different waist lengths,
FWM-based wavelength conversion using a continuous wave pumped at 1550 nm was
firstly demonstrated, covering the telecom bands, from S- to L- band. The maximum
conversion efficiency was obtained as high as -30dB, which is comparable to the value

obtained on the sub-micron poly-Si planar waveguides.

The third key demonstration was to use a tapered SCF with its ZDW designed close
to the pump wavelength to achieve FWM-based optical parametric amplification. By
using a carefully chosen pump, the OPA could reach as high as 9dB. This was the
first demonstration of the optical parametric amplification in a poly-Si waveguides and
represents the highest gain in any crystalline silicon waveguide using a pulsed pump at
telecom wavelengths to date. Moreover, thanks to the favourable dispersion, broadband

wavelength conversion could also be realized, crossing the S- to L- band.

Lastly, the 20 Gb/s QPSK signals at both the C- band and L- band have been successfully
converted using a tapered SCF. The power penalties at a BER of 3.8 x1073 are less
than 1dB. This was the broadest FWM-based wavelength conversion realized using the
SCF platform.
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With further optimization of the crystallinity of the fibre core to enhance the FWM
conversion efficiency, we anticipate successful high speed wavelength conversion of more
advanced signals could be demonstrated in our SCFs. By connecting the SCFs to con-
ventional fibres via nano-spike couplers, this work could lead to all-fibre optical signal

processing systems suitable for use in practical telecom applications.

7.2 Future work

Even though the submicron core SCFs have been successfully applied to FWM-based
signal processing systems, there are more areas to investigate for the application of SCFs

nonlinear systems. The proposals for this work to improve are listed as below.

1. By further improving the tapering process, the linear losses for the tapered submicron
core fibres could be reduced down to the scale of SOI wire as 0.1 dB/cm, with core sizes
smaller than 1 gym. Such a low loss, small core SCF will help to realize higher parametric
FWM gain at telecom bands.

2. The FWM-based wavelength conversion can be extended further by tuning the pump
wavelength from 1.5 um to 2.0 um using larger SCF with the core diameter around
1.2 um. As the TPA of silicon at wavelengths greater than 2.2 um is negligible, higher

conversion efficiency and wider tuning range can be expected.

3. One key benefit of the silicon core fibres is their potential compatibility with silica
fibre infrastructures. Even though nanospike coupling has been realised within a silicon
core fibre that can be directly spliced to a SMF, more improvements could be made to

these structures so that they could be used for the nonlinear processing work.

4. Although a lot of work has been conducted on Raman amplification in silicon planar
waveguides in the telecoms band, nothing has yet been demonstrated in the mid-IR.
Our large core silicon fibres offer low linear and nonlinear losses in this region and so the
investigation of the use of SCFs for the construction of mid-IR, Raman amplifiers and

lasers would be another fruitful avenue of research.
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