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MICROSTRUCTURED SILICON FIBRE DEVICES 

by Fariza Hanim Binti Suhailin 

Silicon photonics is an advanced platform for the development of compact 

integrated optical devices. Major breakthroughs such as light generation, signal 

amplification and high-speed modulation have been demonstrated in silicon 

waveguides due to their large nonlinear effects. Recent fabrication methods have 

enabled the infiltration of crystalline and amorphous semiconductor materials 

inside silica capillaries to combine the excellent optoelectronic properties of silicon 

with the waveguiding capabilities of fibres. This new class of waveguide maintains 

many of the advantageous properties of commercial silica glass fibres such as 

robustness and flexibility, as well as offering the potential for seamless integration 

within existing networks. Furthermore, the silicon fibre platform can also be post-

processed to fabricate novel micron-scale devices, beyond what is achievable in 

their planar counterparts. In this thesis, two forms of fibre-based semiconductor 

devices have been investigated; tapered silicon core waveguides and whispering 

gallery mode microresonators. These devices were fabricated as a unique approach 

to enhance the light-matter interactions for the development of all-optical signal 

processing devices. Improvements in the crystallinity and the optical transmission 

properties of polysilicon core fibres were achieved via fibre tapering, enabling the 

first demonstration of nonlinear propagation in this material. Moreover, different 

forms of resonators were fabricated from amorphous and polycrystalline silicon 

core fibres. Ultrafast all-optical modulation via the Kerr nonlinearity is 

demonstrated at picoseconds switching speeds using pure amorphous silicon 

resonators and in hybrid silica glass and polysilicon core resonators.  
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Chapter 1 

Introduction 

1.1 Semiconductor Photonics: From Chips to Fiberised 

Structures 

Semiconductor photonic technologies are highly attractive as they offer the 

opportunity to integrate electronic and photonic devices. Thus, much of the 

motivation for the work in this area comes from the desire to access a scenario in 

which signals are processed and/or manipulated using optoelectronic functionality, 

while the light is confined in the optical waveguide [1]. Although many early optical 

devices were based on group III-V and II-VI compounds such as gallium arsenide 

(GaAs), indium phosphide (InP), and cadmium selenide (CdSe), recently silicon (Si) 

has been gaining attention owing to both its excellent electronic properties as well 

as the advanced fabrication facilities that surround the mature complementary 

metal oxide semiconductor (CMOS) processing used in the microelectronics 

industry [2]. To date, silicon has found applications in both passive and active 

devices for waveguiding, modulating, light detection, amplification and emission [3]. 

The strong mode confinement due to large refractive index (RI) difference between 

the silicon core (𝑛Si = 3.45) and silica cladding (𝑛SiO2
= 1.46), allows for the 

fabrication of ultra-small waveguides, much smaller than the wavelength of light, for 

the realisation of ultra-compact photonic components. For example, compact filters, 

couplers, junctions, and resonators have all been fabricated in silicon-on insulator 

(SOI) platforms with nano-scale device footprints [4-6].  
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More recently, there has been a growing interest in using silicon for nonlinear 

applications as the tight confinement combined with the large third-order 

nonlinearity, 𝜒(3), make silicon an excellent candidate for the investigation of 

nonlinear optical effects. Early investigations focused on the large Raman gain 

coefficient in silicon, which is about 10,000 times larger than silica, to demonstrate 

high Raman gain in silicon waveguides [7]. However, following this many other 

important Kerr nonlinear processes such as self-phase modulation (SPM) [8], cross- 

phase modulation (XPM) [9], cross-absorption modulation (XAM) [10], and four 

wave mixing (FWM) [11] have all been demonstrated in silicon waveguides and 

exploited for applications based on all-optical control, i.e., using light to modify light.  

 

An emerging paradigm of semiconductor photonics is the semiconductor optical 

fibre which allows for the incorporation of semiconductor materials into both 

microstructured and conventional step-index fibre templates [12]. In comparison to 

more conventional planar-based structures, the nascent semiconductor fibre 

platform offers advantages such as robustness, flexibility, long lengths, a 

cylindrically symmetric design, and also has the potential for seamless integration 

with existing fibre infrastructures [13]. Some of the earliest works in this area 

fabricated simple step-index fibres from both unary and binary semiconductor 

materials such as silicon, germanium (Ge), zinc selenide (ZnSe), and indium 

antimonide (InSb). As well as step-index structures, the light guiding properties of 

these fibres can be tuned via the fibre design. As an example, selectively filling the 

holes of specially designed microstructured fibres with the semiconductor 

materials, can reduce the index contrast between the core and cladding to achieve 

single mode operation over an extended wavelength range [14].  

 

My group has been working on two promising materials for integration within the 

fibre geometry, namely hydrogenated amorphous silicon (a-Si:H) and poly-

crystalline silicon (p-Si). Much of the initial focus was on a-Si:H as this material has 

both a large nonlinear refractive index, i.e., a large Re[𝜒(3)], and a low nonlinear 

absorption, i.e., a low Im[𝜒(3)].  As a result, a-Si:H fibres have been used to 

demonstrate a range of nonlinear phenomenon such as SPM [15], XPM [16] and XAM 

[17], albeit at fairly high powers owing to the large core sizes. However, a more 

recent focus has been to make use of a standard fibre post-processing technique to 
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tailor the waveguide properties far beyond what is achievable on-chip. In this thesis, 

two forms of fibre-based semiconductor devices will be investigated, which can 

access the two different materials. The first is the tapered silicon core waveguides, 

in which the fibre is heated and drawn to access smaller core sizes. Thus, the fibres 

that result from this processing have a polycrystalline silicon core. The second is 

whispering gallery mode (WGM) microresonators, which can be produced from 

either the a-Si:H or polysilicon materials. The ultimate aim for the work in this thesis 

is to enhance the nonlinear interactions by making use of novel confinement 

geometries, paving a way for the development of low power and high-speed all-

optical devices. 

1.2 Thesis Outline 

Following this introduction, Chapter 2 will review the basic properties governing 

light propagation in the step-index optical fibres. The fibre design, i.e., structural 

geometry and material composition for the core, will be discussed with emphasis on 

enhancing the fibre performance for the subsequent development of compact fibre-

based photonic devices. Two novel devices fabricated from the silicon core fibres 

will be proposed, i.e., tapered core fibres and fibre-based microresonators. The basic 

device characteristics will be discussed, as the foundations to understand the 

nonlinear optical device capabilities. 

 

Chapter 3 will provide an overview of the waveguiding and mode confinement 

properties of the two main device geometries considered in this thesis. It starts with 

a description of the generalised nonlinear Schrödinger equations (GNLSE) used to 

study the evolution of short optical pulses in silicon fibres, which can be modified to 

account for the tapered profile. The GNLSE will be solved numerically to analyse the 

experimental characterisation of the silicon fibres, i.e., both tapered and untapered 

fibres. In addition, the principles related to the mode confinement in 

microresonators will also be reviewed. The derived equations will describe the 

modal distribution and resonance mode profiles that correspond to the WGM 

families supported in the cavity.  

 

Chapter 4 discusses the fabrication method for semiconductor fibres, with a 

particular focus on the silicon core fibres. The silicon fibre with different phases, i.e., 
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polycrystalline and hydrogenated amorphous, used in this thesis were fabricated via 

different methods. The a-Si:H core fibres were fabricated from a high pressure 

chemical vapor deposition (HPCVD) technique. The polysilicon core fibres were 

fabricated via a molten core drawing (MCD) approach. In depth explanations of the 

fabrication procedures and the characterisation processes required to determine 

the quality of the fabricated fibres will be provided. Both fibres will be post-

processed for development of novel device geometries and this will be the subject of 

Chapter 5 and 6.  

 

Chapter 5 will detail the development of the first confinement geometry explored in 

this thesis by post-processing the as-drawn polysilicon fibres via tapering. The 

tapering will introduce a longitudinal variation to the dimension of the fibre, 

resulting in micron-sized silicon cores. Thus, both the dispersion and nonlinear 

properties of the fibres will be altered by this procedure. Additionally, the act of 

tapering will simultaneously re-crystallise the core material to improve the local 

crystallinity and help to produce a lower transmission loss in the polysilicon optical 

fibres. The combination of high mode confinement in the small taper waist and the 

low transmission loss in the fibre are particularly interesting to open a route for the 

characterisation of nonlinear pulse propagation in the polysilicon waveguides. The 

nonlinear transmission parameters in the polycrystalline cores will be established 

via comparing the experimental characterisations to numerical simulations, as 

described in Chapter 3.  

 

Chapter 6 extends the work to develop compact nonlinear devices via the 

fabrication of WGM fibre-based microresonators from both the a-Si:H and 

polysilicon fibres. Different cavity geometries will be considered, i.e., cylindrical, 

coaxial and spherical, to investigate the potential to further reduce the threshold 

power to observe nonlinear interactions in the small volume and high mode 

confinement resonators. The possibility to exploit the benefits of the highly 

nonlinear silicon material in the cylindrical resonators, and both the silicon core and 

low loss silica cladding material in the hybrid spherical resonators will be 

investigated to demonstrate all-optical modulation and switching.  

 

Finally, Chapter 7 will summarise the results achieved in this thesis and outline 

possible areas of future research. 
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1.3 Key Achievements 

The key research achievements in this thesis are as follow:   

 

1) The measured linear transmission loss in our ~1 μm diameter polysilicon core 

tapered fibre is the lowest measured to date in a micron-sized core polysilicon 

waveguide, either in fibre or planar form. The measured nonlinear transmission 

parameters in the fibre are the first determination of such values in the 

polysilicon material and establish a useful benchmark for the future 

development of nonlinear optical devices from polysilicon waveguides. 

2) By exploiting the ultrafast nature of the Kerr shifting in the fabricated fibre-

based a-Si:H microresonators, the first demonstration of high-speed all-optical 

modulation with a threshold energy of less than a picojoule was achieved. A 3 dB 

modulation at a speed of 10 picosecond (ps) was obtained, which is a significant 

step towards advantageous low power silicon-based photonic technologies. 

3) The fabrication of the first spherical microresonators shaped from polysilicon 

core fibres was demonstrated. A hybrid between silica-silicon material in the 

resonator configuration, i.e., crystalline core and glass cladding, together with an 

enhancement from the spherical confinement, led to the demonstration of Kerr 

optical modulation on a timescale of the femtosecond (fs) pump pulse with a 

modulation depth 6 dB. These results represent the first demonstration of Kerr-

based modulation in a crystalline silicon-based resonator.  
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Chapter 2 

Research Background 

2.1 Introduction 

In this chapter, the basic properties governing light propagation in step-index 

optical fibres will be presented. In particular, characteristics of the waveguide such 

as dispersion and nonlinearity will be introduced, followed by a discussion on how 

the structural geometry and material composition can enhance the performance of 

compact fibre-based photonic devices. The optical characteristics of silicon will be 

described to provide a foundation to understand both the linear and nonlinear 

properties. Two novel device designs are proposed, tapered core fibres and fibre-

based resonators, which strongly confine light within the high index core material. 

The increased mode intensity in these structures helps to enhance the nonlinear 

effects. The basic theory for these devices will be presented and discussed in the 

final sections of the chapter. 

2.2 Optical Fibre: Fundamentals  

The conventional single mode optical fibre (SMF) consists of three coaxial layers as 

shown in Figure 2.1(a). The outer most layer is a jacket, which is typically made 

from an acrylic and serves as a protective layer, helping to maintain the fibre’s 

intrinsic strength. The fibre itself is usually made from fused silica (SiO2) with a 

cladding of refractive index, 𝑛cl, and a core that has been doped with germanium and 
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phosphorus oxides to slightly raise its refractive index, 𝑛co [18]. The relative core-

cladding index difference is calculated as [19] 

 Δ = 
𝑛co − 𝑛cl

𝑛co
. (2.1) 

Light launched into the core is guided by total internal reflection (TIR) at the core-

cladding interface. A geometrical optics interpretation describes waveguiding in 

terms of light rays bouncing back and forth in a zig-zag path along the fibre core, as 

shown in Figure 2.1(b). To be totally internally reflected at the core-cladding 

boundary, the incident angle, 𝜃z, of the rays must not exceed the critical angle, 𝜃max 

[19] 

 
𝜃max = sin−1√𝑛co

2 − 𝑛cl
2 . (2.2) 

 

Figure 2.1: (a) Schematic cross-section of a SMF with a step-index profile. The 

outermost layer is the jacket, the middle layer is the cladding and the inner 

layer is the fibre core. 𝑛co: refractive index for core, 𝑛cl: refractive index for 

cladding, 𝑟co and 𝑟cl: radius of core and cladding, respectively. (b) Zig-zag path 

within the core of step-index fibre. 𝜃z: incident angle. 
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The number of guided modes, M, supported by an optical fibre at a wavelength λ is 

related to V-number [20] 

 
𝑉 = 

2𝜋

𝜆
 𝑟co√𝑛co

2 − 𝑛cl
2 . (2.3) 

For single mode operation, the V-number must be below 2.405 which can be 

achieved by reducing the core size and/or the index contrast. Above this V-number, 

the optical fibre supports multiple modes. The total number of the guided modes, M, 

in fibre with large V-number can be approximated by [20] 

 

𝑀 ≈ 
𝑉2

2
.  (2.4) 

Each of the guided modes will have its own propagation constant, 𝛽, and it is related 

to the effective refractive index, 𝑛eff, by [20] 

  
 𝛽 = 𝑛eff 𝑘0, (2.5) 

where 𝑘0 is the free space wavenumber, 𝑘0 = 2π⁄λ and 𝑛eff has a value in the range 

of 𝑛co > 𝑛eff > 𝑛cl. The calculations of 𝛽 are determined by numerically solving the 

eigenvalue equation [19]. These solutions can be expressed as 𝛽𝑚𝑛 where 𝑚 and 𝑛 

are the integer values that describe azimuthal mode number and radial mode 

number, respectively. Each eigenvalue of  𝛽𝑚𝑛 corresponds to one specific mode 

with a field distribution or intensity profile that does not change along the 

propagation [18].  

 

As for silicon core fibres with core sizes similar to conventional SMF and 𝑉~39, the 

fibre will support a number of modes which can be estimated to be 𝑀 > 720. 

Although the large refractive index difference between core and cladding would 

require the use of the exact vectorial solutions for the modal description, due the 

large core size, these modes can have degenerate polarisation states and can be 

reasonably approximated by the linearly polarised (LP𝑚𝑛) modes (i.e., scalar 

modes). Thus, it is common to express the azimuthally symmetric modes as LP0𝑛 

modes [21]. The electrical field distributions for the LP01 and LP02 modes in the 5.7 

μm silicon core fibre are as shown in Figure 2.2(a,b), respectively. Notably, for small 

core silicon fibre the scalar approximation becomes less accurate and it may be 

necessary to apply a full vectorial solution [19]. Figure 2.2(c,d) shows the electrical 

field distributions for LP01 and LP02 modes in 1 μm silicon core fibre. The electric 
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field distributions are modelled using COMSOL Mode Solver with λ = 1550 nm, 

𝑛co = 3.45 and 𝑛cl = 1.45. For 1 μm silicon core fibre, the higher-order mode extends 

more into the silica cladding, hence lower effective mode index, 𝑛eff, as indicated in 

Figure 2.2(d) to compare with 𝑛eff for mode in 5.7 μm core fibre in Figure 2.2(b). 

 

Figure 2.2: The electrical field intensity, |𝐄|2, for (a) LP01 and (b) LP02 modes 

in 5.7 μm silicon core fibre, (c) LP01 and (d) LP02 modes in 1 μm silicon core 

fibre, together with the effective mode index, 𝑛eff. Solid line is the fibre core.  

2.2.1 Light Attenuation 

As light propagates through an optical fibre it will experience power degradation 

due to attenuation. The power transmitted through the fibre, 𝑃t , can be calculated 

via [18] 

 𝑃t = 𝑃in exp(−𝛼𝐿), (2.6) 

where 𝑃in is the input power, 𝛼 is the attenuation constant (km-1) and 𝐿 is the 

transmission length (km). Typically 𝛼 is expressed in decibels per unit length 

(dB/km) through the relationship of 
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𝛼dB/km = −

10

𝐿
log (

𝑃t

𝑃in

). (2.7) 

Due to base-e base-10 logarithmic conversion, the two attenuation constants are 

related by 𝛼dB/km = 4.343 𝛼 (km-1). The magnitude of the linear loss is wavelength 

dependent and is primarily due to absorption and scattering. As an example, in SMF 

the pure silica has electronic resonances in the ultraviolet (UV) region and 

vibrational resonances in far infra-red (IR) region that strongly absorb light to result 

in high intrinsic loss at these spectral regions. In between these regions, scattering 

losses tend to dominate due to random density and refractive index fluctuations in 

the silica glass. These can be described by the Rayleigh scattering relation [18] 

 
𝛼R =   

𝐶R

𝜆4
,    (2.8) 

where 𝐶R is a constant related to the core composition and typically ranges from 

0.7-0.9 dB/(km-μm4), and so it is clear that the loss is more prominent at shorter 

wavelengths.  

2.2.2 Dispersion 

Propagation of light in dispersive media is governed by chromatic dispersion, in 

which the optical wave experiences a frequency dependent phase shift manifested 

through the refractive index, 𝑛(𝜔). The different values of 𝑛(𝜔) will result in a 

variation of the propagation speed as a function of frequency, 𝜔. In optical fibres, the 

dispersion is an interplay between material dispersion and waveguide dispersion. 

For material dispersion, 𝑛(𝜔) is largely influenced by the core composition while for 

waveguide dispersion the effective mode index, 𝑛eff, will be influenced by light 

waveguiding and confinement factors [22].  

 

The frequency dependence can be more obvious when short pulses are used as 

these pulses consist of a band of frequencies defined by the spectral envelope. 

Mathematically, the fibre dispersion can be approximated by expanding the mode 

propagation constant, 𝛽(𝜔o), in a Taylor series about the frequency 𝜔o at which the 

pulse is centred [18] 
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𝛽(𝜔) = 𝛽0 + 𝛽1(𝜔 − 𝜔o) +
1

2
 𝛽2 (𝜔 − 𝜔o)

2 +
1

6
 𝛽3 (𝜔 − 𝜔o)

3 + ⋯,   (2.9) 

where 

 

𝛽𝑚 = (
𝑑𝑚𝛽

𝑑𝜔𝑚)
𝜔= 𝜔o

  (𝑚 =  0, 1, 2, 3, . . . ).    (2.10) 

𝛽𝑚 represents the 𝑚th order dispersion term. The 𝛽1 and 𝛽2 are the first- and 

second-order propagation constants and are related to 𝑛(𝜔) via [18] 

 
𝛽1 = 

1

𝑣g
= 

𝑛g

𝑐
=  

1

𝑐
 (𝑛 + 𝜔

𝑑𝑛

𝑑𝜔
), (2.11) 

 

𝛽2 = 
1

𝑐
(2

𝑑𝑛

𝑑𝜔
+ 𝜔 

𝑑2𝑛

𝑑𝜔2), (2.12) 

where c is speed of light in a vacuum, 𝑣g is the group velocity and 𝑛g is the group 

index. 𝛽1 is related to 𝑣g to give the propagation speed of the pulse envelope, i.e., the 

envelope of the pulse moves at the group velocity, and 𝛽2 is the group velocity 

dispersion (GVD) coefficient, which determines the rate at which the pulse spreads 

or broadens as it propagates inside the fibre. Depending on the balance between the 

material dispersion and the waveguide dispersion, the sign for 𝛽2 can vary in an 

optical fibre. The dispersion remains normal for 𝛽2 > 0 and the red components of 

the pulse travel faster than the blue components. However, if  𝛽2 < 0, the dispersion 

is anomalous and the blue components travel faster than the red components. The 

anomalous dispersion regime is attractive as many nonlinear interactions have 

strong dependence on the dispersion profile of the fibre, i.e., the pulse can form an 

optical soliton that evolves without change in their pulse shape and spectrum due to 

the balance between the dispersive and nonlinear effects in the fibre [23]. 

 

Furthermore, at the wavelength at which 𝛽2 = 0, referred as the zero-dispersion 

wavelength, 𝜆ZDW, the higher order dispersion parameter, 𝛽3, will be a dominant 

influence on the pulse propagation. The high order 𝛽3term can distort the optical 

pulses by introducing an asymmetry to the pulse shape [24]. 𝛽3  can be 

approximated from the slope of the curve for measured variation of dispersion 

parameter, 𝐷, as a function of wavelength for the fibre. The parameter D is also 

related to 𝛽2 and 𝑛 by [18]  
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𝐷 = −
2𝜋𝑐

𝜆2
𝛽2 = −

𝜆

𝑐

𝑑2𝑛

𝑑𝜆2
. (2.13) 

2.2.2.1 Material Dispersion 

 

Figure 2.3: Refractive index of (a) fused silica and (b) crystalline silicon as a 

function of wavelength at temperature of 295 K. 

 

The material based contribution to dispersion can be determined by the wavelength 

dependent refractive index through a Sellmeier equation, which typically takes the 

form of [25] 

 
𝑛2(𝜆, 𝑇) − 1 =  ∑ 

𝑆𝑖(𝑇)𝜆2

𝜆2 − 𝜆𝑖
2(𝑇)

𝑚

𝑖=1

, (2.14) 

where 

 
𝑆𝑖(𝑇) =  ∑ 𝑆𝑖𝑗𝑇

𝑗

4

𝑗=0

, (2.15) 

 
𝜆𝑖(𝑇) =  ∑ 𝜆𝑖𝑗𝑇

𝑗

4

𝑗=0

. 
 

(2.16) 

Here the parameters 𝑆𝑖(𝑇)  and 𝜆𝑖(𝑇)  represent the oscillation strength and 

resonance frequency in the material, respectively [26]. These parameters are 

experimentally determined by fitting the measured refractive indices at different 

wavelengths, 𝜆, and temperatures T (K). The Sellmeier equation provides all the 

information required to establish the wavelength dependent refractive index of a 
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material. Figure 2.3 shows the refractive index of fused silica and crystalline silicon 

as the function of wavelength at T = 295 K as calculated from Equation 2.14. The 

corresponding Sellmeier coefficients for the calculation are detailed in Table 2.1 for 

fused silica and in Table 2.2 for crystalline silicon. 

 

Table 2.1: Sellmeier coefficients for fused silica from Ref. [27]. 

Parameter 𝑆0 𝑆2 𝑆3 𝜆1 𝜆2 𝜆3 

𝑇0 1.10127 1.78752×10-5 7.93552×10-1 -8.906×10-2 2.97562×10-1 9.34454 

𝑇1 -4.94251×10-5 4.76391×10-5 -1.27815×10-3 9.0873×10-6 -8.59578×10-4 -7.09788×10-3 

𝑇2 5.27414×10-7 -4.49019×10-7 1.84595×10-5 -6.53638×10-8 6.59069×10-6 1.01968×10-4 

𝑇3 -1.597×10-9 1.44546×10-9 -9.20275×10-8 7.77072×10-11 -1.09482×10-8 -5.0766×10-7 

𝑇4 1.75949×10-12 -1.57883×10-12 1.48829×10-10 6.84605×10-14 7.85145×10-13 8.21348×10-10 

 

Table 2.2: Sellmeier coefficients for crystalline silicon from Ref. [25]. 

Parameter 𝑆0 𝑆2 𝑆3 𝜆1 𝜆2 𝜆3 

𝑇0 10.4907 -1346.61 4.42827×107 0.299713 -3.51710×103 1.714×106 

𝑇1 -2.0802×10-4 29.1664 -1.76213×106 -1.14234×10-5 42.3892 -1.44984×105 

𝑇2 4.21694×10-6 -0.278724 -7.61575×104 1.67134×10-7 -0.357957 -6.90744×103 

𝑇3 -5.82298×10-9 1.05939×10-3 678.414 -2.51049×10-10 1.17504×10-3 -39.3699 

𝑇4 3.44688×10-12 -1.35089×10-6 103.243 2.32484×10-14 -1.13212×10-6 23.5770 

2.2.2.2 Waveguide Dispersion 

The perturbation of 𝑛eff  due to waveguide dispersion will modify the mode 

propagation constant 𝛽. Figure 2.4 shows the dispersion profiles for two a-Si:H 

fibres with different core diameters, as calculated in Ref. [28] using a finite element 

method (FEM). For a 5.7 μm core fibre, the mode exhibits a normal dispersion over a 

relatively large wavelength range of 1.2–2.7 μm. The smaller core of 1.7 μm has a 

positive value of 𝛽2 for wavelengths below 2.1 μm, then changes sign at longer 

wavelengths (i.e., 𝜆ZDW = 2.1 μm). These variations illustrate the contribution of 

fibre’s dimension or geometry to the GVD parameter via the waveguide dispersion. 
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This can prove a powerful route to tailor the dispersion profile of the fibre for 

enhanced nonlinear phenomena [23]. 

 

Figure 2.4: Simulated group velocity dispersion for 5.7 μm and 1.7 μm 

diameter core a-Si:H fibres [28]. 

2.2.3 Nonlinear Effects  

When intense light propagates through a waveguide the interaction between the 

light and the core material becomes nonlinear [18]. A light wave consisting of an 

electric, 𝑬, and magnetic, H, fields oscillates sinusoidally at a given frequency and 

polarises the electron cloud. The material response is represented as an expansion 

of the polarisation P (r,t) in the field strength E (r,t) [18] 

 𝑷(𝑟, 𝑡) =  𝜀o(𝜒
(1) 𝑬(𝑟, 𝑡) + 𝜒(2) 𝑬2(𝑟, 𝑡) + 𝜒(3) 𝑬3(𝑟, 𝑡) +. . . ), (2.17) 

where 𝜀o is the vacuum permittivity and 𝜒(1) is the linear susceptibility of the 

medium. The real part of 𝜒(1) is associated with the linear refractive index, 𝑛o, 

whereas the imaginary part of 𝜒(1) describe the loss (or gain), which can be 

described as 

 
𝑛𝑜(𝜔) = 1 + 

1

2
Re[ �̃�(𝜔)], 

(2.18) 

 
𝛼(𝜔) =  

𝜔

𝑛o 𝑐
 Im[ �̃�(𝜔)],  (2.19) 
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where �̃�(𝜔) is the Fourier transform of the 𝜒(1)(𝑡). The 𝜒(2) and 𝜒(3) terms are the 

second- and third-order nonlinear susceptibilities describing the nonlinear 

properties of a medium. However, the even-order nonlinear susceptibilities do not 

exist in a material with inversion symmetry at the molecular level [18]. As liquids, 

gasses, amorphous glasses, i.e., silica, and some semiconductor materials, i.e., silicon, 

exhibit a centro-symmetric structure, the even-order nonlinear susceptibilities 

vanish for these materials. As a result, optical fibres based on silica or silicon do not 

normally exhibit second-order nonlinear effects and their lowest-order nonlinearity 

is the 𝜒(3) term. 

 

𝜒(3) is responsible for a number of important nonlinear interactions such as third 

harmonic generation, FWM and importantly, it leads to nonlinear refraction effects 

such as SPM [18]. Processes such as THG and FWM require phase matching, 

otherwise they are not efficient. Thus, the nonlinear refraction plays a significant 

role in many applications of nonlinear optics, for example, some all-optical 

switching devices [29]. By definition nonlinear refraction, also known as Kerr 

nonlinearity, is the dependency of a material’s refractive index on the local light 

intensity. The index variation is larger at the centre of a pulse than the wings and 

results in a varying phase shift across the envelope. The total refractive index can be 

written as  

 
𝑛 =  𝑛o + 𝑛2𝐼, (2.20) 

where 𝑛2 is the nonlinear refractive index, or Kerr coefficient, which is related to the 

real part of 𝜒(3) via 𝑛2 ∝ Re[𝜒(3)]. The imaginary component of 𝜒(3) gives rise to 

nonlinear absorption due to two-photon absorption (TPA), where the parameter 

𝛽TPA  ∝ Im[𝜒(3)].  The measurement of  𝛽TPA (mW-1 ) and 𝑛2  (m2W-1 ) will be 

discussed later in this chapter. These relationships are represented by [30] 

 

𝑛2 =
3 Re[ 𝜒(3)]

4 𝜀o 𝑐 𝑛o
2 , (2.21) 

 

 𝛽TPA =
3𝜔 Im[ 𝜒(3)]

2𝜀o 𝑐
2𝑛o

2 . (2.22) 

These are fundamental parameters of the material, thus the material selection is 

vitally important for the development of devices based on nonlinear interactions. 



16 
 

2.3 Enhanced Nonlinearity in Optical Fibres 

The nonlinearity experienced as light propagates down a fibre is greatly dependent 

on the intensity. The intensity is given as   

 
𝐼 =

𝑃

𝐴eff 
,  (2.23) 

where P is a power carried by the mode field and 𝐴eff is the effective mode area to 

describe the distribution of light in the cross-section of fibre [31]. The 𝐴eff is defined 

as [32] 

 
 

𝐴eff = 
 |∫ |𝐹(𝑥, 𝑦)|2 𝑑𝐴

+∞

−∞
|
2

∫ |𝐹(𝑥, 𝑦)|4 𝑑𝐴
+∞

−∞

, (2.24) 

where 𝐹(𝑥, 𝑦) is transverse distribution of the electric field of the modes inside the 

fibre core which remains unaltered during the propagation. Furthermore, the 

relation between the magnitude of the nonlinear parameter, γ (W-1m-1), to 𝐴eff is 

given as [30] 

 
𝛾 =

2𝜋

𝜆
 
𝑛2

 𝐴eff
. (2.25) 

A tightly confined mode with a small 𝐴eff will increase 𝛾 for an enhanced nonlinear 

interaction. Furthermore, as from the equation, 𝛾 is also dependent on the material 

parameter 𝑛2, thus the overall nonlinear performance of a waveguide depends 

critically on the waveguide design (i.e., core size etc.) and the nonlinear property of 

the material. In this regard, silicon can be one of the best candidates to introduce a 

high nonlinearity in an optical fibre. 

2.4 Nonlinear Materials: Silicon 

Semiconductors are interesting materials for photonic applications as they have 

high nonlinear coefficients and extended transmission bands. Of these materials, 

silicon is the most popular owing to the huge CMOS investment and the prospect of 

integration with electronics, as discussed in Section 1.1. Silicon has excellent optical 

and electronic properties, such as flexible control over its conductivity [33], 

extended transmission wavelengths from 1.1-7.8 μm, i.e., from visible to mid-IR
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Figure 2.5: Transmission properties of silicon (green curve) and fused silica 

(blue curve) [28]. 

 

 

Figure 2.6: Material Kerr nonlinearities as a function of bandgap energy for 

semiconductors and other solid materials, as modified from Ref. [29]. 

regime (as shown in Figure 2.5) and its high refractive index facilitates strong 

optical confinement for development of compact photonics devices. Figure 2.6 

shows the material Kerr nonlinearities as a function of bandgap energy, 𝐸g, for 

semiconductors and other solid materials. There is a trend that the smaller material 

𝐸g the larger value of 𝑛2. Silicon is also among the highest nonlinear semiconductor 

materials with an 𝑛2 up to two orders of magnitude larger than silica [34]. To 
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develop an understanding of the linear and nonlinear properties of silicon, these will 

be discussed in more detail in the following sections. 

2.4.1 Linear Absorptions 

The optical properties of silicon are largely dependent on its structure at the 

molecular level, for example, if the phase is crystalline or amorphous. The 𝐸g of 

crystalline silicon (c-Si) and amorphous silicon (a-Si) for instance, are ~1.1 eV 

(transmission starting from 𝜆b~ 1130 nm) and ~1.7 eV (𝜆b~730 nm), respectively. 

Figure 2.7 shows the schematic representation of the density of states of (a) c-Si and 

(b) a-Si. For c-Si, the band structure is defined as a sharp bandgap due to the 

translation symmetry at the molecular level. Whereas, the disordered nature of a-Si 

reduces the valence band (VB) energy and lowers the VB edge to result in a higher 

𝐸g [35]. The disorder also leads to the formation of localised states at the top of the 

VB and the bottom of the conduction band (CB), also known as the Urbach tails. The 

unsatisfied electronic bonds in a-Si result in the formation of dangling bonds or 

localised defect states in the centre of the bandgap. The dangling bonds can act as 

carrier traps or non-radiative recombination centres [36]. The incorporation of 

hydrogen atoms into the material can passivate the dangling bonds and greatly 

reduce the number of carrier traps, hence reducing the absorption loss in the a-Si:H 

material [37]. The 𝐸g in a-Si:H tends to increase with hydrogen content due to the 

replacement of weak Si-Si bonds in the amorphous material with stronger Si-H 

bonds within the VB [38]. The large 𝐸g in a-Si:H also suggests that the nonlinear 

absorption should be modest at telecoms wavelengths. a-Si:H also exhibits negligible 

nonlinear losses beyond the TPA edge at 1700 nm [39], indicating its potential for 

application beyond the telecommunication window, i.e., mid-IR regime. 

Furthermore, the 𝑛2 of a-Si:H has been reported to be more than two times larger 

than in c-Si [15, 40, 41].  

 

Theoretically, optical loss in c-Si should be very low in comparison to a-Si because of 

its perfect crystal lattice [42]. However, in practice the crystalline waveguides can 

exhibit losses of a few dB/cm due to bulk material quality such as the scattering and 

absorption at the polycrystalline grains [43]. The fabrication imperfection also leads 
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to high surface scattering due to sidewall roughness, which typically can be 

enhanced by the grain structure of the material [44].  

 

Figure 2.7: Schematic representations of the density of states of (a) c-Si and 

(b) a-Si. VB: valence band. CB: conduction band. The dashed vertical lines are 

energy levels separating the non-localised states from the localised states 

[37]. 

 

Figure 2.8 shows several mechanisms which contribute to the fundamental loss in 

silicon core fibres as the function of the transmission spectrum. The incident 

photons with energy higher than the 𝐸g are strongly absorbed by the material in the 

band edge absorption. The band edge absorption is prominent at the short 

wavelengths as shown by the Urbach absorption tails in the spectrum. For c-Si the 

Urbach tail drops rapidly near the 𝐸g. For a-Si the Urbach absorption will limit the 

transmission in a large range of the spectrum. The incorporation of hydrogen will 

reduce the absorption to set Rayleigh scattering as the minimal achievable 

transmission loss. Furthermore, the relative strength of multiphonon absorption 

peaks at the long wavelength (mid- or far-IR region) of the transmission spectrum 

due to the molecular vibrations of the material [45]. The shaded region within the 

Urbach tail, Rayleigh scattering trend and multiphoton absorption represents the 

absorption associated to the dangling bond defects in the amorphous material. 
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Figure 2.8: Fundamental loss contributions over large region of optical 

spectrum for different silicon materials [46]. 

2.4.2 Nonlinear Absorptions Mechanisms 

The most common nonlinear photon absorption mechanism in silicon is TPA and 

TPA induced free-carrier absorption (FCA). TPA is related to the imaginary part of 

𝜒(3) as defined in Equation 2.22. Figure 2.9 shows a schematic of (a) TPA and (b) the 

subsequent FCA process. In TPA, two photons will be absorbed to excite an electron 

from the VB to the CB generating free-carriers. TPA occurs when the combined 

energy of two photons is greater than 𝐸g of the silicon. The generated free-carriers 

will induce additional absorption in the material, i.e., TPA induces FCA. In FCA, a 

photon is absorbed by an excited carrier to undergo an intraband electronic 

transition. The free-carriers absorb even the low energy photons to fill an 

unoccupied state within the CB and induce nonlinear losses. Loss related to the TPA 

depends on the intensity of the pump and the wavelength as: 𝛽TPA I (z,t), where the 

wavelength dependence is included in 𝛽TPA (mW-1). As explained earlier, the TPA 

band edge in a-Si:H is shifted to shorter wavelengths, resulting in a relatively modest 

𝛽TPA at telecom wavelengths. The low 𝛽TPA and the high value of 𝑛2 results in a 

higher nonlinear figure of merit (FOMNL) in a-Si:H, defined via [39] 

 FOMNL = 
𝑛2

𝛽TPA𝜆
⁄ . (2.26) 

To note, FOMNL defines the material efficiency as a platform for nonlinear 

interactions when both nonlinear refraction and absorption are present. Higher 
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FOMNL, i.e., FOMNL > 1, is always favourable especially for all-optical switching 

applications [16, 39].  

 

 

Figure 2.9: The schematic representations of (a) two-photon absorption (TPA) 

and (b) free-carrier absorption (FCA) in silicon, which is an indirect bandgap 

material.  

2.5 Device Geometries 

2.5.1 First Geometry: Optical Fibre Taper 

Tapering is a method that can be used to fabricate fibres with micron- to nano-sized 

core dimensions by post-processing the as-drawn fibres, thus enhancing the 

nonlinear properties. The tapering process involves heating a section of the fibre, 

while simultaneously stretching the fibre to reduce the core and cladding 

dimensions [47]. In general, the longitudinal profile of the fibre consists of two 

transition sections and a uniform waist as shown in Figure 2.10. A gradual reduction 

of the dimensions of the fibre or a slow change in taper angle is required to produce 

an adiabatic transition, thus minimising the coupling of light from the fundamental 

mode to higher order modes or to radiation modes, as the field propagates in the 

taper. This criteria is described by  

 
Ω(𝑧) ≪  

𝑟 (𝑧)[𝛽'(𝑧) − 𝛽''(𝑧)]

2𝜋
, (2.27) 

where Ω(𝑧) is the local taper angle, which gradually changes at every point along the 

𝑧 distance of the taper transition, 𝛽' and 𝛽'' are the propagation constants of 
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fundamental and higher order modes, respectively, and 𝑟 is the core radius [47]. 

However, for high index contrast fibres such as silicon, a shorter transition length 

and sharp transition sections of the taper will result in a minimum coupling to 

higher order modes due to the high index contrast between the silicon core and 

silica cladding [48]. 

 

 

Figure 2.10: The schematic diagram of a tapered optical fibre. 

 

2.5.1.1 Engineering Dispersion and Nonlinearity 

Tapering is an efficient method to introduce a longitudinal variation to the width of 

the waveguide core to tune the dispersion and nonlinear properties along the 

length of the fibre. The change in these parameters will modify the optical 

properties of the propagating pulse. For materials with large normal dispersion 

such as silicon, the overall 𝛽2 parameter remains normal in a micrometer-sized 

core. But as the tapered fibre core is reduced to less than 1 μm in diameter the 

strong waveguide dispersion can counteract the large normal dispersion to allow 

access to the anomalous dispersion region [48]. Figure 2.11(a) shows the results of 

a numerical simulation to calculate the decreasing dispersion profile over a range 

of core diameters in tapered silicon core fibre. For a transmission wavelength of 

1.55 μm the fibre exhibits anomalous dispersion for core diameters of less than 0.9 

μm. The tapering also reduces the 𝐴eff in the fibre as shown in Figure 2.11(b). As 

from Equation 2.23, the decreasing 𝐴eff of the fibre is also accompanied by the 

corresponding increase in the γ  parameter, this is shown in Figure 2.11(c). Thus, 

by using the tapering method the dispersion and nonlinear properties can be 

tailored to demonstrate the capabilities for soliton-like pulse propagation [49], 

soliton pulse compression [50] and parabolic pulse generation [51]. Methods to 

taper the silicon fibres will be described in Chapter 5 and will be used for the 

investigation of the nonlinear pulse propagation. 
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Figure 2.11: The simulations of (a) group velocity dispersion parameter, (b) 

effective mode area and (c) the real part of the nonlinear parameter, as a 

function of tapered silicon core fibre diameter at transmission wavelength of 

1.55 μm [48]. 

2.5.2 Second Geometry: Whispering Gallery Mode (WGM) 

Microresonators 

 

Figure 2.12: Light confinement by TIRs at the interface between a spherical 

cavity and surrounding medium of lower index, with an incident angle of 𝜃. 

 

Whispering gallery mode (WGM) microresonators are a popular class of optical 

resonators that confine light in a structure with circular symmetry. WGMs are 

electromagnetic waves that are strongly confined to circulate within the structure. 



24 
 

From a geometric optics view point, the confinement is described by optical rays 

that are totally internally reflected by the index contrast at the surface, as shown in 

Figure 2.12. Such resonators can be used to significantly enhance light-matter 

interactions as they can have high quality factors, Q, and small mode volumes, 𝑉m. 

Only wavelengths that satisfy the resonance conditions will be confined, which is 

determined by the size, geometry, and material of the resonator [52]. Multiple re-

circulations of the optical modes greatly enhance the intensity of light so that 

microresonators can be used for the observation of ultra-low threshold Kerr 

nonlinear effects [53], all-optical signal processing [54], microlasers [55], and 

chemical sensors [56]. Apart from this, the resonators are also useful for 

fundamental science investigations such as in cavity quantum electrodynamics 

(CQED) and spectroscopy [57, 58].  

 

A number of compact resonator geometries have been demonstrated over the past 

few decades, including microspheres [59], microrings [60], microdisks [61] and 

microtoroids [62]. More sophisticated structural configurations such as a cascaded 

microrings [63] and microspheres [55], photonic crystal cavities [64] and 

micromechanical resonators [65, 66] have recently been demonstrated. Fabrication 

of these geometries varies depending on the structure, and may involve techniques 

such as lithography and etching, micro-machining or polishing, depending on the 

desired geometry, material and the required precision over the micro- or nano-sized 

structures [67].  

 

An alternative type of micoresonator based on the optical fibre platform has been 

attracting more attention of late due to its comparable performance as a high Q 

microresonator, but also because fibre resonators can be fabricated using simple 

and low-cost processes. Cylinder [68], microcoil [69], hollow microbubble [70] and 

bottle [71] fibre-based microresonators have been studied theoretically and 

experimentally and shown to support highly localised modes [72, 73]. These 

structures offer several advantages such as ultra-smooth surfaces to minimise 

scattering loss [74], and flexibility in the geometrical designs, i.e., it is 

straightforward to fabricate various shapes including bottles and spheres that can 

be filled with different liquids to tune the cavity parameters [75]. To date, the 

primary application of fibre-based resonators has been for the development of 



25 
 

compact fiberised devices such as narrow-band add-drop filters [76, 77] and all-

optical switches and modulators [54].  

 

For the design and fabrication of WGM microresonators, key materials such as glass, 

liquids, polymers, single-crystals and semiconductors have all been used [67]. More 

recently semiconductor resonators have gained particular interest as they offer high 

nonlinearity. To date, many microresonators have been fabricated from 

semiconductor materials such as  InP [78], GaAs [79], germanium [80] and silicon 

[81].  

2.5.2.1 Fundamental Characteristics 

The Q is related to the photon lifetime in the resonator and can be obtained by 

measuring the resonance condition at the transmission spectrum with a sufficient 

resolution and fitting the resonance with Lorentzian curve to reveal its position and 

linewidth. The Q-factor is calculated via 

 
Q =

𝜆𝑟

𝛥𝜆FWHM
, 

(2.28) 

where 𝜆𝑟 is the WGM resonance wavelength and 𝛥𝜆FWHM is the full-width-half-

maximum (FWHM) linewidth taken at 3 dB from the top-line of the resonance fitting 

curve, as shown in Figure 2.13. The extinction ratio is measured from the top-line to 

the based-line of the Lorentzian fitting spectrum, also shown in Figure 2.13. A high Q 

resonator exhibits narrow 𝛥𝜆FWHM and long cavity photon lifetime, 𝜏, and high 

optical intensity [67]. The photon cavity lifetime 𝜏 is defined as the time for 

circulating light energy to decay to 1/e of its original intensity and it can be related 

to Q via [42]   

 
τ =

Q

ω
=

𝜆𝑟
2

 2𝜋 𝑐 𝛥𝜆FWHM

, 
(2.29) 

where ω is the angular frequency. Longer 𝜏 means that the photons will make 

multiple circulations in the cavity, thus increasing the optical path length and 

enhancing the intracavity power.  
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Figure 2.13: Calculation of the Q-factor from the Lorentzian fitting of the WGM 

resonance condition spectrum at 𝜆𝑟 with an extinction ratio of 13 dB. 𝛥𝜆FWHM: 

resonance linewidth. 

 

The Q-factor of a resonator can also be seen as a measure of the cavity loss, where a 

low loss yields a high Q. Typically the loaded quality factor, Ql, is made up of two 

main contributions, the extrinsic coupling quality factor, Q
𝑒
, and the intrinsic quality 

factor, Q
𝑖
, given as [54] 

 Q
𝑙
−1 = Q

𝑒
−1 + Q

𝑖
−1.  (2.30) 

 Q
𝑖
−1 = Q

𝑊𝐺𝑀
−1 + Q

𝑠𝑢𝑟𝑓
−1 + Q

𝑚𝑎𝑡
−1 , (2.31) 

Q
𝑖
 includes contributions related to the losses in the cavity as shown in Equation 

2.31, where Q
𝑊𝐺𝑀

 is associated to radiation loss, Q
𝑠𝑢𝑟𝑓

 to surface scattering and 

Q
𝑚𝑎𝑡

 to bulk material absorption. Q
𝑒
 is related to external factors such as coupling 

conditions. 

 

A compact resonator will allow high spatial confinement in a small 𝑉m 

microresonator. The 𝑉m is related to the resonator size via 

 
𝑉m ≈ 2π 𝑅o 𝐴m, (2.32) 

where 𝐴m is the mode area. For a given coupled power the resulting intra-cavity 

intensity in a microresonator is proportional to the ratio of Q/𝑉m and, to date, the 

highest values of this ratio have been achieved in a WGM microresonator [82].  
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The spacing between two modes with the same polarisation and 𝑛𝑟 (radial mode) 

but that differ by one unit of quantum number, ℓ, defines the free spectral range 

(FSR) of the cavity [83] 

 

 Δ𝜆FSR = 
𝜆2

 2𝜋 𝑅o 𝑛eff
. (2.33) 

Larger  Δ𝜆FSR will be obtained in a smaller size microresonator with a higher 

material refractive index. Note that both  𝑛𝑟 and ℓ will be discussed in Section 3.3.1. 

The ratio of Δ𝜆FSR  to the  Δ𝜆FWHM 

 
F =  

 Δ𝜆FSR

𝛥𝜆FWHM
, (2.34) 

gives another important performance parameter for microresonator which is the 

finesse, F  [84]. High finesse leads to a high circulating power relative to the input 

power. Thus, high Q, F , 𝑉m and FSR are usually favorable as a means to characterise 

the high performance microresonator especially for all-optical signal processing 

application. However, in this thesis the performance of microresonator are defined 

only by Q, 𝑉m and FSR. 

2.5.2.2 Coupling Methods 

Efficient resonance excitation and robust coupling of light into and out of a micro- or 

nano-sized resonance cavity can be very challenging. The most efficient and 

controllable method of coupling light into a microresonator is via evanescent field 

couplers such as those made from prisms, planar waveguides, and tapered fibres 

[42]. The coupling efficiency varies between methods, for example, 90 % for prism 

coupler [85] and almost 100 % via fibre tapers [86]. The efficiency depends on a few 

critical parameters, such as the refractive index of the resonance cavity and its 

dimension, the phase matching (or mismatch) of the mode propagation constants in 

coupler and resonator and the overlap between their evanescent fields [83]. Prism 

coupling was the first method adopted to excite a resonance cavity and, though 

bulky, it is robust and suitable for commercial applications [87]. For on-chip 

microresonators such as the ring resonator, waveguide coupling is an excellent 

choice as both the resonator and waveguide can be fabricated from the same 

material via lithography and etching [3]. For free standing resonators, coupling via a 
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tapered optical fibre is most common, and can be achieved by placing the tapered 

fibre alongside the resonator, as shown in Figure 2.14. Flexible coupling efficiency 

can be obtained by simple alignment of the input and output beams by adjusting the 

position of the fibre, as will be described in Section 6.3.2. However, it is worth to 

highlight that the coupling between different materials, i.e., from a silica tapered 

fibre to a silicon-based microresonator, only allows excitation of high order 

resonance conditions due to the mode propagation mismatched, which may limit the 

value of Q. Nevertheless, the benefits, i.e., the simplicity, the efficient light coupling 

and the feasible integration with conventional fibre infrastructures, outweigh their 

limitations making tapered fibres an ideal method to achieve light coupling into the 

resonators.  

  

 

 

 

Figure 2.14: Schematic of light coupling into a microcylindrical resonator via 

tapered fibre. 

2.6 Conclusion 

This chapter has outlined some of the fundamental properties of optical fibres, 

which form a basis from which to understand the novel confinement structures in 

this thesis: the tapered optical fibres and the WGM fibre-based microresonators. A 

special emphasis was given on the optical properties of the nonlinear silicon 

material, and together with efficient geometrical confinement structure they served 

as a route for enhanced performance in compact fibre-based photonic devices.  
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Chapter 3 

Propagation and Mode Confinement in Micro-

structured Silicon Fibres 

3.1 Introduction 

This chapter presents theory that describes the propagation and confinement of 

modes in the two main device geometries studied in this thesis; silicon tapered 

optical fibres and fibre-based resonators. The chapter begins with a review of the 

equations which govern the propagation of intense laser pulses in silicon optical 

fibres. The equations include the basic transmission parameters, i.e., attenuation, 

dispersion, nonlinearity, and the modifications required to account for the tapered 

profiles. A brief description on the numerical modelling technique used to solve the 

equations is also provided. The second half of the chapter focuses on the equations 

that define the confinement of optical modes in the microresonators. These 

equations will be used to determine some key properties of the highly confined 

resonator modes.  

3.2 Waveguiding in Silicon Optical Fibres 

3.2.1 Nonlinear Optical Pulse Propagation 

Light wave propagation in an optical fibre is governed by Maxwell’s equations [18]. 

For propagation of an optical pulse, it is first necessary to define the form of the 

electric field amplitude. For simplicity, the optical pulse is assumed to maintain a 
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single polarisation component along its propagation, so that the scalar 

approximation can be used. The associated electric field, 𝑬(𝑟, 𝑡), can be described as      

 
𝑬(𝑟, 𝑡) =

1

2
 𝑥[𝜓(𝑟, 𝑡)exp(−𝑖𝜔o𝑡) + c.c.], (3.1) 

where 𝑥 is the polarisation unit vector, 𝜓(𝑟, 𝑡) is the complex optical pulse envelope, 

𝜔o is the carrier frequency, and c.c. is the complex conjugate. The electric field, 

𝑬(𝑟, 𝑡) can be separated into three components  

 
𝑬(𝑟, 𝑡) =  

1

2
 𝑥{𝐹(𝑥, 𝑦)𝐴(𝑧, 𝑡)exp[𝑖𝛽o𝑧 − 𝜔o𝑡]+ c.c. }. (3.2) 

𝐴(𝑧, 𝑡) is the slowly varying temporal pulse envelop, which can be found by solving 

the pulse propagation equation, as will be discussed later in Section 3.2.3. The 

exponential component describes the phase component of the optical pulse, which 

propagates along the 𝑧 direction with the mode propagation constant, 𝛽o , as 

discussed earlier in Sections 2.2 and 2.2.2. 

 

By considering an optical pulse envelope 𝐴(𝑧, 𝑡) emitted by a laser having a Gaussian 

profile with phase 𝜙(𝑡), the field can be written as [18] 

 
𝐴(𝑧, 𝑡) =  √𝑃o(𝑧) exp (−

𝑡2

2𝑇o
2)exp[𝑖𝜙(𝑡)], (3.3) 

where 𝑃o(𝑧) is the optical pulse peak power, 𝑇o is the pulse duration and 𝜙 is the 

phase shift that is acquired during the propagation. In practice, the full-width-half-

maximum is used in place of  𝑇o and these terms are related via 𝑇FWHM ~1.665 𝑇o. 

Alternatively, the pulse envelope 𝐴(𝑧, 𝑡) may also be expressed as a hyperbolic 

secant pulse [18] 

 
𝐴(𝑧, 𝑡) =  √𝑃o(𝑧) sech (

𝑡

𝑇𝑜
) exp[𝑖𝜙(𝑡)], (3.4) 

with 𝑇FWHM ~1.763 𝑇o, i.e., in the context of optical solitons and pulses emitted from 

some mode-locked lasers. For Gaussian and hyperbolic secant pulses, the time 

dependence of 𝜙(𝑧, 𝑡) implies that the instantaneous frequency differs across the 

pulse from the central frequency, 𝜔o. A useful measure of the time dependence of 𝜙 

is the frequency chirp, defined as 𝜕𝜔(𝑡) = − 𝜕𝜙 𝜕𝑡⁄ . If the chirp changes linearly 

across the pulse then this results in equal spreading of the pulse. 
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Furthermore, the temporal optical field of 𝐴(𝑧, 𝑡) can also be expressed in the 

frequency domain through the Fourier transform, F [𝐴(𝑧, 𝑡)] 

 
�̃�(𝑧, 𝜔) = ∫ 𝐴(𝑧, 𝑡) exp (𝑖𝜔𝑡)𝑑𝑡

∞

−∞

. (3.5) 

When both the spectral amplitude and phase of the optical pulse is known, the field 

can be transformed back to the time domain through the inverse Fourier transform, 

 F -1[𝐴(𝑧, 𝜔)] 

 
𝐴(𝑧, 𝑡) =

1

2π
∫ �̃�(𝑧, 𝜔) exp(−𝑖𝜔𝑡) 𝑑𝜔.

∞

−∞

 (3.6) 

3.2.2 Nonlinear Refraction: Self-Phase Modulation 

As discussed earlier in Section 2.2.3, 𝜒(3)  is responsible for many important 

nonlinear phenomena in optical fibres and one of them is the Kerr nonlinear 

refraction. When a short pulse travels through a nonlinear medium the intensity 

dependence of the refractive index, as given in Equation 2.20, leads to the effect of 

SPM. The Kerr index change induced by SPM results in a nonlinear phase shift, 𝜙NL, 

given as 

 
𝜙NL(𝑡) =  |𝐴(𝑡)|2  

𝐿

𝐿NL
. (3.7) 

The 𝐿NLis the nonlinear length given by 

 
𝐿NL = 

1

𝛾𝑃o
, (3.8) 

where 𝛾  is related to 𝑛2 , as defined earlier in Equation 2.25. In general, 

𝜙NL increases with the fibre length, L, though this will be limited by the loss [18]. 

Thus, L is usually replaced by the effective length, 𝐿eff, to account the fibre loss, 𝛼𝑙 , 

given as 

 
𝐿eff = 

1 − exp(−𝛼𝑙𝐿)

𝛼𝑙
. (3.9) 

The maximum nonlinear phase shift 𝜙max that occurs at the pulse centre can be 

expressed as 
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𝜙max(𝑡) =

𝐿eff

𝐿NL
=  𝛾𝑃o𝐿eff. (3.10) 

By recalling from Section 3.2.1, as 𝜙NL is time dependent, the instantaneous 

nonlinear frequency shift differs across the pulse. The nonlinear frequency chirp, 

𝜕𝜔, is given through the relation 

 
𝜕𝜔(𝑡) =  − 

𝜕𝜙NL(𝑡)

𝜕𝑡
= −

𝐿eff

𝐿NL
 
𝜕

𝜕𝑡
|𝐴(𝑡)|2. (3.11) 

The chirp induced by SPM will result in spectral changes, where new frequency 

components are continuously generated as the short pulse propagates down the 

fibre, i.e., spectral broadening. The numerical solution to describe SPM in an optical 

fibre will be discussed in the next section. 

3.2.3 Generalised Nonlinear Schrödinger Equation 

The nonlinear Schrödinger equation (NLSE) is a nonlinear partial differential 

equation derived from the Maxwell’s equations to describe the evolution of short 

pulses in optical fibres [34, 88]. The standard form of the equation, which consists of 

both linear and nonlinear contributions to the optical pulse is given by 

 𝜕𝐴(𝑧, 𝑡)

𝜕𝑧
+

𝛼𝑙

2
𝐴(𝑧, 𝑡) + 𝑖

𝛽2

2
 
𝜕2𝐴(𝑧, 𝑡)

𝜕𝑡2  
− 𝑖𝛾|𝐴(𝑧, 𝑡)|2𝐴(𝑧, 𝑡) = 0. (3.12) 

For the silicon core fibres, additional terms are required to account for the effects of 

nonlinear absorption and free-carrier generation, so the equation can be expressed 

as the modified NLSE, also known as the generalised nonlinear Schrödinger 

equation (GNLSE) 

𝜕𝐴(𝑧, 𝑡)

𝜕𝑧
= −𝑖

𝛽2

2
 
𝜕2𝐴(𝑧, 𝑡)

𝜕𝑡2  
+ 𝑖𝛾|𝐴 (𝑧, 𝑡)|2𝐴(𝑧, 𝑡) −

1

2
(𝜎FCA + 𝛼𝑙) 𝐴(𝑧, 𝑡). (3.13) 

The 𝛾 parameter is now complex owing to the effect of nonlinear TPA as given below 

 
  𝛾 =

 𝑘o𝑛2

 𝐴eff
+ 𝑖

 𝛽TPA

2 𝐴eff
. (3.14) 

The 𝜎FCA is the free-carrier parameter given by 

 𝜎FCA =  𝜎 (1 + 𝑖𝜇) 𝑁c(𝑧, 𝑡), (3.15) 
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where σ is the free-carrier contribution term and μ governs the free-carrier 

dispersion (FCD). The 𝜇 can be calculated by  

 𝜇 = 2𝑘c𝑘o 𝜎⁄ ,    (3.16) 

with 𝑘c = 1.35×10−27 cm−3 [34] to give a good approximation to the change in 

refractive index associated with free-carrier effects, thereby accounting for FCD. 

𝑁c(𝑧, 𝑡) is the free-carrier density, which can be obtained by solving the rate 

equation 

 𝜕𝑁c(𝑧, 𝑡)

𝜕𝑡
=

 𝛽TPA

2 ℎ𝜔o
 
|𝐴(𝑧, 𝑡)|4 

𝐴eff
2 − 

𝑁c (𝑧, 𝑡)

𝜏c
, (3.17) 

where 𝜏c is the free-carrier lifetime.  

 

The dispersion length, 𝐿D, and nonlinear length, LNL, are two important quantities 

that provide the length scales over which dispersion or nonlinear effects dominate 

during the pulse propagation. 𝐿D is given by  

 
𝐿D = 

𝑇o
2

|𝛽2|
, (3.18) 

and  𝐿NL was defined in Equation 3.8. If the fibre length L << 𝐿D the effects of 

dispersion play a relatively minor role in pulse propagation and the GVD effect can 

be ignored, similarly when L << 𝐿NL the effects of the nonlinearity are negligible. By 

comparing the experimental results of spectral evolution in the fibre with these 

coupled nonlinear equations, important parameters associated with the silicon core 

fibre can be established [15, 39], and this will be discussed further in Chapter 4. 

 

Notably, when a silicon core fibre is tapered down, the effect of varying core size 

along the z direction, especially at the transition region can be accounted by varying 

the 𝛽2 and γ  parameters as a function of length. However, in the tapered waist  

section where the core diameter does not change much over the fibre length, then 

the third-order dispersion parameter, 𝛽3, must be considered in the GNLSE to 

account for the increased waveguide dispersion in the smaller core [30]. The GNLSE 

can be written in the form of [34] 
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𝜕𝐴 (𝑧, 𝑡)

𝜕𝑧
= −𝑖

𝛽2

2
 
𝜕2𝐴(𝑧, 𝑡)

𝜕𝑡2  
+

𝛽3

6
 
𝜕3𝐴(𝑧, 𝑡)

𝜕𝑡3
+ 𝑖𝛾|𝐴(𝑧, 𝑡)|2𝐴(𝑧, 𝑡)

−
1

2
(𝜎FCA + 𝛼𝑙) 𝐴(𝑧, 𝑡), 

(3.19) 

and this equation will be used for fitting the spectral evolutions through the tapered 

waist section of the silicon core fibres that will be discussed later in Chapter 5. 

3.2.4 Split-Step Fourier Method 

The split-step Fourier method can be used to numerically solve the GNLSE, i.e., 

Equation 3.13 and 3.19, and the free-carrier density equation, i.e., Equation 3.17. 

Operators �̂�  and �̂�  are introduced to simplify these equations, where �̂�  is a 

differential operator that accounts for dispersion and losses, and �̂� is operator for 

fibre nonlinearities, such that  

 𝜕𝐴(𝑧, 𝑡)

𝜕𝑧
=  (�̂� + �̂�) 𝐴(𝑧, 𝑡), (3.20) 

 
�̂� =  −𝑖

𝛽2

2
 
𝜕2

𝜕𝑡2  
+

𝛽3

6
 
𝜕3

𝜕𝑡3
− 

𝛼𝑙

2
, (3.21) 

 
�̂� = 𝑖𝛾 |𝐴|2 − 

𝜎𝑁c 

2
. 

(3.22) 

In this method the linear and nonlinear contributions to the pulse propagation are 

treated independently in the frequency and time domains, respectively. For optical 

pulse propagating over a small distance h, i.e., h ≪ z, Equation 3.20 can be solved 

iteratively, as illustrated in Figure 3.1. Therefore, for propagation from 𝑧 to 𝑧 + ℎ, in 

the first step the nonlinearity acts alone and �̂� = 0 in Equation 3.20. In the second 

step, the dispersion acts alone and �̂� = 0 in Equation 3.20. After each dispersion 

step, the carrier density 𝑁c  will be solved from Equation 3.17 and substituted into 

𝑁c  of Equation 3.22. In this evolution, the optical pulse can be approximated by 

 𝐴(𝑧 + ℎ, 𝑡) ≈ exp(ℎ�̂�)exp(ℎ�̂�)𝐴(𝑧, 𝑡).  (3.23) 

The nonlinear step is performed on the initial pulse in time domain by 

 𝐵(𝑧 + ℎ, 𝑡) ≈ exp(ℎ�̂�)𝐴(𝑧, 𝑡).  (3.24) 
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The propagation with contribution of dispersion and loss terms is performed in 

frequency domain by taking a Fourier transform of 𝐵(𝑧 + ℎ, 𝑡) such as 

 �̃�(𝑧 + ℎ,𝜔) ≈  F [𝐵(𝑧 + ℎ, 𝑡)],  (3.25) 

 �̃�(𝑧 + ℎ,𝜔) ≈ exp[ℎ�̂�(𝑖𝜔)]�̃�(𝑧 + ℎ, 𝜔),  (3.26) 

where �̂�(𝑖𝜔) is the linear operator in frequency domain. The inverse Fourier 

transform F -1[�̃�(𝑧 + ℎ, 𝜔)]  will convert �̃�(𝑧 + ℎ, 𝜔)  back to time domain. By 

repeatedly solving the operators in their respective domains over the length of 

propagation, a good numerical approximation to the optical pulse can be obtained to 

understand the nonlinear pulse evolution in the fibre [18].    

 

 

Figure 3.1: Schematic illustration of split-step Fourier method used for 

numerical simulation. 

 

3.3 Light Confinement in Microresonators 

The resonance characteristics, i.e., the field distribution, related to the WGM 

microresonator will be calculated in the spherical coordinate system for simplicity, 

as this is the most common structure used in microresonators. It is worth to 

highlight that the discussion of the spherical modes can provide the necessary basis 

to understand the cavity modes in other geometries, i.e., cylindrical.  
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3.3.1 Resonance Modes  

 
Figure 3.2: The schematic of a 3D microsphere resonator. (a) The spherical 

coordinates and (b) the azimuthal, polar and radial field components in the 

cavity. 

 

By assuming the resonance cavity is a homogeneous dielectric structure and the 

polarisation for the optical modes is constant along the propagation trajectories, the 

Maxwell’s equations will take the form of Helmholtz equation, i.e., a reduced wave 

equation [31]. The modes supported by the resonator can be calculated by solving 

the Helmholtz equation in the coordinate system associated to the resonator shape, 

i.e., spherical, cylindrical, etc. [89] 

 (∇2 + 𝑘2 𝑛2) 𝜓 = 0. (3.27) 

For a spherical microresonator as shown in Figure 3.2(a), the Helmholtz equation in 

spherical coordinates is given by 

1

𝑟2
 
𝜕

𝜕𝑟
(𝑟2

𝜕

𝜕𝑟
𝜓) + 

1

𝑟2 sin(𝜃)
 
𝜕

𝜕𝜃
(sin(𝜃)

𝜕

𝜕𝜃
𝜓) +

1

𝑟2 sin2(𝜃)
 
𝜕2

𝜕𝜙2 
𝜓

+ 𝑘2𝑛2𝜓 = 0, 

(3.28) 

where 𝜓 is the wave function for each component, 𝑘 is the wavenumber and n is the 

refractive index of the medium. The r, 𝜃 and 𝜙 are the corresponding radial, polar 

and azimuthal coordinates, respectively. The appropriate orientation of the 

spherical coordinates is shown in Figure 3.2(a). The effective mode propagation 
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direction is along the 𝜙 direction in the equatorial plane while the transverse plane 

is the 𝜃-r plane.  

 

The WGM modes in a spherical resonator can be either transverse electric (TE) or 

transverse magnetic (TM) polarised. For TE modes the E field is parallel to the 

surface of the sphere, �⃑⃑� ‖ 𝜃⃑⃑⃑  , whereas for TM modes the H field is parallel to the 

surface, �⃑⃑⃑� ‖ 𝜃⃑⃑⃑   [89]. Furthermore, the existing WGM families can be characterised by 

three mode numbers, i.e., ℓ is the polar mode number to describe the polar extent of 

electromagnetic field in the cavity, 𝑚  is for the mode components in the 

azimuthal/equatorial direction and 𝑛𝑟 for the radial mode number, as shown in 

Figure 3.2(b). The number of field maxima is given as 2𝑚,  ℓ − |𝑚| +1 and 𝑛𝑟 for 

azimuthal, polar and radial components, respectively. The integer 𝑚 can range 

between −ℓ to ℓ. The fundamental mode can be defined by the presence of a single 

field maximum in the polar direction, which is given by 𝑚 = ℓ, as shown in Figure 

3.2(b) [90]. However, in an ideal spherical cavity the 𝑚 modes can have 2ℓ + 1 

degeneracy at the same resonance wavelength. Each of the degenerate modes will 

travel at a different path on the equator, with the mode with lower 𝑚 taking a path 

closer to the spherical poles [89]. The number of resonances that fit along the 

circumference of a cavity, as shown by a yellow dashed curve in Figure 3.2(b) is 

given by 

  ℓc = 2π𝑅o  
𝑛eff

𝜆
,  (3.29) 

where ℓc is number of supported modes,  𝜆 is the resonance wavelength and 𝑛eff is 

the effective index of the cavity. 

 

For the purpose of illustration, the structure of the lowest radial modes for a given 

polar order in a microsphere resonator will be calculated. Based on the parameters 

discussed in Ref. [91], for a microsphere with radius, 𝑅o = 15 μm with refractive 

index of 𝑛s = 1.51 surrounded in air, 𝑛b = 1.00 and supporting the ℓ = 25 mode 

number, the corresponding resonance mode profiles can be numerically determined 

by solving 𝜓 for each spherical component under given boundary conditions, i.e., 

applying separation of variables in the spherical coordinates [92].  
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For the radial modes, the radial wave function, 𝜓𝑟(𝑟), is given as 

 
𝜓𝑟(𝑟) = {

𝑗ℓ(𝑘𝑛s𝑟), 𝑟 ≤ 𝑅o

 𝑗ℓ(𝑘𝑛s𝑅o) exp[−𝛼s (𝑟 − 𝑅o) , 𝑟 > 𝑅o.
 (3.30) 

The  𝑗ℓ is the spherical Bessel function of the first kind of ℓ order [91]. The radial 

mode structures for the first three radial modes  are plotted in Figure 3.3. The 

fundamental resonance mode, 𝑛𝑟 = 1, exhibits a single field maximum along the 

radius of the sphere, as shown in Figure 3.3(a). The modes with lower 𝑛𝑟 will 

oscillate near the surface of the resonator and vice-versa for higher order 𝑛𝑟, as 

shown in Figure 3.3(b,c) where the highest peak is moved toward the centre of the 

of the microsphere. As the sphere is an open cavity, the field decays exponentially in 

the radial direction, out from the cavity, as shown by the yellow curve in the figures.  

 

The field amplitude of the polar mode corresponding to ℓ = 25 is shown in Figure 

3.4. The polar mode is calculated from the polar wave function, 𝜓𝜃(𝜃) [92] 

  𝜓𝜃(𝜃) =  exp [− 
𝑚

2
 𝜃2]𝐻𝑁(√𝑚𝜃),        m ≫ 1 ≫ 𝜃. (3.31) 

𝐻𝑁 (𝑥) is a Hermitian polynomial with degree of N = ℓ − 𝑚 [92, 93]. The number of 

field maximum in the spherical poles is increasing as 𝑚 is decreasing. In Figure 

3.4(a) the fundamental mode at 𝑚 = ℓ shows a single field maximum in the polar 

direction. Two symmetric lobes with two field maxima present along the polar plane 

for 𝑚 = ℓ − 1 = 24 mode (Figure 3.4(b)). Even higher field maximum are observed 

for the 𝑚 = ℓ − 2 = 23 and 𝑚 = ℓ − 3 = 22 modes in Figure 3.4(c,d), respectively.  

 

The azimuthal mode structure is calculated by solving the azimuthal wave 

function,  𝜓𝜙(𝜙) [92] 

  𝜓𝜙(𝜙) = exp(± 𝑗𝑚𝜙). (3.32) 

As from the equation, the azimuthal modes has complex exponential solutions [94]. 

The azimuthal mode can be best described by the fundamental mode, as shown in 

Figure 3.5 for ℓ = 25, m = 25, 𝑛𝑟 = 1. For the fundamental mode, the number of field 

maximum of 2m = 50 is observed along the equatorial plane.  
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Figure 3.3: The electric field distribution in radial direction of the spherical 

microresonator for angular mode number, ℓ = 25, and the first three radial 

mode numbers (a) 𝑛𝑟 = 1, (b) 𝑛𝑟 = 2 and (c) 𝑛𝑟 = 3. The field decays outside 

the resonator, as illustrated by yellow curves. Dashed line is the resonator 

boundary. 
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Figure 3.4: The electric field distribution in the polar direction of spherical 

microresonator for ℓ = 25 and (a) m = 25, (b) m = 24, (c) m = 23 and (d) m = 22. 

 

  

 

 

 

 

 

 

 

 

 

Figure 3.5: The electric field distribution in the azimuthal direction of the 

spherical microresonator for the fundamental mode with ℓ = 25, m = 25 and 

𝑛𝑟 = 1. 
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For completeness, I also note that the modes in a cylindrical resonator can be 

calculated by solving the Helmholtz equation in cylindrical coordinates, as shown in 

Figure 3.6 [42, 95]. The r, 𝜙 and ℎ are the radial, azimuthal and cylindrical height, 

respectively. The numerical mode analysis in the silicon-based microcylindrical 

resonator will be discussed later in Chapter 6. 

 

 

Figure 3.6: The cross-section of a microcylindrical resonator with the 

cylindrical coordinate system. 

3.4 Conclusion 

The first section of this chapter reviewed the analytical equations to describe the 

evolution of optical pulses in the silicon core fibres. Numerical evaluation of the 

output optical field can be established based on these coupled equations to 

determine the nonlinear parameters of the silicon cores. The second part of the 

chapter discussed the modal confinement in a spherical microresonator, which 

formed the basis of understanding the WGMs families. The descriptions on the 

modal distribution and profile are useful, in practice, to describe the modes family in 

other resonance structure (i.e., cylindrical), as will be discussed in Chapter 6. 
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Chapter 4 

Semiconductor Fibre Fabrication  

4.1 Introduction 

Fabrication methods that allow for the incorporation of amorphous and crystalline 

semiconductor materials into the cores of optical fibres have the potential to greatly 

expand the application space of fibre devices. This chapter will give a brief summary 

of the fabrication techniques used in this thesis, with a particular focus on silicon 

core fibres. Two main methods will be discussed, one based on HPCVD and the other 

one the MCD approach. In depth explanations of the procedures used for the 

characterisation of the material and optical properties will be provided to determine 

the quality of the fabricated fibres. 

4.2 Semiconductor Fibre Development at a Glance 

Optical fibre technology has developed rapidly and new materials are 

revolutionising the applications that the optical fibre can address. For example, rare 

earth doped fibres now act as signal amplifiers across extended transmission 

windows and have supported the development of high power fibre lasers [96-98]. 

Alongside these fruitful achievements, rapid developments in semiconductor 

integrated optics have driven interest for the incorporation of semiconductor 

materials into the optical fibre platform. Some of the benefits for moving to the fibre 

form have been discussed earlier in Section 1.1. The seamless integration with other 
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fibre-based components can improve the efficiency of  integrated fibre and silicon 

photonic  networks [15].  

 

Currently there are two primary approaches to incorporating semiconductor 

materials into the optical fibre geometry [12, 99]. The first is based on a templated 

fabrication approach where the semiconductor is incorporated via HPCVD and the 

second involves drawing the material within a glass cladding using a MCD approach 

[88, 100]. These two techniques are the focus of this chapter. However, it is worth 

highlighting that other fabrication approaches exist for semiconductor fibres, such 

as the powder-in-tube method used by the group at Virginia Polytechnic Institute 

[101, 102], pressure assisted physical filling (PAPF) of photonic crystal fibres 

developed by the Max-Planck Research Group [103], and the most recent 

demonstration of a redox reaction, where silicon core fibres are produced by 

drawing an aluminium core preform, developed by a group in the Massachusetts 

Institute of Technology [104]. Notably, each fabrication method produces 

semiconductor fibres with different characteristics, i.e., core size, material quality, 

cladding thickness, etc. Although obtaining high quality fibres with low loss 

waveguiding is still considered a challenge, continued efforts to optimise the 

fabrication procedures would come with great rewards, i.e., the opportunity to 

develop integrated all-fibre photonics systems.  

4.3 High Pressure Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is a common fabrication technique used to deposit 

high purity semiconductors and metal solids onto a variety of substrates [105, 106]. 

Briefly, CVD involves flowing a mixture of chemical precursors, together with a 

carrier gas, into a chamber/furnace containing the surface to be coated. By 

controlling the environment within the chamber, i.e., temperature and pressure, the 

chemical reactions can be initiated, resulting in the deposition of the desired 

compound or thin film on the surface [107]. The choice of chemical precursors, 

which can be of different types such as metalorganics, hydrides and halides, is 

subject to criteria such as the material of interest, desired decomposition 

temperature and vapor pressure to facilitate film growth [108-110]. Reaction by-

products are exhausted/diffused out of the chamber along with any unreacted 

precursor gases. As both the chemical precursors and reaction by-product can be 
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toxic and explosive, special attention must be paid to safety and environmental 

aspects when utilising the CVD process.  Under the right conditions, nearly all of the 

technologically important semiconductors can be deposited via CVD [12, 111]. For 

example, metal organic chemical vapor deposition (MOCVD) is used for the 

preparation of III-V compound semiconductors [105], while low pressure chemical 

vapor deposition (LPCVD) is typically used for epitaxial growth of silicon films 

[112]. 

 

The versatility of the CVD method means that it can also be adopted for optical fibre 

fabrication [113]. The first semiconductor optical fibres were successfully fabricated 

via a modified CVD method by researchers at the Department of Chemistry and 

Materials Research Institute, Pennsylvania State University, USA, and the 

Optoelectronics Research Centre, University of Southampton, UK, (PSU/ORC) in 

2006 [12]. In this first demonstration, smooth layers of crystalline unary 

semiconductors such as silicon and germanium were deposited on the inner wall of 

hollow silica capillaries or into the micro- or nano-sized pores of silica 

microstructured optical fibres (MOF). The challenge of filling a high aspect ratio 

template was resolved in HPCVD by flowing the mixture of precursors and carrier 

gases through the pores under very high pressures of 10 to 100 MPa [108, 114]. On 

heating to the required temperature (up to several hundred ᵒC), the precursors in 

the fibre decompose to deposit the semiconductor on the capillary walls. The 

resulting fibres can be either partially or completely filled with semiconductor 

material, over lengths of several centimeters, depending on the temperature and 

deposition time [114].  

 

Exploiting the flexibility and precision of the HPCVD method, a broad range of 

materials such as doped silicon, germanium, and even metals have been deposited in 

the MOFs. Significant examples, include the formation of homo- and hetero-

junctions for high-speed fiberised photodetectors [109, 115] and the development 

of compound semiconductor fibres (zinc selenide and zinc chalcogenide) for use as  

mid-IR laser gain mediums [116, 117]. Patterning different semiconductor materials 

and junctions within the MOFs can also be achieved via selective filling and 

sequential deposition approaches, further highlighting the versatility of the HPCVD 

method for the fabrication of semiconductor fibre devices that would be difficult to 

achieve via conventional drawing methods [14].      
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As the reactor and furnace typically used for HPCVD is only a few centimeters long, 

currently the deposition lengths are also limited to only a few centimeters. However, 

the lengths can be extending using a travelling furnace, as demonstrated in Ref. 

[109]. Parallel deposition of multiple fibres in a single furnace helps to increase 

yields and reduce costs [118]. However, as the semiconductor materials have high 

nonlinear coefficients, only a few centimeters, or even few millimeters of fibre is 

needed to demonstrate nonlinear performances [17]. The silica templates used in 

the HPCVD method offer several benefits. Not only are they inexpensive, but they 

also have excellent mechanical strength to withstand the high pressures and 

temperatures of the deposition process. At temperatures of several hundred °C, the 

walls of the silica pores are permeable for out diffusion of the reaction by-products, 

such as hydrogen (H2) and helium (He), to allow a high concentration of SiH4 to flow 

into the pore and increase the decomposition rate [114]. Furthermore, the 

templated approach in HPCVD also yields near atomic smooth surfaces at the 

core/cladding interface, 0.14 nm RMS, as the deposited material is defined by the 

pristine smoothness of silica capillary [74].  

4.3.1 Hydrogenated Amorphous Silicon Optical Fibres 

 

Figure 4.1: Schematic drawing of the HPCVD technique during deposition of 

silicon layers inside a capillary template. 

 

The a-Si:H core fibres used in this thesis were fabricated by collaborators at PSU via 

the HPCVD technique. The silica capillary fibres were drawn at the University of 

Southampton to have an outer cladding diameter of 125 μm and hollow core 

diameters in the range of ~2-6 μm. A hydride precursor of silane (SiH4) at 1.7 MPa 
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partial pressure and H2 carrier gas at 35 MPa with a composition ratio of 

approximately 1:19 is configured to flow through the template [108]. The partial 

pressure is vital to increase the frequency or molecular collisions of a slow kinetics 

precursor such as SiH4 to promote the deposition [114]. A schematic of the HPCVD 

technique for deposition of a silicon core is shown in Figure 4.1. A gradual increase 

of the furnace temperature over a duration of 48 hours, under a continuous flow of 

the gas mixture, ensures an annular growth of silicon in an amorphous state until 

the capillary pore is completely filled [108]. By maintaining the deposition 

temperature below 400 °C the decomposition of hydrogen elements can be 

minimised to allow higher concentrations of SiH and SiH2 to flow in the capillary and 

form a a-Si:H core that bond smoothly to the silica wall [15, 119]. Using this high 

pressure technique, a low hydrogen content of ~0.5 atom % can yield a high quality 

silicon, i.e., low linear loss, in contrast to the more typical plasma-enhanced chemical 

vapor deposition (PECVD) technique, which requires 5-10 atom % hydrogen to 

achieve a good passivation of electronic defects in the amorphous material [114, 

120]. It is worth noting that if the temperature is ramped up to 1325 °C the 

remaining H2 will be diffused out and the high temperature will crystallise the 

material to polysilicon [109]. Subsequent annealing can help to improve the quality 

of the crystalline silicon core to obtain lower transmission losses. To date, the 

fabrication team has successfully fabricated a-Si:H fibres with core sizes ranging 

from 1.7 μm to 5.7 μm, as illustrated in Figure 4.2.  

 

  

 

 

 

 

Figure 4.2: SEM images of the silicon core fibres fabricated from the HPCVD 

technique with the cladding etched from the core to facilitate imaging, (a) 5.7 

μm core, scale bar 2 μm, (b) 1.7 μm core, scale bar 1 μm. 
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4.4 Molten Core Drawing Technique 

 

Figure 4.3: Schematic drawing of silicon fibre drawing in MCD technique. 

 

The molten core drawing (MCD) method is a practical method for fabricating the 

fibres as it allows for the production of long lengths of fibre in a single draw. The 

work in this area was pioneered by researchers at the Centre for Optical Materials 

Science and Engineering Technologies (COMSET), Clemson University, South 

Carolina, USA. A wide range of fibres have been fabricated via this method, including 

novel all-glass fibres derived from crystals, i.e., yttrium aluminium garnet (YAG, 

Y3Al5O12) and sapphire (Al2O3) [121, 122], and glass-clad amorphous or crystalline 

oxide core fibres derived from Bi2O3-GeO2 compositions [123]. The MCD technique 

has also been extended to fabricate glass-clad crystalline semiconductor core fibres 

from group IV, i.e., silicon [13] and germanium [124, 125], and compound III-V 

semiconductors of InSb [126]. Figure 4.3 shows a schematic drawing of a silicon 

fibre drawn from a preform using the MCD technique. Similar to the conventional 

fibre drawing technique, fibres produced via the MCD technique are drawn from a 

preform using a conventional fibre drawing tower. The preform is heated and drawn 

into fibre through a furnace which is held at a temperature hot enough to soften the 

cladding, and where the core is molten [127]. The sizes of the core and cladding are 

controlled via manipulating the preform feeding rate and drawing speed [13, 128]. It 

is important to optimise the drawing speed to avoid Rayleigh-Plateau instability in 

the melted core, which can result in the core breaking up into spheres as it is drawn 

down to smaller dimensions [129].  
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The high temperatures of this process give rise to a number of issues, i.e., oxide 

formation in the core from the dissolution and diffusion of oxygen from the glass 

cladding. The oxygen contamination correlates to the core size, where smaller cores 

exhibit higher contamination, thus precluding the fabrication of smaller core fibres 

via this method. For silicon fibre clad with silica glass, for instance, ~17 atom % 

oxygen is present in 30 μm core and for size below 2 μm the core is completely 

converted into oxide [100, 130]. Reducing the drawing temperature by tailoring the 

cladding glass composition to permit fibre pulling near the melting temperature of 

the core can successfully reduce the oxygen content in the core [131]. The 

deployment of reactive chemistry during the draw to getter oxygen can result in an 

oxygen-free silicon core [130]. An alternative approach is to use an alkaline oxide 

interface layer between core and cladding to scavenge the oxygen from the silicon 

core. This layer has the added advantage of helping to moderate the thermal stress 

at the core/cladding interface and act as a “sink” for impurities during the high 

temperature drawing [132]. To date, the smallest silicon core optical fibre that has 

been fabricated using this method has a core diameter of 10 μm [128]. For the 

germanium and InSb fibres, the smallest cores that have been fabricated are 15 μm 

and 230 μm, respectively.  

 

A series of X-ray diffraction studies performed on the core of as-drawn 

semiconductor fibres reveals highly crystalline single-crystal grain sizes of up to 15 

mm in length for germanium and 5 mm for the silicon fibres [126]. The 

crystallographic changes over the length mean that the core must be considered as 

polycrystalline in phase.  

4.4.1 Crystalline Silicon Optical Fibres 

The crystalline silicon fibres used in this thesis were fabricated by collaborators at 

the Norwegian University of Science and Technology (NTNU) and Clemson 

University (CU) using two variations of the MCD technique. Depending on the 

precise method, the fibres exhibit different core and cladding sizes. In both cases, 

the preform is inner-coated with calcium oxide (CaO) as the interface modifier. 

Briefly, silica preforms with 2 mm inner diameter (ID) and 4 mm outer diameter 

(OD) are connected to an aspirator, while the other end is dipped in the aqueous 
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coating mixture, with 3:1 ratio of deionised water to CaO powder, until the inner-

wall of the tube is coated. The tube is then left to dry at 100 °C overnight to obtain 

an average coating thickness of 20 μm or less [133], before sealing one-end of the 

preform using an oxy-acetylene torch. Figure 4.4(a) shows a microscope image of 

the coated silica preform. After preparation of the cladding, the core material, which 

could be a solid rod or in a powdered form, will be inserted into the glass cladding 

that was sealed at one end. The preform is then subsequently drawn at a 

temperature of 1950 °C, where the silica cladding glass is softened. As this 

temperature is above the melting temperature of silicon, 1414 °C, it allows the 

molten core to take on the form of the smooth glass cladding as the preform is 

drawn into the optical fibre.   

 

 

Figure 4.4: Microscope images of (a) CaO coated silica preform before 

subsequent fibre fabrication, scale bar 500 μm [134], (b) 10 μm core 

polycrystalline silicon fibre produced using the MCD technique, scale bar 50 

μm. 

 

Two different drawing methods were used in the fabrication of the crystalline 

silicon fibres in this research. The first batch of fibres were fabricated using a table-

top, hand drawing approach at NTNU. The core material was obtained from crushing 

a polysilicon wafer (nominal 7N purity base material) to grain sizes of ~0.5 mm. The 

constructed preform was then heated using an oxyacetylene torch and drawn 

manually at speed between 60-150 m/min. The final fabricated fibres from this 

method had cladding diameters in the range of 30-82 μm and core diameters in 

range of 16-50 μm [132]. For the second batch of fibres, the core material was 

drilled from a Czochralski monocrystalline boule to obtain a silicon rod with a 
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diameter slightly smaller than the 2 mm ID of the preform [134]. The rod was then 

loaded into the preform gently to avoid damaging the oxide coating then the fibre 

was drawn at speed of 2-3 m/min via a conventional drawing tower at CU. The final 

fabricated fibres from this method exhibit cladding diameters of 130 μm and core 

diameters of 10 μm. The microscope image for the fibre is shown in Figure 4.4(b). 

 

After the fibre drawing process, the fabrication team performed initial inspections of 

the fibre to ensure continuity, i.e., no unbroken sections of the solid core and the 

quality of the interface layer, which will affect the surface roughness of the 

fabricated fibre. The coating had little effect on the core composition and the 

calcium is localised at the interface to form an eutectic layer [132]. Measurements 

using a Ze-Scope 3D optical profiler, performed by Dr Noel Healy, have shown the 

surface roughness to be 0.5 nm RMS for the fibre drawn using a conventional tower. 

As yet, no measurements have been done on the manually drawn fibres. However, 

the SEM image of the bare crystalline core of the first batch fibres reveals the 

formation of striations due to the eutectic layer [132]. Thus, it is expected that the 

fibres fabricate via conventional drawing, i.e., second batch fibres, will have less 

surface roughness than those that were manually drawn, due to better control over 

the drawing parameters [133].  

4.5 Material Characterisation of the Fibre Core  

Upon receiving the samples, the material quality and the crystallinity of the fibre 

core were investigated via Raman spectroscopy. In this thesis, the fibre core was 

analysed using a Renishaw inVia Raman microscope and the excitation is achieved 

via a 532 nm green laser source. The laser was focused using a 50× objective lens 

with a spot size of 2 μm and 2 mW of power onto the silicon core, coupled through 

the transparent silica cladding. The backscattered radiation from the sample is 

recorded on a thermo-electrically cooled Horiba Jobin Yvon Synapse CCD detector. 

The Raman shift is in the unit of wavenumber (cm-1) and the peak position provide 

details on the elemental bonds present in the sample. The Raman characteristics are 

fundamentally related to the degree of crystallinity of the silicon core. 

 

Figure 4.5 shows micro-Raman spectra of (a) a a-Si:H core fibre and (b) a crystalline 

silicon core fibre, together with a reference spectrum from a single-crystal silicon 
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wafer. The broad Raman spectrum in Figure 4.5(a) displays the main transverse 

optic (TO) mode and two weaker peaks of the longitudinal acoustic (LA) phonon and 

longitudinal optic (LO) phonon [135]. The primary TO peak at 480 cm-1 is due to 

stretching of Si-Si bonds in the silicon tetrahedral and it is sensitive to the disorder 

in the structure of the material [136]. The continuous bands of the LA and LO peaks 

at 380 cm-1 and 310 cm-1, respectively, are related to structural disorder in a-Si 

[137]. A higher concentration of hydrogen can decrease the FWHM bandwidth of the 

TO peak and decrease the intensity of LA and LO peaks [137] to indicate structural 

improvement by hydrogen passivation. The stretching absorption at 2000 cm-1, as 

shown as an inset in Figure 4.5(a), is also related hydrogen incorporation and arises 

due to the Si-H bond [136].  

 

Figure 4.5: Raman spectrum of (a) 5.7 μm a-Si:H fibre fabricated via HPCVD 

and (b) 82 μm crystalline silicon core MCD fibre (top curve) and single-crystal 

silicon wafer (bottom curve) as reference. Dashed lines are Voigt fittings. 

 

The very sharp peak in the Raman spectrum for the crystalline silicon, as shown in 

Figure 4.5(b), corresponds to the TO mode and it signifies the uniform and ordered 

Si-Si bonds [138]. The Raman linewidth, Γ, is associated to the crystalline quality of 

the sample, where a narrow linewidth represents a highly crystalline material. A 

Voigt function is used to fit the Raman spectra, as shown as the dashed curves in 

Figure 4.5(b). The Voigt function is a convolution of a Gaussian and Lorentzian peak, 

which represent the instrument and material contributions to the Raman spectra, 

respectively. The fitting for the crystalline fibre reveals the peak is centered at Γw = 
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520 cm-1 with a width of Γ = 3.17 ± 0.01 cm-1, as given in the legend of Figure 4.5(b, 

top curve). The width is larger than the single-crystal reference with ΓR = 2.70 ± 0.01 

cm-1, as shown in the legend of Figure 4.5(b, bottom curve), due to the 

polycrystalline nature of the core material. Notably, post-processing the 

polycrystalline fibre can improve the crystallinity of the core material, i.e., increase 

the grain sizes, to yield a narrower Γ, as will be discussed later in both Chapter 5 and 

6. 

4.6 Fibre Preparation for Transmission Measurements 

 

 

Figure 4.6: (a) Microscope image of a polished cross-section of a silicon core 

fibre mounted inside a thicker capillary tube using wax, scale bar 100 μm. (b) 

A schematic drawing of the prepared fibre. 

 

It is essential to obtain flat, smooth, crack- and damage-free facets to facilitate 

coupling of light into and out of the fibre. For fibres where the cross-section consists 

of materials with very different mechanical properties, like in the silicon fibres, 

standard cleaving methods are problematic. Thus, a polishing method was 

developed to prepare the facets for transmission measurements. A short and 

completely filled section of silicon fibre (a few millimeters to a few centimeters) is 

first mounted inside a thicker capillary tube using wax. The wax was heated using a 

hot plate, above its softening temperature of 63  ͦC, so that it can flow to fill any gaps 

between the fibre and the polishing capillary via capillary action. The wax then 

solidifies as it cools, leaving a robust, double clad fibre. The end facets can then be 

mechanically polished using an Ultrapol polishing machine manufactured by 
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Ultratec. The polishing equipment and accessories used for this process are similar 

to that used for standard silica fibres. A precision jig was used to hold the face of the 

fibre flat on the polishing plate. Three different grades of polishing film were used in 

sequence to polish the fibre; starting with a coarse grit (particle sizes of 3 μm), then 

a medium grit (particle sizes of 1 μm) and finally, a fine grit (particle sizes of 0.3 

μm). A small amount of distilled water is poured onto the polishing plate during the 

process to keep the fibre clean and to help lubricate the process. Careful control of 

the polishing rotation, pressure and time are required to obtain the desired degree 

of smoothness. Inspection under a microscope is used to confirm the polishing 

quality. Figure 4.6(a) shows a cross-section image of a polished 5.7 μm a-Si:H core 

fibre, together with a schematic drawing of the cross-sectional area of the prepared 

fibre in Figure 4.6(b).   

4.7 Optical Transmission Characterisations  

Transmission measurements provide a definitive characterisation of the overall 

quality of the fibre core material. Information provided by these can be used to help 

optimise the deposition/drawing parameters. For the HPCVD process, the key 

parameters include deposition temperature, partial pressure, precursor 

concentration and carrier concentration. Whereas, for the MCD process this includes 

the coating concentration, coating quality, cladding thickness, feeding rate, drawing 

speed and drawing temperature. A series of transmission measurements were 

undertaken on batches of samples, fabricated using different parameters, with the 

goal to optimising the fabrication conditions and reduce the transmission loss.  

4.7.1 Linear Transmission Measurements 

The experimental arrangement for characterising the transmission properties of the 

silicon core fibres is shown in Figure 4.7(a). For linear transmission measurements 

the fibre under test is mounted on a V-groove, positioned on a piezo-driven nano-

translation stage to precisely control the fibre position to optimise coupling. A 

continuous wave (CW) 1.55 μm laser diode with 6 mW average power is free space 

launched into the core of silicon fibre using a 40× fused silica objective lens (0.65 

NA/ 4.6 mm focal length). A second 40× objective lens is used to capture the output 

light to be measured using a power meter with germanium photodetector (Newport 
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818-IR). Owing to the high Fresnel reflection of 36 % (at 1.55 μm) of the silicon/air 

interface, it is possible to monitor the refection from the front surface of the core to 

further optimise the coupling. Thus, 92/8 % beam splitters were placed either side 

of the fibre to direct the light (reflected off the front surface and transmitted through 

the back surface) onto two infrared CCD cameras (MicronViewer 7290A) to capture 

the coupled light. Furthermore, as the micron-sized silicon core fibres may support 

multiple modes (as discussed earlier in Section 2.2), the CCD cameras also helps to 

ensure that the light is coupled primarily into the fundamental mode, as shown by 

the image in the inset of Figure 4.7(a).   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: (a) Schematic for characterising the linear transmission loss of the 

silicon fibres. Inset: image of the core from the CCD camera. M1 and M2: 

mirrors. BS: beam splitter. CCD 1 and CCD 2: cameras. (b) Variables in the cut-

back measurement. 

 

When good coupling is obtained, the linear loss is estimated using a cut-back 

method, whereby lengths of a few millimeters are repeatedly polished off from the 
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fibre end. The cut-back method is preferred as it removes external contributions due 

to coupling, reflections, and losses in the lens, etc. The variables used in the 

calculations are shown in Figure 4.7(b), where 𝑃in1 and 𝑃in2 are the input powers 

before and after cut-back, 𝑃out1 and 𝑃out2 are the measured powers for the longer, 

𝐿1 , and shorter, 𝐿2 , lengths of fibre under test, before and after cut-back, 

respectively. The formula to calculate for the linear transmission loss via cut-back 

method is as below  

 
𝛼𝐿(dB/cm) = − 

10

𝐿1 − 𝐿2
 log10 (

𝑃out1 𝑃in1⁄

𝑃out2 𝑃in2⁄
).  

(4.1) 

To date, great efforts to optimise the deposition parameters have resulted in the 

lowest fibre loss of 0.9 dB/cm at a wavelength of 1.55 μm for the a-Si:H fibres with 

core sizes of 5.7 μm [139]. Furthermore, these losses have been shown to continue 

to decrease as the wavelength is increased out to the mid-IR regime, with the lowest 

loss of 0.29 dB/cm at 2.7 μm [39]. To note, this loss value is comparable to the 

lowest loss a-Si:H waveguide [140, 141], which is indicative of the rapid 

developments made in the HPCVD method. For the smaller core of 1.7 μm, the 

measured loss of 2.8 dB/cm at 1.55 μm is only slightly higher than the 5.7 μm a-Si:H 

fibres, and the value drops to 0.8 dB/cm at a wavelength of 2.4 μm [142].  

 

The transmission measurements of the as-drawn, MCD produced, large core 

crystalline fibres exhibit losses of 15-20 dB/cm at 1.55 μm wavelength, depending 

on the fabrication conditions [13, 132]. However, typically the loss at this 

wavelength is around 20 dB/cm. The high loss is related to polycrystalline nature of 

silicon core, with high loss fibres expected to exhibit more grain boundaries [143]. 

The defect materials that surround the grain boundaries can act as points of 

scattering and absorption, thus increasing the transmission losses. The grain 

structure can also influence the sidewall roughness to promote additional 

scattering. Post-processing the as-drawn fibres via annealing or tapering is usually 

necessary to increase the grain size so that the material quality is improved to lower 

the transmission loss [144, 145]. The effects of tapering of these fibres will be 

investigated in Chapter 5. 
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4.7.2 Nonlinear Transmission Measurements 

 

An experimental arrangement as illustrated in Figure 4.8 is used to characterise the 

nonlinear transmission properties in silicon core fibres. To undertake these 

measurements a high power fibre laser (OneFive) is used to deliver pulses with a 

720 fs pulse duration (FHWM) and a 40 MHz repetition rate at a wavelength of 1.54 

μm. As before, the light is free space launched into the fundamental mode of the 

fibre with two CCD cameras to image the input and the output fibre facets and help 

optimise the light coupling. The output was directed either to a power meter or an 

optical spectrum analyser (OSA, Ando AQ6317B). The nonlinear absorption 

coefficients and the nonlinear refractive index of silicon optical fibres were 

experimentally measured and the values were estimated via numerical modeling. 

Notably, this section will focus on the measurements performed on a fibre with an a-

Si:H core. The high transmission loss in the as-drawn polysilicon fibres, as described 

earlier in Section 2.4.1 and 4.7.1, prohibit any nonlinear transmission measurements 

without any further processing. However, a detailed description on both linear and 

nonlinear transmission measurements on the post-processed polysilicon fibres will 

be described in Chapter 5.  

 

 

Figure 4.8: Schematic for characterising the nonlinear transmission properties 

in the silicon core fibres. OSA: optical spectrum analyser. Other labels are as 

defined in Figure 4.7(a).  
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4.7.2.1 Nonlinear Absorption Characterisation 

The nonlinear absorption parameters related to the TPA and FCA coefficients are 

experimentally measured via the set-up as shown in Figure 4.8. The input power is 

varied using a conventional graded neutral density silica attenuator and the 

transmitted power is measured at the power meter. As the nonlinear absorption 

manifests as an intensity dependent measurement, the value of 𝛽TPA and 𝜎FCA can be 

investigated by monitoring the saturation of the output power as a function of 

coupled input power. The input power was kept very low (μWs) at the beginning 

and then gradually increased in steps until the output power was saturated. The 

transmission data was fitted by the theoretical simulations based on the coupled 

wave equations that describe the propagation of optical pulses in the silicon core 

fibres, as discussed in Section 3.2.3 and 3.2.4. During the simulation, 𝛽TPA and 𝜎FCA 

are set as free parameters and the values are approximated via the best fitting of the 

data. For a silicon fibre with 𝐿D longer than the propagation length, i.e., L << 𝐿D, it is 

possible to neglect the effects of dispersion during the propagation. By 

substituting 𝛾  (Equation 3.14) and the pulse intensity 𝐼(𝑧, 𝑡) = |𝐴 (𝑧, 𝑡)|2 𝐴eff⁄  in 

Equation 3.13 and 3.17, the temporal pulse evolution for high intensity pulses can be 

described by the simplified coupled rate equations 

 𝜕𝐼(𝑧, 𝑡)

𝜕𝑧
= −𝛼𝑙𝐼(𝑧, 𝑡) − 𝛽TPA𝐼

2(𝑧, 𝑡) − 𝜎FCA𝑁c (𝑧, 𝑡)𝐼(𝑧, 𝑡), (4.2) 

 𝜕𝑁c(𝑧, 𝑡)

𝜕𝑡
=

 𝛽TPA

2ℎ𝜔o
 |𝐼(𝑧, 𝑡)|2 − 

𝑁c (𝑧, 𝑡)

𝜏c
, (4.3) 

to account the influence of linear and nonlinear losses to the propagation.  

 

Figure 4.9 shows the saturation of the output average power as the function of 

coupled input peak power for a 5.7 μm core a-Si:H fibre sample with a linear 

transmission loss of 2.1 ± 0.1 dB/cm at 1.54 μm, as determined via the cut-back 

measurement. For a typical centimeter long silicon core fibre, the estimated value of 

GVD parameter is 𝛽2 = 1 ps2/m. As the length of the silicon core fibre, L = 0.47 cm is 

shorter than 𝐿𝐷 = 16.7 cm at 1.54 μm for the femtosecond pulses (Equation 3.18), 

thus the simplified coupled Equations 4.2 and 4.3 are valid for fitting the data, as 

shown by the solid curve in Figure 4.9. Furthermore, the related coefficients of 

𝜏c = 86 ns, as determined via pump-probe measurements in Ref. [17] and 𝐴eff = 13 
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μm2, which has been estimated from modal analysis in Ref. [15], were used to 

establish the fitting. From the best fitting, the approximate values of 𝛽TPA = 0.70 ± 

0.02 cm/GW and 𝜎FCA = 1.0 ± 0.4 × 10−16 cm2 were obtained for the 5.7 μm core a-

Si:H fibre. These values are comparable to the value reported in a-Si:H planar 

waveguides [146] and the value calculated via the Drude model for a-Si:H material 

[147], to suggests that the HPCVD fabrication method could produce a good quality 

a-Si:H material. 

 

 

Figure 4.9: Nonlinear absorption in 5.7 μm core a-Si:H fibre as a function of 

coupled input peak power. Cross markers for the measured data and solid 

curve for simulation fitting. 

4.7.2.2 Nonlinear Refractive Index Characterisation 

The Kerr nonlinear refractive index, 𝑛2, of the same a-Si:H fibre as discussed in 

Section 4.7.2.1, was experimentally measured via the set-up in Figure 4.8 by 

mapping the spectral broadening due to SPM as a function of coupled input power. 

The input power is varied using a conventional graded neutral density silica 

attenuator, where the magnitude will be gradually increased in steps to observe the 

changes to the output spectrum from the fibre. The broadening spectrum as a 

function of the input power is measured using an OSA (Ando AQ6317B) with a 

resolution of 0.1 nm and a sensitivity of -70 dBm. By establishing numerical 

simulations based on the GNLSE discussed in Section 3.2.3 and 3.2.4, the best fitting 

of the spectral broadening can be used to estimate a value of 𝑛2 for the fibre core. 

The quantities such as the linear loss, dispersion, nonlinear strength and
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Figure 4.10: The spectral evolutions due to SPM as a function of coupled input 

power shown in the legend. The green curve is the measured spectrum and 

blue curve is the numerical fit. 

carrier effects will be considered in the coupled equations to obtain a best fit of the 

measured spectral broadening, with 𝑛2 as the free parameter. The 𝛽TPA and 𝜎FCA  

coefficients, as predetermined from the procedures in Section 4.7.2.1 and the FCD 

term, 𝜇 is calculated from Equation 3.16. To observe the spectral broadening the 

effective length of the fibre should be longer than the nonlinear length, i.e., 𝐿eff > 𝐿NL, 
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as explained in Section 3.2.2. The nonlinear length 𝐿NL is 0.57 mm for a 5.7 μm core 

a-Si:H fibre sample at 1.54 μm when the input peak power is 300 W. For a a-Si:H 

fibre with a typical loss value of 3 dB/cm, the effective length 𝐿eff is around 0.79 cm, 

which is longer than the nonlinear length. This suggests that nonlinear effects 

should be observable in the sample.  

 

Figure 4.10 shows the spectral broadening due to SPM in a 5.7 μm core a-Si:H fibre 

sample as a function of the input coupled peak power. The spectral broadening 

grows with increasing coupled powers. The numerical fitting of the spectra reveal 

the estimated value for 𝑛2 = 1.71 ± 0.05 ×10−13 cm2/W, which is in good agreement 

with the value reported in a-Si:H planar waveguides [147]. Notably, the size of the 

Kerr index in a-Si:H fibre is around two times larger than what is typically measured 

in crystalline silicon waveguides [40], to highlight the advantages of this material for 

nonlinear optics applications.  

 

Furthermore, from the established values of the nonlinear parameters of the 5.7 μm 

core a-Si:H fibre, the corresponding value of FOMNL can be calculated from Equation 

2.26. At the 1.54 μm wavelength, the FOMNL = 1.59 ± 0.01, which is higher than 

typically reported in silicon waveguides on-chip, i.e., FOMNL = 0.66 [147], further 

indication of the suitability of a-Si:H core fibres as a platform for nonlinear silicon-

based switching devices.  

4.8 Conclusion   

The two major fabrication techniques used for the production of semiconductor 

fibres in this thesis were discussed. Specifically, the HPCVD method was used for 

fabrication of a-Si:H fibres and the MCD technique for the fabrication of 

polycrystalline silicon fibres. The HPCVD method is ideal for the deposition of small 

core fibres (diameter ranges of ~2-6 μm) with low transmission losses. The a-Si:H 

material exhibits an excellent material quality due to the passivation of the 

electronic defects in the amorphous structure with the incorporation of hydrogen 

atoms. In contrast, the MCD technique is efficient for drawing long lengths of highly 

crystalline fibres, with core diameters of 10 μm or larger. However, the 

polycrystalline nature of the core results in a high linear loss, which can be 

potentially reduced by post-processing the fibre. Various tools for characterising the 
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material and optical properties of the fibres were also presented, including the 

micro-Raman spectroscopy and the linear and nonlinear transmission 

measurements, to verify the quality of the starting fibre that will be used for 

development of the microstructured fibre geometries. 
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Chapter 5 

Tapered Silicon Fibres      

5.1 Introduction  

Fibre tapering presents an interesting route to altering both the material and 

waveguide properties of the silicon core fibres. This is particularly relevant to the 

polycrystalline silicon fibres fabricated by MCD methods where the as-drawn fibres 

are often associated with high material losses and large core sizes, as discussed in 

Section 4.7.1. In this chapter, a novel approach to tapering the silicon fibres with the 

goal to obtaining polysilicon fibres with core diameters of a few microns, while at 

the same time improving the local crystallinity, will be presented. By exploiting the 

reduced losses and high mode confinement in the taper waist, nonlinear pulse 

propagation in the polycrystalline silicon core material will be demonstrated.  

5.2 Post Material Treatment of Polysilicon Waveguides 

Polycrystalline silicon waveguides are attractive as they are much cheaper and 

easier to fabricate and compared to their single-crystal silicon counterparts they 

allow for more flexible integration [148]. However, the high material losses mitigate 

the real implementation of polysilicon waveguides [149, 150]. Advances in the 

fabrication of planar polysilicon platforms have shown that it is possible to reduce 

the bulk absorption and scattering losses to below 3 dB/cm in waveguides with 

large core sizes (widths greater than 5 μm), though sidewall roughness still limits 

the transmission in the smaller core structures [151]. In contrast, polysilicon fibres 
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can be fabricated to have negligible surface scattering losses as the polycrystalline 

material is confined within the pristine silica glass cladding [152]. Thus, if the 

quality of the bulk core material in the fibres can be improved, then it should be 

possible to make small core silicon fibres with low transmission losses.  

 

In this regard, significant progress has been made towards reducing the bulk 

material losses in the fibres via post-processing techniques such as subsequent 

annealing and thermal treatments. Such treatments can improve the material 

quality by re-crystallising the core material to increase the crystallite length, thus 

reducing the number of scattering points and reducing the total transmission loss to 

values closer to single-crystal silicon waveguides [151, 153]. To date, the lowest 

losses reported for furnace annealed silicon fibres with diameters of 5.7 μm are in 

range of 6-8 dB/cm [119]. Furthermore, a recent publication from my group has 

demonstrated the fabrication of a silicon fibre with single-crystal like properties 

over lengths of a few millimeters to centimeters via thermal treatments, i.e., the 

longest single-crystal fibres to date, to further reduce the loss to 5 dB/cm in a 2 μm 

core fibre and 2 dB/cm in a 10 μm core fibre [154-156]. Combining these low losses 

with small (few microns to hundreds of nanometer-sized) dimension will open a 

route to enhancing the nonlinear functionalities in the polysilicon fibres.  

 

As discussed earlier in Section 2.5.1.1, post-processing of fibres via tapering can be 

used to reduce the core dimensions and tailor both the dispersion and nonlinear 

properties (Figure 2.11). However, in the semiconductor fibres, the act of tapering 

will not only reduce the core size, but the heating and melting also causes re-

crystallisation of the core material to yield a higher quality crystalline silicon core 

[48, 145]. By building on this earlier work, the first submicron-size polysilicon core 

waveguides will be demonstrated with reduced losses that permit the first 

observation of nonlinear transmission and characterisations in polysilicon 

waveguide of any type.   
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5.3 Silicon Tapered Fibre Fabrication  

 

Figure 5.1: (a) Schematic of the tapering procedure in which the silicon fibre is 

first sleeved into a longer capillary. The filament heats the combined 

structure, which is drawn in the direction of the arrows. (b) Schematic to 

define taper dimension settings at the Vytran machine to taper silicon fibres to 

different taper ratios. 

 

This section will describe the fabrication steps to taper the as-drawn polysilicon 

core fibres to reduce the core size. The starting fibres have cladding diameters of 

130 μm with core diameters of 10 μm. Details of the fibre fabrication were described 

in Section 4.4.1. Although very short lengths of silicon fibre have been tapered 

before [48], in this work a modified tapering procedure will be developed to extend 

the lengths of the tapered section. Specifically, thicker capillaries (ID/OD diameters 

of 150/200 μm) were used, into which the bare silicon fibres are sleeved. The 

sleeved fibre acts to strengthen the silicon core fibres as their dimensions are 

reduced, ensuring their integrity is preserved. Furthermore, it also reduces the 

length of silicon fibre required for processing from 20 cm down to 1 cm. The 

combined fibre structure is then tapered using a Vytran tapering machine (GPX-

3000), as illustrated in Figure 5.1(a). The Vytran tapering machine is a computer-



65 
 

controlled fibre processing platform that utilises filament as an intense heat source. 

The ends of the fibre are clamped parallel to each other on a motorised fibre holding 

stages that pull/stretch the fibre at a desired speed while the fibre is heated. The 

taper profile can be defined at the Vytran interface menu, so the length and the outer 

diameter of the taper transitions and waist can be precisely controlled.  

 

Table 5.1: Taper dimension settings on the Vytran machine together with the 

filament power for tapering polysilicon core fibres.  

 

 

By careful selection of the tapering parameters, i.e., taper dimension, the pulling 

speed and the filament power, the silica cladding of both the sleeve and the silicon 

fibre are softened and fused together during tapering. At the same time the silicon 

core melts so that it flows through the reshaped cladding, before re-crystallising as it 

cools. By changing the parameters different taper ratios at the core can be achieved. 

Details of the settings at the Vytran interface menu for the tapering procedure is 

provided in Table 5.1 and Figure 5.1(b) shows a schematic to define the taper 

dimension settings. The pulling speed and taper duration are constant at 0.5 mm/s 

and 5.0 s, respectively, during tapering of all the fibres, to ensure the silicon core 

was above the melting temperature (1414 °C). Notably, the Vytran dimension 

settings for fibre B and C are identical but the filament power is varied to have 

different taper waist diameters. A higher filament power would allow the fibre to be 

treated under a higher temperature. The softer glass under similar pulling speeds 

results in smaller taper diameters [122], possibly because of the stronger effect of 

the surface tension. 

 

 

 

Fibre 

Outer 
Cladding 
Diameter 

(μm) 

Outer Waist 
Diameter 

(μm) 

Down and 
Up Taper 

Length 
(mm) 

Waist 
Length 
(mm) 

Filament 
Power 

(W) 

A 200 60 5 10 69 

B 200 50 5 10 70 

C 200 50 5 10 71 



66 
 

 

 

Figure 5.2: A longitudinal image of a tapered silicon core fibre, scale bar is 250 

μm.   

 

Figure 5.2 shows a side-view image of the longitudinal taper profile from the 

transition to the waist. The image shows that the tapering process has produced a 

smooth and continuous tapering from the untapered fibre down to the waist. It is 

worth highlighting that the tapered fibres are having a linear taper profile as 

observed under a microscope. The total taper length is 20 mm with a constant waist 

length of 10 mm, i.e., in accordance to the taper setting at the Vytran machine. The 

slowly varying tapered angle along the 5 mm transition length to the waist helps to 

avoid excessive coupling to the cladding modes, though the large refractive index 

different between core and silica glass cladding also helps to ensure that the light is 

well confined to the core, even for fairly strong transitions. 

5.4 Characterisation of the Tapered Fibres  

To investigate the waveguiding and the transmission properties of the tapered 

fibres, the fibres are prepared using the polishing procedure described earlier in 

Section 4.6. Figure 5.3 shows microscope images of the polished cross-sections of 

the tapered fibres prepared for the cut-back loss measurement. The left and right 

hand-side images show the input and output facets, respectively, for the 

measurement. From the right-side images the core of the fibres were tapered to 

three different taper ratios: fibre A with 1:2, fibre B with 1:3 and fibre C with 1:10. 

Notably, the taper ratio is defined as the initial core diameter divided by the final 

core diameter at the tapered waist. After few cut-back processes for the loss 

measurement the final length of the tapered fibres was between 5 mm and 6 mm. It 

is also worth to highlight that the long filament length of 0.7 cm represent a 

limitation to fabricate a constant taper waist especially in the fabrication of short 

length tapers due to variations in the temperature distribution across the filament. 

Yet, as observed from the multiple cut-back procedures, the core diameter at the 
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taper waist does not change much over the length, so the taper waist can be 

considered to have a constant dimension.  

 

 

Figure 5.3: Microscope images of the polished cross-sections of tapered fibres 

for the cut-back loss measurement. Input facets for tapered (a) fibre A, (c) 

fibre B, and (e) fibre C. Output facets for (b) fibre A, (d) fibre B, and (f) fibre C. 

All images at the same scale bar of 10 μm.  

 

Furthermore, from Figure 5.3 all images indicate that the tapered fibres maintained 

a well-defined, circular, and solid core. To the best of my knowledge, the fabricated 

fibre C is the smallest core size reported for a polysilicon core optical fibre to date. 

Table 5.2 provides details on the diameter of the core at the input facet (𝐷in) and at 

the output facet (𝐷out)  for all the tapered fibres together with the core dimension of 

the as as-drawn polysilicon fibre. 
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Table 5.2: Diameter of the tapered polysilicon core at the input facet (𝐷in) and 

the output facet (𝐷out) for the cut-back loss measurement as measured using a 

microscope objective. The core diameter of the as-drawn fibre is included for 

reference. 

 

5.4.1 Raman Measurement  

The effect that the tapering has on the material quality of the crystalline core is 

determined via micro-Raman measurements, described in Section 4.5. Figure 5.4 

shows the Raman spectra for three tapered fibres. In these images, the Raman 

spectra for the tapered waists and transition regions are compared with the 

spectrum for the as-drawn fibre, as labelled. By fitting these curves with a Voigt 

function (dotted curves) to deconvolve the 2.50 ± 0.01 cm-1 Gaussian contribution 

from instrument broadening, the Raman widths, Γ, for the silicon cores can be 

obtained, as displayed in the legend. In all samples, there has been a slight 

improvement to the material quality by tapering, indicated by the narrow Γ on the 

taper transition and waist, when compared to the as-drawn fibre. These 

improvements could be due to the unprocessed core acting as a seed for the re-

crystallisation. Furthermore, the results are in accordance with those obtained in 

Ref. [145], where the tapering process was shown to not only to reduce the fibre 

dimension but also increase the crystallinity of the core material. However, in all 

cases the widths are larger than the single-crystal reference (ΓR = 2.70 ± 0.01 cm-1, 

shown in Figure 4.5(b)), which is consistent with the polycrystalline nature of the 

material.  

 

To further compare the material quality, it is worth noting that there is a more 

pronounced reduction to the Raman width (closer to single-crystal reference) at the

Fibre 
Taper Ratio of the  Core at 

Fibre Waist 

𝐷in  

( ± 0.1 μm) 

𝐷out  

( ± 0.1 μm) 

As-drawn Untapered 10.0 10.0 

A 1:2 9.4 4.8 

B 1:3 6.2 3.4 

C 1:10 3.1 0.9 
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Figure 5.4: Raman spectra for the polysilicon cores of (a) fibre A, (b) fibre B 

and (C) fibre C. Top curve for the waist and middle curve for the transition 

together with the bottom curve for as-drawn fibre. The Raman widths, Γ are 

given in the label. Dotted lines are Voigt fits.  

 

waist of the fibres with larger taper ratios, i.e., in fibre B and fibre C. This trend is not 

unexpected as higher temperatures are used to fabricate the fibres with a higher 

taper ratio and the smaller cores will experience higher cooling rates, which 

suppresses the number of nucleation sites to results in a higher degree of local 

crystallinity, i.e., larger single-crystal grains [48, 155, 157]. To note, as shown in Ref. 

[155], at 3600 K/s of cooling rate the polysilicon core will re-crystalised to a single-
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crystal and this was achieved at 18 W of incident power onto the core, which 

corresponds to 1880 K (1606 °C) temperature rise in the core during the heat 

treatment. However, as yet no value of cooling rate was established for the 

fabricated tapered fibres in this section. Detailed characterisation of this value 

would be an interesting subject for future work as the cooling rate is a critical to 

controlling the crystallinity of heat treated materials [155]. 

 

Table 5.3: Detail on the Raman spectra for the tapered fibres together with the 

as-drawn polysilicon fibre and single-crystal reference.   

 

Furthermore, it is also clear from Figure 5.4 that the Raman peak positions, Γw, are 

downshifted relative to the single-crystal reference at 520 cm-1, as shown earlier in 

Figure 4.5(b). These shifts are associated with residual stress arising from the 

thermal mismatch between silicon core and silica cladding [12]. The shifts become 

more pronounced for the smaller cores, indicating a further tensile stress induced 

while tapering. However, these shifts are relatively small and so do not significantly 

affect the optical quality of the core. Table 5.3 provides detail on the Raman 

spectrum for the polysilicon fibres together with the as-drawn and the single-crystal 

as the references. 

5.4.2 Linear Transmission Measurements 

A series of linear transmission measurements were then conducted to investigate 

the optical quality of the core materials. The experimental arrangement is as 

discussed earlier in Section 4.7.1, and shown in Figure 4.7(a), where the source is a 6 

mW CW laser diode at 1550 nm. The light was coupled into the core at the fibre 

input facet, as shown in Figure 5.3(left-side images), either using a 40× microscope 

Fibre Γ ( ± 0.01 cm-1) Γw (cm-1) 

Single-crystal reference 2.70 520.0 

As-drawn 3.03 518.9 

A 3.02 517.8 

B 1.95 517.7 

C 2.87 517.3 
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objective lens for fibre A and B, or a 63× objective lens for the small core fibre C. A 

second 25× microscope objective lens is used to capture the transmitted light from 

the core at the output facet, as shown in Figure 5.3(right-side images), and focus it 

onto a power meter.  

 

Table 5.4 summarises the loss values measured via the cut-back method for the 

tapered fibres together with the starting as-drawn polysilicon fibre. These values 

represent the average measured loss values for different cut-backs, but no 

significant change (i.e., small variation) in the value was obtained for different 

sections (i.e., diameters) of fibres, indicating that the dominant contribution comes 

from the bulk core material. The relatively high 12.0 ± 0.1 dB/cm loss for the as-

drawn fibre is due to the high absorption and scattering in the polycrystalline core, 

as discussed earlier in Section 4.7.1. However, a significant reduction in the loss 

values was recorded for higher taper ratio fibres. In particular, the loss value from 

fibre C is the lowest obtained for polysilicon fibre with a submicron waist reported 

to date [12, 119]. The significant improvement in the loss value is in agreement to 

the improved Raman bandwidth, as shown in Figure 5.4, which further verifies the 

ability of the tapering procedure to improve the local crystallinity and to reduce 

defects in the bulk material.  

 

Table 5.4: Measured linear loss values in tapered polysilicon fibres together 

with the diameter of the silicon core at the output facet (𝐷out). 

 

 

 

 

 

 

 

Fibre Taper Ratio 
𝐷out  

( ± 0.1 μm) 

Linear loss 

( ± 0.1 dB/cm) 

As-drawn Untapered 10.0 12.0 

A 1:2 4.8 8.0 

B 1:3 3.4 5.5 

C 1:10 0.9 3.5 

D 1:10 2.1 2.8 

E 1:10 2.1 4.4 

F 1:10 2.2 2.1 
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Furthermore, the reproducibility of the tapering process was investigated via 

fabrication of additional small core tapered fibres with 𝐷out ranges between 1-2 μm 

in diameters; labelled as fibre D, E and F. The fabrication parameters are similar to 

the parameters for fibre C. All additional fibres recorded a comparable loss value to 

fibre C, as also shown in Table 5.4, to verify similar improvement of the waveguiding 

properties of the fibres after being tapered. It is expected that the loss in the 

smallest tapered fibres arises from the remaining defects and impurities in the bulk 

material. Thus, it should be possible to further reduce the losses with continued 

optimisation of the tapering parameters combined with the fabrication of a better 

quality starting fibre. 

5.4.3 Nonlinear Transmission Measurements 

The low loss and small core of tapered fibre C opens a route for nonlinear 

transmission measurements in the polysilicon core fibres. The fibre with the tapered 

submicron waist fibre will exhibit an enhanced nonlinearity due to the tight mode 

confinement and it is expected that the dispersion is close to zero for this core size, 

as discussed in Section 2.5.1.1 [158]. Similar to the nonlinear transmission 

measurements performed on the a-Si:H fibre sample (Section 4.7.2) the nonlinear 

transmission in the tapered polysilicon fibres are characterised by two key 

processes, i.e., nonlinear absorptions and Kerr nonlinear refraction. The 

experimental arrangement for the characterisation is similar to what was shown in 

Figure 4.8, but with a 63× objective lens for input coupling to the small core fibre C 

and a second 25× microscope objective lens to capture the transmitted light from 

the core at the output facet. The experimental procedures are as described in 

Section 4.7.2.1 for nonlinear absorption measurement and Section 4.7.2.2 for Kerr 

refractive index measurement.  

 

Figure 5.5 shows the output power as a function of coupled input peak power in 

tapered fibre C, as measured on the power meter. The saturation at the output for 

high input peak power is due to the nonlinear absorptions in the polysilicon 

material. With the estimated value of 𝛽2 = 0.81 ps2/m from Ref. [48], the length of 

the tapered fibre C, L = 0.55 cm is shorter than 𝐿𝐷 = 25.4 cm at 1.54 μm for the 

femtosecond pulses (Equation 3.18). Thus, the values of 𝛽TPA and 𝜎FCA were 

estimated via a numerical simulation based on the simplified coupled equations, i.e., 
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Equation 4.2 and Equation 4.3, as discussed earlier in Section 4.7.2.1. The related 

coefficients for the tapered crystalline silicon fibre, 𝜏c = 10 ns, as determined via 

pump-probe measurements [159] and 𝐴eff = 1.8 μm2, which has been estimated from 

modal analysis [48], were used to establish the numerical fitting. The fitted curve for 

the nonlinear power saturation, shown as a solid curve in Figure 5.5, yields the 

nonlinear absorption parameters of 𝛽TPA = 0.7 ± 0.1 cm/GW and 𝜎FCA = 1.4 ± 0.3 × 

10−17 cm2 for the polysilicon fibre. These values are in agreement with values 

reported in bulk single-crystal silicon [34, 160, 161] to suggest that tapering method 

helps to improve quality of the as-drawn fibre.  

 

 

Figure 5.5: Normalised output power as a function of coupled input peak 

power into tapered fibre C showing the onset of nonlinear absorption. 

 

Furthermore, Figure 5.6 shows the output spectrum as a function of input coupled 

peak power, as measured on an OSA (Ando AQ6317B). The spectral broadening of 

the output light is due to SPM in the tapered fibre C. The size of the 𝑛2 is estimated 

using numerical simulations based on the standard GNLSE for the tapered fibres, i.e., 

Equation 3.19, and the rate equation, i.e., Equation 3.17, to take account the 

contributions from the waveguide dispersion, both linear and nonlinear losses and 

the fibre nonlinearity to the pulse evolution. As the dimensions at the fibre waist do 

not change much over the length, a fixed values of 𝛽2 and γ  were used in the GNLSE 

with the inclusion of higher order dispersion term, 𝛽3 = 0.0029 ps3/m [51]. Using 

the values of  𝐴eff, 𝛽TPA and 𝜎FCA as already obtained above, and estimating the 𝜇 

from Equation 3.16, the corresponding simulated spectra are plotted as solid curves 

in the figure. The fitting revealed the best value of 𝑛2 = 0.5 ± 0.1 × 10-14 cm2/W for 
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the polysilicon core material. Significantly, the 𝑛2 value is comparable to values 

reported in crystalline planar waveguides [34, 160] to suggest the good quality of 

the tapered fibre cores. These nonlinear transmission measurements are the first 

demonstration of such nonlinearity in polysilicon waveguides, either in fibre or 

planar form. The FOMNL = 0.10 ± 0.05 is calculated for the polysilicon fibre from 

Equation 2.26. Notably, this value is much lower than a-Si:H core fibre but still useful 

for some nonlinear based applications such as nonlinear signal processing [15].  

 

 

Figure 5.6: Normalised spectral broadening relative to the input coupled peak 

power within tapered fibre C, as labelled in the legend.  

5.5 Conclusion 

In this chapter, the post-processing of as-drawn polysilicon fibres via a tapering 

procedure was demonstrated. The polysilicon fibres were tapered down to various 

ratios to tailor the waveguide design and their characteristics. Characterisation of 

the core material has revealed an improvement to the local crystallinity, resulting in 
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a significant reduction of the linear transmission loss when compared with the as-

drawn fibre. The fabricated submicron diameter core fibre is the smallest 

polysilicon core optical fibre reported to date, and it also exhibits the lowest 

transmission loss for a small core (nano/micro) polysilicon waveguide of any kind 

[151, 152, 162]. The combinations of low loss and high confinement in the 

submicron core fibre have been exploited for the first demonstration of nonlinear 

pulse propagation in the polysilicon material. The resulting nonlinear transmission 

parameters are within the range of single-crystalline silicon, as expected for a high 

quality polysilicon material, verifying the benefits of the post-tapering process.   
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Chapter 6 

Whispering Gallery Mode Microresonators 

6.1 Introduction 

This chapter presents results pertaining to WGM microresonators produced by 

post-processing silicon core fibres fabricated by both the HPCVD and MCD methods. 

By exploiting the high quality factor and small mode volume in this geometry it is 

possible to enhance the light-matter interactions for the development of all-optical 

signal processing devices. The chapter begins with a discussion on the nonlinear 

effects that can be used for all-optical control. This is followed by the fabrication and 

characterisation of both the linear and nonlinear properties of the a-Si:H cylindrical 

microresonators. The large Kerr tunability is exploited to demonstrate an ultrafast 

all-optical signal switching. To further extend the work, the improved linear 

resonance properties from the fabricated hybrid silica-silicon microresonators will 

be explored. Enhanced Kerr switching capability in the hybrid resonator will also be 

demonstrated in the final section of the chapter.  

6.2 Signal Switching and Modulation in Silicon Platforms 

Nonlinear optical processes can be exploited to control and manipulate light at 

speeds and capacities that far exceed the electronic processes. Recently, my group 

has demonstrated a number of these processes in the a-Si:H fibres using a standard 

transmission geometry, but they have all required high powers (tens to hundreds of 

watts) [16, 17]. It is possible to further reduce the nonlinear power threshold and 
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enable high performance data processing by using microresonators [163]. The high 

Q and small 𝑉𝑚 of the microresonator can reduce the threshold for nonlinear 

processes, providing a significant step towards low power signal processing. The 

mechanism used to process the data is based on optically induced nonlinear index 

changes, i.e., a high power pump coupled into the resonator changes the refractive 

index to shift the resonance conditions. Such index changes can then be used to 

modify a weak probe beam, for example, to switch it into or out of a resonant mode. 

There are three main processes that can contribute to the index change, i.e., the 

thermo-optic effect, Kerr nonlinearity and free-carrier refraction. Thus, the 

corresponding wavelength shift can be described by [164, 165] 

 
Δλ (𝑃c) ∝  2π 𝑅o  

𝑑𝑛

𝑑𝑇
 Δ𝑇(𝑃c) + 𝑛2  

2π  𝑅o 𝑃c 

𝐴m
 +  2π 𝑅o Δ𝑛(𝑁),  (6.1) 

where the first term is related to the thermo-optic effect; (dn/dT as thermo-optic 

coefficient), the second term is the Kerr effect, and the third term is due to free- 

carrier refraction; (Δn(N) is the change in refractive index due to free-carrier 

density N(𝑃c)). In this equation 𝑃c is the circulating power and it is proportional to 

loaded quality factor, Ql via 

 
𝑃c = 

Q
𝑙
 𝜆 𝑃in

4𝜋2𝑅o𝑛eff
 . (6.2) 

6.2.1 Thermal Nonlinearity  

Thermal nonlinearity, also known as the thermo-optic effect, is associated with the 

temperature dependence of the refractive index.  As the circulating pump laser is 

absorbed the temperature, and hence refractive index of the resonator increases, 

resulting in a red shifting of the resonance wavelength. The temperature change 

within the cavity due to the absorbed power is given by the term proportional to 

ΔT(𝑃c) in Equation 6.1. The relationship between the temperature change to the 

absorbed power, 𝑃abs, is [54] 

 
𝑃abs(𝑡) =  

𝜌𝐶𝑉m Δ𝑇 

𝜏thermo 
, (6.3) 

where  𝜏thermo  is thermal response time, 𝜌 is the material density of silicon and 𝐶 is 

the specific heat capacity. The thermal shift scales linearly with 𝑃abs and the strength 

is measured by the magnitude of dn/dT. Silicon has one of the largest thermo-optic 



78 
 

coefficients. At 1.55 μm, dn/dT = 1.86×10-4 K-1 for c-Si [166] and 2.3×10-4 K-1 for a-

Si:H [54], both of which are almost an order of magnitude larger than SiO2 with 

dn/dT = 1.0×10-5 K-1 [167]. The large dn/dT in silicon has been exploited to achieve 

thermal switching in SOI-based ring resonators with on/off speeds of microseconds 

and modulation depths of 10 dB at a threshold of only 45 μW [168].  

6.2.2 Free-Carrier Dispersion 

As described in Section 2.4.2, an intense optical pump can be absorbed in silicon via 

TPA to generate electron-hole pairs in the material. The high carrier concentration 

will reduce the refractive index through FCD, as shown in the term proportional to 

Δ𝑛(𝑁) in Equation 6.1. Δ𝑛(𝑁) is given by [164] 

 
Δ𝑛(𝑁) =  

−8.8×10−22𝑁 − 8.5×10−18𝑁  0.8

(𝜆 1.55⁄ )
2 . (6.4) 

The FCD manifests as a blue shift in the resonance wavelength. The rate at which the 

carriers recombine, known as the free-carrier lifetime, 𝜏c, will determine the 

maximum switching speed [169]. Using the FCD, ultrafast modulation with a 450 ps 

switching speed and 5.6 dB extinction was reported for a threshold energy of only 

25 pJ in a SOI microring resonator on-chip [81]. A faster switching response of 135 

ps with 10 dB modulation was subsequently achieved in a polycrystalline silicon 

microring resonator due to the shorter 𝜏c of the disordered material, however, at the 

expense of an increased threshold energy due to the high optical loss in the 

polycrystalline material [170].  

6.2.3 Ultrafast Kerr Nonlinear Switching     

Compared to the previous mechanisms, modulation via Kerr nonlinearity is 

favoured due to the ultrafast nature of the process. Thus, in this case, the switching 

speeds are only limited by the bandwidth of the cavity at the pump resonance, 

which defines the τ, as shown earlier in Equation 2.29 [164]. The Kerr effect is 

described by the term proportional to 𝑛2 in Equation 6.1. As it can be seen, it 

manifests as a red shift in the resonance condition due to the circulating power in 

the cavity. However, it is difficult to obtain Kerr switching in crystalline silicon due 

to the relatively large TPA parameter, which limits the FOMNL < 1 [161]. As 
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previously discussed in Section 2.4.2, FOMNL > 1 is typically needed for Kerr signal 

modulation.  

6.3 Silicon Cylindrical Microresonators 

6.3.1 Fabrication 

This section describes the fabrication steps to produce cylindrical microresonators 

from the a-Si:H core fibre platform. The details of the fibre fabrication have already 

been described in Section 4.3.1. To form the resonator, the glass cladding was simply 

removed from the fibre to expose the core over a length of a few millimeters. This 

was done by etching the fibre in a buffered hydrofluoric acid (HF) solution (volume 

ratio 20:1 of 40 % ammonium fluoride in water and 49 % HF in water) overnight. 

After the wet etching process the free-standing core was rinsed using deionised 

water to clean off any residue. A SEM image of a 5.7 μm diameter a-Si:H cylindrical 

microresonator is shown in Figure 6.1. One of the advantages of starting from the 

fibre platform is that both linear and nonlinear characteristics of the core material 

can be determined, using standard fibre characterisation techniques, as describes in 

Section 4.7.1 and 4.7.2, prior to the resonator fabrication. The results of these 

measurements have revealed a linear loss of 𝛼 = 1.6 ± 0.1 dB/cm, a Kerr index of 𝑛2 

= 1.80 ± 0.05 × 10-13 cm2/W and a TPA parameter of 𝛽TPA = 0.70 ± 0.02 cm2/GW  for 

the a-Si:H core. For these values of the nonlinear parameter the fibre has a FOMNL = 

1.60 ± 0.01 at 1.54 μm, which is around three times higher than that of crystalline 

silicon at the same wavelength [15].  

 

Figure 6.1: SEM image of an etched 5.7 μm diameter a-Si:H cylindrical 

microresonator, scale bar 10 μm. 
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6.3.2 Characterisation of the WGM Resonances 

 

Figure 6.2: (a) Set-up for characterising the transmission of the resonator. (b) 

Camera image of tapered SMF next to the a-Si:H microresonator. CW TLS: CW 

tunable laser sources. PC: polarisation controller. OCT: optical component 

tester. 

 

Figure 6.2(a) shows the set-up for characterising the transmission properties of the 

cylindrical microresonators. A tapered SMF is used to couple light into the modes of 

the resonator. The taper is fabricated using a commercial GYM tapering rig (GYCW-

6) to have a waist diameter of 2.0 ± 0.1 μm and a loss of less than 1.0 ± 0.1 dB. Two 

tunable external cavity lasers (Tunics Plus) with a linewidth of 400 kHz and an 

average pump power of 1 mW, were used to scan over the wavelength range of 1.48-

1.64 µm. A polarisation controller (PC) was placed before the tapered SMF to adjust 

the polarisation state of the tapered SMF and selectively couple into the TE or TM 

WGMs [54]. The a-Si:H cylindrical microresonator was placed on a micro-

positioning stage, to optimise the relative position and coupling angle between the 

tapered SMF and the resonator. The spectral output from the taper was monitored 

using an optical component tester (OCT, Yenista CT400) with a 1 pm resolution. 

Figure 6.2(b) shows an image of the tapered fibre next to the microresonator. 

 

A representative transmission spectrum of the a-Si:H cylindrical microresonator is 

shown in Figure 6.3. Only a few WGM families were excited in the resonator over 

this range. Two individual sharp resonances are labelled as λr1 = 1533.63 nm and λr2 

= 1578.52 nm with  Δ𝜆FSR = 45 nm (as labelled in Figure 6.3). The resonances have 

extinction ratios of 13 dB and 9.5 dB for λr1 and λr2, respectively. By fitting the 
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Figure 6.3: The transmission spectrum of a 5.7 μm diameter a-Si:H cylindrical 

microresonator. Inset is the Lorentzian fitting for the resonance at λr1 (red 

curve). 

 

 

Figure 6.4: (a) Electric field in the radial direction for a mode with nr = 5. (b) 

Intensity profile of the WGM mode coupled from a SMF taper. Dashed line is 

resonator boundary. (c) Contour plot of an electric field in the cross-section of 

the resonator, scale bar 1 μm [74]. 

 

resonances with a Lorentzian yields linewidths of ΔλFWHM1 = 0.12 nm and ΔλFWHM2 = 

0.15 nm. The inset in Figure 6.3 shows the fitted curve for λr1. The Q for each 

resonance is calculated via Equation 2.28 to obtain Ql1 = 1.19×104 for λr1 and Ql2 = 

1.07×104 for λr2. It is worth noting that although the cylindrical geometry does not 

offer any structural confinement in the z direction, theoretical analysis has shown 

that the circulating modes interfere in such a way that they form a strongly localised 

mode along the axial direction, allowing for such high Q values [171]. Thus, the Ql 
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obtained in this resonator is comparable to the Q in high quality SOI-based ring 

resonators used for optical signal processing [172, 173]. Furthermore, the coupled 

mode analysis has revealed that owing to the large index contrast between the 

tapered SMF and the resonator, it is only possible to excite higher order modes. As 

an example, Figure 6.4 shows the mode images for TE polarised modes with excited 

high order (nr = 5 and m = 20) modes, as calculated by Dr Natasha Vukovic.  

6.3.3 Nonlinear Wavelength Shifting 

  

Figure 6.5: Experimental set-ups to measure nonlinear wavelength shifting. 

(a) CW pump probe set-up. (b) Pulsed pump set-up. Inset: The 

supercontinuum spectrum generated in the HNLF. CW TLS: CW tunable laser 

sources. WDM: wavelength-division multiplexer. PC: polarisation controller. 

HNLF: highly nonlinear fibre. TF: tunable filter. EDFA: erbium doped fibre 

amplifier. OSA: optical spectrum analyser. DSO: digital sampling oscilloscope. 

TCF: tapered coupling fibre.  

 

Having determined the resonance conditions, the next step was to probe the 

nonlinear phenomena in the a-Si:H cylindrical microresonator by characterising the 

shift in the resonance wavelengths of the WGMs as a function of coupled power. 

Two different configurations were used to determine the nonlinear wavelength 

tuning due to the thermal and Kerr nonlinearities.  The experimental arrangements 

are shown in Figure 6.5, where (a) makes use of a CW pump and (b) is for a high 

peak power, low duty cycle fs pulsed source.  
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Figure 6.6: (a) Red wavelength shift when pumping the resonance at λr1 as a 

function of average coupled power for CW (diamonds) and pulsed (circles) 

pumps. (b) Pulse spectrum showing coupling to the resonator at λr1, indicating 

a wavelength shift of Δλ = 1.76 nm from the cold cavity position (as shown in 

the inset). 

 

In the first experiment shown in Figure 6.5(a), a tunable CW pump (CW TLS 1) is 

positioned on λr1, then a second CW probe (CW TLS 2) at low power is used to scan 

over the resonance at λr2. Both the pump and probe beams were coupled into the a-

Si:H resonator via the tapered SMF and the output spectrum was monitored using 

an OCT. As silicon exhibits a large positive dn/dT, the absorption of the CW pump 

will increase the refractive index, resulting in red shift of the resonance 

wavelengths. The wavelength shift as a function of CW power coupled into λr1 is 

plotted in Figure 6.6(a) (diamond markers).  

 

For the second experiment as shown in Figure 6.5(b), the first stage involved 

generating a pulse source positioned on λr1. This was achieved by pumping a highly 

nonlinear fibre (HNLF), with parameters of β2 = 0.96 ps2/km, 𝛾 = 20 W-1 km-1, and α 

= 3.45 dB/km (at λ = 1.55 μm), and length L = 500 m, with a fs fibre laser (OneFive, 

720 fs, 40 MHz). A supercontinuum (SC), as shown in the inset of Figure 6.5(b), was 

obtained, which could be amplified via an erbium doped fibre amplifier (EDFA) to 

boost the power. The amplified SC spectrum was then filtered using a tunable filter 

(TF1, Santec OFT-320) to yield 2.2 ps (FWHM) pulses at the desired wavelength. As 

the spectral bandwidth of the pump pulses is broader than the cavity resonance, the 
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wavelength shift of the resonance can be monitored via the position of the 

absorption dip on the output pulse spectrum, as illustrated in Figure 6.6(b). The 

inset in Figure 6.6(b) shows the position of cold cavity (i.e., resonance condition 

without the presence of high pump power) for the purpose of comparison. However, 

to ensure that the measured shift was due to the presence of the pump, the output 

was also analysed in the time domain using a second, narrow-band (0.1 nm), tunable 

filter (TF2, Santec OFT-300) coupled with a high-speed 30 GHz photodetector 

(Agilent 83485B), with rise/fall times of 18 ps/7 ps and a 20 GHz digital sampling 

oscilloscope (DSO, Agilent 83480A). By monitoring the pulses on the DSO as TF2 

was tuned, the wavelength shift could be established from the point where the 

maximum reduction in the pulse amplitude is observed, i.e., when most of the light is 

coupled into the shifted resonance, as discussed in Section 6.2. The corresponding 

wavelength shift as a function of coupled average power for pulses is also plotted in 

Figure 6.6(a) (circle markers), along with the recorded shift from the CW laser. 

 

The wavelength shifts in Figure 6.6(a), both show a linear increase as a function of 

average coupled power, as expected for the thermal and Kerr nonlinear processes in 

silicon [174]. For the pulsed pump, the results yield a resonant wavelength shift of 

3.0 ± 0.1 nm at an average coupled power of 20 μW. Accounting for the spectral 

filtering due to the narrow resonator bandwidth, which broadens the pulse widths 

to 25 ps, this corresponds to an estimated peak power coupled into the resonator of 

only 20 mW and a pulse energy of less than a picoJoule (pJ). This switching 

threshold is an order of magnitude lower than what has been reported in silica 

fibre-based resonators, highlighting a key advantage in this highly nonlinear silicon-

based resonator [76]. For comparison, only a small 0.45 ± 0.04 nm resonance shift 

was observed from the CW pump at the same maximum coupled power. This small 

shift can be entirely attributed to the thermal nonlinearity resulting from the 

material absorption, where the moderate size reflects the relatively low losses of the 

a-Si:H material [54]. It is generally considered that when pumping with a pulsed 

source with a period that is shorter than the thermal response time of the resonator 

system, the temperature eventually stabilises at a value that only depends on the 

average power [60]. For a-Si:H resonator the response time of  𝜏thermo = 7.5 μs is 

considerably larger than the 25 ns time between the pulses [54], thus the order of 

magnitude difference in the two resonance shifts is due to the Kerr nonlinearity in 

the a-Si:H cylindical microresonator.  
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6.3.4 All-Optical Modulation Based on the Kerr Effect 

 

 

Figure 6.7: Set-up for Kerr switching. Labels as defined in Figure 6.5. 

 

The large Kerr wavelength shift measured in the a-Si:H microresonator is ideal for 

the development of a high-speed, low power all-optical modulator. To investigate 

this, a train of pump pulses can be used to modulate a low power CW probe in the 

set-up as displayed in Figure 6.7. In the experiment, the two lasers were tuned to the 

WGM resonances λr1 (CW probe) and to λr2 (pulsed pump), before launching into the 

tapered fibre. The presence of the pump is used to modify the index of the resonator, 

which shifts the CW probe into and out of the resonance, as illustrated in Figure 

6.8(a). The average power of the pump was 11 µW, which corresponds to peak 

power of 10 mW. At the output, the TF2 was used to isolate the probe, which was 

monitored using the 30 GHz photodetector and 20 GHz DSO. 

 

Figure 6.8(b) shows the impulse response of the probe when modulated by the 

pulse train, as measured directly from the combination of a 30 GHz photodetector 

and the 20 GHz fast oscilloscope. It is apparent from the pulse that it is not possible 

to fully resolve the temporal dynamics of the modulation on this bandwidth limited 

system, and thus a low pass filter (3 dB cut-off at 7.465 GHz) was applied to remove 

the high frequency oscillations, as shown in the top curve in Figure 6.8(c). The effect 

of the filter is to artificially broaden the measured pulse, but the result clearly shows 

the probe being switched on and off, on a ps timescale with a modulation extinction 

ratio (i.e., amplitude) of 3 dB. Owing to the near instantaneous response of the Kerr 

effect, the on-off switching time was expected to be on the order of the cavity 

lifetime at the pump resonance, 𝜏 = 10 ps (as calculated from Equation 2.29), which 
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is an order of magnitude faster than previous reports for free-carrier induced 

switching in silicon microring [172].  

 

 

Figure 6.8: (a) Arrow shows the probe position with respect to the cold cavity 

resonance dip (blue curve) and the orange curve shows red shifted resonance 

when the pump is on. (b) Impulse response of ps modulated probe. (c) Kerr 

switching with normalised bright pulses that correspond to the filtered pump 

and probe.  

6.4 Hybrid Silica-Silicon Microresonators 

Microspherical resonators fabricated from silica fibres have ultrahigh Q-factors of 

~109 [175], among the largest to date, resulting from the low absorption and surface 

roughness of silica glass. Thus, despite the low material nonlinear coefficient, silica-

based resonators have found use for nonlinear applications due to these high Q [59]. 

In contrast, silicon is an efficient platform for nonlinear processes, but silicon 

resonators can suffer from low Q-factors and strong nonlinear absorption. By 

integrating both materials, hybrid resonators may combine the best of both worlds 

and offers a route to advantageously exploit the best features in both materials in 

the resonator. Fibres with different core/cladding dimensions will be studied in this 

section to investigate the material and structural contributions with the goal to 

enhancing the properties of the resonators. It is worth to note that the hybrid 

resonators being investigated are essentially silica-based, i.e., the circulating modes 

are confined and supported by the pristine air/silica interface, but the highly 

nonlinear core will be modulated to tune the resonance for switching applications. 
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Furthermore, owing to the excellent mechanical integrity of the robust silica glass 

cladding the fibres can be post-processed to shape the resonator, thus introducing a 

higher degree of confinement as well as improving the core material quality.  

6.4.1 Hybrid Coaxial Microresonator  

6.4.1.1 Fabrication 

 

 

Figure 6.9: (a) The cross-section of a coaxial microresonator showing a silicon 

core with a radius of 𝑟co = 8.0 μm ± 0.1 μm, and silica cladding, 𝑟cl = 15.0 ± 0.1 

μm, scale bar 50 μm. (b) The side-view image of a coaxial resonator, where 

darker middle section corresponds to the silicon core surrounded by a thin 

layer silica cladding, scale bar 10 μm. 

 

The hybrid microresonators were fabricated from crystalline silicon optical fibres 

fabricated via the hand drawing process in MCD method, as described in Section 

4.4.1. The first hybrid silica-silicon microresonator that will be discussed is based on 

a coaxial design. These resonators are formed by simply identifying a fibre with 

appropriate cross-sectional dimensions, i.e., fibre with a thin silica cladding. Figure 

6.9 shows microscope images of (a) the cross-section of the resonator and (b) the 

side-view of the resonator. The coaxial microresonator has a length of 8 mm with an 

outer silica cladding diameter of 30.0 ± 0.1 μm and a silicon core diameter of 16.0 ± 

0.1 μm (measured using a microscope). Thus, the thickness of silica cladding wall 

surrounding the core is 7.0 ± 0.1 μm. Linear transmission measurements of the fibre 
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via cut-back showed it to have a high loss of 15.0 ± 0.1 dB/cm, which is typical for 

fibres fabricated via this method due to the polycrystalline nature of the core. The 

high loss inhibits any nonlinear observations associated to the silicon core, when 

pumped via a standard transmission geometry. For comparison, a pure silica fibre 

cylindrical microresonator was also fabricated by tapering a SMF to a similar outer 

diameter to the coaxial resonator as the control resonator.  

6.4.1.2 Characterisation of the WGM Resonances 

 

 

Figure 6.10: (a) The transmission spectrum from a coaxial silica-silicon fibre 

resonator revealing the excitation of a large number of resonance modes. (b) 

Transmission from a pure silica control resonator with the same outer 

diameter. Insets: the Lorentzian fitting to measure the Q-factor and the 

resonance bandwidth ∆λFWHM. 
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The procedures to characterise the transmission spectra of the coaxial resonator is 

the same as what was described in Section 6.3.2. Figure 6.10(a) shows the 

transmission spectrum for the hybrid coaxial resonator, revealing a series of mode 

families are excited with a  Δ𝜆FSR = 17 nm (as labelled in the figure). The large 

diameter of the coaxial resonator result in a smaller FSR value compared with the 

pure silicon-based microresonator (Section 6.3.2). The Lorentzian fit to the mode 

shown in the inset of Figure 6.10(a), positioned at λr = 1546.83 nm with an 

extinction ratio of 15 dB, yields ΔλFWHM = 0.04 nm, corresponding to Ql = 3.9×104, as 

calculated from Equation 2.28. The Ql measured for the hybrid coaxial resonator is 

more than two times larger than the Ql in the pure silicon cylindrical microresonator 

(Section 6.3.2). To further compare the result the resonance conditions from a pure 

silica coaxial resonator was characterised as a control experiment. The transmission 

spectra from the control resonator is shown in Figure 6.10(b) together with the 

Lorentzian fitting of the resonance mode (inset). The  Δ𝜆FSR = 14 nm, ΔλFWHM = 0.94 

nm and Ql = 1.7×103 were obtained. It is worth noting that the smaller Q measured 

in this control resonator is attributed to the large number of mode families that are 

excited, many of which overlap [71].  

6.4.1.3 Thermal Nonlinear Shift 

 

In order to investigate if the modes interact with the silicon, evidence of a large 

thermal nonlinearity of the silicon core was tested. This could be done by measuring 

the tunability of the modes in the two resonators, i.e., hybrid coaxial and control 

pure silica, when the core is pumped using a high power source, as illustrated in 

Figure 6.11(a). The pump was coupled in via a side-pumping configuration using a 

single mode tapered lens fibre (TLF, Nanonics), as shown in Figure 6.11(b). 

Compared to the resonance pumping scheme used in Figure 6.5, this method is more 

flexible as the pump wavelength does not need to carefully tailored to be on-

resonance, i.e., the pump light is not launched into the circulating mode. But, as a 

consequence of off-resonance pumping, higher pump power is needed to be coupled 

to the TLF to observe the nonlinear interaction. The TLF had a focused spot 

diameter of 1 μm allowing a tight focusing of pulses from a Ti:Sapphire laser at a 

wavelength of 810 nm (200 fs FWHM duration and 80 MHz repetition rate) into the 

core, as illustrated in Box 3 in Figure 6.11(a). With the increasing average pump 

power, the strong absorption of the silicon at this wavelength heats the inner core,
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Figure 6.11: (a) Schematic of the experimental set-up for characterising the 

hybrid coaxial resonators. Box 1 and 2 are used to excite and determine the 

best resonance condition for nonlinear experiment. Box 3 is the Ti:Sapphire 

laser pump to obtain nonlinear resonance shifting. Box 4 is the optical 

spectrum analyser (OSA). TLF: tapered lens fibre. (b) Image of the hybrid 

coaxial silicon microresonator coupled with tapered SMF and side-pumped via 

tapered lens fibre.  

 

resulting in a red-shift. Figure 6.12(a) shows the spectra of a red shifted resonance 

condition as a function of a side-pumped average power. As the tunability is due to 

the slow thermal nonlinearity, the shifts were able to be measured directly on the 

OSA (Ando AQ6317B), as illustrated in Box 4 in Figure 6.11(a). The magnitude of the 

shift as a function of the pump power is as shown in Figure 6.12(b). From the graph, 

a linear red shift of the resonance is visible, with the maximum shift of 0.42 ± 0.04 

nm obtained for an average power of 66 mW coupled into the tapered lens. The 

large value of the thermal red shift is attributed to the high loss of the core material, 

which manifests as a strong absorption [54, 164]. In contrast, no shift was measured 

from the control pure silica resonator, as shown in Figure 6.13, under the same side-

pump power. The result give a suggestion that the light travelling in the silica 
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cladding is interacting to some extent with the silicon core to result in the red 

shifting, as shown in Figure 6.12. This assumption (i.e., the interaction of light with 

the silicon core), will be discussed in more detail in the following section. 

 

Figure 6.12: (a) The red shift in the transmission as a function of the side-

pumped power, together with the cold cavity resonance which corresponds to 

the resonance position without any pumping. (b) The magnitude of the red 

shift as the pump power delivered by tapered lens is increased.  

 

 

Figure 6.13: The unshifted resonance position relative to the cold cavity 

resonance at high pump power in the control experiment. 
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6.4.2 Hybrid Spherical Microresonators 

6.4.2.1 Fabrication 

 

 

Figure 6.14: A cross-sectional image of the crystalline silicon fibre used in the 

fabrication of the hybrid spherical microresonator, scale bar 50 μm.  

 

To further investigate the interaction of light travelling in the silica cladding with the 

highly nonlinear core, the coaxial resonators were post-processed to reduce the 

thickness of silica cladding and to introduce a higher degree of resonance 

confinement in the hybrid spherical microresonators. The cross-section of the 

starting fibre to fabricate the resonator is shown in Figure 6.14. The fibre had a silica 

cladding diameter of 82.0 ± 0.1 μm and a 50.0 ± 0.1 μm silicon core (as measured via 

microscope) and the linear loss was estimated via a simple cut-back measurement 

to be 11.0 ± 0.1 dB/cm at 1.55 μm, which is consistent with the polysilicon nature of 

the core. A similar approach to that used to fabricate a germanium fibre-based 

spherical microresonator described in Ref. [80] was followed in order to turn the 

silicon core fibre into a spherical microresonator. Specifically, series of CO2 laser 

pulses (Coherent Diamond G-100) at 10.6 μm wavelength and 10 W peak power 

were focused onto the end of the crystalline silicon fibre. Laser pulses at this 

wavelength are strongly absorbed by the silica cladding, and the heat is transferred 

to the silicon core via conduction [155]. The number of pulses delivered to the fibre 

was controlled (3-8 pulses) to achieve an appropriate temperature at the tip; 

between the melting temperature of silicon core (1414 °C) and softening of the silica 

cladding (1950 °C). The surface tension will shape the heated fibre tip into a 

spheroidal to form a microresonator. An over exposure to the laser pulses will result 

in the fibre tip being cleaved off or the silicon core being melted away, leaving the 

softened silica cladding as the microsphere, as shown in Figure 6.15(a). Thus, it is 
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Figure 6.15: (a) Silica microsphere with diameter of 30.0 ± 0.1 μm, scale bar 

100 μm. (b) The hybrid silica clad, silicon core spherical microresonator, scale 

bar 100 μm. (c) The control resonator fabricated from a pure silica fibre with 

similar outer diameter to the hybrid sphere microresonator, scale bar 100 μm. 

 

important to optimise the number of pulses delivered to the tip to obtain a hybrid 

microsphere, as displayed in the microscope image in Figure 6.15(b). This 

concentric sphere with a 115.0 ± 0.1 μm outer diameter and 108.0 ± 0.1 μm inner 

diameter was fabricated with 3 bursts of laser pulses. Under the observation and 

measurement using a microscope, the resonator exhibits a thinner layer of silica 

cladding of 3.5 ± 0.1 μm, when compared to the previous hybrid coaxial resonator 

(Section 6.4.1.1) to enhance the light interaction with the highly nonlinear core. To 

the best of my knowledge, this resonator is the first demonstration of a spherical 

microresonator shaped out from the silicon fibre platform. In addition to the hybrid 

spherical microresonator, a pure silica spherical microresonator with similar 

dimensions was fabricated using an arc-fusion splicer (Ericsson FSU 995 FA). The 

microscope image of the control resonator is shown in Figure 6.15(c). 

 

Raman spectroscopy was used to investigate the material quality of the processed 

hybrid spherical microresonator. The procedure for these measurements was 

detailed in Section 4.5, and Figure 6.16 shows the Raman spectra of the hybrid 

spherical microresonator core (top curve) compared to that of the unshaped or 

unprocessed silicon fibre core (bottom curve). Using a Voigt fit to take account the 
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2.10 ± 0.01 cm-1 Gaussian instrument contribution, the Lorentzian peaks have 

widths of Γ = 3.05 ± 0.01 cm−1 and Γ = 3.12 ± 0.01 cm−1 for the shaped and unshaped 

cores, respectively. These results indicate that the material quality of the core was 

slightly improved by the reshaping, which is possibly due to the re-crystallisation of 

the molten silicon tip. However, in both cases the widths are larger than the single-

crystal reference (ΓR = 2.70 ± 0.01 cm−1 in Figure 4.5(b)), which is consistent with 

the polycrystalline nature of the material and the relatively high loss value of the 

starting fibre [119].  

 

  

Figure 6.16: The Raman spectra of the silicon cores of the hybrid microsphere 

(top curve) and the unshaped fibre core (middle curve). The solid lines are 

measured data and dotted curves are Voigt fits (Lorentzian linewidths as 

indicated). 

6.4.2.2 Characterisation of the WGM Resonances 

The WGM characterisation procedure is the same as was explained in Section 6.3.2. 

The transmission spectrum for hybrid microsphere is plotted in Figure 6.17(a) and 

for the pure silica control microsphere, in Figure 6.17(b). The insets show the 

resonances used to calculate the Q-factors and the corresponding Lorentzian fits. In 

both cases a series of resonance mode families were excited, though the larger 

number obtained in the case of the silica sphere highlights the differences in the two 

structures. Table 6.1 provides a summary of the details measured for the WGM 

resonances in both the hybrid sphere microresonator and the pure silica control 



95 
 

sphere microresonator. Notably, the measured resonance conditions; i.e., solid red 

coloured resonance curves in both Figure 6.17(a,b), were chosen randomly between 

the resonances with high extinction ratio, i.e., larger than 10 dB, and resonances 

with shorter extinction ratio, i.e., below 10 dB, to investigate the range of maximum 

Q-factors achievable in the resonators. The FSR for a microresonator with a dense 

transmission spectrum as illustrated in Figure 6.17 can be identified as a distance 

between transmission peaks which are periodically repeated along the spectrum, as 

labelled in the figure [145].  

 

 

Figure 6.17: Transmission spectra of (a) the hybrid coaxial resonator, and (b) 

the pure silica control resonator. Insets show the Lorentzian fit to λr1 to 

determine Ql. 

 

The maximum of Ql2 = 1.94×105 is achieved in the hybrid microsphere, as calculated 

from Equation 2.28. Significantly, this Ql2 is in order of magnitude higher than that 

of the coaxial resonator, i.e., unshaped fibre (Section 6.4.1.2), due to the contribution 

of higher lateral confinement provided by the spherical shaping to the measured Ql 
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and the improved material quality, as shown by Raman bandwidth in Figure 6.16. To 

further compare, the Ql2 in the hybrid microsphere is also two orders of magnitude 

larger than the values obtained in pure silicon cylindrical microresonators in Ref. 

[54], that have a similar bulk material quality. The increased Q is due to the fact that 

the WGMs are now largely confined within the silica cladding, which are both low 

loss and a better index match to the SMF tapered coupler. Furthermore, as a final 

comparison, a Ql2 = 2.56×105 was measured in the pure silica control sphere 

microresonator. Notably, this Q value is similar to the Q in the hybrid sphere 

microresonator, to maintain a similar photon lifetime τ, thus the light intensity in 

both the resonator, when comparing their optical properties. Furthermore, the 

slightly larger FSR observed in the hybrid resonator (5.0 nm) compared to the 

control resonator (4.5 nm) again suggesting that the WGMs are interacting to some 

extent with the higher index silicon core. 

 

Table 6.1: Resonance properties of hybrid spherical microresonator and pure 

silica spherical microresonator as a control resonator. 

Parameter Hybrid spherical 
microresonator 

Pure silica spherical 
microresonator 

λr1 (extinction ratio) 1557.79 nm (14 dB) 1550.97 nm (11 dB) 

λr2 (extinction ratio) 1550.54 nm (4 dB) 1543.50 nm (7 dB) 

Ql1 1.11×105 1.55×105 

Ql2 1.94×105 2.56×105 

FSR 5.0 nm 4.5 nm 

6.4.2.3 Nonlinear Wavelength Shifting 

To investigate nonlinear tuning of the WGM resonances a pump-probe set-up was 

constructed using the components of Box 3 in Figure 6.18. The pump approach to 

excite the nonlinearity is similar to what was described in Section 6.4.1.3. The pump 

is provided by one of two sources, such that the effects of thermal and Kerr 

nonlinearities could be deconvolved (similar to discussion in Section 6.3.3). The 𝑃𝑖=1 

in Box 3 is the low power CW diode pump at 1.55 μm and the 𝑃𝑖=2 is a high power 
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pulsed fibre laser at 1.54 μm (720 fs FWHM duration and 40 MHz repetition rate). 

The wavelength shifting experienced by the resonance under the excitation from CW 

diode pump was monitored on the OCT (Box 2). For comparison, the shifted 

resonance due to high power pulsed pump was monitored at the OSA (Box 4). 

 

 

Figure 6.18: Set-up for characterising the hybrid spherical microresonators. 

Box 1 and 2 are used to excite and determine the best resonance condition for 

the nonlinear experiment. Box 3 and 4 for the pump-probe experiments used 

to determine the nonlinear wavelength shifting for either a CW or pulsed 

pump. 

 

The size of the measured wavelength shift for the two sources is plotted in Figure 

6.19. In both cases, a linear red shift in the WGM resonance dip is observed as 

expected for the thermal and Kerr nonlinearities in silicon. A maximum red shift of 

0.10 ± 0.01 nm was obtained at 27 mW pump power coupled into the TLF from the 

CW source. The shift is entirely attributed to the thermal nonlinearity associated 

with material absorption. In contrast, for the same average power from the high 

peak power pulsed pump, a shift of 0.32 ± 0.02 nm was obtained, so that the 

additional shift can be attributed to the Kerr effect. To ensure that the observed 

shifting was due to the pump interacting with the silicon core, as being suggested in 

Section 6.4.1.3 and 6.4.2.2, these measurements were repeated using the pure silica 

control sphere microresonator. A maximum red shift of only 0.05 ± 0.01 nm was 

obtained for both pump sources at same average pump power, which only relates to 

the thermal absorption in silica. From these results I can infer that the light which is 

travelling in the silica cladding is indeed interacting with the silicon core, to confirm 

the earlier assumption.  
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Notably, the pump power thresholds to observe the shifts in the hybrid resonators 

are higher than in pure silicon cylindrical microresonator (Section 6.3.3) due to the 

off-resonance, side-pumping geometry. Furthermore, in this pumping scheme it is 

not possible to ascertain exactly how much of the pump light is coupled into the 

silicon core so that the actual power required for this level of shifting is expected to 

be lower. However, compared to coupling the pump into a resonator mode, side-

pumping does offer some key benefits as it removes the necessity for a precise pump 

wavelength and the speed of the switching process are not limited by the resonance 

bandwidth and cavity photon lifetime, i.e., the pump was not launched into a 

circulating mode, thus the photons are only presents in the material for the duration 

of the pump pulses, hence faster switching speeds. Thus, there is a trade-off between 

the higher pump threshold and a faster switching speed due to off-resonance, side-

pumping geometry.  

 

 

Figure 6.19: Wavelength shifting as a function of average power coupled into 

the TLF for CW (circle markers) and pulsed pumping (cross markers). 

6.4.2.4 All-Optical Modulation based on Kerr Effect 

The Kerr-like nature of the resonator response to the pulsed pump was verified via 

exploiting the large wavelength shifting for the demonstration of ultrafast all-optical 

modulation. In this experiment, a similar set-up to that used in Figure 6.18 was 

employed, except that now the tunable CW source is fixed to the cold cavity 

resonance wavelength, as indicated in the inset of Figure 6.20(b). In this position the 

low CW probe at 1 mW is coupled into the resonance so that initially there is no light
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Figure 6.20: All-optical switching of a CW probe induced by the pulsed pump. 

(a) Impulse response of the probe. (b) The filtered modulated signal. Inset: the 

CW probe position with respect to cold cavity resonance dip. 

measured at the output of the taper. Figure 6.20(a) shows the subsequent switching 

on, then off of the probe associated with the ultrafast index change when the high 

power pump is present in the silicon core. As discussed earlier, due to the 

bandwidth limitation of the measurement system (Box 4 in Figure 6.18 for a 30 GH 

photodetector and 20 GHz DSO), the temporal dynamics of the modulated probe 

cannot be fully resolved. Thus, the direct measurement of the high-speed on/off 

switching results in the recording of an impulse response, as shown in Figure 

6.20(a), so that the modulated signal must be filtered with a low pass filter (3 dB 

cut-off at 7.465 GHz) as for the result in Figure 6.20(b). The resulting modulated 

signal is recorded with an extinction ratio (i.e., amplitude) of 6 dB, for an average 

pump power of 10 mW, which is twice as large as what was obtained in pure silicon 

cylindrical microresonator, i.e., 3 dB modulation ratio (Section 6.3.4). However, as 

explained in Section 6.4.2.3 for off-resonance pumping schemes the switching speed 

are independent of the resonator bandwidth and the cavity lifetime, i.e., different to 

the more common on-resonance pump configuration where the speed is limited by 

the photon lifetime of the resonator. The Kerr index modulation in the resonator 

will occur on the timescale of the 720 fs pump duration. If the resonator is pumped 

under an on-resonance scheme, the switching speed will be in the order of  𝜏 = 92 ps 

(calculated from Equation 2.29).  But, in the case of off-resonance pumping, it is 

expected that the on/off switching time to be sub-picosecond, which is an order of 
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magnitude faster than measured in the pure silicon cylindrical microresonators of 

Section 6.3.4. Furthermore, as the pump is not circulating in the cavity mode it is 

also expected that the threshold to achieve similar level of modulation is higher in 

off-resonance, side-pumping geometry in comparison to the on-resonance pumping 

scheme.       

6.5 Conclusion 

In this chapter, a variety of different silicon fibre-based resonators were fabricated 

and characterised. Both pure silicon cylindrical microresonators and hybrid silica-

silicon coaxial and spherical microresonators were fabricated from different starting 

silicon fibres. In all cases, the resonators were shown to exhibit excellent properties 

desired for an enhanced nonlinear performance, such as ultra-smooth surfaces and 

high Ql values. The large tunability in the resonance conditions due to Kerr 

nonlinearity in the silicon resonators was exploited to demonstrate Kerr-based 

switching/modulation at speeds with picosecond and even sub-picosecond response 

times. The enhanced functionalities offered by these novel silicon-based 

microresonators will not only open up new avenues for compact, low loss and highly 

nonlinear optical devices, but also can be potentially used for development of 

resonator-based optical sensors. 
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Chapter 7 

Conclusion and Future Work 

7.1 Conclusion 

The results in this thesis centre around the development and fabrication of novel, 

micron-scale, nonlinear silicon fibre devices that can operate at low powers and 

high-speeds. The ability to use standard fibre post-processing techniques to tailor 

the mode confinement and waveguiding properties in the fibres is a degree of 

freedom beyond what can be achieved using planar-based silicon waveguides. 

Unique configurations such as tapered silicon fibres and fibre-based WGM 

microresonators were fabricated with enhanced light-matter interactions. 

 

The fabrication methods for the silicon fibres used in this thesis were described in 

Chapter 4. Two main approaches were discussed; material deposition via high 

pressure chemical deposition and molten core fibre drawing via a modified drawing 

tower method. The chemical deposition technique is ideal for the fabrication of 

small core a-Si:H fibres (diameter ranges of ~2-6 μm) with low transmission loss. 

Whereas, the molten core drawing technique is efficient for fabrication of long 

lengths of crystalline silicon fibre with larger core diameters (10 μm or larger). Since 

the linear transmission in the as-drawn polysilicon core fibres are poor (10-20 

dB/cm loss at 1.55 μm), descriptions and measurements on the nonlinear 

transmission parameters were performed on a 5.7 μm core a-Si:H fibre sample. 

Numerical simulations were carried out based on a set of coupled equations, as 

discussed in Chapter 3, to fit the experimentally measured data. For a 2.1 ± 0.1 
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dB/cm a-Si:H fibre, the best fitting revealed the estimated material parameters to be 

𝛽TPA = 0.70 ± 0.02 cm/GW and 𝜎FCA  = 1.0 ± 0.4 × 10−16 cm2 for the nonlinear 

absorption and 𝑛2 = 1.71 ± 0.05 × 10−13 cm2/W for the Kerr nonlinear refractive 

index, measured at a wavelength of 1.54 μm.  

 

A detailed description of the transmission measurements in the tapered 

polycrystalline fibres, which have lower losses than the as-drawn fibres, was 

presented in Chapter 5. Fibres with different core sizes were fabricated such that the 

final waist diameters were (A) 4.8 ± 0.1 μm, (B) 3.4 ± 0.1 μm and (C) 0.9 ± 0.1 μm. 

Fibre C has the smallest core size reported for any polycrystalline silicon fibre. 

Improvements in the crystallinity and the material quality via fibre tapering were 

verified using Raman spectroscopy measurements. A more pronounced 

improvement was observed in fibre C with Γ = 2.87 ± 0.01 cm-1 closer to the single-

crystal reference, ΓR = 2.70 ±  0.01 cm-1. The results of linear transmission 

measurements revealed a 4× loss reduction from fibre C compared to the loss of the 

as-drawn fibre (12.0 ± 0.1 dB/cm). In particular, fibre C is the lowest loss polysilicon 

waveguide with a submicron waist reported to date. The combination of scaling 

down the fibre core size with the low transmission losses has allowed for the first 

measurements of nonlinear propagation in this material. The measured parameters 

for the fibre were: 𝛽TPA  = 0.7 ± 0.1 cm/GW, 𝜎FCA = 1.4 ± 0.3 × 10−17 cm2 and  𝑛2 = 0.5 

± 0.1 × 10-14 cm2/W at 1.54 μm. These values are in good agreement with values 

reported in bulk single-crystal silicon.  

 

Another geometry that is also unique to this platform is the fibre-based WGM micro-

resonators. The microresonator fabrication was discussed in Chapter 6, with a focus 

on the development of all-optical signal processing devices. The two main processes 

that contributed to the index change which allowed for tuning of the resonance 

conditions in this thesis are the thermo-optic effect and the Kerr nonlinearity. Three 

silicon fibre-based resonance cavities were fabricated from different starting silicon 

fibres; pure silicon cylindrical microresonators and hybrid silica-silicon coaxial and 

spherical microresonators. 

 

The 5.7 μm diameter cylindrical microresonators were fabricated using a wet 

etching technique to remove the silica cladding, leaving a smooth a-Si:H core as the 

resonator. The Q = 1.19×104 for the resonator is comparable to silicon microdisks 
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fabricated on-chip. The resonator was pumped with either a  high average power 

CW laser or a fs pulse source to induce thermal and Kerr nonlinear shifts, 

respectively. At similar average coupled pump powers of 20 μW, a 3.0 ± 0.1 nm 

resonance wavelength shift was obtained from the pulse excitation in comparison to 

only 0.45 ± 0.04 nm resonance shift from the CW excitation, confirming the large 

tunability was a Kerr interaction. The large Kerr nonlinear shift was exploited to 

demonstrate ultrafast all-optical modulation with a switching speed of 10 ps, 

modulation ratio of 3 dB, for an average power of only 11 μW. This value is less than 

half the power used to demonstrate Kerr switching in a silica bottle resonator, 

demonstrating the advantage of accessing the large Kerr coefficient in the a-Si:H 

material [76].  

 

To further the investigations of the fibre-based WGM microresonators, a particular 

focus was placed on hybridising the structures to make use of the important 

properties of the silica glass cladding and the crystalline silicon core. Two novel 

resonance cavities were fabricated from polycrystalline fibres; hybrid coaxial and 

hybrid spherical microresonators. The low loss silica cladding supports the 

circulation of high Q modes, Ql = 3.9×104 in the coaxial and Ql = 2.56×105 in the 

spherical resonators, both larger than Ql in a pure silicon cylindrical microresonator 

(i.e., with no silica cladding). The highly nonlinear silicon core in the spherical 

resonator was modulated with fs pump pulses and a CW laser. At 27 mW average 

pump power (off-resonance pump scheme) a maximum red shift of 0.32 ± 0.02 nm 

was obtained under pulse excitation, in comparison to 0.10 ± 0.01 nm shift for CW 

laser excitation. Significantly, an ultrafast Kerr optical modulation on a timescale of 

the 720 fs pump duration was demonstrated (i.e., a sub-picosecond switching 

speed), which is an order of magnitude faster that in pure silicon cylindrical 

microresonators. A 6 dBm modulation extinction ratio was obtained at average 

pump power of 10 mW. Such compact, low power, high-speed devices based on 

microresonators are expected to have wide ranging applications not only in all-

optical signal processing but also in development of optical sensors based on 

microresonators. 
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7.2 Future Work 

Despite the promising demonstrations of nonlinear processes in silicon waveguides 

to date, achieving efficient light amplification and lasing are still highly desirable. My 

group is moving towards this aim using the small core tapered silicon fibres, which 

offer both low losses and tight mode confinement. The most promising route to 

achieving this is using stimulated Raman scattering (SRS) whereby a strong pump 

transfers energy to the Stokes signal to be amplified. Under suitable conditions, i.e., 

the pump beam is strong enough, a transfer of energy from the pump to the Raman 

pulses can be achieved [18, 176]. The strong confinement in the small core tapered 

fibres may facilitate this process owing to the high intensity of the confined light. By 

pumping the small core tapered fibres beyond the silicon TPA regime, i.e., using a 2 

μm laser source, the nonlinear absorption and induced free-carriers, which limit the 

Raman gain at 1.55 μm will be reduced, potentially leading to the first in-fibre silicon 

Raman amplifier and/or laser [88].  

Furthermore, a recent publication in my group showed  the capability to generate 

second harmonic light in a ZnSe cylindrical microresonator [177]. ZnSe is a non-

centrosymmetric semiconductor material and so allows for the observation of 

nonlinear phenomenon related to the 𝜒(2) nonlinearity, which includes second 

harmonic generation (SHG). The small volume resonator allows for good spatial 

overlap and modal phase matching between pump pulses and the SHG radiation. To 

follow the same demonstration, we aim to exploit the silicon fibre-based resonator 

for generation of short wavelength light via third harmonic generation (TGH). The 

resonator configuration will allows multiple light circulations, which may increase 

the efficiency of the THG at low threshold power.  

In addition, the tapered silicon fibres could also be exploited to form a tapered 

silicon resonator structure. The tapered structure would allow access to a 

continuous range of dispersion parameters by simply coupling to different 

diameters along the length, thus facilitating phase-matched processes such as FWM. 

It has been recently been demonstrated that an optical comb can be generated by 

cavity enhanced FWM as well as cascaded Raman amplification in a high Q 

microresonator made of silica [178]. A wide spectrum of evenly spaced comb 

components was demonstrated to exhibit spectral separations according to the 
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resonance FSR. Thus, the utilisation of tapered structure can be a platform to 

achieve a tunable FSR for the comb according to the diameter of the tapered 

resonator. 
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