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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES

Optoelectronics Research Centre

Doctor of Philosophy

NONLINEAR PROPERTIES OF SILICON CORE OPTICAL FIBRES

by Priyanth Mehta

Silica optical fibres are renowned for the framework they have set in modern commu-

nications systems, sensors, and biotechnology. One particular trend in current research

aims to investigate materials with enhanced optical functionality, high optical efficiency,

robustness, and a small device footprint. Amongst the many material choices, semicon-

ductors are emerging as a promising route. In this work, optical fibres and semicon-

ductors are elegantly unified to create a hybrid structure with the potential of seamless

integration into current fibre infrastructures. Silica capillaries form the fibre templates

in which amorphous semiconductor materials such as silicon and/or germanium are im-

pregnated. This thesis will present the first comprehensive description of the fabrication,

characterisation, and the implementation of silicon optical fibres for all-optical signal

processing. The fibres are fabricated via a novel high pressure chemical deposition pro-

cedure. Each fibre is analysed to determine the exact material composition, uniformity,

and more importantly the optical quality. Linear and nonlinear optical characterisations

are performed experimentally and supported by intensive numerical studies to validate

the results.

The high nonlinearity of silicon is exploited for all-optical signal processing. Several

investigations have been performed to determine key nonlinear coefficients that were

previously unknown in these fibres. Nonlinear absorption experiments allowed for the

determination of the degenerate and non-degenerate two-photon absorption coefficients,

free carrier cross sections, and free carrier lifetimes of a number of silicon fibres. Non-

linear refraction investigations were then used to establish the Kerr nonlinearity. The

strength of this parameter allowed for demonstration of strong self-phase and cross-phase

modulation effects. With the insight gained in nonlinear absorption and refraction in

silicon optical fibres, all-optical amplitude modulation and wavelength switching was

demonstrated at ultrafast sub-picosecond speeds.
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Chapter 1

Introduction

Exotic Fibres

Optical fibres have experienced significant advancements in their performance since the

1950s. After the first commercial and industrial implementation of solid silica fibres in

1975 [1], transmission was employed over long and short distances, revolutionising com-

munications, remote sensing, imaging, laser development, and many more disciplines.

Despite this success, limitations in conventional silica fibres began to appear. In recent

years, considerable attention has been focussed on expanding the functionality of opti-

cal fibres beyond what is offered by conventional silica fibres. The development of fibre

compositions to include more exotic materials such as soft glasses [2, 3], polymers [4],

gases [5], liquid crystals [6], metals [7], and semiconductors [8] have inspired a new

generation of research. The design of such novel fibres can lead to an unprecedented

level of control in their dispersion, birefringence, number of guided modes, nonlinearity

and many other properties. Consequently, fundamental characterisations of such novel

fibres must be performed to determine their potential as well as to rank them against

competing technologies.

The past decade has witnessed a particular design emerging in optical fibres. Hybridised

structures that exploit the excellent mechanical properties of the silica material as a

cladding in which to encapsulate a uniquely different core material, thus providing an

elegant route at unifying current optical fibres with novel materials. The prospect of such

a platform is largely motivated by the effects it has on optical pulse propagation. Much of

this research is motivated by the desire for enhanced nonlinear optical effects. Nonlinear

optics has been an active area of research for over 40 years. It is well known by the

telecommunication industry as a system impairment, however, it has richly contributed

to many fields of physics, medicine, biology, and chemistry. While fundamental nonlinear

interactions have been well characterised in many materials, there is a persistent trend

to search for materials with an enhanced nonlinearity.

1
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Figure 1.1: Illustration of a semiconductor-core silica-cladding optical fibre as
an integrable nonlinear component.

Ultrafast Effects

Nonlinear optics in silica fibres received a large stimulus after the work of Stolen et al. at

Bell Laboratories from the 1970s [9]. Its importance is largely motivated by the ability

of the nonlinearity to manipulate light and hence the information carried by it. Due to

the fast electronic response of materials, the speed at which this manipulation occurs is

well beyond any electronics. However, employing this enormous bandwidth turns into a

problem if conventional electronics is required to interface with this optical processing,

as the electronic bandwidths are typically no better than ∼ 1011 Hz. Since the practical

utilisation of nonlinear processes in most cases relies on high intensity light, it is most

often investigated through the use of short pulse propagation due to their high peak

powers.

Unlike bulk materials, fibres allow light to remain confined in the core due to waveguid-

ing, providing a relatively long length over which high intensity light can be maintained.

By utilising a medium in which the optical nonlinearity is far higher than silica, it is

possible to use low power continuous wave or pulsed sources over shorter fibre lengths.

Of the many materials listed earlier, semiconductors are well known to possess some of

the highest nonlinear strengths [10,11]. Silicon has emerged as a popular semiconductor

photonics material as it has rich electrical and optical functionality and is compatible

with the deeply embedded CMOS industry [12], which is also interested in combining

new optical functionalities. Over the past few years silicon waveguides have been exten-

sively investigated on planar substrates where their nonlinear applicability for all-optical

modulation, switching, regeneration, amplification, pulse compression, and wavelength

conversion have been demonstrated [13]. This diverse range of applications could poten-

tially be conducted in silicon-core silica-cladding fibres. Thus, these two independent

subjects of nonlinear fibre optics and nonlinear silicon photonics can be unified as de-

picted in Figure 1.1, to introduce a nascent route of an unexplored territory in nonlinear

optical effects. A novel fabrication method is required to synthesize such a hybrid

structure and accordingly requires a thorough investigation of its material composition,

purity, optical characteristics, and nonlinear optical properties. Features such as this
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reveal a standard of measure of the silicon fibre relative to the more conventional planar

silicon photonic platform. The integration of silicon as a core material encased by a

silica capillary and the aforementioned characterisations is the focus of this research.

This work represents the first comprehensive study of the linear and nonlinear optical

properties of the silicon fibre. Linear measurements were performed at near-infrared

and mid-infrared wavelengths, while the nonlinear coefficients were established at a high

accuracy and justified by device applications.

1.0.1 Outline and Contributions of Thesis

Chapter 2 is a brief description of the basic properties of optical fibres. It begins by

developing the theory of mode propagation for optical pulses, with particular emphasis

on dispersion. The theory is then extended to fibres where the core is comprised of a

semiconductor material, accounting for effects of free carrier losses and nonlinear two-

photon losses. In addition, the foundation of nonlinear pulse propagation is introduced

stating the primary coefficients and equations used throughout this work.

Simulations of the dispersion curves and nonlinear absorption mechanisms were per-

formed on codes I had developed based on the theory in this background chapter.

Chapter 3 describes the chemical deposition technique used to fabricate the semiconduc-

tor fibres. The different phases of silicon: polycrystalline, amorphous, and amorphous

hydrogenated, were characterised with a variety of instruments. Scanning electron micro-

scopes and Raman spectroscopy measurements were performed on a number of samples

to reveal the deposition uniformity and composition. The optical quality of several semi-

conductor fibres were measured and compared against the different deposited phases.

Particular emphasis is placed on hydrogenated amorphous silicon core fibres.

Fabrication of the semiconductor fibres, scanning electron microscope images, Raman

measurements of the Si-H stretch modes, and furnace temperature profiles in this chap-

ter were performed at Pennsylvania State University by Todd Day and Justin Sparks.

The optical microscope images, the amorphous hydrogenated silicon Raman measure-

ments, and optical transmission measurements were performed by myself. Parts of the

polycrystalline Raman measurements and transmission measurements were performed

by Noel Healy and Laura Lagonigro.

Chapter 4 provides comprehensive numerical and experimental detail of the nonlinear

absorption in silicon optical fibres. The chapter begins with an experimental inves-

tigation of the free carrier lifetimes. Rate equations that define the generation and

recombination of these free carriers are simulated in conjunction with pulse propagation

to show optical limiting. Through numerical fitting of these equations with the experi-

mentally fitted data, the nonlinear absorption coefficients are evaluated.

In this chapter, I had redeveloped the carrier lifetime experiment based on a previ-

ous implementation by our group. Design of the experiments and the measurements of
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the carrier lifetimes, FROG traces, nonlinear absorption curves, autocorrelations, oscil-

loscope traces, and cross-absorption modulation measurements were performed by me

with the assistance of Noel Healy. Simulations of the simplified coupled-mode equations

were coded by me including the evaluation of the nonlinear absorption coefficients.

Chapter 5 is dedicated to the nonlinear refraction in silicon fibres. It begins by de-

scribing how the nonlinear induced phase shift leads to frequency generation about the

input pulse spectrum with a simple analytical formulation, and then shows how the

Kerr nonlinearity is determined from the self-phase modulated spectrum. Cross-phase

modulation is also investigated and shown to produce large frequency shifting through

the interaction of ultrashort optical pulses.

Measurements of the multimode interference spectrum, self-phase modulation spectra,

FROG traces, and cross-phase modulation spectra were measured by myself. I had

designed the cross-phase modulation experiments based on previous literature on the

subject. The computer programs written to allow for automation of the experiment was

also developed by myself. Numerical analysis of the effective refractive indices and non-

linear refraction experiments were jointly done by Anna Peacock and I. The MATLAB

code of the generalized nonlinear Schrödinger equations were written by Anna Peacock.

Chapter 6 extends the characterisation of the semiconductor fibres into the mid-infrared.

Silicon and germanium fibres are optically characterised at these wavelengths to reveal

their linear transmission losses. Emphasis is directed towards the fabrication and ma-

terial characterisation of the germanium core optical fibre for future work at larger

wavelengths.

The mid-infrared measurements in the hydrogenated amorphous silicon fibres were done

by me with the assistance of Noel Healy. Fabrication, scanning electron microscope im-

ages, Raman spectra, and transmission measurements above a wavelength of 3µm in the

hydrogenated amorphous germanium fibres were done by Mahesh Krishnamurthi, Neil

Baril, and Justin Sparks at Pennsylvania State University. The remaining experimental

setups and measurements (unless otherwise stated) were designed and performed by me.

Chapter 7 concludes the results achieved in this thesis. Semiconductor fibre fabrication,

linear optical characterisations, nonlinear absorption measurements, and nonlinear re-

fraction measurements were the key topics discussed. Their relevance in device based

applications is mentioned with suggested improvements still required in certain areas.



Chapter 2

Background

2.1 Introduction

In this chapter, a review of wave propagation in optical fibres is discussed. Light propa-

gation in waveguides is strongly influenced by their geometry and material composition.

A theoretical foundation and description of these properties is discussed for semicon-

ductor core fibres, with an emphasis on silicon as a core material. Optical pulses are

described for weak and strong optical intensities. In the regime of weak optical intensi-

ties, propagation of waves involve effects such as dispersion and attenuation. However,

for higher optical intensities it will be shown that a number of effects arise, producing

a complex model requiring numerical methods for the calculation of the output field’s

properties. The chapter concludes with a brief description of numerically evaluating the

output optical field of a fibre using a model accounting for both weak and strong input

intensity regimes.

2.2 Wave Propagation in Optical Fibres

Conventional optical fibres consist of a cylindrical core, a surrounding cladding, and

jacket layers. The core has a higher refractive index than the cladding to ensure light

can be guided in the core via total internal reflection. The cladding is encased by an

acrylate polymer (the jacket) to blanket the surface from external particle contamina-

tion, moisture, and provide general mechanical protection. Figure 2.1 shows a schematic

of a stepped-index optical fibre cross-section and the corresponding refractive index pro-

file, illustrating the different layers and parameters used to quantify properties of the

structure. The two dimensionless quantities n1 and n2 in Figure 2.1 are the refractive

indices of the core and cladding and are used to characterise the light-gathering capacity

5
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Figure 2.1: Cross-section of a step-index optical fibre.

of an optical fibre, known as the Numerical Aperture NA:

NA =
√
n2

1 − n2
2. (2.1)

Large NA fibres have a higher acceptance cone in which several light rays can be captured

within the core. These rays form a group of electromagnetic field distributions known

as fibre modes, the number of allowable modes is determined by the V parameter or

normalised frequency:

V =
2π

λ
a
(
n2

1 − n2
2

) 1
2 . (2.2)

For step-index fibres with V < 2.405 [14] the energy of an input ray within the area of

spatial acceptance is confined to a single-mode. Typically the core’s dimension or refrac-

tive index is modified for this condition to be satisfied at a particular set of wavelengths.

2.2.1 Optical Pulses

When pulsed light enters an optical fibre a number of physical mechanisms affect its

propagation. To understand these effects, a description of optical pulses is required. The

scalar approach is a simplified treatment of the electric field vector by only considering a

single polarization component along the fibre. This approximation holds valid for fibres

whereby each polarization experiences a near similar refractive index, e.g. when the

core and cladding refractive have a low index contrast [14]. The associated description

of the field Ψ(r, t) [W1/2] (normalised such that |Ψ(r, t)|2 is the optical power) can be

represented as:

Ψ(r, t) =
1

2
x̂ [ψ(r, t)exp(−iω0t) + c.c.] , (2.3)

x̂ is the polarization unit vector, ψ(r, t) is the complex envelope, ω0 [rads−1] is the carrier

frequency, and c.c. denotes the complex conjugate. The optical field is defined within

the complex field envelope decomposed into an amplitude and phase component:

ψ(r, t) = F (x, y)A(z, t)exp[iβ(ω0)z]. (2.4)



Chapter 2 Background 7

F (x, y) is the transverse mode distribution; it is an mth-order Bessel solution of the wave

equation [15,16] and consists of n guided mode solutions depending on fibre dimensions,

geometry, and refractive indices. A(z, t) [W1/2] is the slowly varying temporal pulse

envelope, its solution as a function of fibre propagation distance z [m] is solved through

the pulse propagation equation introduced later in Section 2.4. The exponential term

represents the phase component of the optical pulse with β(ω0) [m−1] the momentum

wavenumber solved for the modes of F (x, y).

Typical forms of the optical field A(z, t) may be expressed as a Gaussian envelope with

phase φ(t) [rad]:

A(z, t) =
√
P0(z) exp

(
− t2

2T 2
0

)
exp[iφ(t)], (2.5)

where P0(z) [W] is the peak optical power and the full width half maximum (FWHM)

pulse is related by TFWHM ∼ 1.665T0 [s]. Alternatively, A(z, t) may also be expressed as

a hyperbolic secant:

A(z, t) =
√
P0(z) sech

(
t

T0

)
exp[iφ(t)], (2.6)

with TFWHM ∼ 1.763T0. For Gaussian and hyperbolic secant pulses, the time dependence

of the phase implies an instantaneous frequency change Ω across the optical pulse and

is defined as Ω = −dφ/dt. The temporal optical field can also conveniently be expressed

in the frequency domain through the Fourier transform F{A(z, t)}:

Ã(z, ω) =

∫ ∞
−∞

A(z, t)exp(iωt)dt. (2.7)

When both temporal amplitude and phase of the optical pulse is known, the Fourier

transform presents an accurate representation of the optical spectrum. The field can

similarly be transformed back to the time domain through the inverse Fourier transform

F−1
{
Ã(z, ω)

}
:

A(z, t) =
1

2π

∫ ∞
−∞

Ã(z, ω)exp(−iωt)dω. (2.8)

2.2.2 Modal Properties

Large values of V resulting from high index contrasts, short wavelengths, or large cores,

lead to several propagating modes [17]. Each mode has a unique set of propagation

properties defined by their effective refractive index and mode area. The effective index

is defined as:

neff =
βmn(ω0)

k0
, (2.9)

where the momentum wavenumber βmn(ω0) [m−1] is β(ω0) solved for the different modes

F (x, y), and k0 = 2π/λ0, with λ0 the wavelength in vacuum. The effective mode area is
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defined as:

Aeff =

[∫ ∫∞
−∞ |F (x, y)|2dxdy

]2∫ ∫∞
−∞ |F (x, y)|4dxdy

. (2.10)

Fibre modes are characterised by the dominance of either electric EHmn or magnetic

field HEmn components. When the index contrast ∆ = n1 − n2 is sufficiently low

(∆ < 10−3 [18]) as is the case for conventional silica fibres, sets of these modes have

degenerate effective indices and can thus be linearly combined with a superposition

of EH and HE modes. The resulting linearly polarised LPmn modes have degenerate

polarizations states. In silicon optical fibres of the same physical dimensions as the silica

fibres, ∆ is greater than one and only the HE1n modes exist with degenerate polarization

states, thereby resembling LP0n modes [19]. It is thus common to express certain high

order modes as their LP0n counterparts. However, for fibre dimensions with a reduced

core size and ∆ > 1, degeneracy in the polarization states is no longer true and a full

vectorial interpretation is required [20,21] for the propagating modes.

Low ∆ fibres are typically single-moded (V < 2.405). The fundamental mode that

propagates is known as the HE11 or LP01. High ∆ fibres such as the silicon optical

fibre, has a normalised frequency V > 60 supporting multiple EH and HE modes. Each

mode propagates with a different velocity causing intermodal interference effects and a

disparity in arrival time of the individual modes.

2.2.3 Dispersion

During the propagation of electromagnetic waves through waveguides or bulk media, the

wave experiences a frequency-dependent phase shift manifested through the refractive

index n(ω). This frequency dependence becomes significant in temporally short pulses

as their frequency components travel at different velocities, causing pulse broadening,

signal degradation, and bandwidth reduction. For optical pulses, the overall dispersion

is known as the group velocity dispersion (GVD). In single-mode fibres (SMF) the GVD

is comprised of material dispersion where the wavelength dependence on the refractive

index is largely influenced by the fibre’s core composition, and waveguide dispersion,

where the effective refractive index is determined by the fibre’s geometry and dimen-

sions [22].

Mathematically, a mode’s wavenumber β(ω0) may be expressed as a Taylor Series ex-

pansion about the carrier ω0 provided ∆ω � ω0, where ∆ω is the spectral width. This

is the quasi-monochromatic approximation [15]. The expansion is:

β(ω0) = β0 + (ω − ω0)β1 +
1

2
(ω − ω0)2β2 +

1

6
(ω − ω0)3β3 + . . . (2.11)
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where

βm =

(
dmβ

dωm

)
ω=ω0

(m = 0, 1, 2, . . .). (2.12)

From this expansion, the first β1 [s/m] and second order β2 [s2/m] dispersion coefficients

are sufficient for calculating the total dispersion of small ∆ω pulses:

β1 =
1

vg
=

1

c

(
n+ ω

dn

dω

)
, (2.13)

β2 =
1

c

(
2
dn

dω
+ ω2 d

2n

dω2

)
. (2.14)

The velocity at which the envelope of the pulse propagates is known as the group velocity

vg. Since β1 is related to vg, the different spectral components of a pulse propagate at

different velocities, causing the pulse to spread in time. Thus the refractive index a

pulse experiences is the group index (ng = c/vg) and the inverse rate at which the pulse

spreads (or disperses) is referred to as the GVD parameter β2. If β2 < 0 then blue-shifted

wavelengths travel faster than red-shifted wavelengths. This is the anomalous dispersion

regime. Similarly red-shifted wavelengths travel faster than blue-shifted wavelengths

when β2 > 0. This is the normal dispersion regime [23]. When β2 = 0 this is the

zero-dispersion wavelength (ZDW) and higher order terms from the Taylor expansion

(e.g. m = 3 and 4) are required to calculate the exact dispersion at this point.

2.2.3.1 Material Dispersion

The material based contribution to dispersion can be accurately determined by its wave-

length dependent refractive index through the Sellmeier equation [24]:

n2(λ, T )− 1 =

m∑
i=1

Si(T )λ2

λ2 − λ2
i (T )

, (2.15)

where

Si(T ) =
4∑

j=0

SijT
j , (2.16)

λi(T ) =

4∑
j=0

λijT
j . (2.17)

Parameters Si(T ) and λi(T ) are obtained by fitting experimentally measured refractive

indices at different wavelengths λ [µm] and temperatures T [K]. The first two parameters

(Si and λi) represent the oscillation strength (dimensionless) and resonant frequency of

the material, respectively [25]. The Sellmeier formulism provides all the information

required to establish the wavelength dependent refractive index of a material. The
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Parameter S1 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

Table 2.1: Sellmeier coefficients for crystalline silicon from [24,26].

Parameter S1 S2 S3 λ1 λ2 λ3

T0 13.9723 0.452096 751.447 0.386367 1.08843 −2893.19
T1 2.52809× 10−3 −3.09197× 10−3 −14.2843 2.01871× 10−4 1.16510× 10−3 −0.967948
T2 −5.02195× 10−6 2.16895× 10−5 −0.238093 −5.93448× 10−7 −4.97284× 10−6 −0.527016
T3 2.22604× 10−8 −6.02290× 10−8 2.96047× 10−3 −2.27923× 10−10 1.12357× 10−8 6.49364× 10−3

T4 −4.86238× 10−12 4.12038× 10−11 −7.73454× 10−6 5.37423× 10−12 9.40201× 10−12 −1.95162× 10−5

Table 2.2: Sellmeier coefficients for crystalline germanium from [24,26].

corresponding coefficients for the two semiconductors that are dealt with in this thesis

(silicon and germanium) are presented in Table 2.1 and 2.2.

2.2.3.2 Waveguide Dispersion

In step-index fibres, smaller wavelengths of arbitrary transverse distribution will be more

tightly confined in the core. Larger wavelengths will have a broadened distribution and

thus be less confined. This dependence of field distribution on wavelength leads to a

perturbation in the effective refractive index, thereby modifying β.

Exact calculations of β are determined by numerically solving the spatial solution to

Maxwell’s equations. This solution is known as the eigenvalue equation [16]. The eigen-

value equation relates β to an optical fibre’s dimensions and refractive indices at any

wavelength, for any mn mode. By subtracting the contribution of the material’s GVD

from β, an accurate solution of the waveguide dispersion is established. As an example,

Figure 2.2(a) shows the total GVD profile (blue) of the LP01 mode, for a single crystal

silicon optical fibre with a 400nm core diameter, calculated using the eigenvalue equa-

tion. The material contribution to the GVD (green) is calculated with Equation 2.15.

Subtracting the two quantities reveals the exact waveguide dispersion (red). To illustrate

how the waveguide geometry affects the GVD of a high index material such as silicon,

Figure 2.2(b) shows the variation in the total dispersion for a variety of core diameters.

Above a diameter of 4000nm, the light essentially only experiences material GVD within

this wavelength region. Manipulation of waveguide dimensions provides a large degree

of freedom for dispersion tailoring with significant implications in telecommunications.

2.2.3.3 Walk-Off

Dispersion is an important quantity in all optical processes particularly for pulse prop-

agation. As already described, a pulse at wavelength λ1 will propagate with a different
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Figure 2.2: (a) Dispersion contributions for a 400nm core silicon fibre. (b) Effect
of dispersion on core diameter in a silicon fibre.

velocity to a pulse at wavelength λ2. For pulses with a temporal width T0, their temporal

separation length or walk-off length Lw [m] is:

Lw =
T0

β1(λ1)− β1(λ2)
. (2.18)

This equation can also be used to estimate the walk-off between pulses of the same

wavelength λ1, but for different transverse optical modes of a waveguide. In this scenario

the denominator would be replaced by β1,ij(λ1) − β1,mp(λ1) where ij and mp are the

mode orders.

2.2.4 Linear Losses

When light propagates through a medium it experiences attenuation based on the ma-

terial’s properties. In semiconductors this attenuation can be primarily attributed to

electronic absorption or scattering, both of which are wavelength dependent. The total

linear transmission loss is represented by αl [m−1]. The incident optical power Pi [W]

attenuates as a function of fibre length L [m], so that the transmitted power Pt [W] can

be expressed by the Beer-Lambert law:

Pt = Piexp(−αlL). (2.19)

Typically αl is expressed in decibels per unit length [dB/m] through the relationship,

αdB = −10

L
log

(
Pt

Pi

)
. (2.20)

Due to the base-e base-10 logarithmic conversion, it can be easily shown that the two

attenuation coefficients are related by αdB = 4.343αl. The contribution to the two
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Figure 2.3: Density of states for (a) single crystal and (b) amorphous semicon-
ductors from [29].

dominant linear attenuation mechanisms affecting transmission in semiconductors are

described in the following.

2.2.4.1 Material Absorption

The lowest absorption window for a semiconductor is determined by its band gap or band

edge energy. The structural order of semiconductors whether crystalline, polycrystalline,

or amorphous contribute to the band gap energy of the material. Crystalline materials

have sharply defined transitions between the conduction and valence band as shown

in Figure 2.3(a). No electronic states exist between these bands. In crystalline silicon

(c-Si), the band gap energy (1.1 eV) appears as a transition at λbg ∼ 1130 nm in the

optical transmission spectrum [27]. In contrast, amorphous materials have extended

tails so that the band edges are approximated with a linear fit [28] as illustrated in

Figure 2.3(b). From this approximation, the band edge for amorphous silicon (a-Si)

is commonly estimated at λbg ∼ 730 nm (1.7 eV) [29]. Furthermore, the disordered

network of an amorphous matrix reduces the ability for an atom to bond to its neighbour

resulting in coordination defects. These defects manifest as electronic states shown in

Figure 2.3(b). Wavelengths red-shifted to the band edges typically demonstrate clear

transmission. Incident photon energies higher than the band gap energy are strongly

absorbed by the material due to a direct electronic transition from the ground state

to the conduction state [30], the process is known as interband, band gap, or band

edge absorption. Consequently, excited state electrons called free carriers dramatically

increase the absorption of the material due to intraband electronic transitions.

Intraband or free carrier absorption (FCA) is described by the Drude-Lorenz equa-

tion [31]:

∆αFCA =
e3λ2

0

4π2c3ε0n

[
Ne

µe(0.26m0)2
+

Nh

µh(0.39m0)2

]
, (2.21)



Chapter 2 Background 13

where e [C] is the electronic charge, λ0 [m] the vacuum wavelength, c [ms−1] the speed

of light, ε0 [Fm−1] the permittivity of free space, n the refractive index, Ne,h [m−3] the

electron and hole densities, µe,h [m2V−1s−1] the electron and hole mobilities, and m0

[g] the free electron rest mass [32, 33]. Efforts to decrease the magnitude of additional

absorption caused by FCA involve reducing the lifetime for which free carriers remain

in an excited state.

The carrier lifetime (τ) quantifies the average time a typical free carrier takes to lose

its energy and return to a ground state, the process is known as recombination. Re-

combination can occur in many forms. Indirect band gap semiconductors like silicon

and germanium, recombination is primarily mediated through phonons, defect traps, or

thermalisation (intraband transitions). Among the various schemes in carrier lifetime

reduction, the most notable approaches are based on carrier depletion [34–36], material

modification through ion implantation [37], surface state modification [38], and lastly

cryogenic cooling [39].

2.2.4.2 Rayleigh Scattering

Rayleigh scattering is an elastic scattering of light whereby scattered photons have the

same wavelength as the input photons. It is strongly wavelength dependent and varies

inversely with the fourth power of the wavelength λ−4 [40]. In optical fibres, Rayleigh

scattering arises as a result of density or compositional fluctuations in the refractive

index of the core and cladding, naturally occurring in disordered amorphous materials.

For this reason, single crystal optical fibres in principle may have a very low theoretical

loss [41] due to the ordered lattice structure. Rayleigh scattering sets the minimal

achievable loss for any optical fibre as it relies on the purity of the fabrication process.

2.3 Nonlinear Propagation

Dipoles in the presence of a low intensity electric field E [Vm−1] can be accurately

modeled as a harmonic oscillator [42]. When a propagating electromagnetic field is

strong enough, the optical properties of the surrounding material are modified by the

presence of that field. Nonlinearities arise when the response of the material depends

in a nonlinear manner upon the strength of the applied field, requiring treatment of the

anharmonic oscillator model [43].

The optical response can be generalized by expanding the dipole moment per unit vol-

ume, or polarization P [Cm−2] as a power series in the field strength E [11]:

Pi = ε0

∑
j

χ
(1)
ij Ej +

∑
jk

χ
(2)
ijkEjEk +

∑
jkl

χ
(3)
ijklEjEkEl + · · ·

 (2.22)
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where the polarization of the ith field depends on input fields j, k and l. χ(n) is the nth

order of the tensor susceptibility. The dominant contribution to Pi is the linear χ(1)

term. The harmonic oscillator approach relates χ(1) to the refractive index n and the

attenuation coefficient αl by the relations:

n(ω) = 1 +
1

2
<
[
χ(1)(ω)

]
, (2.23)

αl(ω) =
ω

nc
=
[
χ(1)(ω)

]
. (2.24)

These equations relate the frequency dependence of n to the real part (<) of χ(1), and

the imaginary part (=) of χ(1) to the material loss αl.

Higher order susceptibilities (χ(2), χ(3). . . ) are proportional to the products of the input

electric fields [44], resulting in nth-generation of frequency harmonics. For example χ(2)

produces frequency doubling or second harmonic generation [45]. The generation of

these harmonics, whether even or odd, depend on the external symmetry of a medium.

Centro-symmetric media (χ(3)) prohibits even ordered nonlinearities since a reversal in

electric field E(t)2n does not imply reversal of the induced polarization P(t) [11]. Typi-

cally, the presence of field interactions in a χ(3) medium leads to nonlinear effects such

as self-phase modulation and four-wave mixing [46]. Frequency mixing and harmonic

generation require certain conditions to satisfy phase matching, which is generally diffi-

cult to achieve. Thus, high intensity effects are dominated by nonlinear refraction and

absorption.

2.3.1 Nonlinear Refraction

The nonlinear index change due to the third order susceptibility is known as the optical

Kerr effect. It is responsible for a number of nonlinear effects. The key nonlinearities

discussed here will include the effects of a high intensity pulse at one wavelength leading

to self-phase modulation (SPM), and the effects of a high intensity pulse on a pulse

at another wavelength (or polarisation) known as cross-phase modulation (XPM). In

the presence of excessive free carriers, the refractive index can likewise be perturbed

according to the Drude-Lorenz model [32].

2.3.1.1 Self-phase Modulation

The refractive index of a material changes in response to an optical field. The induced

index change has a quadratic dependence on the applied optical field amplitude. The

final index can be written as:

ñ(ω, t) = n(ω) + n2I(t). (2.25)
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The nonlinear Kerr coefficient n2 [m2W−1] for χ(3) materials is related to the third order

susceptibility by [47]:

n2 =
3

4ε0cn2
<
[
χ(3)

]
. (2.26)

Due to the intensity dependence of the refractive index, an input beam induces a re-

fractive index variation within the material, with a larger index at the center than the

wings of the beam profile. Since the phase of an optical wave is proportional to ñ(ω, t)

and thus the field’s intensity I(t), nonlinear modulation effects arise in the phase of the

input field. The change in phase of the optical pulse from nonlinearity is called SPM.

Assuming a medium responds instantaneously to the pulses intensity, we may express

the total phase φ(ω, t) as:

φ(ω, t) = ω0t+ [n(ω) + n2I(t)] k0z

= ω0t+ φL(ω) + φNL(t),
(2.27)

where φL(ω) = n(ω)k0z is the linear shift in phase and φNL(t) = n2I(t)k0z is the

nonlinear time varying phase shift due to SPM and is responsible for spectral broadening.

Since the nonlinear phase shift is linearly dependent on the input optical intensity,

applications requiring high nonlinearity commonly utilise fibre geometries with small

effective mode areas to enhance the intensity and hence nonlinear phase shift.

2.3.1.2 Cross-phase Modulation

When multiple channels of light co-propagate through an optical fibre with sufficient

power, each one will induce its own nonlinear phase shift. Subsequently, the optical

waves see a modified refractive index not only due to its own intensity but also due to

the co-propagating pulse intensities. This influence of refractive index coupling leads to

an alternate form of phase modulation called XPM where each pulse induces a frequency

dependent phase shift on the other [48]. The nonlinear phase shift can be found by

expansion of the third order polarizability when considering an electric field E(r, t)

containing two beams at ω1 and ω2. The XPM induced nonlinear phase may be expressed

as:

φNL = n2k0L [I1(t) + 2I2(t)] . (2.28)

This phase shift indicates that both SPM and XPM occur together. For equally intense

fields, XPM dominates SPM by a factor of 2. Thus, consideration of XPM is vital for

systems incorporating two or more co-propagating beams.

2.3.2 Two-Photon Absorption

High intensity laser radiation can cause the transmissivity in semiconductors to dramat-

ically reduce. This increase in attenuation is primarily a consequence of simultaneous
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Figure 2.4: (a) Two-photon absorption. (b) Free carrier absorption.

absorption of multiple photons. For short pulse propagation in silicon, two-photon

absorption (TPA) is the dominant mechanism for nonlinear absorption. Thus, for a

strongly absorbing nonlinear optical material the effective interaction length can be

much shorter than the physical length of the nonlinear medium. TPA however, does

have the advantages of low absorption for a weak signal, fast temporal response, and it

does not alter the beam quality. For these reasons, TPA has been used for optical in-

tensity stabilization [49], temporal pulse reshaping [50], and spatial field reshaping [51].

Silicon is well suited to these applications as it has a large TPA coefficient and high

damage threshold. The incorporation of silicon into a fibre geometry is advantageous as

it enables long lengths and cross-sectional tunability through its dimensions.

For the case of indirect band gap semiconductors (like silicon), the TPA process is best

illustrated by an energy-momentum diagram. In Figure 2.4(a), carriers in the valence

band (ground state) are transitioned to an excited state (conduction band) through

simultaneous absorption of two incident photons. Their absorption is assisted through

phonon transitions allowing carriers to bridge the forbidden region. Consequently, the

presence of carriers in the conduction band result in FCA as shown in Figure 2.4(b).

This process of TPA-induced FCA will be discussed in Section 2.3.3.

The depletion of optical power as a result of TPA depends on the TPA coefficient βTPA

[mW−1], which can be described through the χ(3) nonlinearity [47]:

βTPA =
3ω

2ε0c2n2
=
[
χ(3)(ω)

]
. (2.29)

βTPA can be minimized (or eliminated entirely for single crystals) by choosing the inci-

dent photon frequencies for which their total energy 2~(ω1 +ω2) lies below the band gap

energy of the material. The frequency of the input photon can also influence the type of

TPA that occurs. In the following, an analytical description for the case of degenerate

(ω1 = ω2) TPA, and non-degenerate (ω1 6= ω2) TPA is discussed.
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2.3.2.1 Degenerate TPA

Ignoring the generation of free carriers, the degenerate TPA intensity-dependent atten-

uation can be expressed by [52]:

dI

dz
= −βTPAI

2(z, t). (2.30)

Where the optical intensity is related to the amplitude of the optical pulse A(z, t),

described in Equation 2.5 or Equation 2.6, via:

I(z, t) = |A(z, t)|2/Aeff . (2.31)

Equation 2.30 can be solved analytically through the separation of variables method:

I(z, t) =
1

βTPAz − C(t)
(2.32)

where C(t) is the integration constant. By introducing the condition that I(z = 0, t) =

I0(t) where the optical intensity at the interface of the fibre (z = 0) is I0(t) then,

C = − 1

I0(t)
(2.33)

so that the output intensity is now:

I(z, t) =
I0(t)

I0(t)βTPAz + 1
. (2.34)

From this equation it can be concluded that when I0(t) � 1, the output optical inten-

sity I(z, t) scales linearly with I0(t). That is, in the absence of all other attenuation

mechanisms:

lim
I0(t)→0

I(z, t) = I0(t). (2.35)

This suggests that TPA only affects high intensity optical fields. In this scenario, it is

important to realise that the extent of absorption due to TPA is not infinitely high but

the output intensity will asymptotically approach a finite value. This value is related to

the magnitude of βTPA and propagation distance z by:

lim
I0(t)→∞

I(z, t) =
1

βTPAz
. (2.36)

These limiting features of the TPA process on a continuous wave (CW) can be seen

in Figure 2.5(a). In this figure, Equation 2.34 is simulated using an input peak power

of 400 W, βTPA = 7 × 10−12 m/W (c-Si), and a fibre interaction length of z = 3 cm.

For a 6µm core diameter c-Si optical fibre, the strong refractive index contrast between

the core and cladding requires a numerical method of calculation of the fundamental

mode’s effective mode area. COMSOL was used as a tool in obtaining this calculation
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Figure 2.5: (a) Effects of optical limiting due to degenerate TPA. (b) Degenerate
TPA on a 700 fs pulse.

revealing Aeff = 13.9 × 10−12 m2. It is also important to note that the TPA coefficient

βTPA is a wavelength dependent parameter and the value chosen represents that of c-Si

at λ = 1.5µm. The figure emphasizes the nonlinearity in TPA relative to the lossless

transmission. For very low input powers there is a linear approximation to the loss as

expected, though for higher powers the limit approaches 1/βTPAz ∼ 66 W.

In Figure 2.5(b), a Gaussian optical pulse with full width at half maximum (FWHM)

of 700 fs is simulated as a function of propagation distance. Since TPA affects the

highest intensity components of the pulse, it appears to modify the pulse shape into a

super-Gaussian like function for larger interaction lengths. Consequently, this creates

the perception of dispersion-like pulse broadening with the indicated FWHM varying

from 700 fs to 1.2 ps. Though unlike dispersion, the wings of the pulse remain unchanged

within its time window, and TPA has simply caused depletion of the peak. If the input

pulse had an extremely high optical intensity (such that I0(t) → ∞) then propagation

after each segment would cause the peak of the pulse to flatten at 1/βTPAz producing

larger widths. It is next considered how the TPA process would be affected by the

presence of an additional optical pulse at a different wavelength.

2.3.2.2 Non-Degenerate TPA

In many circumstances it is common to propagate optical pulses with different wave-

lengths simultaneously inside an optical fibre. Assuming two distinct wavelength pulses

(a pump and a signal) of arbitrary intensities, a probability exists that two-photons may

simultaneously be absorbed by the pump pulse (βTPAp,p), by the signal pulse (βTPAs,s),

by the pump then the signal (βTPAp,s), and lastly by the signal then the pump (βTPAs,p).

The last two forms of TPA are known as cross-absorption. It is found that:

βTPAp,s

ωp
=
βTPAs,p

ωs
, (2.37)
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irrespective of the pump and signal frequencies [53]. In many of the situations encoun-

tered in this thesis, the presence of a strong pump co-propagating with a weak signal is

considered where both ωp and ωs are closely spaced. This leads to two approximations.

The first implies that degenerate TPA from the signal is negligible (βTPAs,s = 0) since

the signal intensity is not sufficient to create TPA. The second approximation states that

βTPAp,s ≈ βTPAs,p, since the optical frequencies are very similar. Thus we assume a sim-

ilar effective mode area for the pump and signal waves. With these approximations, it

is possible to produce a set of simplified coupled-mode equations describing cross-TPA.

From Equation 2.5 and Equation 2.6, the optical pulse comprises of a real amplitude

and a complex phase component, hence the pump pulse’s full form may be expressed as

Ap(z, t)exp(iφ). From this it can easily be shown that:

|A(z, t)|2 = A2
p(z, t). (2.38)

Substitution of Equation 2.31 and Equation 2.38 into Equation 2.30 gives,

d

dz
A2

p(z, t) = −βTPAp,p

A4
p(z, t)

Aeff
. (2.39)

The left hand derivative is simplified using a special case of the chain rule, also known

as the product rule. This gives:

dAp(z, t)

dz
= −

βTPAp,p

2

A3
p(z, t)

Aeff

= −
βTPAp,p

2
Ip(z, t)Ap(z, t).

(2.40)

Inclusion of the signal pulse is represented by [54]:

dAs(z, t)

dz
= −βTPAp,sIp(z, t)As(z, t). (2.41)

Equation 2.40 and Equation 2.41 form a pair of coupled-mode equations describing the

influence of TPA on both pump and signal fields. The pair of equations can likewise be

solved analytically using a similar procedure as done on Equation 2.30 and evaluating

the integration constant. A detailed derivation can be found in Appendix A, where the

solution to Equation 2.41 is stated here as:

Is(z, t) =
I0s(t)

[I0p(t)βTPAp,pz + 1]
2βTPAp,s
βTPAp,p

, (2.42)

and I0s(t) is the initial signal pulse amplitude. The solution for a weak CW signal in

the presence of a strong CW pump is shown in Figure 2.6(a) as a function of pump

power and propagation length. Most variables are simulated with the parameters used

in Section 2.3.2.1. The pump power was varied from 0− 400 W, with a 1 W signal, and
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Figure 2.6: (a) Effects of a CW pump on a CW signal wave through non-
degenerate TPA showing gradual depletion of the signal’s output power. (b)
Non-degenerate TPA with a 700 fs pump pulse on a CW signal as a function of
interaction length. The signal depletes with a trend following the pump pulse.

a βTPAp,s ∼ 5× 10−12 m/W. The non-degenerate TPA coefficient used is an estimate for

silicon at a signal wavelength of 1.57µm. The figure shows that as the pump power (or

intensity) increases, the absorption due to cross-TPA increases. Hence the output signal

power drops as the pump power increases. For larger interaction lengths the same is

true, but the magnitude of absorption is stronger. The result is different to that of the

degenerate TPA figures where an asymptotic value was approached. From Equation 2.42

it can be identified that in the limit to which the term I0p(t)βTPAp,pz →∞, the output

signal still depends on the initial signal power, pump power, TPA coefficients, and the

interaction length, suggesting that this non-degenerate process is non-limiting in the

absence of pump depletion.

For a 700 fs pump pulse in the presence of a CW signal, Figure 2.6(b) shows how non-

degenerate TPA can be used to produce amplitude modulation on the signal. The

original CW signal at 1 W is the solid black line just at the interface of the fibre. After

3 mm, the signal (and hence pump) experiences TPA following the envelope of the pump.

The depletion causes a perturbation in the signal power forming a dark pulse. More

importantly, for short interaction lengths (or equivalently low pump powers) the process

produces dark pulses with a FWHM similar to the ultrashort pump pulses. Though,

for longer interaction lengths (or stronger pump powers), the strength of the absorption

extends into a larger window due to the change of the pump pulse width causing the

dark pulse to also broaden.

This characteristic of TPA based amplitude modulation also resembles an optical equiv-

alent of a logical NOT-gate, where an optical on in the pump causes an optical off on

the probe. While the simplicity of the process implies a novel optical device, in reality,

silicon does not possess perfect two-photon behaviour as outlined here. As mentioned

in Section 2.3.2, the simultaneous absorption of two-photons is almost always followed

by the generation of a free carrier. Free carriers cause absorption which in turn modifies
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the shape of the dark pulses, the relaxation time (rise time for dark pulses), and the

rate of absorption [55]. It is therefore necessary to consider how the free carrier density

Ne,h(z, t) evolves as a function of time (t) and propagation distance (z).

2.3.3 Free Carrier Density

Free carriers in a semiconductor vary in concentration depending on the input optical

intensity. As mentioned in Section 2.2.4.1, their presence leads to optical absorption.

This type of absorption is due to optical transitions between electronic states in the

same band, it is therefore necessary to understand the dynamics of the carrier density

since their concentrations are heavily influenced by the input optical pulses. When free

carriers are generated, lateral diffusion (along x,y,z directions) and recombination will

impact the total free carrier density. In the two-band approximation it is valid to assume

equal densities of electron and hole carriers such that Ne = Nh = N [56]. For a pulsed

input, Equation 2.21 can now be simplified to [57]:

∆αFCA =
e3λ2

0

4π2c3ε0n

[
1

µe(0.26m0)2
+

1

µh(0.39m0)2

]
N(z, t) (2.43)

= σFCAN(z, t) (2.44)

where σFCA [m2] is the FCA cross-section and the simplest method of calculating N(z, t)

is by the rate equation [52,58]:

dN

dt
=
βTPA

2~ω
I2(z, t)− N(z, t)

τ
. (2.45)

A derivation to Equation 2.45 can be found in Appendix B. Though this would not

apply to direct band gap semiconductors as the effects of radiative recombination would

need to be accounted for [59–61]. While the lifetime τ is usually quoted with a single

numerical value, it is important to realise that this quantity is a weighted average of

the carrier’s behaviour due to the influence of random perturbations such as surface

states, interface impurities, and other defects [62]. That is, an electron-hole pair ceases

to exist after a mean time τ , which typically varies between picoseconds to nanoseconds

depending on the defect density in the material. Recombination mechanisms will be

discussed in Section 4.3.

2.3.4 Free Carrier Absorption

FCA is also referred to as intraband absorption. A photon’s energy is absorbed by an

electron already in the conduction band, raising it to a higher state of energy. The

relationship governing FCA was introduced in Section 2.3.3 in Equation 2.44. The

Drude-Lorenz model that defines this equation is derived by classical electromagnetic
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theory whereby an electron in the presence of an electric field is treated as a harmonic

oscillator. The derivation assumes that the damping constant is wavelength independent,

realistically this is not entirely true since damping mechanisms such as optical phonons

and impurities are wavelength dependent [63]. Hence, the quadratic dependence of λ0 in

Equation 2.44 represents the ideal case of a semiconductor. The wavelength dependence

of the carrier cross-section σFCA will not be presented here, though its role in FCA will

be discussed.

Excluding doped semiconductors, FCA is not an independent quantity. It is often as-

sisted by TPA. The equation describing the intensity of an optical pulse after propagation

through a semiconductor waveguide is now:

dI

dz
= −βTPAI

2(z, t)− σFCAN(z, t)I(z, t), (2.46)

and is coupled with Equation 2.45. To demonstrate the magnitude of absorption due

to FCA and TPA, Figure 2.7(a) shows the variation of output power as a function of

an input CW field. The parameters used here are similar to that in Section 2.3.2.1.

The carrier cross-section and carrier lifetime are based on the Drude-Lorenz model and

values from the literature for c-Si, where σFCA = 1.6 × 10−20 m2 and τ = 10 ns. The

TPA behaves as already described for the degenerate case. For CW signals, the carrier

density stabilizes at the point for which dN/dt = 0. This suggests that the carrier den-

sity N(z) will tend to τβTPAI
2(z)/(2~ω). From this steady state solution of N(z, t), it

is clear that when substituted back into dI/dz the absorption due to FCA is a cubic

function of the input intensity. Hence, a maximum is present in the transmission of

the CW field. After this point, the material reaches carrier saturation where the pop-

ulation of recombined carriers is negligible. Dramatic attenuation then occurs for all

powers beyond this maximum. It should be noted that hundreds of watts of CW input

power is an impractical level when compared to the optical damage threshold for silicon
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Figure 2.7: (a) Nonlinear absorption on a CW field. (b) Temporal effects of
FCA and TPA on a 700 fs Gaussian pulse. Dashed line indicates the drift in the
pulse centre due to pulse shaping through TPA and FCA.
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(1−4 GW/cm2 [64]). Hence the values were chosen simply for illustrative purposes. Al-

though pulsed sources can easily reach these power limits, typically a significant number

of carriers will recombine between each pulse so that the maximum seen here is usually

not observed experimentally.

For a Gaussian pulse propagating a total length of 3 cm, pulse shaping due to FCA

begins to occur as TPA continually attenuates the leading edge (negative t) and peak.

Figure 2.7(b) is a surface plot of the Gaussian pulse originally centred at t = 0, the front

end of the pulse is attenuated by TPA and hence free carriers will start to accumulate.

Since the carrier lifetime is significantly larger than the optical pulse width, photons

present in the medium will suffer FCA. Consequently, the trailing edges of the pulse

(positive time) are absorbed causing the centre to shift towards the leading edge. The

dashed black line traces the peak of the pulses along a silicon fibre. For consecutive pulses

with a temporal spacing less than τ , the latter pulse will also experience the carriers

excited by the former pulse as they will not have entirely recombined. This effect can

accumulate over time causing significant impairment to a pulsed sequence. This transient

behaviour of free carrier concentration has been demonstrated in applications such as

pulse compression and mode-locking [50]. From a nonlinear signal processing point of

view, it is preferable to obtain short carrier lifetimes, allowing the shape and magnitude

of absorption due to FCA to be negligible. The ability to realise such requirements are

discussed in Section 4.3.

While the imaginary components of the χ(3) susceptibility define the nonlinear absorp-

tion, the real components of χ(3) create a perturbation in the refractive index. This

nonlinear induced refractive index change causes a material’s index to be intensity de-

pendent.

2.4 Generalized Nonlinear Schrödinger Equation

Pulse propagation effects such as dispersion, losses, and nonlinearities can be combined

into an equation describing the evolution of a pulse envelope A(z, t) as a function of

fibre length. The Nonlinear Schrödinger Equation (NLSE) is generalized (GNLSE) in

this case to account for TPA, FCA, free carrier dispersion (FCD), and the evolution of

carrier generation. The GNLSE is given by [53]:

∂A(z, t)

∂z
= −iβ2

2

∂2A(z, t)

∂t2
+ iγ|A(z, t)|2A(z, t)− 1

2
(σ + αl)A(z, t). (2.47)

The temporal reference t is normalised to the group velocity dispersion β1 so that the

pulse is always centred at the origin. The nonlinear coefficient γ [W−1m−1] defines the
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strength of a fibre’s nonlinearity and is described by:

γ =
k0n2

Aeff
+ i

βTPA

2Aeff
. (2.48)

The free carrier contribution term is σ = σFCA(1 + iµ)N(z, t) where µ governs the FCD.

As described in [65], the relation µ = 2kcko/σFCA with kc = 1.35× 10−27 m3, is a good

estimation related to the change in refractive index associated with free carrier effects,

thereby accounting for FCD. Since σ depends on N(z, t), Equation 2.47 is solved in

conjunction with Equation 2.45:

dN

dt
=
βTPA

2~ω
I2(z, t)− N(z, t)

τ
. (2.49)

Two important quantities that determine the threshold of the fibre propagation dis-

tance z for which dispersion (D) and nonlinearity (NL) contribute significantly to pulse

evolution are determined by:

LD =
T 2

0

β2
and LNL =

1

γP0
. (2.50)

When z << LD the effects of dispersion may be ignored. Similarly, the effects of

nonlinearity may be ignored when z << LNL.

Equation 2.47 and Equation 2.45 represent a pair of nonlinear partial differential equa-

tions that can be solved via a numerical approach. Several techniques may be used,

though the most extensively employed is the split-step Fourier method. This technique

approaches the problem by independently solving the linear and nonlinear contributions

to the optical pulse in frequency and time domains respectively. Separation of linear

and nonlinear terms are accordingly substituted with the operators D̂ and N̂ . To avoid

the complexity of incorporating dN(z, t)/dt a first-order ordinary differential equation

in an operator, a solution is initially approximated using Euler’s method [66]. Basic

numerical integration procedures such as Euler’s method suffer from cumulative solu-

tion errors with progressing step sizes. However, due to the fixed incremental nature

and evolving initial conditions of the split-step method, N(z, t) can be very accurately

estimated. This solution and the associated transmission losses are then included in the

linear operator. Equation 2.47 written in this form is:

∂A(z, t)

∂z
= (D̂ + N̂)A(z, t), (2.51)

where the corresponding operators are:

D̂ = −iβ2

2

∂2

∂t2
− 1

2
σ − 1

2
αl, (2.52)

N̂ = iγ|A|2. (2.53)
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Equation 2.51 is solved as a function of z by repeatedly incrementing the D and N

operators by steps of h where h � z. In this evolution, the optical pulse can be

approximated by

A(z + h, t) ≈ exp(hD̂)exp(hN̂)A(z, t). (2.54)

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

B(z + h, t) ≈ exp(hN̂)A(z, t). (2.55)

Propagation of B(z + h, t) with the dispersion and loss terms is performed in the fre-

quency domain:

B̃(z + h, ω) ≈ F {B(z + h, t)} , (2.56)

Ã(z + h, ω) ≈ exp[hD̂(iω)]B̃(z + h, ω) (2.57)

where D̂(iω) is the linear operator in the frequency (or Fourier) domain. The time

domain solution is calculated by the inverse Fourier transform F−1
{
B̃(z + h, ω)

}
. Re-

peatedly iterating the operators in their respective domains over the propagation length

provides a good approximation to the final solution. Simulation of this equation is of vi-

tal importance to the work performed in this thesis and forms the basis of understanding

the nonlinearity in silicon optical fibres.





Chapter 3

Semiconductor Fibre Fabrication

3.1 Introduction

Optical fibre platforms are developing in functionality to encompass a number of new

properties such as alternative transmission windows [67], compact fibre devices [63], and

flexibility in optical guidance [68]. Examples include the modification of core or cladding

materials to include metals, polymers, semiconductors, and fluids [69–72]. In particular,

fibres with a semiconductor core in a silica cladding have generated significant interest

due to their wider transmission windows and higher nonlinearity. In the past few years,

several groups have demonstrated the fabrication of semiconductor fibres extending to

both doped and undoped silicon (Si), germanium (Ge), zinc selenide (ZnSe), and indium

antimonide (InSb) core optical fibres. This chapter begins with a brief summary of the

most notable research in semiconductor fibres and describes the high pressure chemical

deposition process developed by Pennsylvania State University and the University of

Southampton. Particular emphasis will be placed on the development of silicon optical

fibres whose material and linear optical properties are characterised.

3.2 History

The first report of semiconductors deposited within the pores of a silica capillary tem-

plate was demonstrated in 2006 through a collaboration between researchers at the

University of Southampton and the Pennsylvania State University [8]. This early report

demonstrated the capability of microstructured silica fibres to withstand very high pres-

sures (> 10 MPa) of chemical precursors. It also demonstrated the flexibility of incorpo-

rating a wide range of materials in a variety of silica templates and dimensions through

this high pressure technique. Soon after, the realisation for hybrid silica-semiconductor

27
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fibres sparked the interest of other research groups. Contributions include novel fab-

rication methods from the Max-Planck Research Group, Clemson University, and the

Virginia Polytechnic Institute.

Developments in selectively filled germanium photonic crystal fibres (PCFs) were re-

ported in 2008 by Russell et al. [73] (Max-Planck), using a pressure assisted filling

technique. The purpose was to demonstrate a strongly birefringent fibre by infiltrating

selected voids of a PCF with germanium. A polarization extinction of ∼ 30 dB between

x and y components was demonstrated at the output of a silica core. The transmis-

sion loss at 1.5µm for the x-polarization was ∼ 375 dB/cm, and ∼ 156 dB/cm for the

y-polarization.

Soon after, Ballato et al. [74–76] (Clemson) reported on the method of sleeving a single

crystal silicon rod into a silica preform. This preform was drawn using a conventional

fibre draw tower. Long lengths of fibre were fabricated with core diameters of ∼ 60µm

and cladding diameters of 2.3 mm. Reduced core dimensions at this stage have not

been reported due to limitations imposed by strong diffusion of oxygen into the silicon

core material (> 60%) during the fabrication process. Transmission at 1.53µm was

reported to be 2.7 dB/cm. The same group demonstrated a single crystal germanium

core fibre with a core diameter of 300µm and an outer diameter of 3mm. Propagation

losses were reported to be 0.7 dB/cm at 3.39µm. A polycrystalline InSb core fibre

was also fabricated using the generalized molten core approach, in which crystalline

wafer fragments of InSb are sleeved into a phosphate glass tube and drawn at moderate

(∼ 700 ◦C) temperatures. However, the strong mismatch in the thermal properties of

the semiconductor core and glass cladding materials likewise caused strong diffusion

of oxygen into the core in addition to scattering defects and absorption centres. This

contamination rendered the optical transmission to be inconclusive. Current pursuits of

the group include adapting chalcogenide based claddings to compensate for oxidation

effects by minimising the thermal mismatch [77]. Regardless of the obstacles faced, the

group’s persistence in fabricating semiconductor core fibres via this draw-tower method

has gained interest in the scientific community [78,79].

Lastly, in 2009, Pickrell et al. [80,81] (Virginia Tech) demonstrated an n-type silicon core

optical fibre by grinding doped silicon wafers into a fine powder and densely packing

it into the capillary of a silica preform. The filled preform was then drawn using a

customised translation stage over a hydrogen-oxygen flame torch. Large defects at the

silicon-silica boundaries were formed during the cooling process due to the thermal

mismatch between the materials. Fibres could be fabricated with core diameters from

10 to 100µm, cladding diameters from 40 to 240µm, and lengths from 5 to 12 cm.

However, transmission losses were in excess of 250 dB/cm at 1550 nm due to the defected

interfaces.
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Figure 3.1: Cross-sectional view of deposition procedure.

3.3 Confined High Pressure Chemical Deposition

Optical fibre capillaries fabricated with a conventional 125µm outer cladding diameter,

and a hollow 6µm (or 2µm) core form the templates into which semiconductors are

deposited. High pressure chemical deposition (HPCD) is a process whereby a gaseous

precursor initially pressurises the interior void of this silica capillary. The precursor com-

prises of a semiconductor compound. For the deposition of silicon, the desired precursor

is silane (SiH4) while for germanium, it is germane (GeH4). To assist the infiltration

of the precursor into high aspect ratio geometries such as a micron-sized capillary, the

precursor is diluted in an inert gas (the carrier). Typically this is highly pressurised

(∼ 40 MPa) helium or hydrogen [8, 82] with a precursor:carrier ratio of approximately

1 : 19. The pressurised fibre is then steadily heated within a 15 cm tube furnace set

above the thermochemical decomposition temperature of the precursor. A cross-sectional

schematic of this process is illustrated in Figure 3.1, where annular growth of the desired

semiconductor accumulates within the void over time to form the core. Silicon can be de-

posited in three distinct phases; polycrystalline (p-Si), amorphous (a-Si), or amorphous

hydrogenated (a-Si:H). Figure 3.2 illustrates the influence of the furnace temperature

on the material’s phase and the time required to completely fill a section of fibre with a

6µm core diameter. For the deposition of polycrystalline silicon, the peak temperature

is set beyond the nucleation temperature 550 ◦C for silicon [83,84]. Localized clusters of

amorphous silicon begin to grow and arrange in a pattern characteristic of a crystalline

solid, forming sites (crystallites) upon which additional particles deposit and grow to

create polycrystalline silicon. The size of the crystallites can be increased through ther-

mal annealing (temporary exposure to high temperatures) represented by the hatched

region above 700 ◦C in Figure 3.2. For the deposition of pure amorphous silicon however,

the peak temperature is kept below the nucleation temperature, but yet still high enough

to result in the complete dissociation of silicon and hydrogen from silane. Furnace tem-

peratures below the silicon-hydrogen diffusion threshold of ∼ 400 ◦C [85,86], minimizes

the decomposition of hydrogen elements allowing for higher concentrations of SiH and

SiH2 to grow in the capillary. However very low furnace temperatures can only yield
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Figure 3.2: Influence of furnace temperature on the deposited semiconductor’s
material phase and deposition time for complete filling of a 6µm core.

deposition of nanometer thick films, if any deposition at all, as shown in Figure 3.2 below

325 ◦C. This deposition process for hydrogenated-silicon is unique to the HPCD method

as planar technologies require a complex plasma-enhanced chemical vapour deposition

(PECVD) process to incorporate hydrogen in the substrates.

The HPCD method is the first method of its kind to demonstrate the ability to infiltrate

optical fibre capillaries with a variety of semiconductors and semiconductor compounds.

Aside from the group IV materials already mentioned, II-VI compounds have also been

demonstrated in step-index and microstructured optical fibre templates [87,88]. Further-

more, the flexibility of the process allows for conformal layering, selective filling [89,90],

and semiconductor heterojunctions with optoelectronic functionality [91]. In this thesis,

deposition conditions are typically restricted to temperatures where a-Si:H is deposited

due to the excellent optical properties of this material, as will be discussed in Sec-

tion 3.5.3.4. However, a description of each phase (a-Si:H, a-Si, and p-Si) will be given

in this chapter to highlight their properties. Before the material characterisations are

performed, the semiconductor fibre is prepared to facilitate imaging and input/output

optical coupling.

3.4 Semiconductor Fibre Preparation

The differences in the mechanical properties of the semiconductor compared to silica ren-

der standard cleaving techniques to be impractical since micro-fractures scribed on the

cladding do not create a smooth cleavage plane across the semiconductor core. Instead,

following deposition, completely filled sections of the semiconductor fibre are sectioned

off and mounted in a thicker silica capillary as shown in Figure 3.3. The capillaries are

secured to the semiconductor fibre by one of two adhesives; beeswax or an epoxy resin.

Beeswax has a low melting point temperature (∼ 63 ◦C) and is thus used for low opti-

cal power applications, or when fibres need to be removed from the capillary after the

characterisations are performed. It is melted to form a softened liquid, where capillary

action causes the fluid to slowly fill the gaps between the outer capillary and the inserted
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semiconductor fibre. When the beeswax completely surrounds the semiconductor fibre,

the temperature is immediately reduced to room temperature causing it to re-solidify,

fixing the fibre securely within the capillary. For higher optical power applications, an

Opti-tec 5053 heat-curing epoxy is used to mount the fibre within the capillary as the

strength of adhesion does not degrade until a temperature (∼ 200 ◦C) significantly higher

than the melting point of beeswax. When the epoxy has completely filled the capillary

it is heated to 120 ◦C for a few minutes, allowing it to harden, permanently fixing the

semiconductor fibre into the capillary. The external silica capillary is coated with a

polyimide thermoset which performs a similar task to buffers used on standard optical

fibres, having good thermal stability, good chemical resistance, and excellent mechanical

properties [92], protecting the capillary from harsh environments.

The semiconductor fibre mounted in the thicker capillary has its end faces prepared

using a conventional fibre polishing technique. The polishing equipment and accessories

are very similar to those used for the telecom industry. Each fibre is polished with

three individual lapping films composed of tiny particles of aluminium oxide or silicon

carbide glued to the film surface. The mounted fibre is circulated over the film rotating

at ∼ 200 rpm, excess material from the fibre is removed and the end is polished to a

desired grade of smoothness. Different grades of film are used in successive polishing

cycles. Each cycle uses a finer grit paper starting with grades of 3µm, 1µm and finally

0.3µm.

Following the polishing procedure, characterisation of the deposited core is routinely

performed. Microscopic images of the polished end faces and spectroscopic properties

of the core provide important optical attributes to the material such as scattering losses

(through surface deviations) and vibrational resonances (through Raman analysis).

3.5 Material Characterisation

Material characterisation of the fibre core involves analysing four primary features; de-

position uniformity, presence of additional chemical elements, material quantity, and

optical transmission losses. The first feature is identified through end-face imaging by

Capillary

Wax/Epoxy

Cladding

Core

Polyimide

Figure 3.3: (Left) Transverse plane cross-section of a mounted semiconductor
fibre; scale bar is 100µm. (Right) Longitudinal plane of fibre.



32 Chapter 3 Semiconductor Fibre Fabrication
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Figure 3.4: Evolution of deposition filling of a 6µm core silicon fibre as a function
of temperature taken for the same deposition time. Imaged using an SEM.

scanning electron microscopy (SEM); the second and third features are analysed through

Raman spectroscopy, and lastly, optical transmission losses are measured using a range

of laser sources.

3.5.1 Scanning Electron Microscopy (SEM)

SEM images resolve nanoscale features of the deposition uniformity to confirm complete

filling. The process involves detecting back scattered electrons from an object which has

been sputter-coated in gold (required to prevent charge accumulation due to electron

bombardment). High resolution images are obtained by accelerating electrons with a

high voltage, and vice versa for low resolution images. However, it should be noted that

very high voltages can lead to unclear surface structure (as the electron penetration

depth is higher) and risk of surface damage due to excess charge build up, thus careful

tuning of the voltage is required to obtain clear images. To facilitate imaging of the

inner core surface in semiconductor fibres, the silica cladding is slightly etched back

using hydrofluoric (HF) acid, and the acceleration voltage is set to 20 kV. The effect

of deposition temperature on the semiconductor core can now be imaged with high

detail. Figure 3.4 are cross-sectional SEM images of the etched away silica cladding

and exposed semiconductor core. Each image represents deposition performed at a

different temperature for the same duration. It can be seen that for low temperatures

(a-Si or a-Si:H type material) the rate of deposition is slower and hence requires longer

exposure to the furnace in order to develop a void free core, also indicated in Figure 3.2.

While increasing the temperature may increase the deposition rate, crystallisation of

the amorphous material begins. At 600 ◦C the amorphous material is consumed by

surrounding crystallites forming polycrystalline grains, hence opening the central core

region. Crystallites may grow in any orientation and in any size, and their boundaries

create imperfections in the material leading to poor optical and mechanical properties

of the fibre. These defects, as previously mentioned, can be annealed out by using

temperatures of ∼ 1000 ◦C [93], though silica’s tolerance to prolonged exposure of such

high temperatures becomes a limitation. While the images provide a quantitative view

of the level of filling in the core, the material’s phase and composition indicates the

quality of the deposited material.
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Figure 3.5: Terminology for vibrational displacements of atoms used in Raman
spectroscopy from [94].

3.5.2 Raman Spectroscopy

The crystallinity of the core material as well as the presence of additional elements can

both be evaluated using Raman spectroscopy. In this process, light is focussed onto the

core and the back scattered Raman shifted photons are collected and analysed. The

back scattered photons are a consequence of non-elastic scattering where the scattered

light is generated through interaction with molecular vibrational modes quantised as

phonons [94]. Excitation is performed with a Renishaw inVia system with a 633 nm HeNe

laser source at 250µW of optical power. The recorded spectra exhibit resonant peaks

specific to the elements in the material and the bonds connecting them, hence related

to their vibrational modes. In the one dimensional lattice approximation, atoms may

vibrate transversally or longitudinally. Each movement is characterised by either optical

or acoustical vibrations depending on the atom’s displacement. Figure 3.5 illustrates

that optical modes have adjacent atoms with opposing oscillations in transverse (TO)

and longitudinal (LO) directions. Acoustical modes of adjacent atoms however, have the

same direction of vibration resembling that of an acoustic wave propagating through the

material. These also occur in transverse (TA) and longitudinal (LA) directions.

The wavelength shift at which a Raman resonance occurs indicates the elements involved.

The strength of the resonance indicates the type of bond connecting these elements e.g.

covalent (single/double/triple), ionic, or metallic [95,96]. Though it should be noted that

the strength of resonances are typically an ignored quantity in Raman spectroscopy, since

elements producing a Raman resonance at a specific wavelength shift have predetermined

bond formations established in early literature. The Raman linewidth Γ [Hz] of each

resonant peak dictates the level of material order. Very narrow linewidths are associated

with highly crystalline material as each resonance is due to a distinct vibrational mode

with a very high Raman gain. Broad linewidths however, are due to resonances consisting

of a superposition of vibrational modes and are typical of disordered or amorphous

materials. The phonon response time τR [s], defined by the inverse linewidth 1/Γ,

governs the fastest time to which an optical pulse can drive a Raman resonance [47,53].
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Therefore amorphous materials have smaller phonon response times than single crystal

materials.

3.5.2.1 Polycrystalline Silicon (p-Si)

Optical fibres with a p-Si core are composed of many crystalline grains. Their material

properties are inherently governed by the grain material, assuming the intergrain regions

are significantly smaller than the grain size. The shape, dimension, and orientation of

each grain is in most cases strongly related to the fabrication temperature [97]. The

average grain size should ideally be as large as possible so that the overall material

possess as much similarity to single crystal silicon (c-Si). Research in optimizing the

deposition process is still ongoing. Three a-Si fibre samples were fabricated at 500 ◦C

and thermally annealed at different temperatures to produce a p-Si core. Raman spectra

were recorded with an acquisition time of 1 − 2 mins for each anneal and are shown in

Figure 3.6(a). As a reference, c-Si is shown with a single narrow peak at 520cm−1,

as expected corresponding to the TO mode. The lower temperature anneal results

in a broader linewidth and larger shift in the peak wavenumber than the ideal c-Si

spectra due to the larger quantity of amorphous material surrounding the crystallites.

As the grain sizes are increased through higher temperature annealing, the contribution

of amorphous material becomes less, causing the linewidth to become narrower and

vibrational resonances to occur with a closer wavenumber to that of c-Si.

3.5.2.2 Pure Amorphous Silicon (a-Si)

a-Si fibres are commonly fabricated at ∼ 500 ◦C. The Raman spectra are acquired for

a slightly longer duration (∼ 5 mins) as the cross-sectional gain is weaker due to the

inverse dependence on Γ [53]. The spectral result in Figure 3.6(b) shows a strong broad

peak at 480 cm−1 corresponding to the TO mode, with the two weaker subsidiary peaks

associated with the LA and LO modes of amorphous silicon [98]. The overlapped modes

and hence merged linewidths is a typical characteristic of the amorphous materials.

Importantly, the shift of the TO mode with respect to c-Si and p-Si is an important

indicator of how much the molecular dynamics in an identical material can change as a

result of superimposed vibrational modes, material stresses, and bond disorder.

3.5.2.3 Hydrogenated Amorphous Silicon (a-Si:H)

When semiconductor deposits accumulate in an amorphous state from HPCD, the gen-

eral disorder of the deposited material results in a high density of defects, which are

primarily atomic vacancies. These sites, referred to as dangling bonds, are electrically

active states in the band gap which can be occupied by any number of electrons (as
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Figure 3.6: (a) Raman spectra of p-Si at different annealing temperatures from
[99]. (b) Raman spectra of a-Si.

described in Section 2.2.4.1). The presence of hydrogen in a-Si:H acts to passivate these

dangling bond defects in the amorphous material, which in turn alleviates the undesir-

able optical and electronic features associated with a-Si [82]. Such features include poor

optical transmission for photons with energies exceeding the dangling bond defect state,

and poor carrier mobility due to the defect states acting as recombination centres for

free carriers [100].

The Raman spectra of a-Si:H closely resembles that of a-Si. The presence of hydro-

gen and hence vibrational mode of Si-H will experience a different Raman resonance

due to the different elements and bond structure. The high bond-dissociation energy

of Si-H relative to Si-Si (Si-H∼ 314 kJ/mole and Si-Si∼ 218 kJ/mole [101]) in combi-

nation with poor passivation, results in a Raman shifted emission for this bond that

is consequently very weak, typically requiring tens of minutes worth of high sensitivity

acquisition in order to be detected. The unique stretch (S) mode associated with Si-H

occurs at a higher detuning of 2000 cm−1. Figure 3.7(a) is the recorded Raman spectra

in this vicinity, the black curve confirms the presence of the S mode, a mode which was

unobservable in pure a-Si. The presence and detectability of this stretch mode attests

to the hydrogenated nature of the material whilst the strength provides some informa-

tion regarding the concentration. In cases where the hydrogen passivation is high, for

example when low temperature depositions are performed or if disilane (Si2H6) is used

as a precursor, a secondary resonance (Si-H2) adjacent to the Si-H stretch mode appears

(∼ 2100 cm−1), as shown by the blue trace in Figure 3.7(a). Whilst the presence of such

high concentrations of silicon hydride may suggest a higher saturation of dangling bond

defects, it must be reinforced that low temperature deposition typically does not form a

void-free core due to the slow deposition rate. Furthermore, disilane is a highly volatile

and costly precursor and is yet to be determined whether the optical or electronic prop-

erties are improved with this method. To understand the level of hydrogenation during

the fabrication process, Raman spectra were recorded as a function of the deposition

temperature. Figure 3.7(b) shows that the S mode steadily increases in strength for

the same acquisition time (∼ 20 mins). The lowest temperature of 320 ◦C resulted in
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Figure 3.7: (a) Raman spectra of Si-H (black at 390 ◦C) and inclusion of Si-H2

(blue at 340 ◦C) stretch modes in a-Si:H fibres. (b) Evolution of Si-H modes
with deposition temperature.

a 380 nm a-Si:H film (observed via SEM) which revealed the two S modes of Si-H and

Si-H2. Extended exposure of the silica capillary to a deposition temperature of 320 ◦C

in order to increase the volume of deposited material did not reveal closure of the core

with a-Si:H.

3.5.3 Optical Transmission Characterisation

Optical transmission in semiconductor fibres is strongly influenced by the deposition

parameters such as; temperature, partial pressures, precursor concentration, and car-

rier concentration. The kinematics of the chemistry involved are highly complex and

the influence of each parameter is counterintuitive. Educated estimates of the initial

parameters are used and optimized based on the SEM characterisations performed. By

establishing a fixed set of partial pressures and precursor/carrier concentrations of the

system, further material characterisations have helped in determining the optimal tem-

perature for the deposition of p-Si, a-Si, and a-Si:H fibres. When silicon core fibres

possess crystallinity, volume uniformity, and composition, close to their bulk counter-

parts, it indicates that the optical properties should theoretically be of similar standards.

In Section 2.2.4 several mechanisms contributing to the optical attenuation (αdB) in

semiconductors were discussed. Semiconductors will have a band gap energy Eg within

an exponentially decaying band tail defined by the Urbach energy Eu [102]. For an

ideal single crystal semiconductor, Eu = kT where k is Boltzmann’s constant and T is

the temperature [103]. Amorphous semiconductors (as well as glasses) however, have

an Urbach energy correlated to bond angle distortions and fluctuations in the atomic

bonding distances [104, 105]. The optical absorption αu [m−1] due to this tail can be
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Figure 3.8: (a) Fundamental loss contributions to semiconductor fibres. Hatched
region represents wavelengths over which defect based absorption (such as dan-
gling bonds) affect the most. (b) CCD image of defected core material taken
using a downward facing infrared camera onto the sample.

approximated by [103]:

αu ∼ Aexp

(
E − Eg

Eu

)
, (3.1)

where A is the absorption scaling factor specific to the material, and E is the energy

of the incident photon. As the band tail reduces for photons with smaller E, Rayleigh

scattering starts to take over as the fundamental loss mechanism, where the optical

absorption αR is proportional to 1/λ4. Eventually a material’s vibrational harmonics

and overtones become prominent in the absorption due to the molecule’s resonant fre-

quencies. Photons in this resonant mid- or far- infrared regime experience multiphonon

absorption αm described by [106]:

αm ∼ Bexp

(
C
λLO

λ

)
, (3.2)

where B and C are material constants and λLO represents the maximum longitudinal

optical resonant frequency of the material. Figure 3.8(a) plots the relative individual

contributions of αu, αR, and αm, over a large region of the optical spectrum for silicon.

The ideal c-Si tail is governed by Eu = kT , and drops of rapidly in comparison to the pure

a-Si Urbach tail. Rayleigh scattering represents the fundamental limit of optical losses

for a large range of the spectrum. At 5µm, phonon based absorption steadily begins to

dominate. The multiphonon based absorption in this figure is only a theoretical trend,

in reality vibrational absorption peaks of varying extinction occur [107].

Figure 3.8(a) depicts an important characteristic for a-Si or a-Si:H. The amorphous

nature of the semiconductor results in an optical absorption that is inherently limited

by its Urbach tail as seen by its significantly higher magnitude. The hatched region

enclosed within the Urbach tail, Rayleigh trend, and multiphoton absorption, represents

the absorption from the defect states associated with amorphous material (accounted

for by the high Eu). The measured distribution of defects in a-Si:H for example have
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been identified as dangling bond defects and occur with positive, negative, and neutral

charge defect states [104]. Each charge state follows a Gaussian distribution that may

be present anywhere within the hatched region. Hydrogenation serves to decrease the

corresponding Urbach energy allowing the optical transmission to follow a more Rayleigh

influenced trend.

Aside from these known contributions to the optical absorption, physical material defects

may occur as a product of non-optimal fabrication or environmental contamination.

Clusters of defected material or voids centred within the core cause light to scatter

dramatically, degrading the optical transmission. Figure 3.8(b) is an example of a top-

down image taken using a sensitive CCD camera with 1.5µm light incident on a high loss

a-Si:H core fibre. The specific origin of these defects are not yet fully understood, though

it is also believed that irregularities in the furnace heating elements may cause “hot” or

“cold” spots to form in the core, leading to the presence of defected silicon deposits or

unfilled regions. This top-down technique of viewing scattered light is a critical step in

allowing us to isolate the lowest scattering loss sections of an a-Si:H optical fibre.

3.5.3.1 Experimental Technique

Optical transmission losses are initially measured on all prepared fibres, typically in the

near-infrared (NIR). A range of tunable pulsed laser sources at very low peak powers (∼
10 mW) including a supercontinuum (Fianium SC-400), an optical parametric oscillator

(Radiantis OPIUM), and a pulsed erbium fibre laser (Onefive ORIGAMI), were used

to access wavelengths from 1.3µm to 1.8µm. Figure 3.9(a) shows a typical set up

for the optical transmission measurements using these sources. CAM represents the

cameras used to image the input and output faces of the fibre with their sensors based

on either a CCD or Pyroelectric array depending on the source wavelength. The high

Fresnel reflection coefficients of silicon (∼ 0.36 at 1.55µm) creates a strong contrast

difference between the core and the surrounding silica cladding, providing a convenient

method such as imaging to ensure the light is launched into the core. O1 and O2 are

0.65 NA/4.6 mm fused silica objectives. PD is the photodetector. Germanium or Indium

Gallium Arsenide based photodetectors were used for wavelengths up to 1.8µm. With

this configuration, loss measurements are performed using the cut-back technique [108]

where the fibre length is reduced by a few millimeters through polishing. This method

isolates an accurate transmission loss of a fibre section provided the same optical elements

are used in each measurement. From Figure 3.9(b), the input Pi and transmitted Pt

power measured at sample length L1 and L2, can be used to calculate the attenuation

by:

αdB∆L = − 10

L1 − L2
log

[
Pt1/Pi1

Pt2/Pi2

]
(3.3)

thus revealing the attenuation of the fibre section L1 − L2.
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Figure 3.9: (a) Schematic for loss measurements. (b) Variables of the cut-back
technique.

Cut-backs are performed on a number of p-Si, a-Si, and a-Si:H fibres in a wide range of

NIR wavelengths. These are discussed in the following sections.

3.5.3.2 p-Si

In the early stages of HPCD fabricated fibres, p-Si core fibres were thought to be the

material of choice due to the level of crystallinity (close similarity to c-Si) and poten-

tially useful optical properties. Much effort was focussed on fabricating batches of fibres

under different deposition or annealing conditions and correlating this with the optical

properties of the p-Si material. The p-Si fibres from Section 3.5.2.1 were characterised

using the cut-back technique to establish the transmission loss as a function of wave-

length. Figure 3.10(a) shows the corresponding losses for each fibre. Higher annealing

temperatures result in larger grain sizes reducing the number of intergrain defect sites,

hence the lower loss. Each p-Si fibre exhibits a strong Rayleigh fit shown by the solid

lines through the data points indicating the loss is primarily influenced by density fluc-

tuations as expected for a polycrystalline material. An experiment was performed in

which a separate a-Si core fibre was thermally annealed for a short duration of 5 mins at
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Figure 3.10: (a) Cut-back loss performed on three p-Si fibres from [99]. (b)
Cut-back measurement of a p-Si fibre annealed for a shorter duration.



40 Chapter 3 Semiconductor Fibre Fabrication

1300 ◦C, (as opposed to 10− 20 mins) to observe how the optical absorption or scatter-

ing changed. Figure 3.10(b) show the losses of this sample for a few points in the NIR

spectrum. A Rayleigh trend alone was not sufficient to obtain a good fit such as that

in Figure 3.10(a). However, in combination with the Urbach trend where Eu is the only

adjustable fitting parameter, a good fit is shown by the solid black line. The band gap

energy in theory varies due to the level of material disorder, though it is estimated at

1.1 eV due to the Raman spectra having a similar linewidth to c-Si. Since the Urbach

tail appears to dominate the absorption it can be deduced from theory that defect states

are a significant factor in this wavelength range.

Transmission losses for p-Si fibres have continued to vary in the range from 7−60 dB/cm

rendering the usable physical length to be impractical for nonlinear applications. To

achieve lower loss p-Si fibres, larger crystal grains are required or the dangling bond

defects between crystal grains need to be passivated [109].

3.5.3.3 a-Si

Pure a-Si fibres are a material that is typically undesirable for optical transmission. The

high atomic disorder results in structural defects in the form of distorted bond angles,

dangling bonds, and altered atomic bonding coordination, dramatically affecting the

density of states and forming absorption centres throughout the material [110]. When

comparative investigations are required between fibre core materials, it is usually only

then that an a-Si fibre is measured for transmission. Optical losses are frequently in the

order of 50 dB/cm at 1550 nm and very rarely follow a definitive Rayleigh trend.

Doping a-Si material may help impede such high transmission losses, with the most com-

monly employed method (both commercially and academically) being hydrogenation, to

form a-Si:H.

3.5.3.4 a-Si:H

In the past decade a-Si:H has gained a scientific attraction due to its advantageous

fabrication, optical, and electronic features. Specifically, it can be efficiently fabricated

using low deposition temperatures, requiring smaller amounts of raw materials, and it

inherently escapes the necessity of achieving a certain level of crystal perfection [111].

a-Si:H has always been a strong candidate for low loss semiconductor waveguides due to

almost all dangling bonds being saturated by hydrogen [112]. Low optical losses have

been demonstrated in several a-Si:H waveguides in a planar platform in the past few years

with values approaching the limit of c-Si [113]. It is for these reasons that a-Si:H is the

material of choice for the core of optical fibres investigated in this thesis. The electronic

properties of a-Si:H are ideal due to the long carrier lifetimes but its applications are
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Figure 3.11: Deposition furnace’s temperature profiles constructed at Pennsyl-
vania State University.

intended for photoconductive or photovoltaic applications. Carrier lifetimes will be

discussed with more detail in Section 4.3.

A large number of a-Si:H fibre were fabricated and optically characterised at 1.54µm.

Four different furnaces labelled ‘B’, ‘D’, ‘P’, and ‘O’, were handmade at Pennsylvania

State University. Each furnace exhibits a different temperature gradient and profile as

shown in Figure 3.11. Each fabricated fibre varied in precursor pressure and temperature.

When the importance of hydrogen was established, it was suggested to attempt the

deposition process with hydrogen as a carrier gas. The consequences on the kinematics

of the deposition process were unclear. However, through re-optimisation of the partial

pressures, temperatures, and furnace profiles, a number of fibres were investigated with

the hydrogen carrier. The deposition details of the 6µm fibres characterised are shown

in Table 3.1 where the switch in carrier gas resulted in many of the lowest loss a-Si:H

fibres to date.

Similarly, in the fabrication of 2µm core fibres, the carrier gas was also replaced. Ta-

ble 3.2 displays the deposition parameters and loss measurements performed on a batch

Furnace Type Carrier SiH4 Pressure Temperature αdB

(MPa) (◦C) (dB/cm)

B He 0.979 300− 500 13.00
B He 0.100 300− 400 4.00
D H2 1.613 360− 406 4.00
O H2 1.399 315− 395 3.00
O H2 1.310 320− 395 2.80
O H2 3.737 320− 385 2.60
D H2 1.613 360− 375 2.40
O H2 1.206 320− 394 1.98
O H2 1.310 320− 395 1.75
O H2 1.310 320− 395 1.72
O H2 2.647 350− 360 0.80

Table 3.1: Fabricated 6µm core a-Si:H fibres
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Furnace Type Carrier SiH4 Pressure Temperature αdB

(MPa) (◦C) (dB/cm)

O He 3.309 350− 450 60.0
O He 2.116 300− 400 44.0
O H2 0.276 350− 375 29.0
O H2 2.399 320− 350 12.0
O H2 1.206 100− 280 9.0
P H2 2.427 350− 380 8.90
B H2 0.447 350− 370 2.90

Table 3.2: Fabricated 2µm core a-Si:H fibres

of 2µm core fibres also measured at 1.54µm. From the fibres fabricated, it is difficult

to draw or correlate a relationship between the transmission loss and the deposition

conditions due to the multiple variables involved. In the use of high pressure compo-

nents and vessels, it is very cumbersome to re-pressurise the system in order to keep

partial pressures consistent hence allowing for only a few parameters to be analysed.

From the fibres characterised, Figure 3.12(a) shows the evolution of the a-Si:H losses in

both 6µm and 2µm core fibres at 1.54µm. The small core fibres still possess a higher

loss than the frequently fabricated 6µm core fibres. Fine tuning of the pressures and

temperatures will need to be made in order to establish an optimum regime where the

fibre-to-fibre loss is consistent to ∼ ±2 dB as is the case for the 6µm core fibres. In

two particular 6µm core fibres (labeled ‘Fibre 1’ and ‘Fibre 2’), wavelength dependent

loss measurements were performed using the cut-back technique. Figure 3.12(b) illus-

trates the excellent agreement with Rayleigh scattering in the telecom band. With the

combined attenuation factors of both the Urbach and Rayleigh mechanisms, the wave-

lengths closer to the band gap wavelength experience a better fit as predicted by the
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Figure 3.12: (a) Evolution of a-Si:H fibre losses since the start of this work. (b)
Comparison of two low loss a-Si:H fibres obeying an Urbach and Rayleigh trend.
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optical transmission theory described in Section 3.5.3. Interestingly, the fitted Urbach

Energy is only a factor of 1.8× larger than the theoretical kT energy, and occurs with

less impact than the Rayleigh trend. In contrast to Figure 3.8(a), it is suggestive that

these a-Si:H fibres have minimal positive, negative, and neutral charged defect states

due to the hydrogenation and that Rayleigh scattering is ultimately what dominates the

lowest achievable attenuation.

3.6 Conclusion

A variety of methods exist for the fabrication of semiconductor core, silica cladding fi-

bres. HPCD is a promising tool for the deposition of semiconductors in high aspect ratio

capillaries and microstructured templates. The material’s phase can be chosen by ad-

justing the furnace temperature for deposition of amorphous, amorphous-hydrogenated,

and polycrystalline semiconductors. The material quality can be controlled by the pres-

sures, precursor concentrations, carrier gas etc. Filled fibres are secured and mounted

in thicker capillaries for polishing to prepare them for the optical experiments. a-Si:H is

an ideal semiconductor material for optical applications due to the low-cost fabrication

process and excellent optical transmission. A number of a-Si:H fibres of two different

core diameters have been characterised for linear losses revealing consistency and hence

repeatability of the fabrication process.





Chapter 4

Nonlinear Absorption and

Modulation in Silicon Fibres

4.1 Introduction

The process of nonlinear absorption refers to an intensity dependent change in a ma-

terial’s optical absorption. This chapter focuses on the photoexcitation of free carriers,

in which some fraction of the light incident on silicon is absorbed through two-photon

absorption (TPA), creating electron-hole pairs. Photogeneration of carriers causes an

additional change in the optical absorption of silicon so that subsequent light is not only

attenuated by TPA but also free carrier absorption (FCA). While nonlinear absorption

is a material attribute that is commonly perceived as an undesirable effect, it can be

exploited to modulate the amplitude of continuous wave (CW) signals using a predefined

optical pulse sequence. This process known as cross-absorption modulation (XAM) is

presented in the final section of this chapter.

4.2 Nonlinear Absorption Mechanisms

Nonlinear absorption or optical limiting in a material manifests itself as a reduction

of its optical transmissivity when the input laser intensity increases. In silicon this

should not be confused with saturable absorption but is rather called reverse saturable

absorption (RSA) [114]. RSA was the original motivation for developing optical limiters

to protect human eyes and optical sensors from high intensity laser radiation [115]. Since

the absorption is dynamic and responsive to subpicosecond timescales, it is an efficient

technique for high speed optical limitation. The RSA mechanisms of silicon, as already

mentioned, are dominated by TPA and in most instances are sequentially followed by

FCA.

45
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Figure 4.1: (a) Energy level diagrams for degenerate TPA, non-degenerate TPA,
FCA, and MPA (b) Predicted nonlinear absorption strength of TPA and FCA.

Figure 4.1(a) is an energy band diagram representing the transitions that carriers un-

dergo when an input photon induces TPA. Process [i] of Figure 4.1(a) shows the degener-

ate case of TPA. Process [ii] shows non-degenerate TPA occurring with different photon

energies whose sum is equal to or higher than the band gap energy of the material.

The relative strength of the two-photon based absorption as a function of wavelength is

shown in Figure 4.1(b) by the solid blue line. The trend is based on a numerical model

for single crystal silicon [116]. As expected, the absorption peaks at wavelengths below

half the band gap energy (λbg/2 = 2.2µm) and dramatically reduces thereafter.

Free carriers generated due to TPA exist in a conduction band (C) comprised of a

valley of densely spaced energy levels. The separation of the energy levels increases

with conduction band energy. Hence, free carriers are more prone to enter a higher

unoccupied excited state (C∗) with minimal input photon energies since the required

excitation energy is so low. This is the underlying reason for the occurrence of FCA and

is illustrated by the small excited state transition in process [iii]. By this description,

it is expected that FCA is more pronounced at longer wavelengths due to a smaller

photon energy. In a separate model of single crystal silicon [33], the trend of FCA

with wavelength can also be seen in Figure 4.1(b) where it indeed increases for larger

wavelengths. While it may be difficult to induce free carriers via TPA at wavelengths

beyond 3µm it is possible that multiphoton absorption (MPA) effects may contribute

to their generation.

Under certain conditions, MPA may occur through which three or more photons are

simultaneously excited to bridge the band gap energy of the material. However, different

selection rules exist leading to a probability of occurrence that is highest only in specific

wavelength regions. Process [iv] of Figure 4.1(a) represents an example of MPA involving

three-photon absorption which can also be of degenerate and non-degenerate forms.

Detection methods for MPA typically average a large photon flux, if measuring three-

photon based depletion, it can occur in addition to TPA. Hence, for highly sensitive
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detection methods (such as the Z-scan), care should be taken in calculations of each MPA

process to determine whether contributions from other MPA processes have occurred

[117].

4.3 Carrier Lifetimes

The recombination lifetime of most electronic devices is not a critical parameter due

to the small distances free carriers diffuse over. However, high power components (e.g.

transistors), optoelectronic devices, and solar panels require specific control over their

carrier lifetimes. The bulky size of these devices can cause carriers to remain mobile

for large (nanosecond-microsecond) periods of time, limiting their operating speed and

efficiencies. For this reason, industries and many R&D facilities involved in the fabrica-

tion of semiconductors use detailed carrier lifetime measurements as a means of process

control [118]. Lifetime measurements are ideal for monitoring material performance as

they are non-destructive and can reveal deep-level impurities of a semiconductor ingot.

These impurities can cause further deterioration and lattice defects as the fabrication

process advances. This section focuses on excited state carrier dynamics and investigates

the lifetimes of a-Si:H fibres also as a means of process control.

4.3.1 Dynamics

The illustrations presented in Figures 2.4(a), 2.4(b), and 4.1(a), represent an energy band

scheme of an ideal semiconductor crystal. Such materials have delocalized states of the

valence and conduction bands (represented by long solid or dashed lines). Real materials

however, have surface defects, bulk impurities, and bond defects, introducing localized

states which may be populated with carriers. When dealing with an amorphous material

like a-Si:H, the structural and bonding defects produce localized states that lie within

the band gap energy. States in this region are referred to as localized gap states [119].

The carrier lifetime is a sensitive function of the density and distribution of localized

gap states. In silicon, several stages of relaxation may occur before a carrier returns to

equilibrium. The energy of a carrier may be transferred to other carriers or states and

then to the lattice. Different stages entail different time scales at which they occur [120].

Figure 4.2 presents a selected number of carrier excitation and relaxation processes

shown in the form of energy-momentum diagrams. The timescales associated with each

process are also provided. It is important to be aware of these timescales as they differ-

entiate fast versus slow carrier processes such that a semiconductor can be tailored for

specific applications. Figure 4.2(a) shows a simple form of photon absorption producing

a free carrier. This may be due to one-photon or multi-photon absorption. It typically

takes a carrier 10−14 − 10−13 s to enter an excited state depending on the semiconduc-

tor. After photoexcitation, the free carrier can take multiple paths before recombining
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Figure 4.2: Energy-momentum band diagrams showing carrier dynamics. CB
is conduction band, VB is valence band. (a) Photo-excitation of a carrier. (b)
Thermalisation. (c) Auger recombination. (d) Shockley-Read-Hall recombina-
tion.

with its respective hole. In this instance it is possible to neglect radiative recombina-

tion since silicon is an indirect band gap material and the crystal momentum mismatch

dramatically limits the probability of photon emission.

In Figure 4.2(b), the carrier loses its energy through phonon emission by many transitions

within the band in which the energy decrements are small but frequent. This process is

referred to as thermalisation and the many inelastic transitions that the carrier undergoes

are consequently very rapid with timescales of 10−14 − 10−13 s.

Figure 4.2(c) is known as Auger recombination. It is a 3-step process where the energy

of a free carrier is immediately recombined with a hole (2), but rather than emitting

its energy by phonon emission it is given to a secondary carrier in the conduction band

(1). The second excited carrier (3) may then thermalise back down to the conduction

edge. For intrinsic silicon (c-Si) or a-Si:H, Auger recombination is minimal since it is

only significant for high carrier concentrations such as heavy doping or intense carrier

injection. The multiple steps involved correspondingly result in a slightly larger timescale

varying from 10−11 − 10−8 s.

Lastly, Figure 4.2(d) shows Shockley-Read-Hall (SRH) recombination. This form of

relaxation occurs more commonly since its relies on impurities and/or material defects.

Carriers from the conduction band enter a localized gap state (short dashed lines) where

its energy is released in the form of heat. The carrier may then be re-excited to the

conduction edge or a hole may enter the same gap state and cause recombination. The

rate at which the carrier moves into a gap state depends on the defect energy. Dangling
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bond defects as described throughout Chapter 3 are an example of the origin of localized

states in a-Si:H, and in fact may be beneficial in obtaining faster recombination times.

Through SRH it is possible to correlate the optical absorption of a-Si:H to the carrier

lifetime assuming process (b) and (c) are minute. Since SRH depends on material

purity, recombination times are largely variable with commonly observed durations of

10−11 − 10−5 s.

4.3.2 Measurements

When a material’s carrier density is constantly evolving due to non-radiative, radia-

tive, and/or Auger recombination, the optical wave present in the media experiences

an optical absorption characteristic of a polynomial relationship [121]. However, in the

instance of SRH based recombination the output optical power (Pout) decreases at a rate

proportional to its input (Pin), so that its solution is of the form:

Pout = Pinexp

(
− t
τ

)
, (4.1)

where τ is the decay rate or carrier lifetime. To determine the lifetime τ , experiments

are designed such that carriers are optically generated in the material and monitored by

a secondary optical field called the probe.

The first demonstration of this probe monitoring process in an amorphous silicon optical

fibre was performed in 2007 by Won et al. [122]. This method used a pulsed pump

sequence at a wavelength (532 nm) beyond the band gap energy of silicon, such that each

pulse results in the generation of free carriers. The pulses are launched perpendicular to

the waveguide’s propagation axis to illuminate a large surface area of the core guiding

material (a-Si:H). Since each pulse consists of a large number of photons, a similarly

large level of carriers is produced. A weak CW probe at 1.55µm propagates within the

core and experiences absorption due to FCA every time carriers are produced. This

results in a probe sequence with periodic power depletion. Figure 4.3 is an illustration

of this process. The left image shows the a-Si:H fibre being illuminated by a pulsed

pump field from the side, while a CW probe enters the core. The three graphs on the

right illustrate the pump and probe fields in time and thus the change in carrier density.

The carrier density follows a near identical pattern to the pump (assuming the carrier

lifetime is equal to or faster than the pump’s repetition rate). The regions of FCA

correspond to the depletion of power in the probe. The red lines of the probe indicate

the exponential tails of the carriers. By fitting this tail to Equation 4.1 an estimate of

the carrier lifetime can be established.

In this thesis, lifetime measurements were performed on a number of a-Si:H fibres.

However, the experiment implemented differed from the single photon excitation process

described in Figure 4.3. Instead, a method of cross-absorption modulation (XAM) was
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Figure 4.3: Modulation experiment employed by Won et al. [122]

used to excite carriers via a two-photon absorption process then the excited state carriers

were probed with a CW signal. A detailed outline of the XAM process will be discussed

in Section 4.6, though for the purpose of the lifetime measurements only the principles

relevant to carrier excitation, photon absorption, and recovery will be presented.

The fundamental difference between XAM and the single photon excitation process is

that carriers are now produced only through TPA. This is achieved by the use of a pump

consisting of an ultrashort pulse sequence with high peak power at a wavelength below

the band gap energy of silicon, but within the two-photon edge (i.e., in the wavelength

range 1.1 − 2.2µm). The pump source used was a 1540 nm mode-locked erbium fibre

laser with 700 fs pulses at a 40 MHz repetition rate. It co-propagates with a weak

CW probe centred at 1570 nm. Figure 4.4(a) shows the experimental setup where a

preamplifier was used after the CW probe to provide enough power to overcome the

losses of the a-Si:H fibre and other external factors such as coupling losses and Fresnel

reflections. The focussing and collection lenses employed were antireflection coated fused

silica achromatics with 0.4 NA and a 4.6 mm focal length. This arrangement typically

provides 0.3 dB of coupling loss and 3 dB of end face reflections due to the high Fresnel

reflection coefficients of silicon [123]. The output from the a-Si:H fibre now contains both

the pump and the probe waves. The probe wavelength is filtered by using a conventional

Bragg grating and circulator configuration. The grating consists of a reflection peak at

1570 nm with a FWHM of approximately 1.5 nm. This bandwidth was chosen such that

the increased spectral width due to amplitude modulation of the CW signal is able to

be reflected without any form of pulse broadening or filtering. It may appear that the

chosen bandwidth of 1.5 nm appears too narrow, since the transform-limited 700 fs pump

pulses have a spectral width of 4 nm (∆f∆t ≈ 0.315), hence the modulated probe should

exhibit a similar bandwidth. However, the relaxation tails due to carrier recovery on

the CW probe are elongated over a nanosecond interval, and the amplitude extinction

is small enough that the narrow linewidth probe broadened by less than 0.1 nm after
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Figure 4.4: (a) XAM experiment for the measurements of the carrier lifetimes.
(b) Free carrier absorbed probe pulses as viewed on an oscilloscope.

modulation, as observed on an optical spectrum analyser. The filtered probe is then

viewed on a 30 GHz sampling oscilloscope.

When viewed on the oscilloscope, the probe pulses appear as inverted impulse functions.

Figure 4.4(b) shows an example of a train of dark pulses imprinted on the probe from

XAM. The fibre used in this measurement was a a-Si:H fibre fabricated with a He carrier

at 300 − 400 ◦C, with a transmission loss of 4 dB/cm. The red line corresponds to the

exponentially decaying free carrier tail of interest. Fitting this exponential decay reveals

the decay constant τ . However, before fitting, the data is cropped to only expose this

tail, and a prebuilt regression analysis tool from Matlab is used to evaluate the decay

constant by functional minimisation of Equation 4.1.

Figure 4.5 are plots of the lifetimes measured for four different fibres fabricated un-

der different conditions, extracted at arbitrary sampling times. Fibre related parame-

ters are listed in the caption with the form “Sample-Type/Carrier Core-Diameter Max-

Deposition-Temperature”. The differences in the carrier lifetimes can be explained as

follows. In Figures 4.5(a), (b), and (c), are all 6µm core diameter a-Si:H fibres which

are fabricated at different temperatures. Figure (a) represents typical data for a-Si since

the deposition temperature was high enough to minimize the incorporation of hydro-

gen. By increasing the hydrogen content to decrease the number of dangling bonds, the

recombination time will be reduced since the distribution of SRH based recombination

sites are further spaced, giving free carriers a larger spatial degree of freedom within

the material. The fibres fabricated with He as the carrier gas i.e., (a) and (b) show a

much shorter lifetime than that of the H2 carrier (c). In particular, the decay observed

in Figure 4.5(c) was of a much longer duration than the repetition rate of the source

laser, therefore the lifetime remains inconclusive at this stage but it is predicted to be

on the order of 200 ns.

In Chapter 3, the H2 carrier based fibres and the effects of hydrogenation were shown

to produce fibres with dramatically higher transmission. Hence it is expected that the
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optical transmission associated with (a), (b), and (c), will decrease inversely with the

carrier lifetime. Extracting the transmission measurements from Table 3.1 and Table 3.2

for these fibres, it can be seen that the results do indeed exhibit this trend (i.e., increasing

loss for decreasing τ). Presented in Figure 4.5(e) are the carrier lifetimes plotted against

the optical absorption, where an additional measurement of a a-Si:H/H 6µm fabricated

at 394 ◦C fibre is also shown (∼ 3 dB/cm). It is evident that SRH based recombination

is dominant in these fibres as the trend in lifetime and absorption imply that high losses

correspond to smaller lifetimes.

An important feature that also dictates the carrier lifetime is the physical dimensions of

the semiconductor fibre. The surfaces of all materials regardless of their physical form

always exhibit the highest number of defects due to an imperfect cleave or cut. Since the

deposited semiconductor material in these fibres assume the same surface conditions as

the inner walls of the silica capillary, the surface of the semiconductor will produce de-

fected sites in order to form a perfect adhesion (since there is a lattice mismatch between

silica and silicon). Therefore a high number of defects are located at the surrounding

surface in contrast to the inner volume of the semiconductor. By decreasing the core

diameter, the surface to volume ratio is increased thereby circumventing the need to

introduce volume defects to achieve shorter lifetime semiconductors. Figure 4.5(d) high-

lights this point through measurements of the lifetime in a 2µm core diameter a-Si:H

fibre, where τ is 4 ns. More impressively, the loss of this fibre is only 4 dB/cm. The 6µm

core a-Si:H fibre with a comparable loss had a measured lifetime that was more than

20× larger for a 3× difference in cross-sectional area.
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Figure 4.5: Measured carrier lifetimes for fibres described by their Sample-
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It is apparent that a-Si:H fibres can present a limitation to the repetition rate of the pump

source used, which will ultimately limit the operation speed of devices utilising XAM. For

high bit rate applications, the lifetime can be reduced by scaling down the core size which

is an area of ongoing investigation. Alternatively, previous experiments in nanoscale

waveguides have shown that it is possible to reduce the lifetime to a suitable level

by using lower pump powers, thereby reducing the density of SRH recombination and

allowing thermalisation to contribute more significantly [124]. Thermalisation however,

is not considered in this analysis as the recovery occurs on a much shorter time scale

and for a much smaller concentration of carriers. Section 4.6 will show this in greater

depth where a technique will be described and analysed for recovering the femtosecond

dark pulses.

4.4 Simplified Coupled-Mode Equations

a-Si:H optical fibres are a platform for which nonlinear loss coefficients have not been

well established. The theory presented in this section describes the model(s) used in

obtaining these material specific coefficients such as the TPA and FCA coefficients of

a-Si:H optical fibres. The equations and theory already presented in Sections 2.3.2

and 2.3.4 for degenerate TPA, non-degenerate TPA, and FCA, describe the individual

processes. However, to accurately model the propagation of light in semiconductors

like silicon, a description involving all three processes, the linear optical absorption,

and the inclusion of the carrier density’s rate of change is required. Effects such as

amplitude modulation, carrier decay, and pulse shaping are observable in the temporal

domain with strong characteristics. Hence, this chapter is primarily concerned with the

temporal characteristics induced on an optical field through nonlinear absorption. The

equations presented neglect the effects of spectral modulation which will be introduced

in Chapter 5.

For semiconductor fibres where the dispersion length (Equation 2.50) is much longer

than the propagation length, it is possible to describe the temporal evolution of a high

peak power optical pulse by the following coupled rate equations:

dI(z, t)

dz
= −αlI(z, t)− βTPAI

2(z, t)− σFCAN(z, t)I(z, t)

dN

dt
=
βTPA

2~ω
I2(z, t)− N(z, t)

τ
.

(4.2)

The TPA coefficient βTPA corresponds to the degenerate case, i.e., βTPA ≡ βTPAp,p.

An extension can similarly be applied to the non-degenerate TPA case. In this situation,

the three coupled-mode equations that describe the behaviour of the pump field Ap(z, t),
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signal (or probe) field As(z, t), and the carrier density N(z, t) are [54]:

∂Ap

∂z
= −αl

2
Ap(z, t)−

σFCA

2
N(z, t)Ap(z, t)−

βTPAp,p

2
Ip(z, t)Ap(z, t),

∂As

∂z
= −αl

2
As(z, t)−

σFCA

2
N(z, t)As(z, t)− βTPAp,sIp(z, t)As(z, t),

dN

dt
=
βTPAp,p

2~ω
I2
p (z, t)− N(z, t)

τ
.

(4.3)

An important feature of these equations can be seen through the non-degenerate two-

photon based absorption term, which shows that the absorption due to this form of TPA

is 2× stronger than that of degenerate TPA. Though it should be noted that degenerate

TPA is influenced by the product of the pump intensity and amplitude Ip(z, t)Ap(z, t),

which is significantly stronger than the product Ip(z, t)As(z, t). If however, the fields

were of equally high intensity, then these equations are no longer suitable as the approx-

imation assumes that the probe field is much weaker than the pump and is therefore not

strong enough to induce FCA through TPA. This is shown in the carrier rate equation

where only the degenerate TPA term is included.

These assumptions are specific to the conditions of the experiments conducted in the

following sections. Equations 4.2 will be used to fit experimentally measured nonlin-

ear absorption measurements of several silicon optical fibres, with the TPA and FCA

coefficients as fitting parameters. Functional minimisation of this 2-parameter fit will

yield the best coefficients corresponding to a particular fibre. Equations 4.3 will be used

to demonstrate non-degenerate TPA in a similar manner to that already described in

Section 4.3, with the addition of ultrafast measurements to reveal the high speed nature

of TPA.

4.5 Nonlinear Absorption Strength and Cross-Sections

This section focuses on the experimental and associated numerical work performed in

establishing the TPA and FCA coefficients for a-Si:H core fibres. The analysis is based

on numerical fitting of the experimental measurements via Equation 4.2 with βTPA and

σFCA left as free parameters. The experimental setup is based on Figure 4.4(a), without

the requirement of a probe signal or output filter.

A pulsed pump source is launched into a a-Si:H fibre where the input power is var-

ied and the output power is correspondingly recorded. The relationship between the

two measured parameters produces a nonlinear curve as the input power is increased.

From Equation 4.2, the input optical field envelope needs to be known precisely in or-

der to simulate the extent of linear absorption, TPA, and FCA. The high power pulses

were generated by an erbium fibre laser mode-locked to produce 720 fs (FWHM) pulse
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Figure 4.6: (a) Raw spectrogram of pump source. (b) Recovered temporal pulse
and phase of pump.

durations, operating at 1540 nm with a repetition rate of 40 MHz. Since the ultra-

short nature of the pulse operates at a time scale far beyond current radio frequency

(RF) instruments, the pulse characteristics such as the FWHM, envelope shape, and

time-bandwidth product (TBP) were measured using a commercial Southern Photon-

ics (HR150) frequency-resolved optical gating (FROG) system. The FROG instrument

uses the pulsed source to ‘measure itself’ by manually delaying it through an identical

reference arm. The two arms are used to produce a second harmonic spectra (using a

frequency doubling crystal) as a function of delay. A spectrogram is produced showing

the spectra for each temporal delay as shown in Figure 4.6(a). Using a sophisticated it-

erative phase retrieval algorithm, the software processes the spectrogram, and attempts

to construct the shape and phase of the optical pulses. Due to the numerical nature

of the recovery process, a retrieval error is also produced which indicates a ‘goodness

of fit’. The retrieval error defined by the Southern Photonics software is the RMS dif-

ference between the measured spectrogram and the retrieved spectrogram. Any value

below 1× 10−5 is considered a reliable recovery. Figure 4.6(b) is the recovered envelope

and phase of the pulses from the erbium fibre laser. The pulse width is revealed to be

∼ 720 fs, with a TBP of ∼ 0.331. This is close to the TBP for a bandwidth-limited

sech2-shaped pulse, and the solid blue line indicates a near perfect fit of the recorded

envelope to a sech2 pulse. The retrieval error is 1.04×10−6 indicating good convergence

of the recovery with respect to the raw spectrogram. By using this pulse information in

the numerical fitting of the experimental measurements, the errors in the solutions to

the nonlinear absorption coefficients are minimized.

In the experimental setup, microscope objective lenses used for input coupling and col-

lection are the same as that shown in Figure 4.4(a). Two cameras were used in this

experiment. One images the back-reflection from the input a-Si:H fibre facet, and the

other images the output end face of the fibre. The cameras assisted in optimising the
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Fibre Core Furnace Carrier SiH4 Temperature αdB Carrier
Diameter Type Pressure Lifetime

(µm) (MPa) (◦C) (dB/cm) (ns)

A 6 B He 0.100 300− 400 4.00 86
B 6 O H2 1.310 320− 395 1.72 120
C 6 O H2 2.647 350− 360 0.80 200
D 2 B H2 0.447 350− 370 2.90 4

Table 4.1: a-Si:H fibre specifications.

launch into the core. The input power was varied using a conventional graded neu-

tral density silica attenuator, and the optical powers were measured using a calibrated

Newport germanium photodetector (model 818-IR).

Four particular a-Si:H fibres were investigated. Three of which have 6µm core diameters

(with one fabricated using a He carrier), and the fourth has a 2µm core diameter. For

simplicity, each fibre is labeled Fibre A, Fibre B, Fibre C, and Fibre D. The details of the

corresponding fibre fabrication parameters and characteristics are shown in Table 4.1.

The process of numerically fitting a set of partial differential equations to raw experimen-

tal measurements is, in most cases, cumbersome and inaccurate due to poor convergence.

Amongst many reasons, these problems arise due to the simplifications made in the the-

ory and the spread of experimental measurements result in scaling problems. However,

numerically determining the exact output power after certain propagation parameters

is not the intention. Nonlinear absorption is predominantly seen as a modification to

the rate of change of the output power with respect to the input power. Therefore, by

normalising the experimental and numerical output powers the issues of prolonged and

inaccurate convergence can be mitigated. After the normalisation, the functional form of

the data and resulting goodness of fit statistics do not change [125]. Figure 4.7(a) shows

the nonlinear absorption measurements of Fibre A numerically fitted to Equation 4.2.

This fibre measured 1.2 cm in length and the normalisation factor of the output power

is 32 W, hence the maximum output peak power is 32 W. This results in a maximum

attenuation of ∼ 10 dB (at 300 W input peak power). Since the linear loss from Table 4.1

is 4.8 dB, the amount of nonlinear absorption corresponds to an additional 5.2 dB. In

Figure 4.7(a) the fitted parameters were separated into the loss components of linear

loss and TPA. The curvature of the total fit further confirms the deviation from lin-

earity of the optical transmission in a-Si:H fibres. From this fitting the following two

parameters were established; βTPA ∼ 8 × 10−12 m/W and σFCA ∼ 1 × 10−20 m2. The

TPA coefficient is similar to values reported for a-Si:H planar waveguides [126, 127]

though this varies depending on the material properties, with reports ranging from

0.8× 10−12 − 41× 10−12 m/W [128]. As a comparison, waveguides fabricated from c-Si

typically have βTPA in the range of 5× 10−12− 9× 10−12 m/W [129,130], making a-Si:H

also a potential material for TPA based applications (such as optical limiters). It is also

important to note that the band gap energy of a-Si:H is ∼ 1.7 eV corresponding to a
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TPA edge of ∼ 1.46µm. Yet the results presented show significant TPA even at 1.54µm.

This is attributed to the amorphous nature of the material where we expect the band

tail to be elongated, and hence leading to a smearing of the TPA edge.

When calculating the FCA coefficient from the Drude-Lorenz model Equation 2.44, this

yields σFCA = 1.6 × 10−20 m2 which is slightly larger than our estimated value. The

difference in this result may be attributed to the quality of the deposited material or

the assumptions surrounding the idealised electron model the Drude-Lorenz theory is

based on. In addition to these reasons, a margin of error in the FCA coefficient is

expected, especially since we are operating in a low input power regime where the true

cubic behavior of FCA is unnoticeable. In turn, this impacts the functional misfit error

of σFCA.

To demonstrate how the carrier density varies as a function of the input pulse, Fig-

ure 4.7(b) shows the evolution of N(z, t) as a function of the input peak power and

temporal envelope. From the established coefficients, it is possible to generate a fairly

accurate model of how this carrier density varies. Due to the high peak power and ultra-

short nature of the input pulses, the carrier concentration rapidly reaches a saturation

point at positive times corresponding to the trailing edge of the pulse. Carrier recombi-

nation or recovery is not visible here due to the chosen temporal span (picoseconds as

opposed to nanoseconds).

The two lowest loss a-Si:H fibres fabricated with a hydrogen carrier gas reveal the best

fits as shown in Figure 4.8(a) and (b). Fibre B measured 1.5 cm and also yields a

βTPA ∼ 8 × 10−12 m/W and σFCA ∼ 1 × 10−20 m2. The normalization factor is 40 W,

hence the maximum absorption was ∼ 10.8 dB, resulting in a total induced nonlinear

absorption of 8.2 dB.

However, when investigating Fibre C (3 cm), a a-Si:H fibre with a dramatically lower

loss, then βTPA ∼ 5× 10−12 m/W, while the σFCA also remains the same as the others.

0 50 100 150 200 250 300
0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

Peak Input Power (W)

N
o

rm
al

is
ed

 O
u
tp

u
t 

P
o
w

er
 (

W
)

Measured
Total Fit
Linear
TPA

Time (ps)

C
ar

ri
er

 D
en

si
ty

 (
×

1
0

2
1

-3
m

)

(a) (b)

−2
−1

0
1

2

50
100

150
200

250

1
2
3
4
5
6
7

Peak Input
Power (W)

Figure 4.7: Fibre A. (a) Nonlinear absorption. (b) Carrier density.
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Figure 4.8: Nonlinear absorption in (a) Fibre B and (b) Fibre C.

The differences in the TPA coefficient may be attributed to the material quality, though

further investigations are required since this value has not yet been repeated in other

a-Si:H fibres. The maximum output peak power here is 20 W which yields a higher

maximum nonlinear absorption of 11 dB. The total induced absorption is then 10.2 dB.

Fibre D of Figure 4.9 is the smaller core fibre. Owing to the high coupling losses

associated with the small core fibre, a peak coupled input power of only 18 W was

achievable. However, this was sufficient to observe nonlinear absorption. From Fig-

ure 4.9(a), the normalised peak output power was 3.5 W which corresponds to a max-

imum nonlinear absorption of 7 dB. The total induced nonlinear absorption is thus a

modest 4.1 dB. The coefficients in this case were found to have a slightly larger TPA of

βTPA ∼ 8.3×10−12 m/W and the FCA coefficient was again found to be the same as be-

fore with σFCA ∼ 1×10−20 m2. The re-occurring values obtained for the FCA is expected

as the Drude-Lorenz model is described as a function of dielectric and electron-hole con-

stants such as the electronic rest mass and carrier mobility. This material dependent
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Figure 4.9: Fibre D. (a) Nonlinear absorption. (b) Carrier density.
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Fibre βTPA σFCA Induced Nonlinear
Absorption

(m/W) (m2) (dB)

A 8× 10−12 1× 10−20 5.2
B 8× 10−12 1× 10−20 8.2
C 5× 10−12 1× 10−20 10.2
D 8.3× 10−12 1× 10−20 4.1

Table 4.2: Nonlinear absorption coefficients measured for the a-Si:H fibres.

constant should be consistent in all the amorphous fibres since they are formed from the

same material composition and fabrication process.

The carrier density associated with the small core fibre (Fibre D), exhibits a similar

trend whereby saturation is reached at the trailing edge of the pump pulse. Though in

Figure 4.9(b) the carrier density builds up to a lower saturation point owing to the lower

coupled input powers.

A summary of the established coefficients for each of the four fibres, and the total induced

nonlinear absorption is presented in Table 4.2. These measurements represent the first

nonlinear characterisations performed in a-Si:H optical fibres. They provide additional

details of parameters required for the GNLSE allowing for the nonlinear propagation

model to represent a a-Si:H fibre more accurately.

From the nonlinear curves presented in Figures 4.7-4.9, it can be concluded that TPA

plays a significant role in the nonlinear absorption. Since TPA can be a non-degenerate

process, the nonlinear absorption can also be induced on a co-propagating wave of a

different wavelength (the probe). Effectively, a pump pulse sequence can be used to

induce a sequence of absorption dips on the probe, causing periodic optical power de-

pletion. This form of absorption modulation was investigated and will be discussed in

the following section.

4.6 All-Optical Modulation

One particular silicon based switching device was based on the plasma dispersion ef-

fect [131]. In this device, a pulsed pump at wavelength λp having a photon energy hνp

greater than the band-gap energy Eg, was used to produce excess free carriers inside

the waveguide whilst in the presence of a secondary CW probe signal λs whose energy

was hνs < Eg. At the peak of each pump pulse, generated free carriers absorb photons

in the CW signal creating dark pulses or equivalently an inverted imprint of the pump

on λs. This form of modulation was illustrated in Figure 4.3. However, due to the

strong pump photon energy, free carriers are excited into deep conduction band states

leading to additional delays in the carrier lifetimes. Unfortunately such carrier-injection



60 Chapter 4 Nonlinear Absorption and Modulation in Silicon Fibres

modulation schemes, whether excited optically or via an external current, are limited in

response speed to the effective free carrier lifetime which typically ranges from hundreds

of picoseconds in nanoscale silicon wires, to hundreds of nanoseconds in micron-sized

waveguides [132]. Alternatively, a more restricted excitation of free carriers to the lower

conduction states can be induced by TPA, where each photon is provided by a pulsed

pump and CW probe, both having energies below Eg. As in Section 4.3.2, depletion in

the CW probe from photon absorption results in an inverted imprint of the pump.

Cross-absorption modulation (XAM) is an entirely passive optical process. The pump

source is comprised of a predefined pulsed sequence with modest peak powers and oper-

ates at a wavelength λp with a photon energy Ep between the band gap and half band

gap energy of the material i.e., Eg/2 ≤ Ep < Eg. The probe is the source onto which an

inverted pump sequence is imprinted. This is usually a CW laser whose wavelength λs

should obey the same conditions as the pump λs (i.e., Eg/2 ≤ Es < Eg) with average

powers typically in the order of several milliwatts. The process involves co-propagating

the two waves within the silicon waveguide with the requirement that Ep + Es > Eg.

The high peak power of the pump pulse initiates TPA where the second photon is ab-

sorbed from the CW source λs. Absorption of these photons will lead to two direct

consequences; power depletion in the probe during the peak of the pump pulse, and the

generation of free carriers. The former is intrinsically an ultrafast process [133], while

the latter is a slow process that will further attenuate both optical fields via FCA [124].

When considering the effects of XAM, attention must be paid to the temporal domain

of the probe wave in order to characterise the absorption strength and profile. An

experiment is designed and performed to observe XAM. A full characterisation of the

experimental measurements using the coupled-mode equations of Equation 4.3 will be

presented.

4.6.1 Continuous Wave Cross-Absorption Modulation (CW XAM)

The initial demonstration of XAM was performed using the experimental setup of Fig-

ure 4.4(a) in Section 4.3, where the output Bragg grating was tunable. The pump and

probe pulses at the output of the a-Si:H fibre were then observed on an electronic 30 GHz

sampling oscilloscope as shown in Figure 4.10(a). The pulses appear as impulse response

functions of the oscilloscope’s detector since the femtosecond pulses operate with a far

higher bandwidth. The red line indicates the CW field in the absence of the pump such

that no TPA-induced modulation is present. With the pump present (green curve), the

blue curve shows the CW field being modulated with an impulse response that is inverted

with respect to the pump pulse. This indicates that a dark pulse equivalent has been

induced on the CW field confirming TPA modulation. As the modulated probe recovers,

it can be seen that the floor is lower than the original unmodulated CW probe. This

deviation is due to free carrier recombination as discussed in Section 4.3. The probe’s
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Figure 4.10: (a) Pump and probe pulses from the first XAM experiment. (b)
Variation of probe modulation as a function of pump power showing a nonlinear
decrease.

response was also measured as a function of the pump power. From the description in

Section 2.3.2.2 of TPA effects on a CW probe, it was shown in Equation 2.42 that the

output signal intensity Is(z, t) depends on a power-law relationship of the pump I0p(t)

on the degenerate and non-degenerate TPA coefficients. This relationship can be seen

in Figure 4.10(b) where the dark probe pulses follow a geometric decay in amplitude as

the pump power is decreased into the a-Si:H fibre. The modest extinction of the dark

pulses shown on the oscilloscope (though masked by the impulse response) is ∼ 1−2 dB.

Extinction ratios of this order renders ultrafast pulse measurement techniques such as

the FROG unfeasible, since the peak power is insufficient to induce nonlinearity. Thus,

an experiment is required such that the full form of the dark pulse is recoverable.

4.6.2 Pump-Probe Technique

Nonlinear spectroscopists often use a method based on pump-probe techniques to obtain

parameters of a material through the effects observed on a probe [134]. This method is

capable of achieving a high temporal resolution when combined with lock-in detection. In

this process a pump pulse excites the sample and triggers the process under investigation

(i.e., TPA). A second delayed pulse ‘the probe’, monitors the TPA process [135–137].

By varying the time delay between the pump and probe pulses, it is possible to acquire

controlled measurements of the TPA process as a function of time. The probe pulse

is typically a small fraction of the pump pulse exciting the process, or may involve a

different wavelength pulse (non-degenerate) of similar duration and repetition rate.

When the two beams (pump and probe) propagate in their respective arms, a method

is required to view the displacement between the femtosecond pulses in order to achieve

the correct delay length such that the pump and probe can be temporally aligned. This
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Figure 4.11: (a) Autocorrelation simulation of two secant hyperbolic pulses. (b)
Experimental autocorrelation traces of the two secant hyperbolic pulses.

was best performed by use of an FR-103XL autocorrelator. An optical autocorrelator is

a highly simplified form of a FROG instrument, whereby the temporal signal is detected

using a time-averaged photodetector while the reference arm’s delay is continually dis-

placed by a predefined temporal window. The method allows real-time observation of

an ultrafast optical pulse via a conventional oscilloscope where the pulse is magnified in

time. The magnification is proportional to the repetition rate of the autocorrelator’s de-

lay line. To visualise how the optical autocorrelation of two coinciding pulses would look

like on an oscilloscope, a simulation was performed on two 700 fs pulses where the second

pulse was significantly weaker in intensity. Figure 4.11(a) shows the simulation result

of the pulses as a function of delay. A delay of 0 ps indicates the pulses are overlapped

in time. As the probe pulse is delayed in time, wings appear symmetrically about the

central autocorrelation peak which continue to spread as the delay is increased. Using

a retroreflector mounted on an electronic delay line, the probe was delayed through the

stationary pump pulse and the autocorrelation behaviour was experimentally confirmed

as shown in Figure 4.11(b). The result is produced from a 12 GHz real-time oscilloscope

that was connected to the FR-103XL autocorrelator. The true (unmagnified) temporal

spacing depends on the autocorrelator (and pulse shape if measuring the FWHM). For

Figure 4.11(b) the unscaled time τr [s] is:

τr = 32× 10−9to, (4.4)

where to [s] is the oscilloscope’s time. Calculation of the pulse FWHM requires an

additional multiplication factor known as the deconvolution factor [138].

The pump-probe technique becomes a powerful tool when combined with lock-in detec-

tion or amplification. It is a widely employed method for measuring low level optical

signals by modulating the probe source then recovering the signal at that modulation

frequency while all other frequency components are rejected. This provides an enhance-

ment in sensitivity, dynamic range, resistance to background noise, and measurement
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Figure 4.12: (a) Pump-probe experiment for degenerate TPA based modulation.
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established parameters.

resolution. The probe is amplitude modulated with a chopper (CH) that is driven by a

highly stable closed-loop frequency driver (FD) at 130 Hz. The frequency driver simul-

taneously serves as a frequency reference to a Perkin Elmer 7225 lock-in amplifier (LA).

The amplifier performs real time digital signal processing of a photodetector’s (PD) sig-

nal, filtering frequency components outside of the reference. By measuring the average

power of the chopped signal as a function of delay, the dark pulse can be obtained with

a high temporal resolution. The signal-to-noise ratio and response of the recording de-

pends on the steepness of the internal filter (dynamic for the 7225) and integration time

(set to 200 ms).

The experimental configuration employing the lock-in technique is shown in Figure 4.12(a),

where the 6µm core a-Si:H fibre under investigation measured 2 cm in length and had

a linear loss of 1.7 dB/cm at 1540 nm. In this experiment only a weak component (1 %)

of the 1540 nm femtosecond source was used for a probe pulse. The double prism ar-

rangement signifies the retroreflector mounted on a delay line whose speed is controlled

by an injected electrical current. Both pump and probe are simultaneously viewed on

the autocorrelator-oscilloscope configuration and launched into the a-Si:H fibre. The

attempt to measure degenerate TPA on the probe serves as a control experiment for:

1. Ensuring the parameters of the instruments are correctly calibrated to:

(a) The lock-in acquisition time versus the ODL scan time

(b) Amplitude fluctuations in the probe due to vibrations induced from the mo-

torised ODL

(c) Stabilize the chopping frequency to the frequency driver output
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(d) Operate at a sufficient rate such that the measurements are not affected by

drifts in the free-space alignment

2. Establishing a numerical fit of Equation 4.3 using the pre-established coefficients

and parameters thereby justifying the original characterisation methods.

3. Demonstrating the ultrafast response of TPA.

With a peak pump power of 250 W and a peak probe power of 10 mW coupled into the a-

Si:H fibre, the absorption of the probe as a function of delay is plotted in Figure 4.12(b).

Negative time delay indicates the probe pulse propagating ahead of the pump and vice

versa for positive time delays. The curve clearly shows an ultrafast response due to TPA

followed by rapid carrier recovery (thermalisation mechanisms) before slower recombi-

nation takes place (SRH) [139,140]. Solving Equation 4.3 with the parameters initially

established for this a-Si:H fibre (Fibre B) produces an excellent agreement to the data

as shown by the solid line in Figure 4.12(b). The FWHM of the absorption is ∼ 800 fs,

which is slightly broader than the original 700 fs pump pulse. The exact reason for this

broadening is unclear. It is clear, however, that dispersion is not a factor. This can be

shown by the broadening factor of a pulse [15]:

BF =

[
1 +

(
πβ2L

6σ2
0

)2
] 1

2

(4.5)

where the root-mean-square (RMS) width of a sech2 pulse is,

σ0 =
πTFWHM

2
√

12 ln(1 +
√

2)
. (4.6)

Using a calculated GVD for c-Si as an approximation (β2 ∼ 0.9847 ps2/m) over a prop-

agation length L = 2 cm, then the broadening factor is BF ∼ 1.0032. Thus, this is

insufficient to introduce a noticeable spread in the pulse so it is fair to conclude that the

broadened measurement may be an inherent property of the TPA process.

The TPA coefficient is also a parameter that is known to strongly influence the extinction

ratio of the absorption. In Figure 4.12(b) the extinction was measured at ∼ 4.5 dB. A

slight margin of error exists in this quantity as the lock-in technique cannot discriminate

pump and probe pulses operating at the same wavelength but only those at a particular

repetition rate (130 Hz→ 8 ms). Due to the much higher repetition rate of the source

(40 MHz→ 25 ns), multiple pump pulses fall within the chopping frequency causing an

absorption measurement that is representative of both probe and pump.
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Property Units Value

Length km 0.50
Loss dB/km 3.45

Dispersion ps/nm/km -0.75
Dispersion Slope ps/nm2/km 0.0031

Aeff µm2 9.7
γ 1/W/km 20

Table 4.3: Highly nonlinear fibre properties characterised at 1550 nm.

4.6.3 Non-Degenerate XAM

The investigation of non-degenerate XAM in the form of a pump-probe method requires

two pulse trains operating at the same repetition rate but different wavelengths. OPO’s

would appear as an ideal source system, however, obtaining a system with high temporal

pulse stability is rare or costly due to the complexity of stabilising fluctuations in the

oscillator’s cavity (due to thermal or vibrational effects). Instead, the method employed

here uses a portion of the optical power from the 700 fs pulse source, which is launched

into a highly nonlinear fibre (HNLF) to generate a continuum through optical nonlin-

earity. The characteristics of the HNLF are given in Table 4.3 with a nonlinear strength

γ that is 20× stronger than conventional SMF28 fibre. A bandwidth-tunable variable

wavelength filter (BVF) is added to the output of the HNLF to select a wavelength and

pulse duration from this continuum. This pulse forms the probe and is recombined with

the pump as before.

Inserting 0.5 km of optical fibre in a configuration that requires temporal alignment to

an external beam (the pump) exhibits undesired effects due to changes in the environ-

ment. The thermal expansion coefficient of silica is modest, though the long length

of the HNLF causes a strong response in the fibre’s optical path length with minor

changes in the surrounding temperature. Figure 4.13 shows three infinite-persistence

oscilloscope traces that demonstrate the behaviour of the probe pulses under different

thermally agitated scenarios. In Figure 4.13(a), the HNLF is placed in the vicinity of

the lab’s air-conditioning system. The low temperatures cause thermal contraction of

the fibre, decreasing the fibre length, and hence causing the optical pulse to be nega-

tively delayed. The red curve shows an approximate location of the initial pulse while

the green area traces the pulse as it moves in the −t direction indicating an earlier

arrival. Figure 4.13(b) is a 10 min persistence trace of the probe pulse in an environ-

ment where the temperature is regulated to a constant level. The HNLF is still able to

experience thermal expansion and contraction causing the pulse to drift by a total of

10 ps. This still poses an issue to the XAM experiment as a single acquisition point may

take ∼ 1 sec, resulting in a ∼ 17 fs temporal drift. This 2 % error in time is accumulated

over a vast number of points causing obscured measurements. Finally the HNLF was

inserted into a thermally isolated expanded polystyrene container filled with packaging
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material (“peanuts”) to restrict air flow. Figure 4.13(c) now shows the pulse measured

over 30 mins where the approximate mean trace is the centred red curve, indicating good

pulse stability.

After producing a stable probe pulse, the output spectra of the HNLF was measured and

is shown in Figure 4.14(a), with the inset showing a picture of the HNLF buried under

polystyrene peanuts. The BVF was set to a wavelength of ∼ 1572 nm and the linewidth

was set to the instrument’s maximum limit, producing 1 ps pulses as measured on the

autocorrelator. The filtered spectra can be seen in Figure 4.14(b) where it was ensured

that pump pulse spectrum did not overlap with the probe to avoid contamination of

pump energy in the TPA measurement.

The final experimental setup is illustrated in Figure 4.15(a). The probe arm is modi-

fied to include the HNLF and BVF and proceeds through a similar arrangement as in

Figure 4.12(a). The output of the a-Si:H fibre is incident on a blazed diffraction grating

(DG) followed by a pinhole so that only the probe wavelength to enter the photodetec-

tor. When linked with the lock-in system, three different pump powers were used to

measure the modulation. The absorption of the probe influenced by the three pump

powers is plotted in Figure 4.15(b). Reasonable fits were obtained using Equation 4.3

where βTPAp,s was a free parameter. The non-degenerate coefficient was revealed to be

βTPAp,s ∼ 4.9× 10−12 m/W for all three pump power fittings, justifying the consistency

and accuracy of each absorption measurement. The absorption measurements also pro-

duced an unusual feature in the measurements. At high pump powers, an elongated

carrier relaxation feature was present, that was not reproduced by simulations. The

precise cause of this elongation is not currently known, though it could be due in part

to the difference in the pump-probe pulse widths (and symmetry) and/or certain carrier

dynamics.

The modulated absorption width in this experiment was measured to be ∼ 1.1 ps for

all three measurements, indicating only a minor temporal broadening relative to the

Δt~10ps

(a) (b) (c)

+t-t +t-t
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Figure 4.13: (a) Probe pulse drift and decoupling with decreasing temperature.
(b) Probe pulse drift after 10 mins in a regulated temperature environment. (c)
Probe pulse after 30 mins in a thermally isolated container.
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Figure 4.14: (a) Continuum produced from the HNLF. (b) Filtered probe pulse
using a bandwidth-tunable variable filter.

incident probe pulse. Extinction ratio measurements for the modulated probe at pump

powers of 250 W, 140 W, and 60 W are 3.5 dB, 2.3 dB, and 1 dB, respectively. Since the

extinction ratio is strongly dependent on the TPA coefficients, it is expected that the

highest pump power would yield an extinction ratio lower than that of the degenerate

case as the non-degenerate TPA coefficient is lower. This extinction however, can be

improved as βTPAp,s is expected to increase with decreasing probe wavelength.

The estimated value of βTPAp,s from this experiment is slightly lower than that obtained

for the degenerate TPA parameter, this is predicted by the two-parabolic band model

for indirect semiconductors [141] due to the lower photon energy of the probe. At this

stage, it is difficult to comment on the magnitude of βTPAp,s relative to c-Si or a-Si:H

waveguides, as this experiment represents the first determination of the non-degenerate

TPA coefficient in a-Si:H. Reports in literature have analysed these effects on liquids and

biological samples, but non-degenerate TPA has yet to be characterised in bulk c-Si.
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Figure 4.15: (a) Non-degenerate pump-probe XAM experiment layout. (b)
Probe modulation as a function of pump power.
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4.7 Conclusion

This chapter introduced the concept of nonlinear absorption as an optical limiter in

silicon. Many of the mechanisms such as TPA, FCA, and the outlined carrier dynamics

play similar roles in a variety of semiconductors. In silicon, free carriers were shown to

act as an additional nonlinear absorption mechanism that is a secondary consequence

of TPA. The rate at which these carriers recover dictates the usable repetition rate

of pulsed sources in these fibres. This recovery time depends strongly on the volume

and surface defects of the core material as well as the value of the optical transmission

losses. Nonlinear absorption could also be manipulated to amplitude modulate a CW

signal by simply modulating either the free carrier concentration, or through two-photon

absorption. This technique may find potential applications in optical noise suppression,

where lasers subject to sudden power spikes can cause an impulse (or burst) of optical

energy in a very finite time window. The ultrafast absorption response demonstrated of

FCA and TPA can attenuate this impulse by several dB limiting the possible damage

that it may cause to a system. This chapter has employed a number of experiments and

characterisation methods to establish key nonlinear parameters of the a-Si:H fibre.



Chapter 5

Nonlinear Refraction in Silicon

Fibres

5.1 Introduction

After several years of developing and optimising the silicon fibre platform, the first

observation of nonlinear refraction was observed in the form of self-phase modulation

(SPM) [142]. SPM is a direct consequence of the Kerr nonlinearity and from these obser-

vations it is possible to accurately estimate the n2 coefficient for silicon fibres, thereby

completing the unknown nonlinear variables of the generalized nonlinear Schrödinger

equation (GNLSE) for a-Si:H. By building up a complete knowledge of the nonlinear

material parameters, it is possible to obtain some insight into the characteristics and

performance of nonlinear devices based on a-Si:H optical fibres. This chapter begins with

a description of SPM, followed by the characterisation process to determine n2, and then

defines a figure of merit by which to measure the fibre’s performance. Finally, the Kerr

nonlinearity is exploited to demonstrate cross-phase modulation (XPM), an effect for

which spectral modulation can be sufficiently strong to induce frequency shifting.

5.2 Self-Phase Modulation

The nonlinear time varying phase due to intense light propagation in a media was pre-

sented in Section 2.3.1.1 in the form:

φNL(t) = n2I(t)k0z. (5.1)

When an intense CW signal propagates through a nonlinear medium, the intensity and

phase change can be assumed constant as a function of time. However, under ultrashort

pulse operation the intensity I(t) rapidly varies in time which results in a rapidly varying

69
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Figure 5.1: (a) Nonlinear phase shift for three sech2 pulses. (b) Induced fre-
quency change as a result of the nonlinear phase.

phase change [143]. Although the previous chapter has shown that the peak optical

intensity and shape changes as a function of z due to nonlinear absorption, for simplicity

we ignore these effects and account for the linear losses through the effective length Leff

parameter. The effective length is a scaled quantity of the propagation length accounting

for the input power reduction and hence reduction in nonlinearity [144]. It is given by:

Leff =
1− exp(−αlL)

αl
. (5.2)

Substituting this length into Equation 5.1 and re-writing,

φNL(t) = γLeff |A(t)|2, (5.3)

the resulting nonlinear phase shift leads to a nonlinear frequency shift through the

relation,

ΩNL = −∂φNL(t)

∂t

= −γLeff
∂

∂t
|A(t)|2 .

(5.4)

Since the nonlinear effects in this thesis are predominantly investigated using a sech2

pulse, the accumulated nonlinear phase shift and frequency shift of this pulse after

propagating 2 cm in a silicon fibre is shown in Figure 5.1(a) and (b) respectively. Each

figure illustrates different pulse widths but the peak powers are kept constant at 100 W.

In this analysis, a pre-established n2 of ∼ 18 × 10−18 m2/W is chosen and the sign of

n2 is always set to be positive as this is true for silicon when the optical frequencies

have photon energies that are less than the band gap energy [53, 145]. Short pulse

propagation can acquire a time-dependent nonlinear frequency change (or chirp) large

enough to introduce many frequency components in the optical spectra, causing spectral

broadening. Figure 5.1(b) is quite often referred to as the SPM-induced chirp. It exhibits

identical frequency shifts at two distinct values of time, occurring with different phases
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due to the points of inflection in the excitation pulse. These two waves of identical

frequency but differing phase can interfere constructively or destructively. Consequently,

the broadened spectrum of the optical pulse will experience regions of high and low

intensity with a fringe-like appearance. In the silicon fibres characterised in this chapter,

the 6µm core diameters result in highly multimoded fibres such that the nonlinear phase

shift is a superposition of multiple propagating modes. It is therefore difficult to predict

how the fringes may appear due to multimode interference [146], coupling [21,147], and

the distribution of induced phase shifts [148].

SPM, nonetheless, has enabled the realisation of a wide variety of advanced nonlin-

ear components for performing ultrafast all-optical signal processing functions. Such

applications include, wavelength conversion [149], signal regeneration [150,151], switch-

ing [152], and format conversion [153]. To establish the suitability of the a-Si:H fibres

for these applications, an evaluation of the nonlinear coefficient n2 is required.

5.2.1 Characterising n2

5.2.1.1 Technique

A number of measurement techniques have been developed to determine the n2 of a fibre.

The techniques rely on different nonlinear processes such as four-wave mixing (FWM)

[154], modulation instability (MI) [155], XPM [156], and SPM [108]. Measurement of the

Kerr nonlinearity through SPM has been the most widely used method for characterising

novel waveguides (fibre and planar platforms), due to its simplicity. It is thus the focus

of this section.

Observation of the spectral modulation due to SPM through an optical spectrum anal-

yser (OSA) produces a curve which can be numerically fitted to either, a solution of the

pulse’s power spectral density:

∣∣∣Ã(ω)
∣∣∣2 =

∣∣∣∣∫ ∞
−∞

A(t)exp [iφNL(t)] exp(iωt)dt

∣∣∣∣2 , (5.5)

or using the full simulated GNLSE. The former approach is quick and efficient when

dispersion, linear absorption, multimodedness, and nonlinear absorption, can be ignored.

For silicon fibres, all quantities need to be considered at near-infrared (NIR) wavelengths.

Thus, a simulation of the complete GNLSE is required to obtain a fit to experimentally

recorded measurements where n2 is a free parameter. The description of the GNLSE

provided here models only single-mode propagation. Spectral features due to multimode

propagation are easily described and seen in a linear pulse propagation regime (i.e.,

low optical intensity). Figure 5.2(a) plots the effective refractive index for the first

four circularly symmetric LPmn modes in a 6µm core diameter silicon fibre. These

particular modes are chosen as free-space coupling into silicon fibres are launched close
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Figure 5.2: (a) Effective index of circularly symmetric modes and respective
group delay. (b) Multimode (blue) and Fabry-Perot (red) interference in a a-
Si:H fibre.

to the optical axis of propagation, ensuring the coupling coefficients for the remaining

modes are negligibly small [63]. Since the effective indices are different for each mode,

it can be shown that their group velocities are also different through:

vg,mn =
c

neff,mn + ω
dneff,mn

dω

. (5.6)

When these modes propagate in a L = 2 cm long silicon fibre the time of arrival of each

mode is simply tmn = L/vg,mn. Figure 5.2(a) indicates this arrival time (at a wavelength

of 1.5µm) for each mode with respect the adjacent lower order mode. That is, the LP02

mode arrives 0.18 ns after the LP01, the LP03 mode arrives 0.51 ns after the LP02 and so

forth. The differences between group velocities of the co-propagating modes is so small

that the difference in travel time of the modes in the silicon fibre is smaller than the

coherence time of laser light. As a result, this creates an interference between all the

present modes. An example of multimode interference (MMI) from a ∼ 1 cm long a-Si:H

fibre is shown in Figure 5.2(b). The large MMI fringes separated by ∼ 7 nm are also

composed of an even higher fringe periodicity that is due to the multiple reflections of

each mode off the polished, high index fibre facets (a Fabry-Perot effect). The region

highlighted in red is magnified to show the irregular interference pattern produced due

to the multimode etalon. The MMI and etalon fringes superimpose themselves on high

intensity pulse spectra. For clear spectral measurements of SPM (for example), the

etalon based interference can be ‘filtered’ out by setting the spectral resolution of the

instrument to a value at least two times larger than the fringe period, however the larger

MMI spectra is not one that can be diminished without severely affecting the accuracy

of the measurement. In many of the SPM measurements to be presented in this chapter,

MMI contaminates parts of the spectrum. However, it has been shown that the effects

of multiple modes in these specific fibres do not impair the estimation of n2 using the

single-mode GNLSE, but rather act to induce spectral modulations across the self-phase
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Fibre Core αdB Carrier βTPA σFCA

Diameter Lifetime
(µm) (dB/cm) (ns) (m/W) (m2)

A 6 4.00 86 8.0× 10−12 1× 10−20

B 6 1.72 120 8.0× 10−12 1× 10−20

C 6 0.80 200 5.0× 10−12 1× 10−20

D 2 2.90 4 8.3× 10−12 1× 10−20

Table 5.1: a-Si:H fibres characterised for Kerr nonlinearity.

modulated envelope [157].

5.2.1.2 Measurements

Four different a-Si:H fibres are characterised. Fibres A-D from Section 4.5 are listed

in Table 5.1 with the pre-established linear and nonlinear loss parameters. The exper-

imental setup is of the same form illustrated in Figure 3.9(a) where the photodetector

(PD) is replaced with an OSA. The OSA is set to a resolution of 0.1 nm and a sen-

sitivity of −70 dBm. Each fibre’s output spectrum is recorded as a function of input

power and then normalised. The split-step GNLSE model of Equation 2.47 is simulated

using the input pulse properties as given in Section 4.5 and shown in Figure 4.6. Since

the extent of spectral broadening is primarily influenced by n2, the simulated spectra

are normalised and a difference integral of the simulated and measured spectral tails is

calculated as a measure for the goodness of fit. It should be noted that the phase shifts

or central spectral features due to SPM may be masked by the multimode behaviour of

the fibre. It is for this reason that only the tails are fitted and the measure of variance

is only used as a relative quantity between fittings in order to minimize the error in

n2. The nonlinear spectra produced from Fibres A, B, and C are shown in Figure 5.3.

The raw normalised spectra are plotted in green and their respective fits are in blue.

The quoted powers in each plot correspond to the experimentally recorded peak pow-

ers. The original simulation powers used were the same as that recorded experimentally

though an additional fine tuning of each power was required to obtain a better fit, due

to the slightly uncertainty in the coupling efficiency. A summary of the established Kerr

nonlinearities is shown in Table 5.2.

Fibre A has the highest linear loss resulting in the shortest effective length. Since

the nonlinear phase is directly proportional to Leff , the broadened spectrum and chirp

is consequently smaller than for Fibres B and C. One clear indication of the smaller

nonlinearity can be seen in the central region of the simulated spectra of Fibre A, where

the maximum phase shift φmax is approximated through the number of peaks M by [15]:

φmax ≈
(
M − 1

2

)
π (5.7)
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revealing φmax ≈ 1.5π. In comparison, Fibres B and C experience greater spectral

broadening, and the simulated results correspondingly indicate a larger phase shift due

to their lower transmission losses. It is also interesting to observe that due to their

lower losses, there is an enhanced visibility of rippling across the spectral envelope

in Fibres B and C. These features, could be due to the modes interfering for a longer

propagation distance since the interaction length is enhanced with each internal reflection

off the fibre facet [148]. The SPM spectra from the smaller core fibre (Fibre D) is

shown in Figure 5.4. The 11 W spectrum of the small core fibre has a similar spectral

broadening to that obtained with 136 W in the lowest loss 6µm core fibre (Fibre C),

at their 20 dBm widths. The oscillations of the experimentally recorded spectra appear

more prominent on the blue-shifted end of the spectrum. These oscillations have been

shown to correspond very closely to the MMI from the first few most likely excited

circularly symmetric modes of the silicon fibre through numerical analysis [157]. In this

analysis, it was shown that approximately 99% of the optical power was contained in

the LP01 mode. This estimation was reinforced by performing a weighted least-squares

misfit error on the numerical and experimental spectra.

Fibre n2

(m2/W)

Fibre A 13.5× 10−18

Fibre B 18.5× 10−18

Fibre C 14.5× 10−18

Fibre D 18.0× 10−18

Table 5.2: Kerr coefficients for several a-Si:H fibres characterised at λ = 1.54µm
using numerical fitting of the experimental SPM spectra.
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A noticeable property of the SPM spectra associated with Fibres A-D is that they are

quite symmetric. The TPA and FCA coefficients are wavelength dependent parameters

and can begin to influence the spectral shape for considerably large linewidths (> 100 nm

at 20 dB). Ignoring the minor features across the envelopes, SPM has quite commonly

been observed in planar silicon waveguides with an asymmetric spectral distribution

about the injected laser frequency [144]. Reports have explained its presence due to TPA

and FCA shaping the red and/or blue-shifted parts of the spectrum [65, 130, 158, 159].

To observe how TPA and/or FCA affect the spectra, Figure 5.5 plots the highest cou-

pled input power spectra for Fibres A-D, and reproduces the corresponding simulation

parameters omitting the contributions of FCA. In the presence of nonlinear absorption

due to only TPA, additional nonlinear phase shifts are more pronounced with slightly

more spectral broadening. Fibre B exhibits the most appreciable change in the absence

of FCA, whereas the lowest loss fibre (Fibre C) only sees a minor change in its nonlinear

phase. This could be in part due to the carrier lifetime of Fibre B which is almost half of

that of Fibre C, leading to less absorption due to excessive carrier build up, or the lower

TPA coefficient of Fibre C thereby generating less carriers. It should also be noted that

the simulations used do not include wavelength dependent βTPA nor σFCA coefficients,

since their dependence is yet to be established.

The nonlinear spectra from each of these fibres have allowed for the first estimation of the

Kerr nonlinear index coefficient in a-Si:H fibres. With all critical nonlinear parameters

established, it is also useful to gauge a quantitative merit that silicon fibres may have with

respect to nonlinear applications. The nonlinear figure of merit was developed for this

reason, whereby different nonlinear platforms such as chalcogenide fibres, semiconductor

waveguides (planar), glass waveguides (planar), soft glass fibres, and silicon fibres can

be compared.
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5.2.2 Figure of Merit

In the late 1980s efforts were being made to develop materials with an increased nonlin-

earity [160–162], though it was realised that the effects of nonlinear absorption (partic-

ularly two-photon effects) varied between materials which affected the overall nonlinear

performance. A nonlinear figure of merit (FOMNL) was established [163] not long after,

which was defined as a normalised ratio of n2 to βTPA. This ratio indicates the suitabil-

ity of a material for nonlinear all-optical switching applications at a desired wavelength.

The actual value needed for FOMNL depends on the nature of the phase change required

for the optical switch [164]. In much of the literature on nonlinear silicon photonics, the

definition of the FOM is varied between two forms, each are simply the inverse of the

other. The preferred definition is not important, though the definition adopted in this

work is [53,131,165,166]:

FOMNL =
n2

λ0βTPA
. (5.8)

The FOMNL provides a means to establish the maximum achievable nonlinear phase shift

in a particular material. From Equation 5.1, n2 can be substituted with the FOMNL to

give,

φNL(t) = 2πFOMNLI(t)βTPAz. (5.9)

Assuming there is a sufficient intensity or interaction length to induce a nonlinear phase

shift, then the limiting case of Equation 2.36 can be applied to produce the maximum

induced nonlinear phase of:

φNL(t) = 2πFOMNL. (5.10)

Values of FOMNL > 2 are necessary for applications requiring a minimum nonlinear

induced phase shift of 4π or higher. Such applications involve processes through XPM

to create nonlinear directional couplers. Values where 0.5 < FOMNL < 2 are suitable

for applications only requiring a π phase shift, such as Mach-Zehnder interferometers.

FOMNL is calculated for the a-Si:H fibres characterised previously. They are presented

in Table 5.3 with a comparison of a variety of materials in bulk, rib waveguide, photonic

crystal (PhC), wire, and fibre platforms. The variations of FOMNL are fairly wide be-

tween materials, ranging from 0.3 to 11. The chalcogenide family of Arsenic Selenides

typically possess a higher FOMNL due to their lower TPA, whereas silicon heavily de-

pends on its state of phase. For example, a-Si:H has been shown to possess a FOMNL

that is equal to or higher than c-Si. The a-Si:H fibres characterised in this work are

all slightly higher than those of c-Si as well as several of the a-Si:H waveguides, which

is possibly attributed to the novel high pressure fabrication method employed. The

revealed values for the a-Si:H fibres indicate that nonlinear processes relying on wave

mixing (e.g. XPM) have poor efficiencies since FOMNL < 2. However, it is evident that

a minimum nonlinear phase shift of π is easily achievable, thereby showing potential

in interferometric based switching applications. Many all-optical device functionalities
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Platform Material Wavelength n2 βTPA FOMNL Ref.
×10−18 ×10−12

(µm) (m2/W) (m/W)

Bulk c-Si <110> 1.54 4.5 7.9 0.40 [167]
Bulk c-Si <111> 1.54 4.3 8.8 0.30 [131,168]
Bulk As40S60 1.55 5.6 0.3 12.00 [169]
Fibre As2Se3 1.55 9.0 2.5 2.30 [151]
Rib As2Se3 1.50 12.0 1.0 8.00 [169]
PhC Ag-As2Se3 1.55 N/A N/A 11.00 [170]
Strip a-Si:H 1.55 0.5 0.8 0.40 [139]
Rib a-Si:H 1.55 42.0 41.0 0.66 [126]
Rib a-Si:H 1.55 N/A N/A 2.20 [127]

Wire a-Si:H 1.55 21.0 2.5 5.40 [128]

Fibre A a-Si:H 1.54 13.5 8.0 1.10 -
Fibre B a-Si:H 1.54 18.5 8.0 1.50 -
Fibre C a-Si:H 1.54 14.5 5.0 1.90 -
Fibre D a-Si:H 1.54 18.0 8.3 1.40 -

Table 5.3: Comparison of FOMNL for different materials.

predominantly requires the ability to switch light from an on to off state. A π shift in

phase can easily achieve this through constructive (on) or destructive (off) interference.

5.3 Cross-Phase Modulation

For SPM, it was shown that a nonlinear phase shift arises due to the intensity dependent

refractive index. Similarly, this analysis can be extended to a scenario in which multiple

co-propagating waves (j) induce linear or nonlinear phase shifts. XPM refers the non-

linear coupling of these phase shifts and is of particular importance since it allows for

the control of one pulse via a nonlinear phase shift using a second pulse at a different

wavelength. The nonlinear induced phase shift of a particular wave is given by:

φNL,j = n2k0jz[Ij(t) + 2I3−j(t)], (5.11)

where j = 1 or 2. Following a similar analysis and simplification procedure to that

presented at the start of Section 5.2, the XPM-induced chirp on fields 1 and 2 can be

shown to be:

ΩNL,1 = −γ1Leff

[
∂

∂t
|A1(t)|2 + 2

∂

∂t
|A2(t)|2

]
, (5.12)

ΩNL,2 = −γ2Leff

[
∂

∂t
|A2(t)|2 + 2

∂

∂t
|A1(t)|2

]
. (5.13)
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Figure 5.6: (a) XPM induced nonlinear phase shift on pump φNL,1 at 1540 nm
and probe φNL,2 at 1590 nm. (b) XPM-induced frequency change as a result of
the induced nonlinear phases.

To illustrate how the phase change and frequency shifts vary in magnitude in the case

that field 1 acts as a strong pump pulse ∼ 100 W, and field 2 acts as a weak probe

pulse ∼ 1 W, Figure 5.6(a) and (b) show the two quantities plotted against time. The

nonlinear induced phase plots indicate that the weak probe pulse experiences a stronger

nonlinear phase shift φNL,2 and hence frequency change due to XPM. This effect has

been widely investigated in planar c-Si waveguides, with its use being demonstrated for

ultrafast all-optical switching [171], gating [172], and 3R regeneration [173], however

only limited studies have been made in a-Si:H [139].

From Section 5.2.2 it was shown that in the presence of TPA, the a-Si:H fibres that have

been investigated to date exhibit a FOMNL that is incapable of directly inducing a phase

shift larger than 4π. Consequently, the frequency change due to XPM becomes difficult

to measure with a conventional pulsed pump, CW probe, and optical spectrum analyser

setup due to the limited resolution. In order to investigate this phase and frequency

change, a full time-resolved characterisation of the induced XPM in a a-Si:H fibre is

required. To achieve this, the pump-probe technique employed in Section 4.6.2 is used

as this exhibits a higher sensitivity. In addition, numerical simulations based on a set of

coupled-mode nonlinear propagation equations are used to analyse the influence of the

pump pulse and waveguide parameters on the spectral modulation. A brief description

of these coupled equations is first presented.

5.3.1 Coupled-Mode Extended NLSE

The coupled-mode analysis used here is a full nonlinear propagation approach that

includes the effects of degenerate and non-degenerate TPA on the pump, probe, and

carrier density. The free carrier contributions are likewise also considered for the pump

σFCAp and probe σFCAs, as the Drude-Lorenz model suggests that FCA is wavelength

dependent, though the differences are small. Hence the two FCA coefficients in this
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instance are the same. Unlike the numerical analysis discussed in Section 4.4, the applied

fields can be of equal strength and the full temporal and spectral domain is simulated

using the split-step method described in Section 2.4. A generalized scalar evolution

of a single-moded pump field, probe field, and the carrier density, can be represented

by [174–176]:

∂Ap

∂z
+ β1p

∂Ap

∂t
+ i

β2p

2

∂2Ap

∂t2
= i
(
γp,p|Ap|2 + 2γp,s|As|2

)
Ap −

1

2
(αl + σfp)Ap, (5.14)

∂As

∂z
+ β1s

∂As

∂t
+ i

β2s

2

∂2As

∂t2
= i
(
γs,s|As|2 + 2γs,p|Ap|2

)
As −

1

2
(αl + σfs)As, (5.15)

∂N

∂t
=

1

2hA2
eff

[
βTPAp,p

νp
|Ap|4 +

βTPAs,s

νs
|As|4 +

2βTPAp,s

νp
|ApAs|2+

2βTPAs,p

νs
|AsAp|2

]
− N

τ
, (5.16)

where

γj,l =
k0jn2

Aeff
+ i

βTPAj,l

2Aeff
, (5.17)

σfj = σj(1 + iµj)N. (5.18)

In these equations, we assume that the two optical fields experience a similar linear loss

and have similar effective mode areas, which is valid for closely spaced wavelengths.

Analytical solutions to the XPM-induced phase change and hence frequency change

have been obtained for a known Gaussian input pulse, however these do not hold in

the presence of TPA and FCA. As shown in the previous chapter, the nonlinear losses

are non-negligible for a-Si:H fibres hence simplified solutions will not be discussed. For

the simulation of the coupled-mode equations a table of all the parameters used will be

presented in each of the following sections (5.3.2 and 5.3.3).

The aforementioned applications of XPM (switching, gating, and regeneration) all re-

quire the ability to induce an optically measurable shift in the carrier frequency of a

probe wave. The magnitude of the induced frequency shift is dependent on the interplay

between all of parameters of the coupled-mode equations. However, from Equations 5.12

and 5.13, the most influential feature can be attributed to the rate of change of the pulse

envelope. For this reason, two regimes of propagation in the a-Si:H fibre are investigated.

A ‘long’ pulse and ‘short’ pulse regime, where the pulse width is varied between 3 ps and

700 fs (FWHM), respectively.
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Figure 5.7: (a) Experiment for the observation of XPM in the long pulse regime.
Solid lines are optical paths, broken lines are electronic cables. ∆t = τd is the
delay between the pulse centres. (b) Recovered FROG trace of the probe pulse’s
intensity and phase profile. Inset shows the recorded spectrogram.

5.3.2 Long Pulse Regime

The pump-probe experiment employed in the long pulse regime for observing XPM

slightly differs to that in Chapter 4. The experiment shown in Figure 5.7(a) synchronises

the OSA to the optical delay line (ODL) through a PC, rather than utilising lock-in

detection. The software was written in Matlab to utilise USB protocols to address the

OSA and voltage controller of the ODL. This produces minimal communication delays

allowing the experiment to run at a sufficient speed to avoid errors due to mechanical

instability in the optics. The spectra from the HNLF is filtered with a Bragg grating

to produce 3 ps pulses at 1590 nm. Due to the grating’s spectral reflection profile the

picosecond pulses were Gaussian as measured by the FROG, where the result is shown

in Figure 5.7(b). The recovered phase profile (green) exhibits a slight parabolic profile,

indicating a minor chirp, though this was shown to have a negligible effect on the results.

The 300 W peak pump and 1 W peak probe power pulses co-propagate in an 8 mm

long a-Si:H fibre, whose properties are those of Fibre B. The power of the pump was

chosen such that after it experiences SPM in the a-Si:H fibre, there is still no spectral

overlap (until -50 dBm) with the probe wavelength. The probe is also not of sufficient

power to induce SPM. The length of silicon fibre chosen here can be understood as

follows; the pump pulse centred at 1540 nm exhibits an estimated inverse group velocity

of β1 ∼ 12016 ps/m, and the probe exhibits β1 ∼ 11979 ps/m (assuming the dispersion

of c-Si). By calculating the walk-off length of the individual pulse widths, this reveals

Lw ∼ 1.9 cm and Lw ∼ 8.8 cm for the 700 fs and 3 ps pulses respectively. Hence a fibre

length less than these walk-off lengths (< 1 cm) was chosen so that the temporal delay

between each pulse is set by the ODL. After polishing each facet the resulting length

was 8 mm. Aside from these walk-off lengths, it is also important to ensure that the
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Figure 5.8: Experimental temporal evolution of XPM on the 3 ps probe pulse
(red) together with the simulation results (blue). A peak pump power of 300 W
was used, and the probe power was limited to 1 W. Fibre parameters are in
Table 5.4.

electronic delay line is capable of transversing a temporal resolution τd larger than the

shortest pulse length. For 3 ps, this corresponds to a motor pitch length that is less than

900µm.

5.3.2.1 Spectral Modulation

This experiment operates by measuring an output spectrogram which then is analysed

to estimate the magnitude of XPM for all-optical processing. Figure 5.8 presents four

subplots of the XPM process using the picosecond probe at various time delays. In this

experiment, a negative time delay corresponds to the probe pulses trailing behind the

pump, and a positive time delay when the probe leads the pump. Spectral modulation is

clearly observed when the pump and probe pulses are within close temporal proximity,

generating sidebands symmetrically about the probe. Numerical simulations (plotted

in blue) also suggest this behaviour, where each lobe varies in gain depending on the

temporal delay. The simulation parameters used are given in Table 5.4.

The complete spectrogram of the results is compiled and shown in Figure 5.9(a). At close

to τd = 0, significant depletion in the optical intensity is present. This feature is largely a

consequence of XAM as described in Section 4.6. It should be noted that the process does

not appear symmetric about τd = 0. This could be in part due to a slight chirp induced

on either pump or probe or free carrier effects, as it should reflect a symmetric nonlinear

phase shift. More importantly, the objective is to determine whether frequency shifting

is measurable at this pulse width. Tracing the peak wavelength position through each

temporal delay in Figure 5.9(a) reveals that the carrier wavelength is fairly consistent

as shown in Figure 5.9(b). The minor fluctuations observed in this plot could not

be resolved by the spectrum analyser, hence the observed shifts are merely systematic

errors. Numerical simulations indicate likewise.
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Figure 5.9: (a) Experimentally measured spectrogram of the XPM process on
the probe pulse recorded over a 12 ps time window. (b) Trace of peak wavelength
through the spectrogram indicating no shift in the central wavelength.

The good agreement between the simulations and experiments, produce only a modest

difference in the sidebands in Figure 5.8 and some discrepancy is expected given the

precision, number of variables, and sensitivity of the experiment. The analysis presented

Parameter Units Value Citation

λp nm 1540
λs nm 1590

TFWHMp fs 700
TFWHMs fs 3000
Pp W 290
Ps W 1

∆β1 ps/m 37.1460 [177]
β2p ps2/m 0.9915 [177]
β2s ps2/m 0.9399 [177]
n2 m2/W 14.5× 10−18

Aeff m2 14× 10−12

βTPAp,p m/W 8× 10−12

βTPAs,s m/W 0.5× 10−12

βTPAp,s m/W 0.5× 10−12

βTPAs,p m/W 0.5× 10−12

αdB dB/cm 3
µp − 1.102 [65]
µs − 1.07 [65]
σp m2 1× 10−20

σs m2 1× 10−20

τ ns 86

Table 5.4: Simulation parameters used in the coupled-mode equations to obtain
the closest spectral modulation of XPM to the picosecond probe pulses. The
time frame is normalised to the pump (p) so that the dispersion term ∆β1 =
β1s − β1p.
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Figure 5.10: (a) Experiment for the observation of XPM using femtosecond
probe pulses. The BPF has a 12 nm bandwidth ensuring sub-picosecond pulses
from the HNLF. ∆t is again represented as τd. (b) Recovered FROG trace from
1587 nm filtered HNLF showing the intensity (blue) and phase (green) profile
of the probe. Spectrogram from FROG shown as an inset.

here reveals that these picosecond probe durations generate modest spectral conversion,

with little reduction of the central carrier, so that there is no observable wavelength

shifting of the signal beam, a result also predicted by simulations. However, many of

the previous investigations in the literature that demonstrate strong wavelength shifts,

employ sub-picosecond pump and probe pulses. Since the pump pulses in this experiment

are sub-picosecond, a filtering method of the probe pulse was then pursued to achieve a

shorter probe.

5.3.3 Short Pulse Regime

In this work, the previously employed fibre grating configuration is replaced with a

1587 nm free space dielectric bandpass filter (BPF) as shown in Figure 5.10(a). Since

the BPF has a considerably larger bandwidth (∼ 12 nm), it is able to support pulses as

short as the 700 fs pump pulse. Though this pulse experiences slight temporal (and large

spectral) broadening due to the HNLF. The filtered probe pulses were again analysed on

the FROG. The intensity and phase profile is plotted in Figure 5.10(b) showing an 800 fs

probe pulse. It is also clear that a linear phase is present across the pulse indicating a

near zero chirp. This is expected as the HNLF has a very low dispersion. The pulses

are then launched into the a-Si:H fibre and the XPM spectra are recorded in the same

procedure as that described in the picosecond experiment.

Spectral modulation due to XPM was stronger than anticipated. For this reason, sev-

eral subplots are presented in Figure 5.11 that show time delays in which the highest

nonlinear activity was present. The dynamics of the XPM process show strong mod-

ulation as a function of the temporal overlap despite the fact that XAM causes power

depletion due to nonlinear absorption. To some degree, this can be attributed to the
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Figure 5.11: Temporal evolution from negative to positive time delays of the
XPM process using an 800 fs probe pulse. Spectral modulation and wavelength
shifting is significantly more pronounced.

FOMNL of the a-Si:H fibre where n2 is high enough to avoid βTPA being dominant. The

subplots also indicate that each spectral variation evolves to an extent where the gain

of the generated sidebands competes against one another. For example, in the plots of

τd = −0.3 ps and τd = −0.09 ps, the minor red-shifted secondary peak at −0.3 ps imme-

diately grows within the 0.21 ps delay to become the dominant carrier. Shorter pulses

are expected to acquire a larger chirp within the a-Si:H fibre, hence the asymmetry of

the XPM process about τd = 0 is again understandable. It is quite clear from these

plots that the position of the highest peak power in wavelength varies quite strongly

with delay. Due to the complex spectral profile of the probe and the nonlinear modula-

tions present, it was difficult to produce similar results through simulations. However,

when a complete spectrogram of the process is viewed, it can be simulated to match the

observed frequency shifting of XPM more clearly.
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Figure 5.12: (a) Recorded spectrogram of the short pulse XPM process. (b)
Measured (blue) and numerically fitted (red) peak wavelength shift of the sub-
picosecond probe pulse.

5.3.3.1 Frequency Shifting

The spectrogram of the sub-picosecond XPM experiment is shown in Figure 5.12(a).

Comparing this result with the earlier picosecond spectrogram, it can be seen that there

has been a much stronger depletion of the central probe wavelength close the zero delay

point. This depletion is clearly XPM dominated as opposed to XAM since new spectral

components appear around 1597 nm. The extent of wavelength shifting is more clearly

seen by tracing the peak of the wavelengths as a function of delay. Figure 5.12(b) reveals

the experimentally recorded XPM-induced frequency shift (blue) which is comprised of

an initial blue-shift of ∼ 4 nm, followed by a large red-shift of ∼ 10 nm. The largest

shift recorded in nanoscale c-Si waveguides has been reported at 15 nm [171], making

the a-Si:H fibre shift quite significant given the larger effective mode area of the 6µm

core fibre. The frequency shift plot confirms a distinctive feature of the XPM-induced

shift, in that the timescale at which the process is able to shift between blue and red

wavelengths is on the order of 100 fs, indicating truly ultrafast switching ability. In an

attempt to verify the observed wavelength shift, simulations were performed to closely

match that of Figure 5.12(b). The simulation parameters used are given in Table 5.5.

The numerically calculated curve plotted in red suggests the process could have induced

a larger red-shift over a range of delays.

The discrepancies between the experimental and numerical data curves, are similar to the

differences observed by other groups. Specifically, they have attributed the differences

in the wavelength shift and shape of the numerical results to uncertainties in the exact

waveguide dispersion [171], and the asymmetric envelope in the probe’s spectral profile

at the input [174]. In this experiment, it is likely that both of these aspects play a role.

Firstly, there is uncertainty of the fibre’s dispersion as the material dispersion for c-Si

is used for the numerical simulations as discussed in Section 5.3.2. Secondly, it can also

be see in the first subplot of Figure 5.11 that the filtered probe spectrum contains a
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Parameter Units Value Citation

λp nm 1540
λs nm 1587

TFWHMp fs 700
TFWHMs fs 800
Pp W 280
Ps W 1

∆β1 ps/m 37.1460 [177]
β2p ps2/m 0.9915 [177]
β2s ps2/m 0.9399 [177]
n2 m2/W 15× 10−18

Aeff m2 14× 10−12

βTPAp,p m/W 8× 10−12

βTPAs,s m/W 0.5× 10−12

βTPAp,s m/W 0.5× 10−12

βTPAs,p m/W 0.5× 10−12

αdB dB/cm 3
µp − 1.102 [65]
µs − 1.07 [65]
σp m2 1× 10−20

σs m2 1× 10−20

τ ns 86

Table 5.5: Simulation parameters used in the coupled-mode equations to obtain
the closest XPM-induced frequency shift relative to the experimentally mea-
sured shift.

small pedestal at 1595 nm, which is due to the BPF’s profile. However, simulating the

coupled-mode equations with a probe pulse containing a similar pedestal showed little

noticeable difference in the XPM-induced shift. Thus, the differences arising due to the

complex interplay of linear and nonlinear parameters in the modeling are more difficult

to interpret, and greatly alter the comparison between theory and experiment. However,

the time-dependent frequency shift can be interpreted from a different perspective to

reveal subtle information behind the physics of the XPM process such as the induced

refractive index changes.

The measured frequency shift plot of λs vs τd can easily be converted to a Ωs vs τd plot.

Since the nonlinear phase is a time varying quantity, a running integral is performed

over the numerical fit of Figure 5.12(b) as shown in Figure 5.13(a). That is,

φNL = −
∫ ∞
−∞

Ωs dτd. (5.19)

The numerical method chosen uses a simple trapezoidal rule of integration to estimate

the nonlinear phase. In Section 2.3.1.1 the description of a material’s refractive index

was shown in Equation 2.25. This form neglected the contribution of the free carrier
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Figure 5.13: (a) Integral of the frequency change to obtain the nonlinear phase
shift. (b) Contributions of the Kerr and free carrier induced refractive index
changes.

induced index changes. It is more accurate to represent the total index as:

ñ(ω, τd) = n(ω) + ∆nk(τd) + ∆nFC(τd), (5.20)

where ∆nk(τd) = n2I1(τd) is the nonlinear Kerr induced index change, and ∆nFC(τd)

the nonlinear index change due to free carriers. From this, the nonlinear phase shift on

the probe can easily be shown to be:

φNL,2(τd) = k02Leff [∆nk1(τd) + ∆nFC(τd)]. (5.21)

Since I1(τd) has been accurately characterised (from I1(t)), and φNL,2(τd) established by

performing a numerical integral, the induced refractive index changes can be decoupled.

Figure 5.13(b) shows the final quantities separated into their individual components.

The Kerr nonlinearity appears to slightly dominate the index change, where the free

carrier changes vary from negative to positive depending on the temporal delay. At

τd = 0 the nonlinear absorption and hence free carriers is highest. The refractive index

change due to excessive free carriers has long been known to induce a negative change in

the index [32]. One can attest to the relative accuracy of these curves by noting that the

rapid 100 fs change in wavelength occurs at the point of inflection for the total refractive

index curve. Since the inflection point represents the region of highest rate of change,

and the wavelength depends on its derivative, it is thereby conclusive that the use of

shorter pulses would reveal larger wavelength shifts.

5.3.3.2 Frequency Depletion

From a nonlinear applications point of view, the achievable wavelength shift is only one

unit of measure. A critical parameter that determines the ‘extent’ of energy transfer is
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Figure 5.14: (a) Probe spectrum at the output of the a-Si:H fibre in the absence
of the pump pulse (i.e., no XPM). (b) Largest red and blue shifts observed from
the XPM process. Grey line indicates original centre of probe pulse. Extinction
ratios are calculated with respect to the original probe’s centre wavelength.

the extinction ratio. By analysing the spectral power density of the probe wavelength,

a calculation can be made between the spectral peak at the largest wavelength shift

relative to the 1587 nm unshifted probe peak.

Figure 5.14(a) shows the measured spectral profile taken at the output of the a-Si:H

fibre in the absence of a pump. The solid grey line marks the peak wavelength of the

probe. Figure 5.14(b) plots the spectra for delays corresponding to the largest blue

and red-shifts. The solid grey line again represents the point in each spectrum that

corresponds to the original probe. From this spectral data, the contrast of the 10 nm

red-shift at 1597 nm yields a spectral extinction of ∼ 12 dB while the smaller blue-shift

at 1583 nm yields a reduced extinction of 3 dB. The red-shift represents more than 90 %

conversion of the original probe’s power which is comparable (if not higher) to many

nonlinear optical switching techniques [178].

Simulations suggest that in the absence of nonlinear absorption, more symmetric con-

version can be achieved which is apparent from Figure 5.6. The extinction ratio can

also be improved through the use of shorter optical pulses, though the presence of free

carriers and their long lifetimes can restrict the use of this switching mechanism to low

data rates as seen in Chapter 4. Higher data rates could be employed though it will

depend on how much extinction one is willing to sacrifice.

5.4 Conclusion

Two fundamental nonlinear refraction mechanisms were investigated in a-Si:H fibres.

SPM and XPM. Through SPM, the Kerr nonlinear coefficient and figure of merit for

these fibres were established. The n2 values obtained were of similar magnitude to
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those reported in literature on c-Si and a-Si:H planar waveguides. From the FOMNL

it was shown that a-Si:H fibres operate better than many of the current a-Si:H planar

platforms. With many of the nonlinear parameters established, XPM was investigated to

show spectral modulation and ultrafast wavelength conversion with high extinction. The

process revealed detailed insight into the relative magnitudes of Kerr based processes

competing against free carrier based processes. Even with the large nanosecond carrier

lifetimes of these fibres, the Kerr nonlinearity was not hindered and instead displayed

a delicate interplay of Kerr and free carrier mechanisms, ultimately demonstrating high

speed and modest conversion for nonlinear switching through XPM.



Chapter 6

Towards Mid-Infrared

Applications

6.1 Introduction

The ability to impregnate optical fibres with silicon and the associated applications in

the near-infrared (NIR) wavelength region have been discussed in the previous chap-

ters. Benefits of silicon in NIR signal processing are well known and have attracted

great interest [179], however operation in the mid-infrared (MIR) is starting to receive

more attention due to the potential applications. With a range of MIR possibilities

including gas detection, environmental monitoring and industrial process control, sili-

con offers the prospect of optical components exploiting an inherent transparency from

∼ 1 − 9µm [180] satisfying these applications. However, materials that supersede the

MIR transparency and nonlinear strength of silicon, e.g., germanium are also of growing

interest in the research community. This chapter focuses on the preliminary character-

isation of hydrogenated amorphous silicon (a-Si:H) and germanium (a-Ge:H) fibres for

applications in the MIR.

6.2 Motivation

MIR transmission in optical fibres commonly refers to wavelengths beyond 2µm. Several

applications exist that specifically utilise the atmospheric transmission windows from 3−
5µm and 8− 12µm. These applications include free-space communications, biomedical

or chemical sensing, military applications, and thermal imaging [17]. A number of

optical fibre platforms are able to transmit in the mentioned MIR windows. Such fibres

include soft glasses (e.g., fluorides, chalcogenides), and hollow core silica fibres [41]. Soft

glasses have low melting or softening points leading to optically and mechanically more

91
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Figure 6.1: (a) Transmission profiles of silicon, germanium, and silica. (b)
Material nonlinearities from [11].

delicate fibres than those which are silica based [181]. Furthermore, many silica fibre

compositions require large (metres to kilometres) interaction lengths for their nonlinear

strength to be appreciable. An ideal fibre material would exhibit properties such as high

optical damage thresholds, strong mechanical strength, and high optical nonlinearity

to reduced the device footprint. Silicon and germanium are two semiconductors that

possess these features, in addition to extended transmission windows relative to silica

and several soft glasses.

Figure 6.1(a) is a comparison of the optical transmission in these semiconductors with

silica shown as a reference. It can be seen that the broadest window of transparency

occurs in germanium, though lasers in this broad transparency region of 2− 14µm are

scarcely available due to cost and complexity. A promising method for easily overcoming

the generation of coherent MIR light is to utilise nonlinear optical effects in fibres such

as parametric amplifiers [182], oscillators [183], and Raman lasing [184]. For these effects

to operate efficiently, a high nonlinear coefficient n2 is required. Figure 6.1(b) represents

theoretical and experimental indications of how the relative n2 varies with respect to

the band gap energies of a material.

6.2.1 Silicon

Silicon has a high n2 as indicated in Figure 6.1(b). The strong nonlinearity allows for the

potential of nonlinear optical devices to be highly efficient assuming negligible nonlinear

absorption. Yet undesired nonlinear absorption such as two-photon absorption (TPA) is

only negligible beyond 2200 nm as the energy of two-photons is not enough for a band-

to-band transition [185]. Detailed investigations have been performed by a number of

research groups to understand the limits in which nonlinear absorption mechanisms can

begin to be ignored. The variation in the two-photon absorption (TPA) strength βTPA,
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Figure 6.2: Dispersion of nonlinearities in single crystal silicon by Q. Lin et
al. [116]. The blue squares are experimental measurements and the solid blacks
lines are theoretical trends. (a) TPA dispersion. (b) Kerr nonlinearity disper-
sion. (c) FOMNL dispersion.

Kerr nonlinearity n2, and figure of merit as a function of wavelength were characterised.

The wavelength variation (or dispersion) of these nonlinear properties were characterised

in detail by Q. Lin et al. in a single crystal silicon (c-Si) wafer [116] using the well

known Z-scan technique [186]. Figure 6.2(a) presents the dispersion of the dominant

nonlinear absorption mechanism, TPA, which in turn induces free carrier absorption.

As expected, TPA dramatically reduces to near zero for wavelengths beyond half the

band gap energy (λ ∼ 2200 nm for c-Si). However, the Kerr nonlinearity in Figure 6.2(b)

peaks at 1900 nm and decreases with a further increase in wavelength. While it may

appear that the nonlinearity diminishes at MIR wavelengths, it is important to re-

introduce the nonlinear figure of merit FOMNL defined in Equation 5.10 which facilitates

the comparison between nonlinear materials. By this analysis, Figure 6.2(c) clearly

illustrates that the c-Si has an order of magnitude larger FOMNL beyond the TPA edge

for a low n2 as opposed to where n2 is relatively modest at shorter wavelengths, thereby

justifying a significant motivation to investigate silicon in the MIR for nonlinear device

applications.

6.2.2 Germanium

Germanium on the other hand has a usable transmission window extending even further

from 2−14µm as shown in Figure 6.1(a). This material thus presents a rare opportunity

to explore a whole host of devices in unexplored regions of the MIR. The spectral region

of 2 − 20µm is a domain of particular interest due to the large number of molecules

that undergo strong characteristic vibrational transitions, thus MIR spectroscopy serves

as a definitive tool in identifying and quantifying molecular species [187]. In addition,

germanium covers both the atmospheric transmission windows of 3−5µm and 8−12µm

(mentioned earlier), in which Rayleigh scattering losses are lower. For this reason, im-

portant applications in security related spectroscopy and communications can benefit
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Figure 6.3: Dispersion of nonlinearities in single crystal germanium. (a) TPA
dispersion from [185,188]. (b) Kerr nonlinearity dispersion gathered from [185,
189–191]. (c) Theoretical FOMNL dispersion.

from these transparency windows of the Earth’s atmosphere. Use of spectroscopic and

free space communication applications may require nonlinear media to play an impor-

tant role for the development of MIR tunable laser sources and signal processing. It has

been determined that the nonlinear coefficients of germanium exceeds those of most of

the semiconductor alloys as well as the glasses, and thus is ideal for compact nonlinear

devices. Furthermore, the higher refractive index of n ∼ 4.1 leads to stronger light con-

finement, reducing the effective mode area and hence amplifying the nonlinear strength

γ (Equation 2.48). Figure 6.1(b) emphasizes the magnitude of n2 of germanium by the

inversely proportional relationship with respect to the band gap energies in a number

of materials. From the Z-scan technique, early measurements were used to confirm this

significantly stronger nonlinearity in germanium. Theoretical and experimental results

of germanium’s nonlinear coefficients, βTPA and n2, gathered from multiple sources of

literature, are shown in Figure 6.3(a) and (b). The TPA strength of germanium in

its transparent regime is much stronger than that of silicon, although a sharp drop is

observed in its strength before the TPA band edge of ∼ 3.8µm. Similar to the silicon

measurements of Figure 6.2(b), germanium experiences a peak in its Kerr nonlinearity

near the TPA edge. For germanium, this occurs in the vicinity of 3µm. Due to the

nonlinear dispersion results of βTPA and n2 being at different wavelengths, an FOMNL

cannot be calculated. However, theoretical solutions (plotted by the solid black lines)

obtained by N. K. Hon et al., can be used to estimate the FOMNL as shown in Fig-

ure 6.3(c). Similar to silicon, germanium is expected to show a dramatic increase in the

FOMNL as it extends beyond the TPA edge with a much higher order of magnitude

increase relative to silicon.

The pursuit for highly nonlinear optical devices first requires a detailed understanding

of a material’s linear optical performance. However, due to the fabrication challenges

of germanium waveguides [192], minimal reports on its transmission capabilities can

be found in the literature. In this chapter, fabrication and material characterisation

is performed on two germanium optical fibres with different core sizes. While still
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at an early stage in its development, the first comprehensive optical transmission loss

measurements were able to be made from 2 − 10.6µm in a germanium waveguide. A

similar analysis is performed for silicon optical fibres deposited at different temperatures

but for a limited range of MIR wavelengths.

6.3 Silicon Optical Fibres

The wide band gap of amorphous silicon (1.7 eV) implies a modest TPA strength in the

c-band. However, it was shown earlier (Chapter 4) that this was not the case, and TPA

strengths were of similar magnitude to single crystal silicon. By operating at longer

MIR wavelengths the regime of minimal TPA can be found for a-Si:H, it is then possible

to determine whether a larger FOMNL as predicted by Figure 6.2(c) exists in a-Si:H.

In order to see nonlinear effects we must have low linear losses. Thus the first step is

to characterise the linear transmission properties of the fibres in this new wavelength

regime.

To characterise the MIR transmission loss, a Cr2+:ZnSe (2 − 2.6µm) continuous wave

(CW) laser, an Aculight Argos CW OPO (2.7 − 3.3µm), and 25.4 mm focal length

ZnSe objectives were used in a standard launch-in launch-out configuration, like that of

Figure 3.9. The input (set at 1 mW) and output powers were measured using a PbSe

preamplified photo detector. Two different a-Si:H samples were characterised with the

cut-back technique (Section 3.5.3), each deposited at peak temperatures of 450 ◦C and

394 ◦C. The losses are plotted in Figure 6.4 along with selected mode images at the

output of the a-Si:H fibre imaged using a Spricon Pyrocam III Series camera. Inter-

estingly there did not appear to be a significant difference in the MIR losses, however

the associated NIR transmission (from Figure 3.12(b) for the 394 ◦C fibre) were signif-

icantly different (∆αdB ∼ 5 dB/cm at 1.6µm). Hence, two different scattering fits are

presented. Each fit corresponds to the best NIR and MIR fit for the 450 ◦C and 394 ◦C

samples. It is unclear how the influence of the deposition temperature affects the NIR

transmission specifically. From the multiple fits of absorption mechanisms highlighted

in Section 3.5.3, it was however shown that high losses in the NIR are a result of a

higher Urbach energy, hence defect states cause a larger space-charge environment for

dangling bond absorption to occur [110]. This is further confirmed by the higher depo-

sition temperature fibre resulting in a higher NIR loss, leading to a higher portion of

hydrogen diffusion from the core material. Comprehensive transmission investigations

(1.3 − 4µm) of samples with differing deposition temperatures are thus required in or-

der to establish regions over which Rayleigh trends depart from one another, thereby

indicating contribution to the losses from alternative mechanisms.

The output mode images in Figure 6.4 show the spot size noticeably decreasing as the

input wavelength is increased. This could be due to the fibre supporting less modes
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Figure 6.4: a-Si:H MIR loss results and measured output mode images. Green
lines represent Rayleigh fitting to the NIR and MIR loss measurements.

consequently leading to the output spot focussing to the fundamental mode’s diffraction

limit, or simply that less power is coupled into the higher order circularly symmetric

modes so that they are not detected.

This discovery of low linear transmission loss in the a-Si:H fibres in the MIR have led to

ongoing investigations of nonlinear characterisation in the MIR. Currently, wavelength

dependent TPA and Kerr coefficients are being characterised to demonstrate how much

the FOMNL benefits in these fibres.

6.4 Germanium Optical Fibres

6.4.1 Fabrication

The fabrication of germanium fibres follows the process described in Section 3.3. A mix-

ture of germane diluted in a helium carrier gas (GeH4/He) is forced to flow through the

central hole of a 125µm outer diameter fused silica capillary at pressures of ∼ 35 MPa.

Germanium is deposited at a relatively low temperature of ∼ 300 ◦C so that the material

grows in an amorphous state. Similar to the silicon depositions, the low deposition tem-

perature suppresses the out diffusion of hydrogen, so that a percentage will remain in the

semiconductor core material to passivate the dangling bonds. Furthermore, it was men-

tioned in Section 3.5.2.3 that the Si-H bond-dissociation energy is ∼ 314 kJ/mole. For

the Ge-H bond, the dissociation energy is even lower at ∼ 285 kJ/mole [193], thus lower

temperature (and hence lower energy) deposition aids in the minimisation of hydrogen

diffusion from Ge-H. Though it should be noted that lower deposition temperatures

(with respect to a-Si:H) in turn reduces the rate of precursor decomposition, so that the

deposition times are longer.
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Figure 6.5: (a) SEM of a 6µm germanium core; scale bar is 2µm. (b) Microscope
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6.4.2 Material Characterisation

Two germanium fibres were fabricated with core diameters of 6µm and 30µm. A scan-

ning electron microscope (SEM) image of the 6µm fibre confirmed complete filling of

the capillary templates, as shown in Figure 6.5(a). In addition, Figure 6.5(b) shows

an optical microscope image of the polished and completely filled 6µm core fibre, with

the 30µm core fibre shown in the inset. Both fibres had a filled length of ∼ 3 cm.

The core materials were characterised using micro-Raman spectroscopy on a Renishaw

inVia system with a 633 nm HeNe laser source. A 100× objective was used to focus

250µW of power in a 0.4µm spot directly onto the polished germanium cores with a

10 s acquisition time, producing a spectrum of the backscattered radiation as shown in

Figure 6.5(c). This Raman spectrum shows a broad peak, indicative of an amorphous

material, around 280 cm−1, which is slightly shifted from the transverse optical Raman

resonance of 278 cm−1 for amorphous germanium [194, 195]. This observed shift is due

to a difference in thermal expansion coefficients of silica and germanium, so that cooling

from the elevated deposition temperatures will induce thermal mismatch stresses. The

shift can quite often go unnoticed depending on the level of material disorder. At high

detunings, evidence of hydrogenation is indicated by the peak at ∼ 1890 cm−1 [195],

as shown in the inset of Figure 6.5(c), which is associated with the Ge–H stretching

mode. This stretch mode can also be split with a second vibration (of Ge–H2) appear-

ing at ∼ 2000 cm−1 when higher levels of hydrogen are incorporated, though preliminary

observations only show a single peak suggesting that the hydrogen content is low [194].

6.4.3 Mid-Infrared Transmission

In the fabrication of semiconductor optical fibres, a thermal gradient exists across the

furnace during deposition. Consequently, a variation in the hydrogen content over the

fibre length leads to dangling bond absorption varying in strength across the fibre length.



98 Chapter 6 Towards Mid-Infrared Applications

a-Ge:H

C
A

M

C
A

M

PD

O1 O2

FD Lock-in

CH

S
o

u
rc

e

Figure 6.6: Experimental layout for transmission measurements of the germa-
nium core fibre. Output mode image has a scale bar of 4µm. (Source) is either
a CO2 laser, HeNe laser, or the Radiantis OPIUM OPO, (FD) Frequency driver,
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Since the cut-back method described in Section 3.5.3.1 isolates the fibre loss of a partic-

ular fibre section, the method thus produces variations in the fibre loss for every section

of fibre measured. In silicon the variation is typically negligible, however, in the de-

position of germanium the fabrication process is much more sensitive leading to large

differences in the longitudinal material quality. Therefore in all cases of the germanium

fibre, the single pass measurement technique was deemed to be the most appropriate in

determining the average loss value at a given wavelength, where each loss was corrected

for the respective Fresnel reflection coefficients of germanium and coupling efficiency.

The optical transmission properties of the germanium fibres were measured using various

laser sources over the wavelength range 2 − 11µm using an arrangement illustrated in

Figure 6.6. Wavelengths below 2µm were not considered as band edge absorption is too

large. The wavelength range of 2−2.4µm was accessed with a Radiantis OPIUM optical

parametric oscillator (OPO) pumped via a Spectra-Physics Mai Tai laser operating at

80 MHz. The short 250 fs pulses delivered by this OPO system were limited to low

average input powers of ∼ 100µW to avoid nonlinear absorption associated with two-

photon effects. Due to the high transmission loss of the germanium fibres, the 3 cm

long fibre was shortened to 5 mm. The light was then launched into the core of the

5 mm long germanium fibre via free-space coupling using the ZnSe microscope objective

lenses (O1 and O2) from the silicon transmission experiment. Piezo controlled nano-

positioning stages were used to ensure precision coupling into and out of the fibre. The

input and output faces of the fibre were imaged using a Spricon Pyrocam III Series

camera (CAM) from which it could be easily identified when the light was well confined

to the high refractive index (n ∼ 4.1) core (due to the high reflection) [196]. The beam

profile image in Figure 6.6 is taken at the output of the 6µm a-Ge:H fibre at 2µm

where a broad distribution of intense light is shown to cover a large area. The image

confirms the multimode nature of the waveguide since a single-mode beam would focus

to a diffraction limited spot size. The input and output powers were measured again

using the PbSe photo detector (PD), though implemented in a lock-in detection circuit
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Figure 6.7: Linear transmission loss for (a) 6µm core diameter a-Ge:H fibre,
and (b) 30µm core diameter a-Ge:H fibre.

as described in Section 4.6.2. This was necessary as the losses for the a-Ge:H fibre were

significantly higher than the a-Si:H fibres.

The transmission losses of the 6µm core fibre are presented in Figure 6.7(a). The trend

from the data points alone do not exhibit any clear features indicative of the Urbach tail

or Rayleigh scattering. However, the overall decrease in loss for increasing wavelength

is fitted well with a λ−4 dependence associated with Rayleigh scattering. It provides a

reasonable agreement considering the band edge proximity λbg ∼ 1.9µm (0.67 eV) and

the difficulty in achieving very high sensitivity measurements for the high losses in this

particular wavelength regime. Nevertheless, these loss values are comparable to those of

the early amorphous silicon optical fibres measured at ∼ 1.55µm, and these losses have

since been reduced by increasing the amount of hydrogen incorporation as described in

Section 3.5.3 and 3.5.3.4. Further transmission investigations are required on a number of

6µm core germanium fibres to establish the true contributions of loss in this wavelength

region. Loss measurements at the longer wavelengths of 3.39µm and 10.6µm were

conducted on the 30µm diameter core fibre owing to the difficulty in coupling into the

smaller core structure. The laser sources used at these wavelengths were both continuous

wave (CW), where at 3.39µm a HeNe laser was used with an input power of ∼ 12 mW

and at 10.6µm a CO2 laser was used with an input of ∼ 30 mW. In both cases the output

light was focussed onto a Laser Probe Inc. RK-5720 thermal power meter, with a RKP-

575 detector head. The losses measured at these two wavelengths were 17.3 dB/cm at

3.39µm and a much reduced value of 4.8 dB/cm at 10.6µm. To compare this large core

fibre the losses of the smaller core fibre, measurements were also conducted around 2µm

using the OPO and the results obtained over the entire wavelength range are plotted in

Figure 6.7(b) (crosses) together with the results of the 6µm core fibre from Figure 6.7(a)

(circles). The good agreement between the results for the 30µm core fibre and the λ−4

fit (dashed line) provides further evidence that the losses in these fibres are dominated

by scattering mechanisms [197]. By comparing the results for the two fibres it is clear

that, in this case, the smaller core fibre exhibits the lower material loss. At this stage,
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it is unclear exactly whether the difference is due to an increase in hydrogen content

or a higher uniformity in the deposited material. Further investigations which involve

detailed Raman spectroscopy combined with characterisations of the optical transmission

properties are required to better understand the origins of the losses.

It should be noted that nonlinear absorption measurements in the 6µm fibre were at-

tempted using the pulsed femtosecond OPO, though the high losses hindered the ability

for an input pulse to induce two-photon absorption. Nonlinear measurements in the

30µm fibre were not attempted due to the lack of high peak power sources within the

low loss wavelength region (> 6µm). Furthermore, the much larger mode field area

in the 30µm core diameter would require an impractical level of peak power to induce

nonlinear effects.

6.5 Conclusion

A loss of 0.7 dB/cm at 2.7µm marks the lowest recorded loss to date in a a-Si:H fibre.

a-Si:H fibres have also very recently been able to demonstrate nonlinear transmission

in the MIR such as nonlinear absorption and refraction [198]. The first demonstration

of hydrogenated germanium core optical fibres were investigated. Fabrication, material

characterisation, and optical characterisations were performed on two different a-Ge:H

core diameters. Rayleigh scattering has been identified as the dominant loss mechanism

for germanium fibres, suggesting that uniformity in the material composition and density

is still to be optimized. From a comparative perspective, the MIR losses presented for

a-Si:H are considerably lower than that for a-Ge:H, though it should be noted that

considerable effort in the past few years have been dedicated to improving the fabrication

parameters to achieve low loss in a-Si:H.
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Conclusions

Standard 125µm silica cladding optical fibres with semiconductor core materials were

fabricated using a novel high pressure chemical deposition technique. 6µm and 2µm

silicon core diameter fibres were the focus of this work. In Chapter 3, the four differ-

ent material phases c-Si, p-Si, a-Si, and a-Si:H showed very different optical properties.

From the Raman emission spectra, the p-Si fibres exhibited a narrow linewidth reso-

nance which is also characteristic of c-Si material, though it is clear that the material

does not represent c-Si as the linewidth and resonance position was slightly broader

and shifted to bulk c-Si. The optical transmission revealed a loss at 1.55µm to be

∼ 7 dB/cm, a value that was strongly dependent on the annealing temperature. a-Si

fibres however, exhibited broad Raman resonances that are a superposition of multiple

vibrational modes as expected of an amorphous material. Since the optical losses are

very poor for a-Si (50 dB/cm at 1.55µm), wavelength dependent measurements were

not conducted. However, by lowering the deposition temperature used to fabricate the

a-Si fibres, it is possible to leave much of the hydrogen content from the silane precursor

within the deposited material. The resulting composition known as a-Si:H exhibited a

far superior performance for both linear and nonlinear optical propagation. While it was

inconclusive to determine whether the strength of the Si-H resonances from the Raman

spectra could be correlated to the optical transmission, the lowest loss of the 6µm core

diameter fibre was 0.8 dB/cm at 1.54µm, which is much lower than the 2µm core fibre

measuring 2.9 dB/cm.

Several a-Si:H fibres that exhibited a long effective length were able to exhibit nonlin-

ear behaviour. Effects such as nonlinear absorption and refraction revealed information

about the strength of coefficients related to each process. In nonlinear absorption, the

TPA and FCA coefficients were very similar between four different a-Si:H fibres fabri-

cated with different precursor pressures. The average value of βTPA ∼ 8 × 10−12 m/W

for the a-Si:H fibres is very similar to that of a-Si:H and c-Si materials investigated

by other groups on planar substrates. Furthermore, σFCA ∼ 1 × 10−20 m2 is in good
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agreement with that predicted via the Drude-Lorenz model for an ideal semiconductor

(σFCA ∼ 1.6× 10−20 m2).

A strong correlation was observed between the quality of the material and the carrier

lifetime. Low loss a-Si:H fibres exhibited a large carrier lifetime in excess of 200 ns whilst

higher loss fibres or alternatively, smaller core fibres, showed shorter lifetimes where the

lowest recorded was ∼ 4 ns. From these investigations, it can be concluded that it is more

efficient to develop 2µm (or smaller) core fibres and optimize the deposition conditions to

produce lower transmission losses, since the significant reduction in carrier lifetime and

the addition of an enhanced nonlinearity (via a smaller Aeff), is a more beneficial route

for all-optical device applications. One example in which all-optical modulation was

shown, was using a 6µm core a-Si:H fibre. Extinctions of up to 4 dB were demonstrated,

which is a factor of more than 2.5× reduction in the incident optical probe power. This

extinction is largely determined by the degenerate and non-degenerate TPA parameters,

and these coefficients are also material dependent. While a slight improvement in this

extinction could also be demonstrated by employing a fibre with a smaller core, it may

be more powerful to develop a route to incorporate higher TPA materials such as direct

band-gap semiconductors [199].

The a-Si:H fibres that were characterised for their nonlinear absorption were again in-

vestigated with the aim to determine the strength of their Kerr nonlinearity n2. The

Kerr effect is responsible for many all-optical signal processing applications as already

mentioned in Chapter 1. By knowing all of the loss coefficients related to the GNLSE,

it was shown that the optical spectrum at the output of the a-Si:H fibre is sufficient to

accurately estimate n2 provided strong SPM is present. Through numerical fitting of

multiple SPM spectra, the highest Kerr nonlinearity estimated was 18.5× 10−18 m2/W

in a fibre with a loss of 1.7 dB/cm. In comparison to other a-Si:H and c-Si platforms

this value is at the upper range, though not significant enough to show potential for

large phase shift (> 4π) applications as suggested by the nonlinear figure of merit. An

attempt to exploit the ultrafast behaviour of the Kerr nonlinearity was shown through

XPM. Two different probe pulse regimes were implemented. The most notable results

were for the short 800 fs probe pulse. In this experiment, it was shown that the a-Si:H

fibre under test was able to shift an optical carrier 6 nm within 100 fs. This behaviour

demonstrates the potential for ultrafast all-optical signal processing introduced at the

start of this thesis. Despite the presence of nonlinear absorption, the high Kerr nonlin-

earity was sufficient to demonstrate a spectral extinction as high as 12 dB of the shifted

carrier.

Magnitude, speed, and efficiency, were the three most important attributes characterised

relative to specific nonlinear optical processes. These characterisations were performed

at conventional telecommunication wavelengths since a plethora of low and high power

sources and/or detectors are readily available. Silicon has more recently been gaining

interest at transmission wavelengths beyond 2µm owing to its large nonlinear figure
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of merit. For this reason, a preliminary MIR characterisation was performed using

currently available laser sources. Two 6µm a-Si:H fibres had demonstrated very similar

optical losses of < 1 dB at 2.8µm showing that a Rayleigh scattering like dependence

was the fundamental limiting factor in the MIR. It is anticipated that MIR nonlinearities

should likewise be enhanced not only due to the lower optical losses, but also because

the TPA strength diminishes due to insufficient photon energies.

An alternative material that has been shown to possess one of the highest nonlinearities

amongst many semiconductors is germanium. This material has been studied by few

groups with the aim to achieve low optical loss planar waveguides and is still an ongoing

field of research. The final focus of this thesis was the fabrication of an a-Ge:H fibre using

a germane precursor. The Ge-H Raman resonance was very weak which could indicate

a poor concentration of hydrogen. The initial transmission measurements of a 6µm core

diameter fibre revealed high optical losses of ∼ 20 dB/cm at 2.4µm, though this type of

fibre is still in the early stages of its development. For a 30µm core diameter fibre, the

predicted loss through Rayleigh fitting at 2.4µm is much larger at > 40 dB/cm. This

work however, requires a large amount of a-Ge:H samples to be fabricated and optically

characterised in order to gauge an understanding of how the material quality varies,

similar to what was done for the silicon optical fibres.

The research performed in this thesis provides the first comprehensive linear and nonlin-

ear evaluation of several key optical parameters in a-Si:H fibres. The nonlinear strength γ

between the different silicon fibres was found to be in the range of 4000−5000 W−1km−1.

This is 4000× larger than conventional silica core fibres. Many nonlinear applications

currently employing silica fibres could also be realised with silicon fibres, potentially

demonstrating higher efficiencies in a more compact form. Apart from nonlinear appli-

cations, many challenges still need to be addressed. The semiconductor fibre platform

could dramatically benefit through features such as being single-moded, having the flex-

ibility to perform dispersion engineering, and seamless integration with conventional

silica fibres. These features are currently ongoing areas of research.





Appendix A

Non-Degenerate TPA Solution

The solution to Equation 2.41 is found using the prescribed methods; separation of

variables, integration by substitution, evaluation of the integration constants, and finally

obtaining the optical intensity from the amplitude using Equation 2.31:

dAs(z, t)

dz
= −βTPAp,sIp(z, t)As(z, t) (A.1)∫

1

As(z, t)
dAs = −βTPAp,s

∫
Ip(z, t)dz. (A.2)

Using the solution for the pump pulse in Equation 2.34 yields∫
1

As(z, t)
dAs = −βTPAp,s

∫
I0p(t)

I0p(t)βTPAp,pz + 1
dz (A.3)

ln[As(z, t)] + C = −βTPAp,sI0p(t)

∫
1

u

1

I0p(t)βTPAp,p
du (A.4)

where the following substitutions were made:

u = I0p(t)βTPAp,pz + 1 (A.5)

du

dz
= I0p(t)βTPAp,p (A.6)

∴ dz =
du

I0p(t)βTPAp,p
. (A.7)

105



106 Appendix A Non-Degenerate TPA Solution

Simplifying and evaluating the RHS integral:

ln[As(z, t)] + C = −
βTPAp,s

βTPAp,p

∫
1

u
du

= −
βTPAp,s

βTPAp,p
ln[u]

= −
βTPAp,s

βTPAp,p
ln[I0p(t)βTPAp,pz + 1]

= ln

[
(I0p(t)βTPAp,pz + 1)

−
βTPAp,s
βTPAp,p

]
.

(A.8)

Taking the exponential of both sides and re-assigning the integration constant exp(C) ≡
D:

As(z, t)exp(C) = [I0p(t)βTPAp,pz + 1]
−
βTPAp,s
βTPAp,p (A.9)

As(z, t) =
D

[I0p(t)βTPAp,pz + 1]
βTPAp,s
βTPAp,p

. (A.10)

Introducing the initial condition that at z = 0 then As(0, t) = A0s(t):

A0s(t) =
D

1
βTPAp,s
βTPAp,p

(A.11)

A0s(t) = D. (A.12)

Substituting D and using Equation 2.31 gives:

As(z, t) =
A0s(t)

[I0p(t)βTPAp,pz + 1]
βTPAp,s
βTPAp,p

(A.13)

A2
s(z, t)

Aeff
=

A2
0s(t)/Aeff

[I0p(t)βTPAp,pz + 1]
2βTPAp,s
βTPAp,p

(A.14)

Is(z, t) =
I0s(t)

[I0p(t)βTPAp,pz + 1]
2βTPAp,s
βTPAp,p

. (A.15)



Appendix B

Free Carrier Density Rate

Equation

The carrier density is assumed to be directly related to the number of photons absorbed

by a material, hence a treatment of Equation 2.30 is then required in terms of a photon

flux ϕ [s−1m−2] (or photons absorbed per unit area):

ϕ =
I(z, t)

~ω
. (B.1)

Since the rate of absorption due to TPA was shown to be proportional to −βTPAI
2(z, t),

it follows that the rate of absorption of the number of photons nph is then [200],

nph = −dϕ
dz

= − 1

~ω
dI

dz

=
βTPA

~ω
I2(z, t).

(B.2)

The rate of carriers excited due to TPA will be half the number of absorbed photons

since two-photons are required to generate one carrier:

dN

dt
=

1

2
nph

=
βTPA

2~ω
I2(z, t).

(B.3)

Generated carriers will exist in an excited state for a limited temporal lifetime τ . The

rate of recombination is inversely proportional to the rate of change of the carrier density,

so that Equation B.3 can be re-expressed as:

dN

dt
=
βTPA

2~ω
I2(z, t)− N(z, t)

τ
. (B.4)
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