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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

Optoelectronics Research Centre

Doctor of Philosophy

SEMICONDUCTOR WAVEGUIDES FOR MID-INFRARED PHOTONICS
by Li Shen

Mid-infrared semiconductor photonics is an emerging field with wide ranging applica-
tions. One stream of research is focused on extending the well-developed silicon-based
waveguide platforms into longer wavelength regimes because of the inherent transparency
window of silicon in the mid-infrared regime as well as its favourable nonlinear proper-
ties. Alternative approach is to investigate the optical properties of new materials (i.e.
germanium) that offer favourable properties such as broader transparency windows and

large nonlinearities, etc.

In this thesis, two types of novel mid-infrared waveguide platforms were investigated.
The first was the semiconductor optical fibres, an innovative platform that incorpo-
rates the functional semiconductors within the robust fibre geometry. A range of differ-
ent core materials were characterised from the telecommunications band into the mid-
infrared regime including polycrystalline silicon, hydrogenated amorphous silicon and
hydrogenated amorphous germanium. Particularly, the large nonlinearity of the hydro-
genated amorphous silicon core fibres was measured systematically cross this wavelength
regime previously unknown for these fibres. With the knowledge of the key nonlinear
parameters including nonlinear absorption and refraction, supercontinuum generation
was demonstrated in the mid-infrared where the two-photon absorption was negligible.
The measurements in the mid-infrared represent the first characterisation of the material

beyond 1.55 pm.

The second platform was the germanium on silicon waveguides, which can be fabricated
using similar techniques to the silicon integrated waveguides and are thus compatible
with the widely used complementary metal-oxide-semiconductor platform. The results
presented in this thesis represent the first comprehensive linear and nonlinear trans-
mission loss characterisations of this new class of waveguide for selected mid-infrared
wavelengths. By exploiting the free carriers and two-photon absorption mechanisms,
high speed all-optical modulation was demonstrated across selected mid-infrared wave-

lengths.
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Chapter 1

Introduction

1.1 Introduction to semiconductor photonics

Semiconductors are a group of materials having electrical conductivities intermediate
between metals and insulators. These materials, principally those of group-IV elements
or III-V compounds, have dominated the microelectronic industry for the past half
century. This is largely due to the fact that the conductivity of these materials can
be varied over orders of magnitude by changes in temperature, optical excitation and
impurity content. Devices based on semiconductor materials have revolutionized the
electronics industry and changed our daily lives, finding use in functional devices such
as computers, mobile phones etc. The exponential growth of the internet bandwidth
means that developments in the microelectronics industry can just about follow Moore’s
Law by employing multicore structures and scaling more transistors on a single chip.
However, the optical communication network is suffering from an electronic bottleneck
of high speed data transmission and processing due to large amount of optical-electronic-
optical (OEQO) conversion devices throughout the whole network. One possible solution
is to create an all-optical network eliminating OEO conversion regenerators in conven-
tional networks, thus greatly increasing the network speed. All-optical networks require
high-performance optoelectronic devices that can emerge photonics and microelectron-
ics seamlessly [1]. These devices must have the capabilities of optical signal processing,
for example, optical interconnects and routers, as well as decent optical waveguiding
properties. From this point of view, semiconductor photonics which uses semiconduc-
tor materials as an optical medium has the potential to integrate optical and electronic
components onto a single chip and provide optical interconnection between neighboring

components, eventually may leading to all-optical network systems.

Soref and Petermann produced much of the pioneering work in the late 1980s and early
1990s to introduce semiconductor materials to photonics. This work, and many of

the subsequent efforts, mainly focused on passive waveguides, switches, and modulators

1



2 Chapter 1 Introduction

[1, 2, 3, 4]. Continuous advancements in this interesting research area have been achieved
since late 1990s. A large number of optoelectronic devices have been demonstrated by
different research groups in silicon photonics, e.g. passive waveguides, modulators, fil-
ters, integrated photodiodes, lasers and amplifiers, etc [5, 6, 7]. Semiconductor materials
like silicon have a transparency window covering a wide range of wavelengths from the
near-infrared to the mid-infrared (mid-IR), and exhibit many excellent optical proper-
ties including large optical damage thresholds, tunable free carrier effects and strong
optical nonlinear effects. Compared with the most commonly used silica waveguides,
semiconductor materials have larger refractive indices so that when clad in low index
materials such as silica, the optical mode size of the waveguide can be scaled down
to nanometer dimensions (< 1pm?). This is useful when developing nonlinear signal

processing devices such as all-optical regenerators.

<——— Semiconductor core

<— Cladding ® @

@) (b)

Figure 1.1: Schematic diagrams for two types of semiconductor waveguides
primarily investigated in this thesis, (a) semiconductor rectilinear waveguide
and (b) semiconductor core optical fibre.

In the past few decades, most of the semiconductor photonics research has been based
on silicon rectilinear waveguides in the near infrared wavelength region, and in particu-
lar telecom wavelengths. Commercial products employing these devices including active
optical cables (Luxtera) and variable optical attenuators (Kotura) have been released
to the market. Complementing this research, a new class of semiconductor core optical
fibres has emerged, which could provide an elegant route to unify the semiconductor
materials with the glass fibre infrastructures used in telecom systems. Figure 1.1 com-
pares and contrasts these two types of optical waveguide fabricated with semiconductor
core materials. Though silicon is currently the favoured material of choice for semi-
conductor photonics in the telecoms region, other materials are emerging as interesting
candidates for other wavelength regions, such as the mid-IR. For this project, both sil-
icon and germanium are investigated as they have high optical nonlinearity and cover
important wavelength regions. Germanium has been chosen in this project because of
its longer mid-IR transmission window and high nonlinearity as well as its compatibility

with existing fabrication techniques.
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1.2 Mid-infrared group-IV semiconductor photonics

The mid-IR regime (2 to 20 yum) covers both atmospheric transmission windows (3 —
5pm and 8 — 12 um) and the material “fingerprint region” for various chemical and bio-
logical molecules. Thus it is proving to be very important for a wide range of applications
including sensing, medical diagnostics, free space communications, thermal imaging, and
infrared countermeasures [8]. The short-wave infrared between 2 to 3 ym is the most
interesting spectral regime for nonlinear silicon optics as this is beyond the nonlinear
TPA region, before the nonlinear refractive index drops. Moreover, the well-established
silicon-on-insulator (SOI) platform can still be used in this wavelength regime [9, 10].
This short-wave infrared wavelength regime has recently emerged a strong candidate
for the next generation communication system [11]. Current research work is focusing
on transferring existing technologies developed for the near infrared to the mid-IR by
modifying the waveguide design and seeking new material composition e.g. sapphire,

germanium [12, 13].

Both silicon and germanium have a good optical transparency in the mid-IR (up to
7.8 pm for silicon and 14 pm for germanium) and can exhibit strong nonlinear optical
effects [14]. Semiconductor optical fibres of which the core is made from silicon or ger-
manium are only able to support wavelengths up to 3.6 um due to strong absorption
of the silica cladding beyond this wavelength. The germanium-on-silicon (Ge-on-Si)
waveguides structure is similar to that illustrated in Figure 1.1(a). The top layer is
the germanium core and the bottom cladding layer is made of silicon. This Ge-on-Si
waveguide has an even boarder transmission window up to 8 um. Thus these two semi-
conductor waveguides platforms are promising for mid-IR applications and are chosen

as the main investigate focus of this project.

Nonlinear effects in semiconductor materials (mainly in silicon) could be exploited for
numerous applications within in the mid-IR regime in areas such as signal processing,
sensing and biologic imaging [15]. Since nonlinear processes require high peak power,
they are often investigated using short pulses. Owning to their high refractive index,
semiconductor waveguides typically offer tight light confinement and enhanced nonlin-
earities, it is possible to observe nonlinear effects over short waveguide lengths and with
low powers. These have been largely unexplored in the mid-IR. Hence, this project
presents the first comprehensive study of the novel mid-IR waveuides made from semi-
conductor materials. Linear and nonlinear characterizations were performed for two
proposed semiconductor waveguides from near infrared to the mid-IR and applications
such as all-optical modulation, parametric amplification and supercontinnum have been

demonstrated.
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1.3 Thesis outline

Chapter 1 presents the background and motivation of this PhD project. It outlines
the thesis structure, summarises the key achievements of this PhD study, details my
contributions, and acknowledges valuable help I received during the experiments and

thesis writing.

Chapter 2 reviews the state of the art regarding semiconductor waveguides in the litera-
ture. Different fabrication techniques of semiconductor core optical fibre are introduced
and the basic optical properties of semiconductor core optical fibres are described. Var-
ious group IV material platforms are also reviewed with their advantages and disadvan-
tages in the mid-IR regime. This chapter also summarises the recent progress on the

nonlinear applications of these mid-IR waveguides.

Chapter 3 provides a theoretical foundation for the semiconductor waveguides inves-
tigated in this PhD work. Topics include the material properties and optical effects
which must be considered in all applications of semiconductor waveguides. It begins
with the theoretical background that describes optical pulse propagation in the semi-
conductor waveguides, accounting for the linear loss, nonlinear absorption, dispersion
and particularly the effects of free carriers which is unique in semiconductors. The
equations associated with these parameters are used for the simulations to analyse the

experimental characterizations in the following chapters.

Chapter 4, 5 and 6 are at the heart of this thesis. Presented in these chapters are the
experimental measurements of the material properties and transmission characteristics
of novel silicon and germanium optical waveguides from the near infrared to the mid-
IR regime. The two most commonly developed types of semiconductor waveguides:
fibres and planar waveguides are presented and characterised for different wavelengths
extending to the mid-IR region. The material quality of the waveguides are characterised
by scanning electron microscopes (SEM) and Raman spectroscopy measurements. For
semiconductor core optical fibres, this thesis focuses on the fibres of which the core is
comprised of silicon or germanium. The linear optical properties of a range of fibres are
measured and compared against the different core materials and deposition conditions.
For the planar waveguide, most efforts are focused on developing a germanium waveguide
platform for the mid-IR wavelength regime. The Ge-on-Si waveguides are proposed and

compared with the existing mid-IR waveguide platforms.

Chapter 5 extends the investigations of nonlinear properties of silicon core fibres to
the mid-IR regime. In this chapter, the comprehensive numerical and experimental
detail are discussed including the nonlinear absorption and refraction in the silicon
optical fibres. Through numerical fitting of the experimental data with the modified
nonlinear Schrédinger equation and free carriers rate equation, the nonlinear absorption

and refractive index coefficients are determined. A nonlinear figure of merit is used to
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compare silicon fibres with other silicon waveguides to highlight the advantages of the
use in the mid-IR regime. By exploiting the high nonlinearity in the mid-IR regime,
supercontinuum generation was demonstrated in a a-Si:H core fibre with small core size
(1.7 pm).

Chapter 6 investigates the nonlinear absorption in Ge-on-Si waveguides and presents
a systematic study across the two-photon absorption (TPA) edge. The nonlinear ab-
sorption coefficients are determined via a similar fitting method previously used for the
silicon core fibre. The large nonlinear absorption is exploited to demonstrare all-optical
modulation in the novel Ge-on-Si waveguides at mid-IR wavelengths via both free-carrier
absorption (FCA) and TPA.

Finally, Chapter 7 summarises the work over the PhD period and outlines future exper-
imental possibilities to follow the work presented in this report. Semiconductor waveg-
uide fabrication, linear optical characterisations, nonlinear absorption and refraction
measurements, supercontinuum generation and mid-IR all-optical modulation formed

the main part of the thesis.

1.4 Key achievements

Here lists a brief summary of the key achievements during the author’s PhD study:

1. The linear and nonlinear transmission properties of hydrogenated amorphous sil-
icon (a-Si:H) core fibres are characterized from the near infrared up to the edge
of the mid-IR regime. The results show that this material exhibits linear losses
in the range of 0.3 — 7dB/cm, over the entire wavelength range (1.5 - 2.7 um).
By measuring the dispersion of the nonlinear Kerr and TPA parameters we have
found that the nonlinear figure of merit (FOMyy,) increases dramatically over this

region.

2. Demonstration of an octave-spanning supercontinuum in a a-Si:H core fibre when
pumped in the mid-IR regime. The broadband supercontinuum extends from the

edge of the telecommunications band into the mid-IR (1.64 - 3.37 ym).

3. The linear transmission properties of Ge-on-Si waveguide are characterized from
the band edge up to the mid-IR regime. The results show that this waveguide
exhibits low linear losses in the range of 2.5 — 6dB/cm, over the broad mid-IR

wavelength range from 2 - 3.8 pm.

4. Demonstration of first all-optical modulation in a Ge-on-Si rib waveguide over the
mid-IR wavelength range of 2 - 3.2 um using a FCA scheme with a modulation

depth of ~ 5dB and a response time < 18 ns.
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5. The nonlinear absorption properties of a Ge-on-Si waveguide have been charac-
terized across the TPA transmission window. Exploiting the large nonlinear ab-
sorption near the bandedge, ultrafast all-optical modulation is achieved with a

modulation depth of ~ 8dB and a response time < 5 ps.

1.5 Contributions and acknowledgements

The author is responsible for all the work presented in this thesis under the supervision
of Prof. Anna Peacock and Dr. Noel Healy.

Fabrication of the semiconductor core optical fibres in Chapter 4 were performed at
Pennsylvania State University by Dr. Todd Day, Hiu Yan Cheng and Subhasis Chaud-
huri. The optical microscope images, the a-Si:H Raman measurements, and optical
transmission measurements were performed by myself with the assistances from Dr.
Noel Healy and Dr. Priyanth Metha. For the supercontinuum generation presented in

Chapter 5, Dr. Lin Xu has assisted me during the experiments.

Fabrication of the Ge-on-Si waveguides used in this thesis were performed by Dr. Mi-
los Nedeljkovic, Dr. Colin Mitchell and Jordi Soler Penades. The SEM images of
germanium-on-silicon waveguide were taken by Dr Colin Mitchell. Part of the linear
transmission measurements in Ge-on-Si were performed by Jordi Soler Penades. The
thulium doped fibre amplifier used in Chapter 6 was built and provided by Dr. Alexan-
der Heidt and Dr. Zhihong Li. Dr. Shaiful Alam, Dr. Radan Slavik and Dr. Yutong
Feng have provided 2 pum semiconductor diode lasers and driver mount. The lock-in
detection system was built by myself with assistance from Dr. Priyanth Mehta and Dr.
Noel Healy.

The general MATLAB code structure for the simulation analysis in this thesis was pro-
vided by Prof. Anna Peacock and modified by myself for the different material systems
and new waveguide designs. Simulations of the simplified coupled-mode equations were
coded by Dr. Priyanth Mehta initially for the silicon core fibre and modified by myself

for the use in the Ge-on-Si waveguides.



Chapter 2

Literature review

2.1 Introduction

In this chapter, a brief introduction to the group IV semiconductor waveguides is given.
Silicon and germanium, the waveguide materials used in this thesis, are discussed from
the fundamental optical properties through to devices. The chapter also reviews the
recent progress in the nascent field of semiconductor waveguides for the mid-infrared
(mid-IR) wavelength regime. Various mid-IR waveguide platforms are introduced and
typical nonlinear applications based on these platforms are given to indicate the potential

use in this increasingly important region.

2.2 Basic optical properties of silicon and germanium

Silicon and germanium offer rich optoelectronic functionality. Furthermore, compared
to silica that is mostly used for optical fibres, they also have desirable properties such
as broad transmission windows as well as high optical nonlinear susceptibilities. They
are also compatible with many existing fabrication approaches and hence they are cur-
rently the favoured materials for the group IV photonics applications. Figure 2.1 is a
comparison of the optical transmission in silicon and germanium with silica shown as a
reference. This section presents a brief discussion of the material characteristics of silicon
and germanium. Figure 2.2 shows the refractive indices of these materials as a function
of wavelength which all show a slight decrease with an increase of the wavelength. The
corresponding coefficients for the two semiconductors and the silica material used for

the calculation are from Frey et al. and Barnes et al. [16, 17].
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Figure 2.2: Refractive index of (a) silicon, (b) germanium, and (c) silica as a
function of wavelength.

2.2.1 Silicon

Silicon is the seventh most abundant element in the universe and the second most
abundant element in the earth’s crust. It was first isolated by Joéns Jacob Berzelius in
1823 by heating chips of potassium in a silica container and then carefully washing away
the residual by-products. Silicon is becoming one of the most popular semiconductor
material for photonics applications in the near infrared wavelength regime. Much of this
interest stems from the well-established fabrication facilities that exist due to the large
investment on silicon microprocessors. However it also has favourable optical properties
such as a wide transparency window (1.3 - 7.8 um), high damage threshold, and large
third order nonlinearity x® (around a hundred times larger than that of silica). As
the bandgap energy of crystalline silicon is 1.12 eV, the telecommucation wavelengths is

located in its low transmission window, thus making it suitable for photonics applications
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at these wavelengths. As shown in Figure 2.2, silicon has a higher refractive index than
that of silica, which is the favoured cladding material, so the light is confined tightly in
the core area due to the high index contrast. These properties makes silicon a very useful
material for wide ranging nonlinear applications. Following the first demonstration of
Raman amplification by Jalali’s group in 2003 [18], most of the important nonlinear
processes around the telecommunication band including supercontinuum generation [19],
wavelength conversion [20], and parametric light amplification [21] have been extensively

investigated in this material.

Amorphous silicon (a-Si) is the non-crystalline form of silicon. As it is cheap and easy
to fabricate, it has been used for solar cells and thin-film transistors in liquid-crystal
display (LCD) displays. Although a-Si has high optical loss due to the dangling bonds
associated with its disordered nature, these can be passivated via the incorporation of
hydrogen [22]. Hence, hydrogenated-amorphous silicon (a-Si:H) has much lower optical
loss compared with amorphous silicon. Thus, a-Si:H is emerging as an alternate material
for the integration of silicon photonics. In addition, compared to crystalline silicon, a-
Si:H has many advantages such as a higher Kerr nonlinear coefficient ns, low fabrication
costs and a larger bandgap energy [23]. The band edges of a-Si:H have extended tails
and the band gap energy is commonly estimated to be E; = 1.7eV. This is because
the Si-H bond has a higher binding energy than the Si-Si bond, so that the average
binding energy of the hydrogenated material is larger than that of pure silicon [24].
The larger bandgap suggests that the nonlinear absorption should be comparatively
modest at telecom wavelengths which is important for many nonlinear applications.
In the past few years, a-Si:H has been demonstrated as a very promising material for
nonlinear optics based applications in both photonic chips and optical fibres for the
telecom wavelength [25, 26, 27, 28].

2.2.2 Germanium

Germanium was discovered in 1885 by Clemens Winkler who named the element in the
honor of his homeland, Germany. As the bandgap energy of germanium is 0.67 eV, the
optical transmission of germanium starts from 1.9 um but extends well into the mid-IR
which is shown in Figure 2.1. Figure 2.2(b) shows the refractive index of germanium as
a function of wavelength, from which it can be seen the refractive index of germanium is
larger than 4 up to 6 um. Also, germanium has a larger third order nonlinear suscepti-
bility (four times than that of silicon), when combined with the tight mode confinement,
Ge-on-Si is a suitable waveguide platform to explore various nonlinear optical devices for
the mid-IR wavelength regime [29]. Compared to silicon, it has an even higher refractive
index, allowing for tighter mode confinement. In addition to the silica clad germanium

waveguides (germanium optical fibre and planar germanium on insulator waveguide),



Chapter 2 Literature review

germanium-on-silicon (Ge-on-Si) waveguides can also be constructed because the refrac-
tive index of germanium is higher than silicon, thus enabling wave guiding. It is due to
these excellent properties that germanium is considered for nonlinear application in the
mid-IR. Since the goal of this thesis is to evaluate the suitable semiconductor waveguide
platform for mid-IR photonics, germanium core fibre and Ge-on-Si waveguides are cho-
sen as two examples that could allow for transmission to longer wavelengths, with detail

descriptions being presented in the following chapters.

2.3 Semiconductor optical fibres

The first example of semiconductor core optical fibre was demonstrated in 2006 by a
collaboration between researchers from the Pennsylvania State University and the Opto-
electronics Research Centre at the University of Southampton (PSU/ORC). To fabricate
this fibre this team used a high pressure chemical vapour deposition (HPCVD) method
to fill semiconductors into silica fibre templates with air-holes inside [30]. This tech-
niques is very flexible and a variety of semiconductor optical fibres have been fabricated
from both elemental semiconductors, such as silicon and germanium [31], as well as
compound semiconductors like zinc selenide (ZnSe) [32]. This technique has also been
extended to fabricate microstructure fibres by filling semiconductor material into a va-
riety of silica templates with different dimensions [33]. Following this pioneering work,
other approaches have been applied to fabricate semiconductor core fibres by research
groups from the Max Planck Institute for the Science of Light (Germany), Clemson Uni-
versity (US) and Norwegian University of Science and Technology, Virginia Polytechnic
Institute (US) and Massachusetts Institute of Technology (US). This section presents a
brief summary of these fabrication methods and discusses the basic materials and optical

properties of various semiconductor core optical fibres.

The molten core drawing (MCD) technique was developed by the Ballato group at
Clemson University. In this method a rod of single crystal or polycrystalline semicon-
ductor is sleeved inside a silica cladding to fabricate the semiconductor fibre preform
[34, 35, 36, 37]. The preform is then drawn into fibre using a conventional fibre draw
tower at the silica glass transition temperature, which is above the typical melting points
of the semiconductor core materials (1414 °C for silicon and 938 °C for germanium). This
drawing technique can be used to fabricate long lengths of semiconductor optical fibre,
but the minimum obtainable core sizes are limited to be of the order of tens of microns,
which is due to the significant diffusion of oxygen from the silica into the semiconductor
material (> 60%) during the high temperature drawing process. Using this method the
group has fabricated optical fibres with group IV semiconductors and III-V compound
core materials. For example, a silicon core fibre drawn to have a core diameter of ap-
proximately 60 um and length of 30 m was reported to have linear transmission loss of
2.7dB/cm at 1.53 ym and very low loss value of 4.3dB/m at 2.94 ym in the mid-IR.
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To date, this method has also produced the record lowest loss of the germanium core
fibres, with a value of 0.7 dB/m measured at 3.39 um in a large core diameter of 300 pm.
The current focus of this research group is to find more appropriate glass compositions
(e.g. chalcogenide) for use as cladding materials that offer better compatibility with
the molten semiconductors to compensate the thermal mismatch and reduce the losses
further [38, 39]. It is worth noting that further optimization to the MCD technique was
applied by introducing alkaline-earth interface modifiers as reactive diffusion barriers
between the silica cladding and the semiconductor core. This allowed for the fabrication
of fibres with core diameters down to 10 um and optical losses below 4 dB/cm at 1.55 pm

by a research group from Norwegian University of Science and Technology [40].

The Russell group at the Max Planck Institute developed a method to selectively fill the
holes in microstructure fibres using a pressure assisted physical filling (PAPF) method
[41]. The first example of this technique was the photonic crystal fibre (PCF) with
integrated micron-sized germanium wire. In this fabrication process, pure germanium
was pumped into the selected holes of a PCF at a pressure of ~ 6 MPa and a temperature
of ~ 1000°C. Using this technique, semiconductor core optical fibres of up to a few
centimetres long can be achieved with core sizes of a few microns. The particular example
of the Ge-PCF was shown to exhibit strongly polarization dependent transmission losses,
with extinction ratios as high as 30dB. However, the light guiding in this waveguide

was actually in the silica.

The Pickrell group from Virginia Polytechnic Institute demonstrated a silicon fibre using
a method similar to MCD called the powder-in-tube (PIT) method [42]. The silicon fibre
was draw from a preform made by densely packing silicon powder into silica tubes with
millimetre internal diameters. The fibres could be fabricated over length scales on the
order of centimetres, with core diameters from tens of micrometres to a few hundred
micrometres. As with MCD case, this method also suffered from defects at the silicon-
silica boundaries along the fibre length due to the thermal mismatch between materials.
It is worth noting that the PIT method was the first to fabricate n-doped (phosphorus)
silicon core optical fibres by using doped silicon powder as a starting material [43].
The lowest transmission losses reported were more than 250 dB/cm at 1.5 ym for doped
silicon core. This is not surprising as doped material will absorb more light than intrinsic

material.

Researchers from the Fink group at Massachusetts Institute of Technology have ap-
plied the low temperature drawing (LTD) approach to fabricate amorphous chalcogen-
semiconductors with other low melting temperature materials. This method has been
applied to fabricate several long fibre structures and devices with unique optical [44],
electrical [45], thermal [46], and acoustic functionality [47]. For example, a fibre has
been fabricated which could be used to deliver optical power at 10.6 um for medical
applications [48]. It is also worth to note that the Fink Group has recently developed

preform-to-fibre fabrication technique using the redox reaction between aluminum (Al)
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Material | Wavelength | Loss value | Core diameter Group
(pm) (dB/cm) (pm)

a-Si:H 1.55 0.8 6 PSU/ORC [50]
p-Si 1.3 2.7 150 Clemson [34]
p-Si 2.2 0.99 6 PSU/ORC
p-Si 2.94 0.043 50 Clemson [34]
p-Si 1.55 4.0 10 NTNU [40]
d-Si 1.55 250 15 Virgina [42]

a-Ge:H 2.7 10 6 PSU/ORC
c-Ge 3.39 0.7* 300 Clemson [51]

Table 2.1: Comparison of lowest measured losses and corresponding core size
reported in the literature. Hydrogenated amorphous silicon, a-Si:H; polycrys-
talline silicon, p-Si; doped silicon, d-Si; hydrogenated amorphous germanium,
a-Ge:H; crystalline germanium, c-Ge. Abbreviations: Collaboration between
the Pennsylvania State University and the Optoelectronics Research Center at
the University of Southampton (PSU/ORC), Clemson University (Clemson),
Norwegian University of Science and Technology (NTNU), Virginia Polytechnic
Institute (Virginia). The linear loss unit for C-Ge is in [dB/m].

and silica (SiO2) [49]. The preform consists of one piece of Al wire (3cm long, 250 um
diameter) placed inside a silica tube. The preform with the Al core is then heated up
to 2200 °C in Argon atmosphere and pulled into metre-long fibres with outer diameters
of ~ 500 um. During the fibre draw, Al melts and reacts with the surrounding silica
cladding, to reduce silicon atoms out of the silica. The silicon atoms accumulate during
this process and finally occupy the entire core, resulting in a silicon core fibre with silica
cladding. However, as yet, no optical guiding has been reported for these fibres, so little

is known about their photonic properties.

Summarising the efforts of the abovementioned groups towards reducing the losses in
the semiconductor core fibres, Table 2.1 provides a compilation of the lowest measured
lowest loss values for a variety of semiconductor optical fibres, with core size and citation
specified. Loss values less than 3dB/cm are now being regularly reported, which are
comparable with those of the well-developed semiconductor planar waveguides. These
low loss values open up the potential for exploring nonlinear effects in the semiconductor
core fibres platforms. In order to observe nonlinear effects in the semiconductor core
fibres, the fibre core size and length are also needed to take into account and will be

discussed in Chapter 5.

2.4 Planar based semiconductor waveguides

Over the past few decades, a large number of functional photonic devices have been

fabricated and demonstrated using semiconductor materials, most of which have been
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based on the well-developed silicon-on-insulator (SOI) platform. Driven by the fast in-
creasing bandwidth needed to cope with the increasing demands on telecommunications
systems, silicon is favoured for optoelectronic integration because its compatible with
complementary metal-oxide-semiconductor (CMOS) technology, and its potential as a
monolithic platform. Silicon is also an inexpensive material and its transparency window
covers the full optical communications windows. Most of the silicon waveguides used
in the near infrared regime around 1.3 ym and 1.55 ym are based on the SOI platform.
The waveguides based on SOI platform have small footprint because of the tight optical
confinement. SOI waveguides can be fabricated by the standard nanolithography. Low
loss SOI waveguides can be obtained by minimizing the scattering loss of the etched side-
walls and improving the material purity through fabrication optimization. The lowest
loss achieved in shallow rib waveguides based on SOl is as low as 0.272+0.012dB/cm at
1.55 pm [52]. Using this platform, many functional devices such as wavelength-division
multiplexing (WDM), resonators [53], high speed modulators [6] and photodetectors [54]

have been realized.

Similar to silica optical fibres, most of the important nonlinear processes have been stud-
ied extensively in silicon waveguides on-chip, including two-photon absorption (TPA),
free carrier absorption (FCA), self-phase modulation (SPM), cross-phase modulation
(XPM) and four-wave mixing (FWM) etc [55, 56]. One of the most popular nonlinear
processes is supercontinuum generation which has been demonstrated in a silicon waveg-
uide by making use of ultra short pulses as higher-order solitons [57, 58]. Recently, the
generation of a spectral supercontinuum were demonstrated in a few centimetres long
single silicon wire waveguide with spectral width from first 350nm to much broad
bandwidth [19, 56, 59]. Other investigations included the first demonstration of a XPM
based interferometric switching in SOI waveguides [60]; format conversion of a 10 Gbit/s
non-return-to-zero on-off-keying (NRZ-OOK) to a return-to-zero (RZ) data stream [61];
multiplexing up to a data rate of 42.7 Gbit/s using XPM [62]; FWM based signal pro-
cessing for all-optical signal regeneration; amplification [63, 64]; signal reshaping and
timing jitter reduction at low powers [65]. Furthermore, nonlinear applications of silicon
waveguides in the mid-IR regime have attracted increased interests of late due to its

lower losses compared to that at the near infrared wavelengths [14].

2.5 Waveguide platforms for the mid-infrared

Driven by the recent increased interest of mid-IR photonics as discussed in Section 1.2, a
range of group IV semiconductor platforms have been proposed [66]. Passive waveguides
are the basic elements needed to exploit more complex optical and electronic function-
ality in the mid-IR region. By carefully designing the waveguide dimensions, low loss
waveguides have been demonstrated in a SOI rib waveguide with very low loss values of
0.6—0.7dB/cm at 3.39 um for both TE and TM polarizations [67]. The mode leakage to
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the substrate is the main source of losses as the size of the guided mode grows bigger for
longer wavelengths. However, as the absorption of the buried SiO2 material increases
significantly for wavelengths longer than 3.6 um, this limits the use of SOI platforms
for longer mid-IR wavelengths. Hence, alternative material combinations and novel
waveguide designs will have to be used for the mid-IR wavelength range. Researchers in
this field have proposed several alternative platforms based on different materials and
waveguide structures such as silicon-on-sapphire (SOS), silicon-on-porous silicon (SiPSi),
suspended silicon and Ge-on-Si. Figure 2.3 shows the predicted transparency ranges of
the group IV material waveguide platforms. The advantages and disadvantages of these
waveguides will be briefly reviewed by the following standards: transparency window,

fabrication complexity and cost.

SOS was primarily used as an alternative for SOI wafers by the electronics industry as
sapphire is an excellent electrical insulator, preventing stray currents caused by radia-
tion from spreading to nearby circuit elements. However, sapphire has a large trans-
parency window from 0.4 um to 5.5 um so it is ideal to replace silicon dioxide as the
cladding material for mid-IR applications. A SEM image of a SOS waveguide facet can
be seen in Figure 2.4(a). Propagation losses of 3.6 dB/cm at 3.4 pm, 4.3dB/cm at 4.5 pm,
1.9dB/cm at 5.08 pm, and 4dB/cm at 5.5 um for SOS waveguides have been achieved
[12, 68, 69, 70]. But sapphire is not a cost effective material and only transparent up
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Figure 2.3: Approximate transparency windows in the 0 — 20 um range for se-
lected the group-IV material platforms for the mid-IR regime. Transparency
is defined here as fundamental loss of the bulk material < 1dB/cm, and wave-
length limits for the ranges are from Ref. [66].
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Figure 2.4: SEM images of various waveguide platforms for the mid-IR wave-
lenths. (a) SOS (reproduced from [12]). (b) SiPSi (reproduced from [67]). (c)
Suspended silicon (reproduced from [73]). (d) Ge-on-Si (reproduced from [13]).

to ~ 5.5 um which limits its operational wavelength range. Another consideration when
using SOS for photonics is that, due to the hardness of sapphire, it is extremely difficult
to polish the facets. Polishing SOS waveguide facets by focused ion beam milling was

investigated, though at considerable additional expense [68].

Porous silicon is fabricated by electrochemical partial dissolution of silicon. Thus it still
maintains a large transparency window in the mid-IR regime, but the refractive index
can be tuned from a value of 1.4 to 3 by changing the preparation conditions [71]. Hence,
by replacing the silicon oxide with porous silicon, the waveguides can be fabricated to
guide light at longer mid-IR wavelengths. A SEM image of a SiPSi waveguide cross
section is shown in Figure 2.4(b). The propagation loss was measured to be 3.9dB/cm

at 3.39 pm which is attributed to increased surface roughness [67].

Suspended silicon waveguides have been proposed, whereby the silicon dioxide cladding
is replaced by air to minimize the absorption at longer wavelengths. A SEM image of
a suspended silicon waveguide is illustrated in Figure 2.4(c). Cheng et al. designed
and characterized a 340 nm high silicon rib waveguide with an undercut buried oxide
(BOX), with loss of 3dB/cm at a wavelength of 2.75 um [72]. Lower loss waveguides
(2.7dB/cm at 2.75 pm) have been demonstrated along with a Y branch splitter by Lin et
al [73]. More recently, Soler-Penades et al. have reported a propagation loss of 3.4 dB/cm
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at 3.8 um in a suspended waveguide with sub-wavelength grating lateral cladding [74].
Such waveguides can support wavelengths up to ~ 7pum as it is only limited by the
inherent loss of silicon. The disadvantages of the suspended silicon waveguides is that

the fabrication process is very complex and the structures are not mechanically stable.

Although Ge-on-Si platforms have long been proposed as potential candidates for mid-
IR applications [75], it is only fairly recently in 2012 that the first Ge-on-Si waveguide
emerged [13]. A SEM image of the cross section of this waveguide can be seen in Fig-
ure 2.4(d). At around 5.0 um, the loss for single mode strip waveguide was reported
by Malik et al. to be 2.3 — 3.5dB/cm for TE polarization and 3 — 4dB/cm for TM
polarization [76]. Chang et al. measured the propagation loss is 2.5 to 3.0dB/cm at a
wavelength of 5.8 um using a quantum cascade laser (QCL). Moreover, there have also
been reports of evanescent waveguide sensors [77] and wavelength (de)multiplexers [78].
As germanium has material absorption loss less than 1dB/cm from 2 — 16 yum, although
the silicon substrate exhibits high absorption for A > 7.8 um, Ge-on-Si waveguides may
have acceptable losses all the way to 16 um if the mode overlap with the substrate is min-
imized. Thus, this material platform is expected to have the widest range of operation
of all those discussed, and the detailed description of fabrication and characterisations

of this waveguide will be presented in Section 4.4.4.

2.6 Mid-infrared nonlinear photonics in semiconductor waveg-

uides

Compared to the well explored telecom wavelength regime, the transmission properties
of semiconductor waveguides in the mid-IR regime have not received as much attention.
However, owing to the low losses (both linear and nonlinear losses) in this regime, more
interest has been raised to exploit the nonlinear optical effects in these waveguides. As
discussed before, silicon is normally transparent and exhibits low propagation losses at
near-infrared wavelengths, but it begins to strongly absorb light at high input intensities
due to TPA and FCA. However, this absorption can be dramatically reduced when
the pump wavelength is beyond 2.2 ym, which is the threshold for TPA to occur for
crystalline silicon. As a result, the mid-IR regime has been regarded as a promising
spectral regime for nonlinear applications. Jalali first presented the idea of silicon as a
gain medium in this region through the development of a Raman laser [7], and following
this, researchers from his group demonstrated a silicon Raman amplifier at 3.39 pm with
12dB gain [79]. Parametric amplification and parametric generation of mid-IR light in
silicon waveguides using FWM has been reported by different groups [64, 80]. Both of
these demonstrations employed pump wavelengths near the TPA edge of 2200 nm, where
TPA and the associated FCA are low. Furthermore, by pumping beyond 2.2 ym, Kuyken
et al. demonstrated supercontinuum generation in silicon spanning three-quarters of

an octave from 1535 to 2525nm [81]. More recently, this same group demonstrated
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an octave-spanning mid-IR frequency comb in a silicon nanophotonic wire waveguide
pumped at 2290 nm [10].

For germanium, although the Kerr nonlinearity of germanium is predicted to be larger
than that of silicon, the nonlinear effects in germanium have not yet been exploited.
This is due to the fact that the low loss germanium waveguides have only recently
been demonstrated and also difficulties of finding a high power laser source above the
TPA limit of germanium (> 3.7 um). Thus, only early measurements of the nonlinear
coefficients in bulk germanium have been reported at selected mid-IR wavelengths using
the Z-scan technique [82, 83, 84]. From these nonlinear absorption of germanium is
found to be three orders of magnitude larger than silicon at its peak value. Our group
and collaborators have fabricated low loss germanium waveguides on silicon substrates
that have allowed for the first characterization of their nonlinearities, and these results

will be presented in Chapter 6.

2.7 Literature review summary

In this chapter, I have reviewed the existing literature relating to the mid-IR waveguide
platforms and describe the use of group-IV material (mainly silicon and germanium) to
explore mid-IR photonics. Both the fibre and planar based waveguide platforms have
been reviewed. From the discussions, semiconductor waveguides made from silicon and
germanium have been shown to be very promising candidates for mid-IR waveguides
in terms of ease of fabrication and wide transparency. Following this review, detailed
investigations including linear and nonlinear characterisations of these two the mid-IR

semiconductor waveguide platforms will be presented in the later chapters.
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Background

3.1 Introduction

In this chapter, the fundamentals of optical waveguiding and lightwave propagation in
waveguides are discussed, with emphasis on semiconductor waveguides using group IV
elements as the guiding medium. These waveguides form the basic blocks to build op-
tical devices and integrated circuits for group IV photonics. The light confinement and
propagation in the waveguides are determined by their geometry and material proper-
ties. The equation that governs optical pulse propagation in the waveguides is presented
with a description of the basic transmission parameters, such as attenuation and dis-
persion. The nonlinear parameters are also included to build a comprehensive model to
describe the nonlinear effects during wave propagation in the semiconductor waveguides.
This chapter provides the theoretical background for this PhD project and presents a

numerical model to investigate the optical properties of these waveguides.

3.2 Waveguide characteristics

3.2.1 Waveguide structure

Optical waveguides can be divided into two main types: (i) optical fibres with a cylindri-
cal core surrounded by cladding and (ii) planar-based rectilinear waveguides. Figure 3.1
shows the cross-sections of these two waveguides and the corresponding refractive index
profile. The direction of propagation of the optical field is along the z-axis. For the semi-
conductor optical fibre, the refractive index of the core material (n1) is higher than that
of the silica cladding (n9). In the planar-based slab waveguides (the simplest rectilinear
waveguides), considering the simplest case when the refractive index of the cladding and

substrate is the same, the refractive index of the core material (n1) is also higher. In
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Figure 3.1: Basic structure and refractive-index profile of the optical waveguides:
(a) step-index fibre, (b) planar slab waveguide.

both cases, light is confined in the core area via total internal reflection because of the
refractive index difference between the high index core and the low index cladding or

substrate.

The refractive index difference A of these two basic semiconductor waveguide is defined
as follow [85]:

n%—n%wnl—ng

A= (3.1)

271% ni

The numerical aperture (NA) is defined to denote the maximum light acceptance angle
of a waveguide:

NA=mnsinf, = /n}—ni. (3.2)
The large value of NA of a waveguide means that light rays with different incident angles
can be transmitted in the core. The modes of a waveguide are formed by a group of
light rays at a discrete angle of propagation. In the semiconductor optical fibre or slab
waveguide (the slab width is much larger than the height), a normalized frequency V
can be defined to describe the number of the modes in the symmetric waveguides shown

in Figure 3.1.

V =—4/ni —n3, (3.3)

where 2a is the core dimension or slab height, and )\ is the wavelength in vacuum. The
normalized frequency V gives a general parameter to compare the mode propagation
characteristics of the waveguides (independent of the waveguide structure). Typically
for a step-index fibre, when V < 2.405 it will only allow singe-mode operation, while

the higher-order modes are cut-off [86]. For a slab waveguide, when V < V. = /2, it
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Figure 3.2: (a) Strip waveguide and (b) rib waveguide.

only allows singe-mode operation [85]. This condition will give a relation between the

waveguide dimension or refractive index profile with the cut-off wavelength.

3.2.2 Modal properties

Following derivations from Maxwell’s equations, the electric and magnetic field distri-
butions in a waveguide can be described by the wave equations [85]. Depending on the
waveguide geometry, either cylindrical or cartesian coordinate systems are chosen for

the wave equations.

For semiconductor optical fibres, the fields are expressed in cylindrical coordinates, thus

the wave equations can be written as

0’E, 10E. 1 0°E,
a2 v or |12 og
0’H, 10H, 1 0%H.
a2 i or T2 e

+ [k*n(r,0)* — BE. =0 (3.4)

+ [K*n(r,0)* — B%|H, = 0. (3.5)

Here E, and H, are the field distributions for the transverse electromagnetic modes. 3

is the propagation constant, and the free space wavenumber k = 27/\.

For the simplest case of a slab planar waveguide, the following wave equations can be

used to describe the electric and magnetic field distributions of the optical wave in the

x-y plane [87]:
CEy | (22 — B, = 0 3.6
WﬂL( n® — Bk, =0, (3.6)
d (1 dH, , B
_ | === —— | H, = .
dx (n2 dx)+<k n2) Y 0 (37)

where E, and H, are the field distributions for transverse electric (TE) mode and trans-
verse magnetic (TM) mode. The boundary conditions of the waveguide region are needed

when solving the Equations 3.6 and 3.7 .
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Figure 3.3: Fundamental mode profiles for different waveguide structures (a)
strip waveguide and (b) rib waveguide. The mode images are reproduced from
Ref. [90]

For the strip or rib waveguides shown in Figure 3.2, a similar analysis can be used but
it is impossible to solve the wave equation analytically. In practice, numerical methods
are used to analyze the strip or rib waveguides, and more detailed analysis can be found
in Ref [85].

Each § in the wave equations corresponds to a guided mode in the waveguide. An
effective refractive index related to the propagation constant [ is defined as:
B(wo)

= . 3.8

In all the cases, the wave equations for E, can be solved by using the method of sepa-

ration of variables [88]:
E.(r,t) = F(z,y)A(z, t)exp[—ifB(wo)z]. (3.9)

F(z,y) is the mode distribution, 3 is the propagation constant, and A(z,t) is the slowly
varying temporal pulse. The last component in Equation 3.9 corresponds to the optical
phase. F'(z,y) is the solution of the wave equations and corresponds to different spatial

modes supported by either a fibre or a planar wavguide.

Specifically for an optical fibre, the mode distribution F(x,y) is an m'™-order Bessel
solution of the wave equations. For each integer m, the eigenvalue equations in general
has several (n) solutions for 5 which corresponds to different modes with index mn. The
detail solutions of the eigenvalue equations are not included here, as it can be found in
many textbooks [85, 89]. Figure 3.3 shows the profiles of the fundamental modes for the

three most commonly used optical waveguides.
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In a waveguide, another important mode property is the effective mode area, which
describes the mode distribution and confinement in the x-y plane. This can be defined

as,

Y [f f |F(z,y ]2d:1:dy] 210
eff I [ F (e y) rdedy (3.10)

In general, semiconductor waveguides exhibits highly multimode nature because of the
high refractive index contrast. Thus careful waveguide designs are required to realise

single-mode operation.

3.2.3 Optical pulses

In order to investigate the pulse propagation in a semiconductor waveguide, a description
of an optical pulse is required. If only considering the temporal variation of the pulse
along the propagation direction z, typically the optical field, A(z,t), can be expressed

as a Gaussian envelope with phase ¢(t):

2

Az, t) = Po(z)exp( ST

)wwan (3.11)
where z is the propagation distance, Py(z) is the peak optical power and Ty is the
half-width (at 1/e-intensity point). For a Gaussian pulse, practically full width half

maximum (FWHM) is used in place of Tj, the two are related as

Trorns = 1.665T5. (3.12)

The pulses from some laser sources like femtosecond laser pumped optical parametric
oscillator (OPO) exhibit a frequency chirp. The chirp of an optical pulse is usually
understood as the time dependence of its instantaneous frequency. Thus a chirped

Gaussian pulse can be expressed as:

g 2
Ale,t) = %@wp(1%§;>wmwn (3.13)

where C' is the chirp parameter. For a Gaussian like pulse, if there is a chirp on the
initial pulse, the spectral width will be broadened. The time-bandwidth product of
a pulse is defined as the product of its temporal duration and spectral width. The
minimum possible timebandwidth product is obtained for bandwidth-limited pulses.
Thus a chirped pulse is not transform-limited and the time-bandwidth relation becomes
AwTy > 0.44 (note, the temporal duration and spectral width are the FWHM values).
The absolute value of the chirp |C| can be estimated by calculating the time-bandwidth
product of the pulse.
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Alternatively, a hyperbolic secant pulse is used in the context of optical solitons and

pulse emitted from mode-locked fibre lasers and this pulse can be described as follows:

t iC't?
A(z,) = /Po(2)sech | — ) exp ( ——= ) explie(t)], (3.14)
Ty 275
For a hyperbolic secant pulse, T}, 1s the related to the pulse width as
T = 1.763Th. (3.15)

The minimum time-bandwidth product for an unchirped hyperbolic secant pulse is ap-

proximately 0.315.

The temporal optical field can be expressed in the frequency domain simply through the
Fourier transform .#{A(z,t)}:

[e.e]

A(zw) = / Az, t)exp (it dt. (3.16)
—0o0

The temporal optical field and the optical spectrum can only be transformed through

the Fourier transform and the inverse Fourier transform when both temporal amplitude

and phase of the optical pulse is known.

3.2.4 Linear losses

Light propagating in semiconductor core waveguides will experience attenuation from
different mechanisms. The linear transmission losses in semiconductors, primarily orig-
inate from two sources: scattering and absorption. As both are wavelength dependent,
the total linear loss is related to the wavelength of the light transmitted in the waveguide.

For a certain wavelength, the transmitted power P, is given by:
P, = Pexp(—a,L), (3.17)

where «, is the linear loss coefficient, P, is the power launched into the waveguide and

L is the waveguide length. «, is more commonly expressed in decibels per unit length:

P
a,, = —10log (ﬁ) /L = 4.3430,. (3.18)

I

In this thesis, the unit for linear loss is in [dB/cm]| as semiconductor waveguides exhibit
linear loss on this order. As mentioned, the linear losses of semiconductor waveguides
are related to the operation wavelength. Material absorption is intrinsic to the materials
used for the waveguide core and cladding. The scattering losses tend to arise from the

material surface roughness or imperfections in the bulk material. The contribution to the
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main linear attenuation mechanisms affecting transmission in particular semiconductor

waveguides will be described in Chapter 4.

3.2.5 Dispersion

When an electromagnetic wave propagates in an optical waveguide or bulk media, the
phase velocity of the wave depends on its frequency w. This phenomenon, referred
to as dispersion, manifests through the wavelength dependence of the refractive index
n(\). For a short optical pulse, the fibre dispersion is critical to describe its propagation.
Mathematically, the dispersion can be accounted for by expressing the mode propagation

constant B as a Taylor series expansion about the center frequency w, of the pulse

spectrum:
5) = 1) = 6, + 8, (w =) + 5Balw — 0, - (319)
where
_ (4B _
B, = (dw—m>ww (m=0,1,2,---). (3.20)

0

The parameters /3, represent the mth order dispersion. In this work, due to the relatively
short waveguide length, only the first two dispersion coeflicients 5, and g, are needed
to calculate the dispersion of the optical pulses. The parameters 3, and /3, are related

to the refractive index n(w) and its derivatives through the following equations:

1 1 dn

= — == — 3.21

/81 Ug c <n+wd5> ? ( )
1 (. dn 5 d*n

where v, is the group velocity. The group velocity represents the velocity at which the
envelope of the pulse propagates and can be expressed using v, = ¢/n,, whereby n, is
the group index. Since f3, is related to v,, the different spectral components of a pulse
propagate at different velocities, causing the pulse to spread in time. The parameter
B,, referred to as the group-velocity dispersion (GVD), represents the dispersion of the
group velocity which causes the pulse to spread. If 3, < 0 then blue-shifted wavelengths
travel faster than red-shifted wavelengths. This is the anomalous dispersion regime.
Similarly, when red-shifted wavelengths travel faster than blue-shifted wavelengths is
B, > 0. This is the normal dispersion regime [91]. When §, = 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.

In semiconductor waveguides, the GVD consists of the material dispersion and waveguide

dispersion. The first is due to the wavelength dependence of the refractive index n(\)
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and the second relates to effective refractive index (n,;), which is determined by the

waveguide geometry and dimensions [92].

3.2.5.1 Material dispersion

The refractive index n(\) in semiconductor material is well approximated by the Sell-

meier equation [16]:

n(\) =1+ ; Af_(LA)QA(T) (3.23)

where )\ is the wavelength, and S;(T) are the strengths of the resonance features in
the material at \;(T"). These parameters are experimentally determined coefficients
estimated by fitting the measured refractive indices at different wavelengths A and tem-
peratures T'. The Sellmeier equation provides all the information required to establish

the wavelength dependent refractive index of a material.

For silicon, the following modified Sellmeier expression derived by Edwards et al pro-
duced the best fit to the experiment data [93],

A B)\?
n*(\) =e+ — + !

tRRsemwel (3.24)

where \; = 1.107 um, ¢ = 1.16858 x 10, A = 9.39816 x 10~! and B = 8.10461 x 1073,

For germanium, the modified Sellmeier expression was used to calculate the refractive
index developed by Barnes and Piltch [94]:
BA? DA?

n?(\) = A + 02=0) + 2 —5)

(3.25)

where A = 18.28156, B = 6.72880, C = 0.44105, D = 0.21307 and E = 3870.1.

Using the above equations, the wavelength dependences of the refractive index for silicon
and germanium were calculated and shown in the Figure 2.2, which provides the basic
optical properties of these two semiconductor material and can be used to calculate the

GVD for a given waveguide.

3.2.5.2 Waveguide dispersion

In step-index waveguides, smaller wavelengths of arbitrary transverse distribution will
be more tightly confined in the core. Larger wavelengths will have a broadened distribu-

tion and thus be less confined. This dependence of field distribution on wavelength leads
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Figure 3.4: Simulated group velocity dispersion for 6 um and 1.7 pm diameter
core a-Si:H fibres.

to a perturbation in the effective refractive index, thereby modifying the propagation
constant . As discussed in Section 3.2.2, calculations of 5 are determined by numeri-
cally solving the spatial solution to Maxwell’s equations. This solution is known as the
eigenvalue equation [96]. The eigenvalue equation relates /5 to an optical waveguide’s

dimensions and refractive indices at a given wavelength.

The GVD of a waveguide with given dimensions can be calculated using the finite ele-
ment method (FEM) to solve the eigenvalue equations. Figure 3.4 shows the calculated
dispersion curves for two specific silicon core fibres with different core diameters, il-
lustrating how the waveguide geometry can affects the GVD. For an example, GVD
calculations for the hydrogenated amorphous silicon (a-Si:H) core fibres are presented
here. These a-Si:H core fibres will be used for the nonlinear characterisations in Chap-
ter 5 where these pre-determined dispersion properties are critical for the simulation
work for short pulse propagation. As the material dispersion for a-Si:H is not well docu-
mented, in the simulations an approximation was made using the Sellmeier equation for
¢-Si [97], which was modified slightly to reflect the higher refractive index of the a-Si:H
material (n ~ 3.6 at 1.55 um). Similar approaches have been adopted by several groups
working on-chip [98, 99], and shown to provide reasonable agreement with the measured
dispersion for their a-Si:H waveguides [100]. For a core diameter of 6 ym, the light only
exhibits normal dispersion within this wavelength region while the smaller 1.7 um core
silicon fibre has a ZDW at around 2.1 pm. From the calculations of the GVD, it demon-
strates the capability to engineer the dispersion by simply scaling down the waveguide
core size. As widely used in the planar silicon waveguides, manipulation of waveguide
dimensions provides a large degree of freedom for tailoring the waveguide dispersion to
compensate the large normal material dispersion caused by the high refractive index
contrast [95]. Dispersion engineering is critical for many nonlinear applications that

require phase matching.
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3.3 Waveguide nonlinearities

A high power propagating eletromagnetic field will locally modify the optical properties
of the material. Nonlinearities in silicon and germanium all originate from the interac-
tions of the optical field with electrons and phonons. The relation between an induced
polarization P(r,t) and an electric field E(r,t) is typically expressed as a power series
in the electric field [101]:

P(r,t) = eo(XVE(r, t) + X PE2(r, 1) + xOE3(r,t) 4 - ). (3.26)

Here g is the vacuum electric permittivity and x(*) are the ith-order optical suscepti-
bilities. The real part of x(!) is associated with the real part of the refractive index,
whereas the imaginary part of Y1) describes loss or gain, which has been described in
Section 3.2.4:

nw) = 1+ sRelx" (@), (3.27)
a(w) = —Im[y"” @), (3.28)

where Y(w) is the Fourier transform of ™) (t).

The second-order susceptibility term x(?) is absent in centrosymmetric crystals such
as silicon and germanium, hence it will not be discussed in this thesis. The lowest
nonlinearity in silicon and germanium materials are from the y®) susceptibility. Third-
order nonlinearities are especially important in these materials as they exhibit a wide
variety of phenomena such as SPM and TPA [15]. Figure 3.5 illustrates typical effects
from the induced polarization. For the third-order nonlinearities, a nonlinear coefficient

v is defined to describe the semiconductor waveguide’s nonlinear strength:

_ kong iﬁTPA
Aeﬂ 2Aeff ’

(3.29)

where ng refers to the nonlinear refractive index and 3, is the TPA coefficient. The re-
lationship between these terms of the y) susceptibility will be described in the following

sections.

3.3.1 Nonlinear absorption

Nonlinear absorption in semiconductors caused by TPA corresponds to the excitation
of an electron in the valence band to the conduction band while absorbing two photons.
Another absorption mechanism called free carrier absorption (FCA) can be caused by
absorption due to the free carriers in the conduction band. For short pulse propagation

in silicon and germanium, TPA is the main nonlinear absorption effect over the regime
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Figure 3.5: (a) An electromagnetic wave with electric field E passing through
an atom and thereby inducing a dipole oscillation P. (b) Third-order nonlinear
dipole transitions, showing SPM and TPA.

below their TPA edge wavelengths: 2.2 ym for silicon and 3.7 um for germanium. When
the sum of the energy of the photons exceeds the band gap energy, the two photons
will be absorbed and excite an electron from the valence band to the conduction band,
resulting in the generation of a free carrier (electron-hole pair). Figure 3.6 shows the
schematic TPA process in semiconductor material. In silicon, TPA is three-particle
process during which the absorption is assisted through phonon transitions allowing
carriers to bridge the forbidden region because of the indirect nature of the band gap
in [102, 103]. While in germanium, both indirect-gap and direct-gap TPA can occur,
and their strengths are related to the operation wavelengths because of the different
band gap energies of the indirect and direct band [104]. Typically, the TPA process
can be classified as degenerate and non-degenerate depending on the frequencies of the
absorbed photons. In the degenerate TPA, two identical photons are absorbed, while
the photons absorbed in the non-degenerate case are of different frequencies. In this

thesis, only the degenerate case is considered.

The depletion of optical power as a result of TPA depends on the TPA coefficient /.., ,
which can be defined through the x3) nonlinearity [95]:

3w (3
—1 . 3.30
ol ) (3.30)

ﬁTPA -

Where c is the speed of light in vacuum and ng is the refractive index.

3.3.2 Free carrier density and absorption

The role played by free carriers depends very much on their lifetime (the time before they

relax back down to the valence band). The carrier lifetime in a semiconductor parameter
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Figure 3.6: TPA of indirect bandgap (a) and direct bandgap (b) in semiconduc-
tor material.

is very sensitive to the structure and the density of lattice defects due to impurities. It is
related to the material growth/deposition process as well as the contaminants, which can
interact with lattice and structure defects. The recombination lifetime of most electronic
devices is not a critical parameter due to the small distances that free carriers diffuse
over. Compared to electronic components, the bulky size of photonic devices can cause
carriers to remain mobile for large periods of time, from nanoseconds to microseconds,
limiting their operating speed and efficiencies. Lifetime measurements are ideal for
monitoring material performance as they are non-destructive and can reveal deep-level
impurities of a semiconductor. This section focuses on the excited state carrier dynamics

and investigates the lifetimes in silicon.

Figure 3.7 shows a selected number of photon excitation processes of free carries in the

form of energy-momentum diagrams. Process [i] of Figure 3.7 shows the the carrier

C* ®
[ ] [ ] [ I
C 'y 3
ho, T
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Figure 3.7: Energy level diagrams for photon excitation of free carriers and
FCA. [i] Single photon absorption, [ii] TPA, [iii] MPA and [iv] FCA.
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transition from valence band (V) to conduction band (C) by singe photon absorption.
Process [ii] and [iii] of Figure 3.7 show the the carriers generated by TPA and multiphoton
absorption (MPA). FCA is an intraband absorption. A photon’s energy is absorbed by
an electron already in the conduction band (C), raising it to a higher state of energy (C*),
as shown in the process [iv] of Figure 3.7. Because the excited state transition in the
process [iv] is small, the required input photon energy is very low. Carrier recombination
is the opposite of generation and occurs as a result of interactions with other electrons,
holes, photons, or the vibrating crystal lattice itself. The carrier recombination processes
can be classified as radiative and non-radiative recombination, depending on whether a

photon is generated.

In Figure 3.8(a), when an electron moves from its conduction band state into the empty
valence band state associated with the hole during the radiative recombination, a pho-
ton is emitted because of the energy released during this process. This recombination
typically happens in direct bandgap semiconductors. The radiative recombination is ne-
glectable in silicon as it is an indirect band gap material and the probability of photon

emission is limited by the crystal momentum mismatch.

Thermalisation is a type of intraband recombination, as the transitions occur within the
band as shown in Figure 3.8(b). In this process, the exchange of energy between carriers
and phonon is small but frequent. At thermal equilibrium, the thermal generation is

balanced with thermal recombination.
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Figure 3.8: Carrier recombination mechanisms in semiconductors. C is conduc-
tion band, V is valence band. (a) Radiative recombination. (b) Theramlisation.
(¢) Auger recombination. (d) Shockley-Read-Hall recombination.
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Auger recombination is a process in which an electron and a hole recombine in a band-
to-band transition, but now the resulting energy is given off to another electron or hole.
If the energy is transferred to an electron in the conduction band, it will get an increase
in kinetic energy, which will normally be lost when the electron relaxes to the band edge.
This is demonstrated in Figure 3.8(c). Auger processes are most important where carrier
densities are high, which is the case for highly doped materials, or at high temperatures.
Thus, Auger recombination is minimal in the intrinsic silicon (c-Si) or a-Si:H studied in
this thesis.

The process in Figure 3.8(d) is known as Shockley-Read-Hall (SRH) recombination, also
called trap-assisted recombination. The transition of carriers is between the conduction
band and the new localized state (dashed line) introduced by an impurity and/or ma-
terial defect. Such energy states are called deep-level traps and once the trap is filled
it cannot accept another carrier. In the second step, the carrier may move to an empty
valence band state or be re-excited to the conduction band, thereby completing the re-
combination. This recombination process in silicon is largely dependent on the material
purity. Dangling bond defects which will be described in Chapter 4 are an example of

localized states which could lead to SRH recombination in a-Si:H material.

Free carriers in a semiconductor vary in concentration depending on the input optical
intensity and 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 of optical pulses. When free carriers are generated,
lateral diffusion (along x, y, z directions) and recombination will impact the total free
carrier density defined as:
e3N\3 N, N,

A _ R h 3.31
QApca A2 c3eon | p, (0.26m,)? +,uh(0-39m0)2 ’ | !

where e is the electronic charge, A, is the vacuum wavelength, c is the speed of light, ¢,
is the permittivity of free space, n is the refractive index, N,y is the electron and hole
densities, p p, is the electron and hole mobilities, and myq is the free electron rest mass.
In the two-band approximation it is valid to assume equal densities of electron and hole
carriers such that N, = N, = N [105]. For a pulsed input, Equation 3.31 can then be
simplified to [57]:

A e 1 N 1 No(z,1) (3.32)
Opca = 4r2cdeon | p,(0.26m,)2  p, (0.39m,)2| ¢ z, .
= O-FCANC(Z’ t). (3'33)

In the TPA window of the semiconductors, where the incident photon energy is between

E,/2 and Ey, the free carrier density N is related to the TPA parameter and can be
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determined via the rate equation [106]:

ON(z,1) _ Baea |A(z,t)|* ~ Ne(z:)
ot 2h1/0 Agﬁ« Te ’

(3.34)

where 7. is the carrier lifetime.

3.3.3 Nonlinear refraction

Nonlinear refraction in semiconductor waveguides is due to the change of refractive
index and originates from the third order susceptibility X(S). It is also called the optical
Kerr effect. Besides the fundamental Kerr effect SPM, which is shown in Figure 3.5(b),
there are also other nonlinear effects are related to the nonlinear refraction, including
cross-phase modulation (XPM), third harmonic generation (THG) and four-wave mixing
(FWM). The nonlinear processes that involve generation of new frequencies far away
from the pump (e.g., THG and FWM) are not efficient if the phase matching condition
is not satisfied. Thus, in order to investigate phase match related nonlinear processes,
more careful waveguide designs are required. Two main nonlinear effects (SPM and
FWM) in the semiconductor core fibres will be investigated in this thesis, and so in the
basic principles are described in this section. The nonlinear refractive index ns is related

to the real part of the x(3) susceptibility by [95]:

ng = “Re(x®). (3.35)

3.3.3.1 Self-phase modulation

SPM is commonly observed when a short pulse travels through a nonlinear medium.
SPM is a direct consequence of the Kerr nonlinearity, during which the refractive index
of the waveguide medium will change due to propagation of high power intense light.
The change of the refractive index will modify the spectral composition of the very same
pulse. As a consequence, SPM leads to broadening of the pulse spectrum. When the
light is propagating in the waveguide, the refractive index changes with the intensity as

follows:
n(I)=n,+n, I, (3.36)

where ng is the linear refractive index.

The nonlinear phase shift induced by the change in refractive index can be described by
[88]:
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¢NL (t) - n2I(t)koz' (3.37)

This nonlinear phase shift is linearly dependent on the input optical intensity I(t) and
the propagation length L. If a CW signal propagates through the waveguide, the phase
change stays constant as a function of time. However, when a short pulse propagates
through a waveguide, the phase change varies over time because of the varying inten-
sity profile [107]. To account for the effects of the linear losses which are larger in a

semiconductor waveguide, an effective length is defined as

1- —o, L
Leg = L2 l) (3.38)
al
Thus, Equation 3.37 can be rewritten as,
b, (1) = Y Legt|A(E)]. (3.39)

The nonlinear frequency shift induced by this nonlinear phase change is a direct conse-

quence of the time dependence of ¢, (%),

(e = 2000 — 10 DA, (3.40)

The time dependence of dw(t) is referred to as frequency chirping as discussed in Sec-
tion 3.2.3. The chirp induced by SPM increases in magnitude with the propagated
distance. The new frequency components are generated continuously and hence cause

the spectral broadening.

3.3.3.2 Four-wave mixing

FWM is a parametric process in which the optical media plays a passive role except for
mediating interaction among several optical waves. In the FWM process, the refractive
index is involved in the modulation, and a phase-matching condition must be satisfied.
The nonlinear polarization that describes the FWM process can be obtained using the
standard derivations from Equation 3.26 [88]:

P = 0\ GV 2E, B, Byexplif, ) + 2B, E,EX(i6_) + - -], (3.41)

FWM 4
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where ¢, and 6_ are defined as:

0+ = (/81 + /32 + 53 - /84)Z - (wl +w, +w; — w4)t7 (3'42)
0 = (61 + 52 - /33 - /84)Z - (wl tTWw, —w; — w4)t' (3'43)

Equation 3.42 corresponds to the case in which three photons transfer their energy to
a single photon. In general, the phase-matching condition is difficult to satisfy for this
process to occur in semiconductor waveguides, and thus the efficiencies is low. The
most common case in FWM process is that two photons at frequencies w, and w, are
annihilated while two photons at frequencies w, and w, are created simultaneously such
that

w, +w, =w; +w,, (3.44)

In the case of degenerate FWM (w; = wy), the energy conservation condition can be

expressed by:
2wy = ws + wi, (3.45)

where wy,, w, and w; represent the frequencies of the pump, signal and idler. In this case,
a strong pump at w, can creates two sidebands located symmetrically at frequencies w;

and w;. The frequency shift {2 can be described as:
Q = |wp — ws| = |wi —wpl, (3.46)

The phase-matching condition for this process can be obtained by setting the first com-

ponent in Equation 3.43 equal to zero:

2/8p - /Bs + /Bz =0. (347)

The phase-mismatch Ak is defined as:

Ax = Bt Bi-25, (3.48)
= (ﬁsws + niw; — 2ﬁpwp)/c, (34'9)

where 7, ns and 7; are the effective mode indices for the pump, signal and idler light.

Following standard deviations demonstrated by Agrawal, the phase mismatch can be

divided into the linear part Ak; and nonlinear part Ak,; [88]:

Ak = Ak; + Akyy. (350)
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Here Ak; and Ak, represent the mismatch occurring as a result of dispersion and the

nonlinear effects, respectively.

The dispersion contribution Ak; can be approximated in terms of the frequency shift
Q) in Equation 3.46 using the expansion of the propagation constant in Equation 3.19
[108],

Aky = Bop Q2 + (Bap/12)024, (3.51)

where 32, and [, are the dispersion parameters at the pump frequency w,. The pump-
induced nonlinear phase shift resulting from the SPM and XPM [88] can be described

as follow
Ak = 29, P,. (3.52)
Hence, the phase-matching condition can be written as:
Bop? + (Bap/12)2" + 27, B, = 0. (3.53)

For pump wavelengths not to close to the ZDW, we can ignore the higher order contri-

bution of dispersion. The simplified phase-match condition can be written as:
BopQ? + 27, P, = 0. (3.54)

From this equation, anomalous dispersion with negative 2, is required to achieve effi-
cient FWM. If the pump is located close to the ZDW where |S3,| is small, higher order
dispersion should be taken into consideration in the phase-matching condition and FWM
can occur in the normal dispersion regime. For the wavelength range investigated in this
thesis, the approximation solution of Equation 3.54 is enough for our analysis, which
will be described in Chapter 5.

3.4 Optical wave propagation in semiconductor waveguides

3.4.1 Generalized nonlinear Schrodinger equation

The nonlinear Schrédinger equation (NLSE) is used to describe nonlinear pulse propa-
gation in an optical waveguide [88]. Equation 3.55 is the standard form used for silica
optical fibres and includes the effects of dispersion through f;, the effect of nonlinearity

through ~ and fibre loss through the parameter «;. The pulse amplitude A has the units
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W1/2 ie., |A? is the optical power.

6A+i5 82A+¢B 83A+
02 27912 " 67 oTs

et %A — iy|A]2A. (3.55)
where ;(i = 1,2,3,-- - ) represents the ith material’s optical dispersion in optical medium
and ~ is defined as (without including TPA):
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,‘)/_)\A )
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(3.56)

where A _; is the effective area as defined in Section 3.2.2.

For semiconductor materials, it is necessary to modify the basic NLSE to include the
effects of TPA, FCA, and free carrier dispersion (FCD). By ignoring higher order dis-
persion terms, the generalized NLSE can be written by [106]:

0A(z,t)  iBa 0?A(z,t)

1
. 9 1
9 92 o2 +iv|A(z,t)|7 Az, t) 5 (o +05)A(z,t). (3.57)

Here 7y is now the modified nonlinear parameter, and o is the free carrier contribution,
respectively. Both the Kerr and TPA contributions should be included in the nonlinear

coefficient v as defined in Section 3.3.

Similarly, the free carrier contribution is also complex: o = o(1 4 iu)N., where o is
the FCA coefficient and p governs the FCD. Since o depends on N., Equation 3.57 is

solved in conjunction with Equation 3.34 repeated here for completeness.

ON(z,1) _ Baea |A(z,t)|* ~ Ne(z:)
ot 2h1/0 Agﬁ« Te ’

To determine the length scales over the dispersive and nonlinear effects dominate the

dispersion length L, and nonlinear length L, are defined as follows:

NL
T2
L, = 6_0 (3.58)
2
_ L (3.59)
NL — ’YPO' .

By comparing these different lengths, an estimate of which effects dominate during the
pulse propagation can be obtained. If the waveguide length L << L, and L <<
L, ,, neither dispersive nor nonlinear effects play a significant role during the pulse
propagation. When the waveguide length is longer or comparable to the L, and L, ,
both dispersion and nonlinearity need to be considered in the pulse propagation. In
this case, a fascinating manifestation results from the interplay between dispersive and
nonlinear effects is the optical solitons, of which the pulse do not change or follow a

periodic evolution pattern along the propagation direction. A paremeter N is defined is
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introduce as the soliton order

2 _ LD _ ’YPOTOQ
LNL |ﬂ2|

For fundamental soliton (N = 1), GVD and SPM balance each other so that the pulse

shape and spectrum stay the same. In the case of higher-order solitons, SPM dominates

(3.60)

initially but followed by the GVD resulting in pulse contraction, this is commonly hap-
pened in the nonlinear processes during supercontinuum generation. A soliton period
zo was defined as

2 2
i m 1 ~ TEwam

2==Lp==-—"x .
T2 T 205 T 208,

(3.61)

The detailed description for the soliton propagation can be found in Ref. [88], the simple
definition presented in this section will provide the background knowledge of the our

analysis of spectral evolution in Chapter 5.

3.4.2 Split-step Fourier method

In the generalised NLSE (Equation 3.57), and free carrier density equation (Equa-
tion 3.34), there are two primary effects that contribute to the pulse profile evolution
along the silicon fibre. The split-step Fourier method [109] can be used to solve these

coupled nonlinear equations. Firstly, it is clearer to write Equation 3.57 in the form

below
0A PN
— =(D+N)A 3.62
= (D+ M4, (3.62)
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Figure 3.9: Schematic illustration of the split-step Fourier method used for
numerical simulations.
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where there are two operators that represent linear loss, dispersion and nonlinear effects

separately on pulse propagation. These operators are given by:

A iB 0* B3 P q
p-_"2?  BI
202 608 2
. tkone  Brra, ;2 Ne
N = — Alf — —=.
( A 2Aeﬁ")‘ ’ 2

(3.63)

These linear and nonlinear effects take place at the same time during the pulse prop-
agation. However, the split-step Fourier method obtains an approximate solution by
assuming that when propagating the optical field over a small distance dz, the linear
loss, the dispersion and nonlinear effects can be assumed to act independently, as il-
lustrated in the Figure 3.9. After each D step, the carrier density V. was solved from
Equation 3.34 and substituted back into N of Equation 3.63.

This split-step Fourier based numerical approach can provide a good approximation to
the final solution if the step size of operators in each domain is chosen properly. The
analysis of the nonlinear effects observed in the semiconductor waveguides in this thesis is
mainly based on the simulation of these coupled equations. These will provide the basic
understanding of the nonlinear properties and pulse propagation in the semiconductor

waveguides.






Chapter 4

Semiconductor waveguide

fabrication and characterisation

4.1 Introduction

In this chapter, the fabrication of the semiconductor waveguides is discussed in detail. I
will begin with the fabrication of the semiconductor optical fibre. Next, the fabrication
of planar-based semiconductor waveguides is presented using the most common silicon-
on-insulator (SOI) platform as an example. The main part of this chapter will comprise
of comprehensive studies of both these waveguide platforms from the near-infrared to
the mid-infrared (mid-IR) regime. The experiments include material characterisation
using Raman analysis and scanning electronic microscope (SEM) to establish material
quality. These are followed by measurements of the optical transmission properties at
specified wavelengths for the different waveguides. These experiments provide useful
information for the subsequent nonlinear characterisations of the waveguides and also
help us optimise the fabrication conditions to achieve the low loss waveguides in the
mid-IR wavelength. Specifically, I present the first investigations of the mid-IR light
transmission properties of semiconductor wavaguides with different geometries and ma-
terials including polycrystalline silicon (p-Si) fibre, hydrogenated amorphous silicon (a-
Si:H) fibre, hydrogenated amorphous germanium (a-Ge:H) fibre and the newly emerged

germanium-on-silicon (Ge-on-Si) planar waveguides.

4.2 Semiconductor optical fibre fabrication

The semiconductor core, silica clad fibres can be fabricated via various methods as
discussed in Section 2.3. The fibres used in this PhD project were fabricated via the
high pressure chemical vapor deposition (HPCVD) technique [30], Figure 4.1 shows a

41
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Figure 4.1: Ilustration of the HPCVD technique for semiconductor core fabri-
cation.
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cross-sectional schematic of this process. In the HPCVD deposition process, the pores of
the silica capillaries act as chemical reaction chambers in which the chemical precursors
flow through the fibre’s length assisted by the high pressures. The reactions are then
initiated thermally using a tube furnace to deposit the material onto the capillary walls
up to the point when the pore is completely filled [110]. Silica capillaries make excellent
templates for materials deposition as their mechanical strength allows them to withstand
the extreme deposition conditions required for the HPCVD method, they have especially
smooth internal surfaces (< 0.1nm RMS), and the dimensions of the internal hole can
be easily scaled to the desired core size. The deposition process is conducted by forcing
a mixture of a precursor gas, i.e. silane (SiHy) for silicon core or germane (GeHy) for
germanium core, to flow through the central hole. Typically, the carrier gas is helium
or hydrogen at ~ 40MPa [30, 111] and the ratio between the precursor and carrier
is approximately 1 : 19. As an example, for a silicon deposition, the temperature
setting could result in three distinct phases: P-Si, a-Si, or a-Si:H. The temperatures are
typically set between 360 — 520 °C so that they are below the nucleation temperature
520°C of silicon [112, 113]. This ensures that the material deposits in an amorphous
state so that it adheres smoothly to the silica walls, thus minimizing the roughness at
the silicon-silica interfaces. If required, crystallization to polysilicon can be performed
after the deposition process via annealing at temperatures up to 1325°C [119]. It has
been found that by keeping the temperatures below 450 °C, the out diffusion of hydrogen
can be suppressed, resulting in the deposition of a-Si:H. As discussed in Section 2.2, the

incorporation of hydrogen is important as it results in reduced absorption losses [114].

Using this HPCVD technique, our collaborators in PSU are able to routinely deposit a
variety of elemental and compound semiconductors over lengths of several centimetres
into the internal holes of the capillaries. So far, this technique has been able to fabricate
silicon fibres with core sizes ranging from 1.7 — 6 um with excellent optical properties. In

this thesis, our efforts focus on the a-Si:H material because of its advantageous nonlinear
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properties, and low loss fibres are achievable in this phase. Another phase of silicon core
fibre (p-Si) will also be described in this chapter. Finally, an example of a a-Ge:H core
fibre is included for comparison although the development of these fibres is still in its

infancy stage.

4.3 Planar-based semiconductor waveguide fabrication

In this section, a brief introduction to the fabrication of the planar semiconductor waveg-
uides using the SOI platform is provided as an example. The SOI structure is composed
of a uniform layer of SiOy sandwiched between a thick (hundreds of microns) silicon
substrate and a thin surface layer of crystalline silicon [115]. The thickness of the crys-
talline silicon is typically 200nm and the buried silicon dioxide layer is in the range of
1—7 pm, but this value can be varied significantly depending on the fabrication process.
There are several methods that can be used for the manufacture of SOI substrates, of
which the most common ones are separation by implanted oxygen (SIMOX), bond and
etch-back SOI (BESOI) and wafer splitting. The detailed fabrication process can be
found in the Ref. [87].

The layout of SOI waveguides were designed in the L-edit software. The waveguides
structures were typically defined using electron-beam (e-beam) lithography [116] and
reactive ion etching (RIE) [117]. In general, fabrication of a waveguide requires the
following steps: wafer preparation, lithography, silicon etching and chip dicing. After
preparation, the wafer will be free from particle contaminants and has been desorbed
of any moisture and the wafer is immediately coated with a ZEP 520A photoresist.
Following spinning the wafer is baked at 180°C for 3 minutes. The wafer is written
in the JEOL JBX-9300FS e-beam machine. A typical writing time is 15 minutes for
a 3cm x 2cm chip filled with waveguide structures. Etching to define the waveguides
then requires the controlled removal of material from the silicon wafer surface via a
chemically reactive using SFg (25sccm), CgFg (45sccm) chemistry at a pressure of 2 Pa
and a temperature of 15°C. After these steps, the wafer is diced into different chips.
Other semiconductor wafer platforms like germanium, can be fabricated by a similar

process flow, as will be described later in Section 4.4.4.

4.4 Optical transmission characterisation

In semiconductors, the intrinsic absorption mainly arises from the free electrons and res-
onances associated with bound electrons and ions. The extrinsic absorption mechanism
is related to the material impurities and defect centres. Extrinsic scattering is presumed

to come from stress birefringence, grain boundaries, precipitates, cracks and voids due
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to thermal expansion mismatch, surface roughness, and diameter fluctuations. In or-
der to reduce the losses, much of the interest has focused on optimising the fabrication
conditions to minimize the extrinsic absorption and scattering. Hence, measuring the
optical transmission properties of the semiconductor waveguides will give information
for the material quality after fabrication. As the losses due to scattering are wave-
length dependent, measuring the wavelength dependent values for the loss could provide
information about which mechanisms are dominant in a specific waveguide. In the fol-
lowing sections, the loss mechanisms will be analyzed for the two types of semiconductor

waveguides based on the experimental results.

For the semiconductor optical fibres, as discussed in Section 4.2, fibres with a variety of
core materials can be fabricated by changing the deposition parameters and the precur-
sors. The silica capillaries exhibit a surface roughness of 0.1 nm RMS [118], allowing the
semiconductor core to assume the same surface quality during deposition [119]. Hence
the surface scattering is expected to be less pronounced in the semiconductor core, sil-
ica cladding optical fibres. Volume and surface imperfections are difficult to isolate
quantitatively, though the total scatter from a waveguide can be observed by measur-
ing the top-scattered light along the waveguide and fitting the intensity decay with an

exponential curve.

In contrast, the surface roughness of the semiconductor planar waveguides can be as
large as 3nm RMS. Both waveguide size and propagation loss should be taken into
account when evaluating the performance of a specific type of waveguide. According to
the loss mechanism, propagation losses can be divided into two parts: (i) the intrinsic
loss (such as defect and carrier absorption) and (ii) the extrinsic loss (such as sidewall
scattering and radiation into the substrate). The former is the main loss mechanism for
doped waveguides, while the later one becomes significant when the sizes of waveguides
are very small (such as the SOI nanowire waveguides), due to the non-negligible field
intensity at the silicon surface and the roughness at the interface. In particularly, sidewall
roughness introduced by imperfect etching, will result in scattering at the interface
between waveguide core and cladding, which becomes a major source of propagation
loss. This scattering loss, typically around 0.2 — 3.0 dB/cm for SOI waveguides has been
analysed by Yap et al. [120]. In this work, the absorption caused by the doping is not
considered as the semiconductor materials in the waveguides investigated in this thesis

are intrinsic.

4.4.1 Semiconductor waveguide preparation
4.4.1.1 Semiconductor optical fibre preparation

The quality of the fibre endface is of the utmost importance for free space light coupling

into the semiconductor fibre core. Thus pre-treatment of the fibre facets is needed
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before the transmission can be investigated. As the mechanical differences between the
semiconductor core and the silica cladding is large, the standard cleaving techniques
cannot be used for the semiconductor core fibre. Instead, a conventional fibre polishing
technique is introduced to prepare the facet of a semiconductor core fibre mounted in a
host thicker capillary, shown in the inset of Figure 4.2. The outer dimension of the silica
capillary is normally around 125 pm and the fibre length under test is on the orders
of centimetres. A low melting point wax is used to secure the fibre to the capillary.
The wax is heated beyond its melting point (~ 63°C), so that it can surround the
semiconductor fibre inside the outer capillary. The mounted fibre is then immediately
cooled down to solidify the wax. The fibre is polished using three different grade lapping
films with reducing particles sizes (3 um, 1pum and 0.3 um) attached onto the surface
of the film. The polishing equipment and accessories are very similar to those used
for standard silica fibres and the polishing machine used in this project is ULTRAPOL
polishing machine manufactured by Ultratec. Following the mounting and polishing
procedure, the semiconductor fibre are checked under a microscope and the cross-section

and longitudinal images are given in Figure 4.2.

4.4.1.2 Planar based semiconductor waveguide preparation

Although grating couplers were commonly used for coupling light into planar waveguides,
end-fire coupling approaches were chosen in this project as high peak power pulse will
be used for the nonlinear characterisation. Similar to the semiconductor fibres, the
waveguide end facets must be cleaved or polished to improve the facet quality. Cleaving
approaches were used more often as they are fast and can produce good quality facets.
However, the drawback of this method is that it is not very reliable and the chips can
be damaged. Although polishing is time consuming and could cause some inconsistency

between the facets of different waveguides, it is used when the difference in hardness

Wax

Figure 4.2: Semiconductor core fibre mounted into a capillary for polishing.
The cross-section (left) and image from the top (right).
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of the core/substrate material is too large as cleaving will not give good facet quality.
Polishing is performed by lapping with rotating abrasive discs against the chip edge,
thus smoothing the chip facet. A Metaserv 2000 Grinder/Polisher machine is used for
this polishing. A protective layer is applied to the top of the chip surface during the
polish process. For this project, Buehler mounting wax has been used for this purpose.
The wax is heated to melt at temperatures above ~ 100°C. When the top sides of the
chip surface are evenly covered by the wax, the back surface (without waveguides) is
affixed to a metal block designed as a support during the polishing. A piece of dummy
silicon wafer is similarly attached to the opposite side of the metal block to balance
the polish. Different discs were used for the polishing (silicon carbide for coarse polish
and AlsOs3 for fine polish). Once the polishing procedure is finished, the semiconductor

waveguide is cleaned, ready for optical characterisation.

4.4.2 Linear loss measurement setup

The characterisation of the transmission properties is undertaken using the experimen-
tal setup shown in the Figure 4.3. Different laser sources were chosen depending on the
waveguide types under test and will be described separately for each measurement. A
variable attenuator was used to control the power coupled into the waveguide from the
laser sources for linear loss measurements. The laser beam was launched into the waveg-
uide core via a free space coupling lens and a second objective was used to capture the
transmitted light and focus it onto a power meter or some other diagnostic equipment.

A beam splitter (90/10) was placed before the input to capture the reflected light from

() N
Source =

<

@)
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Reference source

PD

Figure 4.3: Experimental set-up for loss measurements. Iris (I1 & 12), camera
(CAM), attenuator (ATT), beamsplitter (BS), sample under test (SUT), and
optical power detector (PD). The dash lines represent the beam path of a near-
infrared light when aligning the mid-IR wavelengths.
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the waveguide input face with an imaging cameras (either a CCD or Pyroelectric array
camera (Spricon PyrocamTM IIT) depending on the operation wavelength of the laser
source). This camera could monitor when the light was incident on the semiconductor
core because of the higher refractive index induced larger reflection. The use of this
camera ensured efficient coupling into the centre of the core so that the fundamental
mode was primarily excited. The nano-positioning stages were adjusted by a set of three
piezo-controllers to optimize the coupling conditions. The optical objective lenses used
in the measurements were different for different wavelengths. Typically a fused silica
objective with 0.65 NA (4.6 mm focal length) was used for wavelengths up to 2.5 ym.
FEither a ZnSe lens with a focal length of 6 mm or an aspheric chalcogenide lens with a fo-
cal length of 1.87 mm were selected for longer wavelengths, depending on the waveguide
dimension. Different optical power detectors were also selected for the different wave-
length regions. Germanium or indium gallium arsenide based photodetectors were used
for wavelengths under 1.8 um. A lead selenide (PbSe) pre-amplified photoconductive
detector (Thorlab PDA20H) or a thermal power sensor (Thorlab S302C) were used for
longer wavelengths, chosen by the power range measured. As the mid-IR wavelength is
invisible to a convectional CCD camera and the resolution of the Spiricon mid-IR cam-
era is not enough to image the input facet, a reference beam path using a near-infrared
wavelength of (~ 1.5 pum) is used to aid the coupling, as shown by the dashed lines in
Figure 4.3.

Using this configuration, the linear losses of the semiconductor waveguides were charac-
terized using the cutback method [121]. The cutback method can eliminate the influence
of additional losses (e.g. coupling loss, lens loss and bend loss) by comparing the op-
tical transmission through a longer piece of waveguide to that of a shorter length. For
semiconductor optical core fibres, the cutbacks were undertaken by reducing the fibre
length through polishing. While for planar waveguide, an effective cutback method was
applied by comparing the transmitted power through waveguides of different lengths,
thus the loss value can be determined. This effective cutback method could avoid the
error introduced through varying end facet quality when polishing off a certain waveg-
uide length. However it requires consistence coupling to different waveguides. It is
worth noting that other methods can also be used to measure the waveguide loss, i.e.
Fabry-Perot cavity. In this technique, the Fabry-Perot resonances are tuned through
precise temperature control using a narrow linewidth laser source and consequently the
loss value can be extracted based on the Fabry-Perot fringes [122]. In this work, this
method was not chosen because I did not have access to a narrow linewidth source at
the mid-IR wavelengths. However, as the losses of the Ge-on-Si waveguides are on the
order of 3dB/cm, so the effective cutback method was deemed sufficient for this work.
Figure 4.4 illustrates the principles of these two cutback methods employed for the fibre
and chip-based platforms.

The linear loss can be simply calculated using the equation below:
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Figure 4.4: (a) Cutback variables for semiconductor core fibre. (b) Effective
cutback method used for the semiconductor planar waveguide. Bend number
and radius is the same for all waveguides.

P
a, = —10log,, (ﬁ) /L.
S
(4.1)

Here P, is the output power of the longer length, P, is the output power of the short
length and L is the length that was cut off or the length difference.

4.4.3 Semiconductor optical fibre characterisation

The main goal of this thesis is to investigate suitable waveguide platforms for the mid-IR
wavelength, thus this work has extended these systematic experiments on the optical
properties of the semiconductor optical core fibres into longer wavelength regime. These
results could also help our collaborators optimise the fabrication conditions in the pursuit
of lower fibre loss. The basic linear optical properties measured in this chapter will
provide useful information for the investigation of the mid-IR nonlinear effects in the

following chapter.

4.4.3.1 Hydrogenated amorphous silicon core fibre

As discussed in Section 2.2.1, the a-Si:H material has been demonstrated as a good
material for low loss semiconductor waveguides due to the saturation of dangling bonds
by hydrogen [123]. For this reason, the optical loss values of a-Si:H waveguides are
approaching similar numbers with those achieved in crystalline silicon (c-Si) waveguides

[124]. Since the first demonstration of the semiconductor core fibres in 2006 [30], much
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Table 4.1: Deposition conditions and linear losses (at 1.55 pm) of the fabricated
a-Si:H fibres.

a-Si:H fibre | Carrier | Temperature gradient | Loss value | Core diameter
(°C) (dB/cm) (jum)
A Hy 362-399 1.50 6
B Hy 350-373 1.60 6
C Hy 353-394 1.98 6
D Hy 362-403 2.10 6
E Hy 342-347 2.90 6
F Hy 377-409 3.30 6
G Hy 376-406 3.40 6
H Hy 350-374 3.50 6
I Hy 387-415 3.70 6
J Hy 362-403 4.35 6
K Hy 394-425 5.10 6
L Hy 360-394 6.77 6
M Hy 350-376 2.80 1.7
N Hy 373-375 3.10 1.7

of the efforts in our research group have focused on developing low loss silicon core
fibres for nonlinear photonics applications. So far, the lowest loss silicon core fibre
(0.8dB/cm at 1.55pum) has been fabricated from a-Si:H material [50]. Hence, a-Si:H
is the main choice of core material for the optical fibres investigated in this thesis.
Figure 4.5(a) shows a Raman spectrum of a a-Si:H fibre core. This spectrum exhibits
features indicative of a-Si with the presence of hydrogen (evidenced by the mode in the
inset). The vibrational modes can be identified given their shift and energy. The strong
broad peak around 480 cm™~! corresponds to the transverse optical (TO) mode and the
two weaker subsidiary peaks are associated with the longitudinal acoustic (LA) and
longitudinal optical (LO) modes of amorphous silicon [125]. For amorphous materials

the mode resonances are broad and hence overlap as observed in Figure 4.5(a).

A large number of a-Si:H core fibres were fabricated at Pennsylvania State University
and characterised in ORC. Table 4.1 summarises the key deposition details of the a-Si:H
core fibres in the past three years. In this thesis, the linear losses characterisations
of a-Si:H core fibres were first conducted using a laser diode at 1.55 um, as the fibre
characterisation technique was well established at this telecom wavelength. Although
the relationship between the transmission loss and the deposition condition is extremely
complex, a brief guideline could be obtained for the optimization of the fabrication
process. Following the previous work in our group, the carrier gas was replaced by
hydrogen from helium because the incorporation of additional hydrogen inside the fibre
core is expected to reduce the transmission loss. The temperature gradient of the furnace
is another important parameter for the fibre deposition. The middle section of the

furnace must be set at a higher set temperature to ensure that the temperatures at the
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edges of the furnace (which will be lower) are above the threshold for the deposition to
occur. The temperature range was recorded for each deposition and listed in Table 4.1.
As can be seen from linear loss results, it was found that a peak deposition temperature
between 350 — 450 °C usually produces fibres with good optical properties, while most
fibres deposited out of this temperature range exhibited losses on the order of tens of
dB/cm, or higher. Hence, all of the a-Si:H core fibres listed in Table 4.1 are fabricated
within this temperature range. As can be seen from the Table 4.1, lower fabrication
temperatures (< 400°C) normally produces lower loss values but will require longer
deposition time. With the project ongoing, our collaborators at Pennsylvania State
University can fabricate a-Si:H with consistent loss properties in the range of 1—7dB/cm
using the HPCVD technique. The next step of the project is to investigate the nonlinear
effects in these highly nonlinear fibres. Hence, the nonlinear absorption and refraction
measurements were conducted, will be described in Chapter 5. However, it is worth
noting that it was the a-Si:H core fibres which exhibited a clean output spectrum during
these measurements that were chosen for further optical investigations, as this was a good
indication that the fibre core consisted of a uniform material. Overall, the fibres chosen
in this thesis exhibited good optical properties both in terms of linear and nonlinear
properties. After the optical characterisations, the deposition parameters of the a-Si:H
fibres with good optical properties were feedback to the fabricators to help optimise of

the fabrication process.

The characterisations were started in relatively large fibres with the core diameters of
6 pum, then move to small fibre with the core diameter of 1.7 um, for which the coupling
is more difficult and a 63x was required for coupling this fibre. It is worth noting that
by putting continuous efforts to optimise the deposition conditions, the losses of the
1.7 um core fibres could drop to ~ 3dB/cm, which is only slightly higher than those of
the well developed 6 um core fibres. These fibre will be used to demonstrate nonlinear

application and the details will be given in Section 5.5.

Next characterisations of the transmission losses for two selected low loss a-Si:H core
fibres (fibre D and fibre L) were then extended to the mid-IR regime. Two laser sources
were used: (i) a Tiisappire pumped femtosecond optical parametric oscillator (OPO
Model Radiantis OPIUM) for the near infrared measurements spanning 1.45 — 2 ym
and (ii) a continuous wave (CW) tunable Cr?* : ZnSe laser (IPG Model SFTL-Cr-ZnSe-
2300-1000) which covered the mid-IR wavelengths of 2 — 2.7 um. The loss values over
the entire wavelength range are shown in Figure 4.5(b). During the measurements, the
input and output powers were both monitored using power meters. In order to avoid the
effects of nonlinear absorption when using the OPO, which had a pulse duration of 200 fs
(FWHM) and a repetition rate of 80 MHz, the average coupled power was kept below
100 £ W. These results follow the same trend of decreasing loss for increasing wavelength
observed in earlier measurements of the silicon core fibres [114], and in this amorphous

material the main contributions to the losses are likely to be due to a combination
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Figure 4.5: (a) Raman spectra of a-Si:H core fibre, showing the longitudinal
acoustic (LA), longitudinal optical (LO), and transverse optical (TO) modes of
the amorphous material. (b) Linear loss measurements as a function of wave-
length.

of scattering from density fluctuations and some electronic absorption. The wavelength
dependent losses exhibit good agreement to the A™* dependence associated with Rayleigh

scattering, as shown in Figure 4.5(b).

The losses for fibre D are some of the lowest reported for a-Si:H waveguides that are
usually within the range: 1 —10dB/cm at telecoms wavelengths [26, 126], and the value
of 2.1dB/cm at 1.55 um is the lowest we have measured in a a-Si:H core fibre of several
centimeters in length. Moreover, the losses in the range 2 — 2.3 ym are the first reported
for this material in the mid-IR regime, and are all < 1dB/cm, reducing to 0.62dB/cm
at 2.3 ym. Additional measurements undertaken at 2.7 um (the limit of the Cr** : ZnSe
laser) revealed that the losses continued to decrease down to 0.29dB/cm which is the

lowest value measured in the silicon core fibres.

For fibre sample M, the linear loss was also measured at 2.4 ym, which is 0.8dB/cm,
as shown in Figure 4.5(b). This is the record low loss for the 1.7 um core a-Si:H fibre.
Despite the small core fibre still possing higher loss than the frequently fabricated 6 pm
core a-Si:H fibre, the less than 1dB/cm in the mid-IR regime and significant reduced

mode area make it promising for nonlinear applications.

4.4.3.2 Polycrystalline silicon core fibre

Despite the growing popularity of a-Si:H for nonlinear photonics, p-Si is still the favoured
material choice for certain applications, i.e., Raman amplification as its level of crys-
tallinity is close to c-Si. The p-Si core fibres investigated in this thesis are fabricated

by post processing the deposited a-Si core fibre using thermal annealing [127, 128, 129].
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The resulting fibres can have much smaller core diameter than those fabricated by the

drawing methods which is critical for nonlinear applications.

Previous p-Si core fibres were fabricated from a-Si using a single step annealing process
at a high temperature (1325°C). In this thesis, a p-Si core fibre made using a newly
developed two step annealing process was investigated. The fibre was first annealed at
530 °C for 3 days and then followed by high temperature annealing at 1300 °C for only 10
minutes. As discussed in Section 4.2, silicon begins to crystallise at temperatures around
520°C, so this is the minimum temperature at which the fibre core can be annealed to
form a p-Si core. By using a low temperature just above the nucleation temperature
as the first annealing step, fewer nucleation points are formed, which can eventually
grow to form big grains during the second high temperature annealing. The second
anneal time must be kept short as silica undergoes a glass transition around 1300°C,
thus annealing above this temperature for long time would lead to a deformation of
the cladding. In contrast to most planar electronic devices, HPCVD grown amorphous
silicon optical fibres can withstand temperatures as high as 1300°C for ~ 10 minutes
without cladding deformation. Thus I expect this two-step annealing process should be
better for the formation of large grains in these fibres, ultimately decreasing the fibre

loss.

In order to investigate the material quality of the annealed p-Si core fibre, Raman spectra
of the p-Si core fibre samples and a crystalline silicon reference were collected using an
excitation wavelength of 633nm. After high temperature annealing all of the samples
are highly crystalline, as shown in Figure 4.6(a) where the spectra are compared to a
standard single crystal silicon. The silicon single crystal peak has a Lorentzian FWHM
of 2.6cm™!, centered at 522cm~!. Our sample B (annealed at 530°C and 1325°C)
exhibits a peak also centered at 522cm~! with a Lorentzian FWHM of 3.0cm™!. This
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Figure 4.6: (a) Raman spectra of polycrystalline silicon core after annealing at
different temperatures compared to standard single crystal silicon with FWHM
of Lorentzian fits. (b) Linear loss measurements as a function of wavelength.
The red curves were reproduced from [114].
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is only slightly broader than the reference which indicates this sample is very close to
single crystal silicon. Fibre sample A, which was only annealed at 1325°C, has a peak
with a FWHM of 3.3cm™! at a position of 518 cm™! much further from the singe crystal
reference. It is clear that this sample exhibit a broader linewidth and larger shift in the

peak position associated with large tensile stress.

Optical transmission loss of the two step annealed sample B was measured at a telecom-
munication wavelength of 1.55 yum before and after the high temperature annealing. As
shown in Figure 4.6(b), annealing at only 530°C gives a high loss of 27dB/cm. This is
because at this point, the sample only has a few grains and a lot of defects. Moreover
a significant amount of amorphous material is still present with lots of dangling bonds.
After the high temperature annealing, the loss of this sample comes down significantly
to 5.2dB/cm, which is the lowest value recorded for a small core crystalline silicon fibre
to date.

The characterisation of the optical transmission in sample B were then extended over a
range of wavelengths into mid-IR regime. Two laser sources including a supercontinuum
(Fianium SC-400) and a CW tunable Cr?T : ZnSe laser (IPG Model SFTL-Cr-ZnSe-
2300-1000) were used to access wavelengths from 1.3—1.8 ym and 2—2.2 um respectively.
The output power of the supercontinuum source was kept very low to minimize the
nonlinear effects in the p-Si core fibre. Figure 4.6(b) shows the linear loss as a function of
wavelength. The loss of the p-Si core fibre was fitted with a A™* dependency associated
with Rayleigh scattering. The good agreement between the experimental results and
the Rayleigh fit indicates the loss is primarily influenced by density fluctuations as
expected for a polycrystalline material. The lowest measured optical loss is 0.99 dB/cm
at A = 2.2 um, the lowest value reported for a small core silicon fibre. The linear loss of
a p-Si core fibre sample A is also plotted in the same figure for comparison [114]. It is
obvious to see the reduction of linear loss across the entire wavelength region (e.g. an
improvement of more than 4dB/cm at 1.55 um) for Fibre B. It can be attributed that
higher crystallinity (larger crystal grains) and less defects are achieved by the two-step

annealing process.

The low optical loss observed for these p-Si core fibres annealed in a two-step process
should improve their performance in nonlinear applications, allowing for the development
of compact all optical modulators, switches and Raman amplifiers that can operate well

into the mid-IR wavelength regime.

4.4.3.3 Germanium core fibres

Germanium core fibres have been fabricated previously by both the HPCVD and molten
core drawing (MCD) methods. However, the loss at 2 ym are still very high using both

methods. In this thesis, I present the linear loss characterisation of an amorphous
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germanium core fibre that has been fabricated to include a higher hydrogen content
than previous attempts from 2 to 2.7 um. The germanium is deposited at a lower
temperature of 290 — 295°C as the Ge-H bond is not as strong. Similar to the a-Si:H
material, the incorporation of hydrogen is important to passivate the dangling bonds of

the amorphous material.

As shown in Figure 4.7(a), the core material was characterized using micro-Raman
spectroscopy. The broad peak in the Raman spectrum at around 280 cm ™! indicates the
amorphous nature of the germanium core. This peak is close to the transverse optical
Raman resonance of 278 cm ™! for amorphous germanium [131]. Evidence of hydrogena-
tion is provided by the peak at ~ 1900cm~!, as shown in the inset of Figure 4.7(a),

which is associated with the Ge-H stretching mode.

Optical loss measurements of a-Ge:H fibres with a core diameter of 5.6 um were per-
formed over a range of mid-IR wavelengths. Using a continuous wave (CW) tunable
Cr?t : ZnSe laser (IPG Model SFTL-Cr-ZnSe-2300-1000), which covered the range of
2 — 2.7 pm. Wavelengths below 2 ym were not considered as they are too close to the
band edge absorption. As germanium is invisible to the CCD cameras previously used
in the characterisations of silicon fibre, a Spiricon camera was used to image the beam.
The loss measurement method was similar to that used for silicon fibre in Section 4.4.3.1.
The final transmission losses are presented in Figure 4.7(b) (Fibre B) showing a decrease
in loss for increasing wavelength. Previous measurements conducted by Metha are also
shown for comparision (Fibre A) [130]. Fibre B is fabricated with more hydrogen inside
the fibre core due to the lower fabrication temperature (the deposition temperature for
Fibre A is ~ 300°C). The a-Ge:H core fibre B has an optical loss of 25dB/cm at 2 ym
which is significantly lower than ~ 40dB/cm loss of fibre A. Compared to the previous
fabricated a-Ge:H fibres, the results shows that the loss has been reduced by more than

a factor of 10 at this wavelength. Although at these wavelengths the measured losses
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Figure 4.7: (a) Raman spectra of a a-Ge:H core fibre, the figure is reproduced
from [130]. (b) Linear loss measurements as a function of wavelength.
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are relatively high, they are comparable to those of the early amorphous silicon optical
fibres measured at ~ 1.55 um, which have since been reduced by increasing the amount
of hydrogen incorporation [132]. Also, the trend of decreasing loss for increasing wave-
length indicates the loss could be further reduced at longer mid-IR wavelengths as the

minimum loss is 10dB/cm at 2.7 um.

4.4.4 Germanium-on-silicon waveguide

The Ge-on-Si waveguides were briefly introduced in Section 2.5 as suitable candidates
for the mid-IR wavelength region owning to their broad transmission window. For
this project, the optical characteristics of the Ge-on-Si waveguide are investigated for
the potential nonlinear applications in the mid-IR wavelength regime. The Ge-on-Si
waveguides used in this project have been fabricated by both my colleagues from the
Silicon Photonics group in University of Southampton and some in collaboration with
the University of Ghent. The work presented here is the first wavelength dependence

characterisation of these newly proposed waveguides for the mid-IR wavelength.

The starting Ge-on-Si wafers were fabricated by epitaxially depositing a micrometre
thick germanium layer onto a silicon substrate using a chemical vapour deposition (CVD)
method [133]. The germanium film is deposited on the silicon substrate at 450 °C using a
precursor mixture of germane and hydrogen (1% GeH, in Hy). There is a 4.2% mismatch
in the lattice constants between silicon and germanium which introduces high threading
dislocation (TD) at the silicon-germanium interface. The TD will cause absorption of
light which is one of the main mechanisms contributing to the optical loss. In order to
reduce the defects, the Ge-on-Si wafers were subsequently thermally annealed at 850°C
for 3 minutes in Ny. During the annealing process, the TD of the germanium film reduces
from 2 x 10'° cm~2 to approximately 107 cm~2 (or 10® cm~2) depending on the thickness
[134].

The second step of the fabrication process is lithography and etching. To fabricate the
patterned waveguides a SiO5 hard mask was defined, which was deposited via plasma
enhanced CVD, then patterned via e-beam lithography and RIE using an Ar/CHF3
plasma. The photoresist was subsequently stripped and a further RIE step performed
(SFg/CHF3 plasma) to form the waveguides. Finally, the SiO2 mask was removed using
a HF bath and the samples were cleaned and cleaved. Cleaving was chosen for the Ge-
on-Si waveguide as the germanium layer was easily contaminated by the wax used during
the polish process. Currently work is on-going to replace wax with new materials e.g.
photoresistors to avoid the contaminations. I expect this approach will give a consistent

facet quality in future.

The Ge-on-Si wavegudes investigated in this thesis were designed to have a rib structure

with selected dimensions listed in Table 4.2. This is because the rib waveguide can be
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Sample | Height | Etch depth | Width | Structure | Fabrication
(pm) (pm) (pm) group
A 1.0 1.0 2.25 Rib Ghent
B 1.0 1.0 1.75 Rib Ghent
C 2.0 1.2 2.25 Rib Soton

Table 4.2: Ge-on-Si waveguide parameters. Abbreviations: University of Ghent
(Ghent), University of Southampton (Soton).

100 pm

Figure 4.8: (a) SEM micrograph of Ge-on-Si rib waveguides. Here the straight
sections correspond to the 10 pm wide coupling tapers, and the curved section
is the smaller 2.25 ym wide core. (b) Cross-section of the input taper and (c)
the core.

made to be larger for single mode conditions compared to the strip waveguide, thus
making it easier to fabricate and offers greater tolerance of fabrication errors [135].
Also as the light mode extended to the slab region of the waveguide, its interaction
with the etched sidewall is less and thus the transmission loss is lower. To facilitate
coupling, input and output tapers were fabricated at each end, with a maximum width
of 10 ym. Waveguides of different lengths were incorporated on the chip by introducing
four identical bends, of varying separation, in each core section. Furthermore, the bends
were designed to have a relatively large radius of 100 yum (see Figure 4.8), which ensured
that their contribution to the overall losses was minimal. Figure 4.8 shows a scanning
electron microscope (SEM) image of the patterned waveguides, from which both the wide
tapered input and waveguide core (with bends) can be identified. SEM cross-sectional
images of the input facet and waveguide core are then displayed in Figure 4.8(b) and

4.8(c), respectively, showing that the rib structure is well formed.

Linear loss measurements of the Ge-on-Si waveguides were performed using various mid-
IR sources over the wavelength range 1.9 — 3.8 um. The initial measurements were con-
ducted over the short wavelength range of 1.9 — 2.6 um using the tunable CW Cr?*:ZnSe
laser source (IPG Model SFTL-Cr-ZnSe-2300-1000). For these wavelengths the light
could be launched into the core using a 63 x silica microscope objective (0.85 NA),
which allowed for optimal coupling into the fundamental TE mode of the taper, and

hence waveguide core, which was multi-moded for wavelengths < 3 pm. The output was
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Figure 4.9: Normalized transmitted power as a function of waveguide length
for selected wavelengths for the cut-back measurements in Ge-on-Si waveguide
sample C.

then collected via a ZnSe objective with a 6 mm focal length and measured using a PbSe

pre-amplified photoconductive detector.

Figure 4.9 presents the results of the effective cutback method for sample C. The normal-
ized transmission through the Ge-on-Si waveguide are shown for different wavelengths
over several waveguide lengths (L = 1.4 — 2.4cm), revealing the loss value of the cor-
responding wavelength. Similar approaches were applied for the other two chips. The
linear transmission measurements were conducted in all of the three waveguides listed
in Table 4.2. The propagation losses are of the orders of a few dB/cm for all the waveg-
uides in the wavelength range of 2.0 — 2.6 dB/cm. Generally, sample B has slight higher
loss values than that of sample A as the waveguide dimensions are smaller. As can be
seen from Figure 4.10, sample B has loss value of 6.1dB/cm at 2 um while the number
for sample A is 6.0dB/cm. As the overall loss difference is < 1dB/cm between them,
only the loss results over the measured wavelength regime for sample A are plotted in
Figure 4.10. The high loss value recorded near 2 pm is expected as it is close to ger-
manium’s band edge. However, beyond 2 um the losses of sample C flatten out to a

consistently low value of ~ 3dB/cm, which indicates that these waveguides should have
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Figure 4.10: Mid-IR linear losses over the selected wavelengths for two Ge-on-Si
wavguides and mid-IR guided mode from the tapered output at A = 2.7 um,
imaged by a Spiricon camera.

a broad transmission window across much of the mid-IR regime. It is worth noting
that the lower losses for sample C was measured, which is attributed to the reduced of
sidewall roughness by decreasing the etch depth and the reduced TD after optimising

the deposition conditions.

Additional measurements were performed for longer wavelengths in sample C, firstly
using an Aculight CW OPO over the range 2.6 — 3.2 um, then a quantum cascade laser
(QCL) to push out as far as 3.8 um which was conducted by Soler-Penades. As it
was not possible to use the silica coupling objective for these wavelengths, an aspheric
chalcogenide lens with a focal length of 1.87 mm was used to couple light from the OPO,
while a mid-IR fibre butt-coupled to the waveguide core was used to launch light from the
QCL. Confirmation that the mid-IR light was predominantly guided in the fundamental
mode can be seen through the high quality output profile displayed in Figure 4.10.

Compared to previous measurements of Ge-on-Si waveguides in the literature, our lowest
loss of 2.5 £ 0.2dB/cm taken at A = 3.8 um is commensurate with the losses reported
for wavelengths > 5pum [13, 78]. This data suggests that these Ge-on-Si waveguides
could provide a broad transparent window in the mid-IR regime to build various in-
tegrated photonic devices. I expect the losses are largely due to material defects at
the germanium-silicon interface, the sidewall roughness scattering and bulk material
absorption. As the scattering loss mechanisms are wavelength dependent, the results
suggest that for the Ge-on—Si sample C the material absorption is dominant. However,
further investigation is required to determine which source of scattering is dominant in
these first generation Ge-on—Si waveguides. An ongoing project is currently focusing on
reducing the transmission losses across the entire wavelength region by improving the

waveguide quality, in terms of optimising of the design and fabrication.
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4.5 Conclusion

In this chapter, the fabrication techniques for several semiconductor waveguides are
introduced and the linear optical properties over the mid-IR regime are discussed. The
semiconductor waveguides are fabricated both in fibre and planar form. The first one
is the semiconductor core, silica cladding fibre, which can be fabricated via a HPCVD
method. Generally speaking, HPCVD is a promising fabrication technique by which
various materials can be deposited into silica capillaries with different material phases.
The material quality can be controlled by the deposition conditions and post-processing.
A number of semiconductor core fibres including silicon core fibres and germanium core
fibres have been characterised to determine their linear losses at mid-IR wavelengths,
revealing that their losses are lower than in the telecoms band. The advantages of the
semiconductor core fibres fabricated by HPCVD is that it is easy to tune the phase of
the materials and the surfaces are very smooth and also compatible with the normal
silica fibre platform. The other semiconductor platform investigated in this chapter
is the Ge-on-Si waveguides. The linear characterisations of the Ge-on-Si waveguides
have confirmed the good optical guidance in this novel structures across the 2 - 4 ym
wavelength region and it can be expected that the losses will remain low over much
of the 2 - 8 um gerion where Ge-on-Si waveguides are transparent. This could provide

potential for using this waveguide platform for mid-IR applications.






Chapter 5

Nonlinear properties of silicon

fibre for the mid-infrared regime

5.1 Introduction

To date, the nonlinear effects in the silicon core fibres have only been observed in fi-
bres with hydrogenated amorphous silicon (a-Si:H) core materials. This has been made
possible following continuous work to develop and optimise the high pressure chemical
vapor deposition (HPCVD) technique to achieve relatively low linear losses within fi-
bres that have micron-sized core dimensions (6 ym core size for the first observation of
nonlinear propagation) [22]. In Chapter 4, the linear optical losses have been charac-
terized in a-Si:H core fibres extensively from near infrared to the mid-infrared (mid-IR)
wavelength regime, demonstrating a broad transparency window up to 2.7 um at least.
In this chapter, I extend the nonlinear characterisations across this wavelength range.
The mid-IR wavelength regime offers a great advantage for the observation of nonlinear
effects in silicon as it is beyond the two-photon absorption (TPA) edge. A nonlinear
figure of merit (FOMyy,) is used to evaluate the nonlinear performance of the fibres from
the near infrared to mid-IR region. Finally, to demonstrate the usefulness of these fibres
for nonlinear applications, I present the first observations of four-wave mixing (FWM)

and octave-spanning mid-IR supercontinuum generation in a small core a-Si:H fibre.

5.2 Nonlinear absorption in silicon

Although silicon exhibits low linear losses at near infrared wavelengths, it begins to
absorb light heavily at high input intensities because of the nonlinear absorption. TPA is
the dominant nonlinear absorption mechanism in silicon at the near infrared wavelengths,

though free carrier absorption (FCA) caused by the TPA process can attenuate the
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optical intensity further. Both these two absorption mechanisms will be discussed in

this section.

5.2.1 Two-photon absorption

The basic principles of TPA were discribed in Section 3.3.1. The coefficients (5, ) of
degenerate TPA can be calculated for different wavelengths using the model derived by
Garica et al. [103], which incorporates the forbidden-forbidden (f-f), allowed-forbidden
(a-f), and allowed-allowed (a-a) optical indirect transitions. These three types of TPA
depend on the parity difference in the initial and final states. 3,,,, which is the sum of

all three transition processes can be expressed as follows [136]:

2
IBTPA (w) = ZIB(Z) (w)7
i=0
(5.1)
with the term number ¢ for a-a, a-f, and f-f transitions. In addition,
; 1 [ hw
D)= K,
Ao w) ZnQES’g 2 Eig)’
(5.2)

where FQ(i) (z) = (2z—1)"2/(22)°, K, is a curve-fitting factor, E;, is the indirect bandgap
energy of silicon, h is the reduced Planck constant, w is angular frequency and n is
the refractive index. Figure 5.1(b) plots the theoretically predicted curve of the TPA
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Figure 5.1: (a) Two-photon absorption process in silicon. (b) Predicted nonlin-
ear absorption strength of TPA in silicon.
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coefficient 3.,, as a function of wavelength in the TPA window of silicon based on
the calculation from Equation 5.2. The TPA strength exhibits strong dependence on
the wavelength of the incident light. From Figure 5.1(b), the TPA effect in silicon is
strong in the near infrared but will weaken until the point at which it vanishes as the
wavelength increases into the mid-IR regime. In crystalline silicon (c-Si), the band gap
energy (E; = 1.12eV) suggests that the TPA edge is at 2.2 um. After this wavelength,
the TPA will dramatically reduce and there will be multiphoton absorption (MPA) at
longer wavelengths, though the absorption strength for these processes is much weaker.
The band gap energy of a-Si (with or without hydrogen) is commonly estimated to be
Eg; = 1.7eV, however this depends on the deposition conditions. Furthermore the band
edge will not be sharp and has an extended tail, sometimes related to the Urbach tail.
Thus the practical TPA edge of our HPCVD deposited a-Si:H is not yet known and

needs to be characterised.

5.2.2 Free carrier absorption

FCA is an intraband absorption and was shown in the process [iv] of Figure 3.7. Because
the excited state transition in the process [iv] is small, the required input photon energy
is very low. As discussed in section 3.3.2, the free-carrier induced absorption in silicon
follows Aa oc A? from the near infrared to the mid-IR regime. The FCA coefficient
has been studied thoroughly in c-Si at telecom wavelength and extended to the mid-
IR wavelength up to 14 ym [137]. The a-Si:H material has been demonstrated to have
an enhanced FCA coefficient [23], due to two-state absorption (TSA), where mid-gap
localized defect states can aid absorption as modelled in Ref. [138]. The FCA coefficient
opca ~ 1.6 x 10716 cm? at 1.55 pm can be calculated from the Equation 3.31 using the
parameters for a-Si:H listed in Ref. [139]. It is possible to account for the wavelength

dependence of this parameter using a simple approximation presented in Ref [137].

5.2.3 Free carrier lifetime

As previously mentioned, the free carrier lifetime is a crucial parameter for high power,
high speed devices such as modulators. The pump-probe technique has been widely
used to measure the carrier lifetime whereby the carriers are optically excited by the
pump light and monitored by a secondary probe. The output optical power of the probe
exhibits an exponential decrease as a function of time related to the lifetime given in

the form:

t
Pyt = Ppexp (_;> s (5‘3)
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Figure 5.2: Pump-probe experiment employed by Mehta [141].

where 7 is the carrier lifetime. The carrier lifetime of the material can be determined

by fitting the pump probe measurement results using the Equation 5.3.

The carrier lifetime in the silicon optical fibres was first measured by Won et al. in
2007 and then by Mehta et al. in 2011 [140, 141]. The main difference between the two
experiments is the way in which the carriers are generated. Won et al. used the single
photon excitation process to generate the carriers while Mehta et al. used TPA. Hence,
Mehta used a high power pump in a co-propagation scheme instead of side pumping
with below bandgap light. The experimental setup used for Mehta’s measurements is
shown in Figure 5.2. The fibres primarily investigated in this thesis were characterised
using a similar TPA-based approach, hence the lifetime measurement demonstrated by
Mehta will be briefly introduced.

The pump wavelength was chosen in the wavelength regime 1.1 pm < A < 2.2 ym, where
the photon energy is below the band gap of silicon but within the two-photon window
to efficiently excite the free-carriers through TPA. A high peak power mode-locked fibre
laser operating at the telecommunications wavelength of 1.54 pm, with a pulse duration
of 720fs and a 40 MHz repetition rate was employed as the pump source. A CW laser
diode provided the low power probe at 1.57 um. A preamplifier was used for the CW
probe to provide enough power to overcome the transmission losses of the a-Si:H fibre
and other external factors such as coupling losses and Fresnel reflections. The pump
and probe beams were then combined with a pellicle beam-splitter before coupling into
the silicon fibre using a microscope objective. As a result, the output from the fibre
contains both the pump and probe waves. The probe wavelength is filtered by using
a conventional Bragg grating and circulator configuration. The grating consists of a
reflection peak at 1.57 um 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
is able to be reflected without any form of pulse broadening or filtering. The filtered
signal was detected and viewed on a 30 GHz sampling oscilloscope. Figure 5.2(b) shows

the free-carrier modulated probe amplitude for a coupled signal power. By applying
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Table 5.1: Typical carrier lifetime of a-Si:H fibres.

a-Si:H fibre | Carrier lifetime (ns) | Core diameter (pm)
A 86 6
B 4 1.7

an exponential fit to the recovery (red dashed lines), the free-carrier lifetime 7 can be

determined.

For this work, two a-Si:H core fibres with different core sizes were characterised and the
corresponding carrier lifetimes are given in Table 5.1. From this data it can be seen
that the carrier lifetime depends on the physical dimensions of the semiconductor fibre
core. The surfaces of all materials, regardless of their physical form, always exhibit
the highest number of defects. Since the deposited semiconductor material in these
fibres will assume the same surface conditions as the inner walls of the silica capillary,
the surface of the semiconductor will produce defected sites in order to form a perfect
adhesion (since there is a material mismatch between silica and silicon). By decreasing
the core diameter, the surface to volume ratio is increased and free carriers are generated

closer to a recombination site (i.e. surface).

5.2.4 Characterization of the nonlinear absorption

Characterization of the nonlinear absorption in the a-Si:H core fibres was performed
using well-established high power transmission experiments [132]. In the measurements,
the transmitted power is measured for a set of input powers and the transmission data is
fitted by the theoretical simulations which model the pulse propagation. The generalized
nonlinear Schrodinger equation (NLSE) that describe the propagation of optical pulses
in silicon core fibres, already presented in Section 3.4. For a typical centimetre long
silicon core fibre (L ~ 1cm), at 1.55 um, the GVD (2) is estimated to be approximately
1ps?/m. The dispersion length Lp defined in Section 3.4.1 is around 16.7 cm for a 720 fs
(FWHM) pulse which is much longer than the actual fibre length. Hence, it is therefore
possible to neglect the effects of dispersion during the propagation. The primary concern
is the evolution of the pulse intensity due to the nonlinear absorption, it is possible to
simplify the generalized NLSE by ignoring the spectral evolution to concentrate on the
evolution of the temporal profile. By substituting v = kona/Ae + i5p, /2Aex and the
pulse intensity I(z,t) = |A(2,t)|?/Aeg in Equation 3.57, the simplified model under the
influence of linear and nonlinear loss is given by the coupled rate equations:
dl(z,t) 9
Fra —oql(z,t) — Brp L7 (2,1) — oNe(2,t)1(2, 1), (5.4)
ONc(z,t) _ Brpa Ne(z,1)

2_7
e LI (55)
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Figure 5.3: Experimental setup for nonlinear absorption characterisation.

In this section, the experimentally measured nonlinear absorption coefficients of several
silicon optical fibres are estimated by solving the Equations 5.4 and 5.5 using the TPA
and FCA coefficients as free parameters. By fitting the data, the best coefficients can be
found corresponding to a particular fibre. The a-Si:H core fibres were first characterised
using an erbium doped mode-locked fibre laser (Onefive ORIGAMI) to evaluate the
nonlinear properties at a telecom wavelength. In the experiments, a high peak power
pulsed source is launched into the a-Si:H core fibre and the corresponding output powers
are recorded as a function of increasing input pump power. The maximum input power

should be high enough to access the nonlinear transmission region induced by the TPA.

The experimental setup is illustrated in Figure 5.3 with the output measured on the
power meter. The fibre laser was first used to generate standard hyperbolic secant pulses
with a duration of 720fs (FWHM) and a repetition rate of 40 MHz at 1.54 yum. The
light was launched into the fibre core using the same free space coupling configuration
in Section 4.4.3.1 and focused it onto a calibrated Newport germanium photodetector
(Model 818-IR). Similar with the linear characterisation setup, two near-infrared cameras
were used in this experiment to image the back-reflection from the input a-Si:H core fibre
facet and the output end face of the fibre, which helps optimize the light coupling. A
conventional graded neutral density silica attenuator was used to control the input power.
The input power was kept very low (~ pWs) at first and then increased gradually until
the output power saturated due to the TPA.

Two 6 um core fibre samples were investigated. a-Si:H core Fibre L listed in Table 4.1
has a length of 1.5cm and its transmission loss was measured to be ~ 6.77dB/cm at
1.54 pm. While Fibre D from the same table has a lower transmission loss of ~ 2.1 dB/cm
at 1.54 ym. These two silicon core fibres were chosen for the nonlinear characterisations
because they had different loss values (one relatively high loss and the other with lower
loss) and exhibited clean spectral broadening characteristics which will be discussed in

Section 5.3. Figure 5.4 shows the normalized output power as a function of coupled input
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Figure 5.4: Normalized output power as a function of coupled input peak power
showing the onset of nonlinear absorption.

peak power measured for the a-Si:H core fibre sample L. The red line indicates the linear
transmission loss. The green curve is a numerical fit to the nonlinear transmission data.
The fitting reveals the best fit values of Srpa ~ 0.75cm/GW and opca ~ 1 x 10716 cm?.
Measurements of Fibre D yield a Srpa ~ 0.70cm/GW and opca ~ 1 X 10716 ¢m?2 which
suggests our fabrication method could produce a-Si:H material with consistent good

quality.

The value found for the TPA parameter is similar to those reported for a-Si:H materials
on-chip [23, 142], with typical results varying from 0.08 —4.1 cm/GW. It can be expected
this variation is due to the differences in the material quality as these waveguides were
fabricated using a different processes [143]. Furthermore, the bandgap energy scales with
the binding energy, which could be influenced by the concentration of hydrogen in the
amorphous silicon (a-Si). Hence, the incorporation of hydrogen could cause differences
in the bandgap energy, thus resulting in variations on the TPA coefficient. The value
found for opca is also in good agreement with our previous calculation from the Drude

model in Section 5.2.2.

As a-Si has been reported to have a larger bandgap energy (E, ~ 1.7eV) compared to c-
Si, the TPA edge should occur at shorter wavelengths at ~ 1.46 um. Hence the nonlinear
absorption is expected to be modest at the telecom wavelength (~ 1.54 ym) used in this
experiment because it should be past the TPA edge. However, in practice the values
of the TPA coefficient Stppn measured around 1.5 um vary quite substantially and are
not insignificant. This can be attributed to the amorphous nature of the material which
cause the band tail to be elongated, and hence results in a smearing of the TPA edge.
In addition, when compared to c-Si, the measured TPA coefficient is in the upper range
reported related to the larger x®) nonlinearity (0.5— 0.9 cm/GW) [56, 144]. Tt is for this
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reason that a-Si:H has recently been proposed as a strong candidate for potential TPA-
based applications including optical limiting, pulse shaping and all-optical modulation
[145].

5.2.5 Nonlinear absorption across the TPA edge

As the precise position of the TPA edge is not known for a-Si:H, the dispersion of the
TPA parameter was investigated for a range of wavelengths spanning half the theoretical
bandgap energy of a-Si (E4/2 ~ 0.85eV) and up to the edge of the mid-IR region
~ 2.15 ym. To access sufficiently high powers, for these measurements I employed the
femtosecond OPO (Radiantis OPIUM). The Ti: sapphire laser pumped OPO generates
hyperbolic secant pulses with a duration of 250fs (FWHM) and a repetition rate of
80 MHz at selected wavelengths. Furthermore, to minimize the effects of dispersion for
the short pulses used in these experiments, I employed a shorter piece of fibre (Fibre
D1 L = 0.47cm) that was cut off from Fibre D during the characterization of the
linear losses. The fibre length was considerably shorter than the dispersion length for
all wavelengths (e.g. Lp ~ 1.44cm at 1.54 um for the femtosecond pulses), thus the
simplified coupled Equations 5.4 and 5.5 are still valid for the OPO. To begin, the
a-Si:H core fibre was tested using the OPO at 1.54 um, the same wavelength as the
telecoms fibre laser. In both cases, the same value of Srpa was obtained, validating the

use of the short pulse OPO for further measurements.

For each wavelength, the output power was recorded as a function of coupled input peak
power and the results are plotted in Figure 5.5. For all the wavelengths, there is a linear
dependence for low input peak powers < 50 W. However, at higher input powers, the
output powers for the short wavelengths (i.e., 1.55 um and 1.65 um) begin to saturate
due to nonlinear absorption. In contrast, the largely linear trend exhibited for the longer
wavelengths indicates that TPA is essentially negligible in this regime. As a result, this
data can be used to get an indication of the TPA edge of our core material, which is
likely to be in the region of 1.7 um, or £, ~ 1.4 — 1.5eV. It is worth noting that a
similarly low value of the bandgap energy of a-Si:H has been measured via ellipsometry
in Ref. [142], and could be attributed to a change in material density due to the hydrogen

content.

The same fitting method as used in Figure 5.4 was applied to the different wavelengths
to establish the values of §3,,,. In this analysis I use 7, ~ 86ns, as determined via
pump-probe measurements [141], A, = 13 pum?, which has been estimated from modal
analysis and shown to be approximately constant over the entire wavelength range [132],
and o(A), as calculated via the Drude model using the parameters for a-Si:H material
in [23]. The corresponding values obtained for the TPA coefficient 3,,, are plotted as
a function of wavelength in Figure 5.6. These results show that the .., initially drops
sharply from 0.70 cm/GW down to 0.28 cm/GW as the wavelength increases through the
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Figure 5.5: Nonlinear absorption measurements for the wavelengths given in the
legend. The solid curves are the simulated fits obtained via solving Equations 5.4
and 5.5 for the corresponding wavelength.

telecom window (1.55 — 1.65 um), then eventually begins to plateau at a negligible value
of 0.05cm/GW as the wavelength approaches the mid-IR regime (1.95 — 2.15 um). This
trend of decreasing Srpa is as what would be expected for wavelengths near the TPA
edge, and specifically, I would also expect this to drop to zero for photon energies smaller
than E;/2, where the sum of the energies of two photons is no longer sufficient to span
the bandgap. Here I attribute the non-zero values of 3,,, at the longer wavelengths,
beyond the estimated TPA edge, to the exponential Urbach tail [146], so that some TPA
exists below the half bandgap [147]. However, the fact that the TPA edge appears to
be shifted from that of a-Si suggests that the position of the TPA edge may be tuned
through the material deposition parameters, and this is currently the subject of further

investigations.

These measurements represent the first detailed nonlinear characterisations performed
on the a-Si:H optical fibres in the mid-IR regime and extend the understanding of the
nonlinear properties of this material into the longer wavelength region, which could
help establish new applications. Also, the TPA and FCA coefficients can be used for
the investigations of the nonlinear refraction in the following sections as they provide

additional details of parameters for the generalised NLSE.
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Figure 5.6: TPA parameter as a function of wavelength. Inset: close up of the
low value Stpa region. Error bars represent the uncertainty in the input powers.

5.3 Nonlinear refraction in silicon fibres

5.3.1 Self-phase modulation

As discussed in Section 3.3.3.1, self-phase modulation (SPM) will broaden the spectrum
as the new components are generated continuously as the pulse propagates through the
a-Si:H core fibre. In order to observe SPM induced spectral broadening, the a-Si:H core
fibre should have a low optical loss and high nonlinearity as the length of the fibres is
typically of the order of a centimetre. The effective length of the fibre (Leg) should
be longer than the nonlinear length which is defined by Ly, = 1/7F in Section 3.4.1.
The nonlinear length Lyy, is ~ 0.57 mm for a 6 um core fibre at 1.54 ym when the input
peak power is 300 W. For a a-Si:H core fibre with a typical loss value of 3dB/cm, the
effective length Leg is around 0.787 cm which is longer than the nonlinear length. This
suggests that the nonlinear effects should be observable in our a-Si:H core fibres. To date,
SPM has been observed in many silicon waveguides [148], as have many other nonlinear
processes such as supercontinuum generation [81] and cross phase modulation (XPM)
based wavelength conversion [149, 28]. The first observation of SPM in a micron-sized
silicon core fibre was demonstrated by our group in 2010 [132]. Based on this observation,
a spectral fitting method was developed to give an evaluation of the nonlinear coefficient

no.

5.3.2 Nonlinear refraction index characterisation

There are a few measurement techniques that can be used to determine the nonlinear

refractive index my. For bulk materials, the Z-scan technique is the most commonly
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Figure 5.7: Experimental setup for nonlinear refraction characterisation.

used method [55]. For fibres, the methods are usually based on monitoring different
nonlinear processes such as FWM [150], modulation instability (MI) [151], XPM [152],
and SPM [153]. In our group, the nonlinear refractive index is usually measured via the
widely used SPM method because of its simplicity for characterising no in the normal
dispersion regime. Thus, compared with other approaches, it does not require phase-
matching. For the silicon fibres, a full generalized NLSE shown in Chapter 3 including
all the quantities of linear loss, dispersion, nonlinear strength and carrier effects needs
to be considered to obtain a fit to the measured spectral broadening, with ny as the free
parameter. The other parameters of the fibres including linear loss, TPA coefficients

Brpa and FCA coefficients o, are as predetermined.

FCA

The experimental setup for the spectral measurement is shown in Figure 5.3, where the
output is monitored on the optical spectrum analyser (OSA). The OSA is set to have
the same resolution of 0.1 nm and sensitivity of —70 dBm for each measurement. Similar
with the nonlinear absorption measurement illustrated in Section 5.3, the a-Si:H core
fibre was first tested using the telecom wavelength fibre laser source (Onefive ORIGAMI)
as used for the characterisation of the silicon core fibres. The light was coupled into the
silicon core fibre and carefully optimized by monitoring the output beam profile on the

second CCD camera to make sure the fundamental mode was preferentially excited.

Three particular a-Si:H core fibres (Fibre C, D and M of Table 4.1) were investigated.
Two of which have 6 um core diameters and the third one has a 1.7 yum core diameter.
As all three fibres show similar spectral broadening due to the SPM, here only the
spectral evolution of Fibre D is shown in Figure 5.8. The experimental spectra are
plotted in green and the labeled powers in each plot correspond to the coupled input
peak power. As shown by the green curves in Figure 5.8, the fibre’s output spectrum
exhibits considerable broadening due to SPM. The spectral broadening grows larger and

larger with increasing input power. From the spectra, the maximum phase shift ¢___ is

max
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Figure 5.8: Experimental spectral evolution as a function of input peak power
(green line). The red curves are numerical fits to full generalized NLSE Equa-
tions 3.57 and 3.34.

approximated through the number of peaks M by [88]:

revealing ¢~ 2.57 for the last spectrum in Figure 5.8.

max

The input pulse properties used in the generalized NLSE simulations were from the
specifications of the laser source. The linear loss of Fibre D is 2.1dB/cm at 1.54 ym.
The nonlinear parameters were 8., ~ 0.70cm/GW and o, ~ 1 X 10""° cm? and f,
was estimated using FEM modelling to be 0.98 ps?/m at 1.54 um. The blue curves which

are numerically fitted using a Kerr coefficient of ny = 1.7 £ 0.05 x 10" cm? /W show a
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good quantitative agreement with the normalised measured spectral curves. Due to the
slight uncertainty in the coupling efficiency, an additional fine tuning of each input peak
power was required to obtain a better fit. Thus the uncertainty in the measurements

was based on this variation.

A summary of the measured Kerr nonlinearities of these a-Si:H core fibres is shown in
Table 5.2. These values of the nonlinear Kerr coefficient are consistent with our previous
measurements [132]. As Fibre C has slightly lower loss than Fibre D, it is interesting to
see that the Kerr coefficient ns is larger than Fibre D. Although the relation between the
linear loss and the Kerr coefficient ngy in silicon core fibre is not straightforward, it can
be found that the linear and nonlinear optical properties of the silicon core fibre could
be improved by further keeping on optimising the deposition conditions to obtain better
quality materials (e.g. increase the hydrogen content in the fibre core). Significantly,
the Kerr coefficient no found for a-Si:H material is two times larger than that of c-Si

[154, 155], which is promising for the use of a-Si:H for nonlinear applications.

In silica optical fibres, SPM-induced spectral broadening of short pulses is normally
symmetric around the centre. However, in the semiconductor fibres the main effect that
can cause spectral asymmetry is the FCA when the input peak power is high [132].
The small oscillations on the experimentally recorded spectra are most likely due to
multimode interference (MMI) from other higher order modes excited modes at the
launch in the silicon fibre. Although the silicon core fibre is highly multimoded due to
the large refractive index contrast between the silicon core and the silica cladding in
the wavelength regime considered in this thesis, by carefully optimising the free space
coupling into silicon core fibres, most of the light (> 95%) can be launched into the
fundamental mode. It has been confirmed that the effects of multiple modes in this case
do not severely affect the estimation of no using the single-mode generalized NLSE, but

simply adds spectral modulations on the SPM envelope [156].

Following this effort, the characterization of the nonlinear refractive index ng for the
a-Si:H core fibres was extended beyond the telecommunications window up to the mid-

IR regime. Importantly, this will help develop a full understanding of the nonlinear

Table 5.2: Kerr coefficients for several a-Si:H core fibres characterised at A =
1.54 pm using numerical fitting of the experimental SPM spectra.

a-Si:H | Core diameter Q, Brea Opoa ng

fibre (um) (dB/cm) | (cm/GW) (cm?) (m2/W)
C 6 1.98 0.75 1x10° [ 1.75x10 "
D 6 2.1 0.70 1x10° | 1.70 x 10"
M 1.7 2.8 0.70 1x10 " [ 1.70x10°"
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Figure 5.9: Experimental power-dependent transmission spectra as a function
of pump center wavelength, as labeled in the legends. The dashed lines are
numerical fits obtained by solving Equations 3.57 and 3.34.

properties of the a-Si:H core fibre, and specifically to fill in the spectral gap between
the telecom wavelength and the mid-IR region where the TPA edge is located. Previous
measurements of these quantities across this wavelength region have only been performed
in the bulk ¢-Si material [55, 136, 157]. As a-Si:H is emerging as a useful material for
nonlinear applications, a comprehensive study of the nonlinear refractive index will be

important for future work, particularly in the mid-IR region.

A series of experiments were carried out on a-Si:H core fibre D to study the spectral
broadening induced by SPM and determine the values of ng from 1.45 um to 2.15 pym.
For these experiments, the same femtosecond OPO (Radiantis OPIUM) used in the
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Figure 5.10: For the chirped pulses of 250fs and selected input powers from
Figure 5.8 and Figure 5.9, the figure shows the spectrum broadening from sim-
ulation.

nonlinear absorption characterisations in Section 5.2.4 was employed as the input source
to provide high peak power pulses at these wavelengths. The setup was the same as that
used for 1.54 pum, but this time the output spectra were monitored via a long wavelength
OSA (Yokogawa AQ6375) covering 1.2 — 2.4 ym. The measured SPM spectra are shown
in Figure 5.9 over a selected input wavelength range of 1.45 — 2.15 um. For each central
wavelength, the output transmission spectra are recorded at two input peak powers, as

designated in the legends.

Unlike the pulses generated from the telecom fibre laser, the optical pulses from the OPO
are not transform-limited and hence there is an initial frequency chirp on the pulses.
Here, the results obtained with low input powers are essentially free from nonlinear
propagation and are included as an indicator of the bandwidth of the input pulse, and
thus as a means to determine the size of the initial negative frequency chirp on our
pulses. The chirp was not found to vary dramatically over this wavelength range, and
had a value of C' ~ —0.9 at 1.55 ym. This was determined from a comparison between
the measured autocorrelation trace and a fit to the input spectrum which had a FWHM
bandwidth of A\ ~ 23 nm.

Figure 5.10 plots the simulation results of spectral broadening assuming a 1.55 pm pump
pulse from the OPO, but for the same input powers as those in Figure 5.8, obtained
with the fibre laser as the input. As it can be seen, the SPM induced modulation for
the two pump pulses is quite different, and the modulation induced by the nonlinear
phase shift has vanished in Figure 5.10. This is due to the initial chirp on the OPO
pulses, which is partly cancelled by the SPM-induced chirp [88]. Further investigations
of the role the chirp plays on the spectral broadening is required to fully understand the
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Figure 5.11: Simulated spectral bandwidth (—30dB/cm) for selected input peak
powers for different pump center wavelength, as labeled in the legends. The blue
dots are experimental measured spectral bandwidth from Figure 5.9.

evolution, which is another ongoing area of research. Moreover, because of the shorter
input pulse from the OPO, the obtained spectrum bandwidths (at the —30 dB) are larger
in Figure 5.10, than in Figure 5.8. For example, the bandwidth for the input power of
326 W is around 200 nm in Figure 5.10 which is three times larger than that the 70 nm
in Figure 5.8.

Returning to the wavelength dependant spectrum broadening, the high power results are
then used to illustrate the strong spectral broadening due to the large Kerr nonlinearity
of the a-Si:H core material, with bandwidths of more than 200nm obtained for all

wavelengths below 2.05 um. The limited spectral broadening seen for wavelengths above
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Figure 5.12: Wavelength dependence of the Kerr nonlinear coefficient no. Error
bars represent the uncertainty in the input powers.

2 pm is due to the increased coupling losses (from 0.6dB at 1.55 um up to 3.8dB at
2.1 pm) and the lack of output power as the pump wavelengths move towards the edge
of the tuning range of the OPO. Figure 5.11 plots the spectral broadening as a function
of input peak power for pump wavelength listed in Figure 5.9. As can be seen from
the figure, the spectral broadening increases monotonically with increasing input peak.
These simulation results suggest that for the longer wavelengths, much more spectral
broadening would be observed if the input powers were larger. In the experiment, the
coupled input peak power for a pump wavelength of 2.15 um is only one tenth of that
at 1.55 um. Larger bandwidths (more than 1200nm) at the mid-IR wavelength are
expected to be seen with ‘hundreds of Watts’ coupled input peak powers in the a-Si:H

as both the linear and nonlinear loss decrease with increasing wavelength.

The size of the Kerr coefficient for each central wavelength can then be established
by fitting the spectral broadening using the same method as conducted for the telecom
wavelength. The corresponding values of ngy are plotted in Figure 5.12, which shows that
as the input pulse wavelength is shifted across the TPA edge, the no value first increases
slightly up to a value of 1.75 x 10713 ecm? /W at 1.75 um, then drops to a modest value of
1.2 x 10713 ecm?/W at 2.15 yum. This trend is as expected from the nonlinear Kramers-
Kronig relation, where the values of ny are expected to peak around the TPA edge, as
similarly observed in c-Si around 2.2 um (E,/2 ~ 0.56€V) [136]. It is worth noting that
the larger error bars for longer wavelengths are due to the smaller broadening factors

associated with the lack of available coupled power at these wavelengths.
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5.4 Figure of merit

As discussed in Sections 5.2 and 5.3, with two of the most important nonlinear param-
eters being measured from the near infrared to the mid-IR region, it is useful to define
a FOM to evaluate the overall nonlinear performance of the a-Si:H material. As the
main nonlinear absorption for the wavelength region investigated in this thesis is TPA,
a FOMnyy, was defined as a normalised ratio of no to B,,,. By using this nonlinear
figure of merit, it provides a dimensionless measurement to compare different nonlinear

platforms. In this thesis, the same definition was use as in [80, 158, 159]:

ny

AOIBTPA '

FOMyy, = (5.7)

This FOM was initially defined to provide a useful dimensionless measurement of the
suitability of the material for optical switching at different wavelengths [154]. The non-
linear phase shift can be obtained by substituting ne with the FOMyr, to Equation 3.37:

quL(t) = QWFOMNLI(’E),BTPAZ. (58)

Assuming there is sufficient intensity or interaction length to induce a nonlinear phase
shift, then the limiting case of Equation 5.8 can be applied to produce the maximum

induced nonlinear phase of:

én(t) = 27FOMyr.. (5.9)
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Figure 5.13: Wavelength dispersion of the FOMyr..
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Values of FOMyy, > 2 are necessary for applications requiring a minimum nonlinear
induced phase shift of 47 or higher. These applications involve processes such as XPM
to create nonlinear directional couplers. Values where 0.5 < FFOMyy, < 2 are suitable

for applications only requiring a 7 phase shift, such as Mach-Zehnder interferometers.

With the wavelength dependent values of both 3., and ng established from the pre-
vious characterisations, the dispersion of the FOMyy, in our a-Si:H fibre material, is in
Figure 5.13. This figure clearly shows that despite the decrease in no at the longer wave-
lengths, the dramatic reduction in Sppa results in a monotonic increase in the FOMyt,.
Thus, although the value of the FOMxyr, at 1.55 um for this a-Si:H core material is com-
parable to what has been reported in other a-Si:H waveguides at telecom wavelength,
it increases rapidly to ~ 10 for the peak value of ny at 1.75 um, then even further up
to ~ 28 at the longest wavelengths, this is consistent with what has been found by Zla-
tanovic et al. It is important to note that whilst the validity of this figure of merit could
be questioned beyond the TPA edge, it has been applied to the long wavelengths based
on the non-zero values of the TPA parameter, and provides a clear indicator of the ad-
vantage of moving into a regime of low nonlinear loss. Thus, these results show that with
a complete picture of the FOMyy, in the a-Si:H material, it is possible to access regimes
of very highly nonlinear propagation. Specially, the FOMyy, for the a-Si:H fibre is 1.66
at 1.55 pm, which suggests that the nonlinear processes related to XPM is not efficient.
However, this value still indicates that the material is promising in interferometric based
switching applications that need a m phase shift. Furthermore, the FOMyy, for all the
longer wavelengths is > 2, which suggest that a-Si:H material exhibits great potential for
nonlinear applications in the extended wavelength band of telecom wavelength (1.6 ym)

to the mid-IR regime around 2 pym.

5.5 Mid-infrared supercontinuum generation

5.5.1 Introduction

In this section, the first demonstration of supercontinuum generation in a-Si:H core fibres
is presented as an example of an application for our highly nonlinear fibres. Mid-IR su-
percontinnum sources present a promising approach to meeting the increasing demands
for broadband, high-brightness radiation in various application areas, e.g. molecular
fingerprinting, chemical sensing or gas detection. Physically the generation of the su-
percontinuum occurs when incident narrow-band pulses exhibit extreme spectral broad-
ening from the interplay between soliton breakup, FWM, Raman effects, and dispersive
wave generation [160]. All of these nonlinear effects can generate new frequencies and
depend critically on the dispersive properties of the waveguides. Mid-IR supercontin-
uum generation in silicon waveguides has recently attracted much interest as silicon has

inherent transparency and high nonlinearity in this region. In previous sections, the
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a-3i:H material has been demonstrated to have enhanced nonlinearity for wavelengths
beyond 2 pm. As discussed in Section 5.4, a-Si:H has a lower Srpa, owing to its slightly
larger bandgap energy, which results in a higher FOMxyy,. As a result, mid-IR supercon-
tinuum generation has been realized in a-Si:H waveguides at much lower power levels
than in their c-Si counterparts [99, 161]. In this section, I will attempt to give a general
description of the first demonstration of mid-IR supercontinuum generated in a a-Si:H

core fibre.

5.5.2 Optical properties of the small core a-Si:H fibre

As discussed in Section 3.2.5, the dispersion properties of the a-Si:H core fibre varied
with the core diameter. The zero-dispersion wavelength (ZDW) of a 6 um core diameter
a-Si:H fibre is estimated to be beyond 4 pum, where it is difficult to find high power
pulsed laser sources. For the wavelengths where the SPM induced spectral broadening
was measured in Section 5.3.2, these large core fibres exhibits normal dispersion, thus
resulting in fairly modest spectral broadening (maximum 200nm). Similar with the
reports on supercontinuum generation in the silica fibres, pumping in the anomalous
wavelength region near the ZDW, can result in broadband supercontinuum generation
predominantly governed by soliton fission and dispersive wave generation [160]. It is for
this reason that most of the supercontinuum generation has been done in photonic crystal
fibres as they provide the combined advantages of enhanced nonlinearity and extreme
dispersion tailoring. Particularly for the silicon core fibres, dispersion engineering can
be achieved by selecting a proper silica capillaries sizes prior to deposition. Previous
simulation work revealed that the ZDW of the silicon core fibres can be shifted to Az ~
2 pm by reducing the core size to diameters d ~ 1.7 um [156]. By accessing the anomalous
dispersion in these fibres beyond 2.1 um, there is potential for soliton propagation and
FWM to be observed, which are very helpful for supercontinuum generation [162, 163].
As mentioned in Chapter 4, the smallest core fibre that have been characterised to date
has a diameter of d ~ 1.7 um and a loss of 2.8dB/cm at 1.55 um. Figure 5.14 shows
a scanning helium ion microscope (SHIM) image of this fibre core, together with the
predicted group velocity dispersion (f2) profile obtained from modal simulations using a
full vector finite element method. As the dispersion of the a-Si:H is not yet well-known
due to a lack of characterisations of this material, the higher order dispersion is not
considered in the following analysis. However, it is an on-going project to allow for

further understanding of the supercontinuum generation in a-Si:H core fibres.

As well as helping to engineer the dispersion, reducing the fibre core size enhances the
nonlinearity via a reduction in the mode area. The effective area of the fundamental
mode for the 1.7 um core size fibre is estimated to be A_, = 1.2 um? at 1.55 um, which is
a ten fold reduction of the value for the 6 ym core size fibre. This will result a ten times

increase of the nonlinear strength ~ as the nonlinear refractive index no stays the same.
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Figure 5.14: Simulated group velocity dispersion for a 1.7 ym diameter core
a-Si:H fibre. Inset, scanning helium ion microscope (SHIM) image of the core.

Thus based on the two advantages discussed above, it is promising for the observation
of nonlinear processes associated to supercontinuum generation such as modulation in-
stability, FWM, and soliton effects in the fibres in the short wavelength edge of the
mid-IR.

The details of the optical properties of the small core a-Si:H fibre used in the supercon-
tinuum experiments are as follows. The fibre corresponds to Fibre M in Table 4.1. The
effective area of the fundamental mode was estimated from simulations and found to in-
crease as a function of wavelength as A_, = 1.2 um? at 1.55 um to 1.4 um? at 2.4 ym. As
can be seen from the dispersion curve in Figure 5.14, the estimated ZDW is ~ 2.1 ym,
and at wavelengths above this the fibre undergoes anomalous dispersion. The linear
losses are 2.8dB/cm at 1.55 um and 0.8dB/cm at 2.4 um as shown in Figure 4.5(b).
The nonlinear parameters are np = 1.7 x 1073 em?/W and Brpa = 0.7cm/GW at
1.55 um, and ny = 1.0 x 10713 cm? /W and Brpa = 0.08 cm/GW at 2.4 ym. The nonlin-
ear absorption is negligible at 2.4 ym indicating that it is most likely beyond the TPA
region, but preceding the region of higher nonlinear three-photon absorption (3PA) [164].
As a result, although the measured ns is smaller in the mid-IR, the significant reduction
in the nonlinear absorption means that the overall FOMyy, in this regime is much larger.
The FOMyy, is calculated to be ~ 22 at 2.4 ym using the pre-determined TPA coeffi-
cients and nonlinear refractive index, which exhibit a large increase when compared to
the FOMN, ~ 1.6 at 1.55 um, so that both the linear and nonlinear properties of the
fibre are favorable for long wavelength applications. The total fibre length after the char-
acterisations is 4mm, which is much larger than the nonlinear length (L, ~ 0.61mm
at 2.4 pm for an input power of 75 W). Pump wavelengths in the window 2.1 — 2.5 ym

were investigated as they are beyond the ZDW and in the anomalous dispersion region.
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Figure 5.15: Experimental setup for supercontinuum generation.

5.5.3 Experimental setup

The experimental setup for supercontinuum generation in a a-Si:H core fibre is illustrated
in Figure 5.15. To access high peak power at wavelengths beyond 2 ym, a Ti:sapphire
pumped OPO (Radiantis Oria IR) which cover the selected pump wavelengths was
employed that produced Gaussian shaped pulses of ~ 300fs (FWHM) duration at a
80 MHz repetition rate. A 63x magnification silica microscope objective lens was used
to launch the light into the fibre core. However there is an issue induced by the small
spot size which is that it is very easy to damage the fibre facet by melting the wax
that holds it in place during the coupling adjustment. The melted wax flows onto the
fibre facet smearing the fibre core. The fibre facet can then be easily burnt as the wax
is over heated. This problem can be solved by carefully pulling out one side of the
fibre slightly, about 1 mm from the mount, hence a clean fibre facet without wax can be
obtained which can tolerate much higher powers. By optimizing the coupling conditions,
the light was preferentially coupled into the fundamental mode of the a-Si:H core fibre,
with a coupling loss of 6 dB (including Fresnel reflections), which is mostly due to the
spot size mismatch. Since the transmission of the silica microscope objective is poor for
mid-IR wavelenths beyond 2.5 um, a ZnSe objective lens with a 6 mm focal length was
used as the second lens to capture the broadband output. The output is then coupled
into a long wavelength OSA (Yokogawa AQ6375) or a grating-based monochromator
(Bentham TMc300). As the long wavelength OSA (Yokogawa AQG6375) only operates
up to 2.4 pum, it was only used for the beam alignment. At the low starting input
powers, the optimization of the light coupling was conducted by the OSA as it provides
a fast scan time. The OSA was set to have a same resolution of 0.1 nm and sensitivity of
—70dBm for each measurement. The high power measurements were then monitored by
the monochromator. To ensure efficient signal detection for the full range of powers, the
detection of the signal in the monochromator is aided via the use of a lock-in amplifier

connected to an optical chopper that modulates the beam at a frequency of 100 Hz.
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The scan step of the monochromator was set to be 5nm for each measurement and
the detector in the monochromator was cooled using liquid nitrogen to improve the

sensitivity.

5.5.4 Spectral dynamics

To obtain insight into the nonlinear processes that result in spectral broadening, the
spectral evolution is investigated as a function of the input peak power. Figure 5.16
shows this evolution for a pump center wavelength of A\, = 2.28 ym. The pump peak
power is increased from 1.9W to 59 W, which corresponds to average output powers
between 30 uW and ~ 1mW. When the input pump power is low, the spectrum ex-
hibits little broadening and thus it is essentially free from nonlinear effects. Like our
discussion in Section 5.3.2, this spectrum can be used as an indicator of the initial in-
put pump pulse. When the input power is increased to 23 W, the pump spectrum is
broadened by SPM. In the spectrum the residual pump does not exhibit the usual SPM
induced oscillations, which was attributed to the chirp of the OPO pulse. The FWHM
time-bandwidth product is calculated to be 0.56, which is larger than time-bandwidth
product of the standard Gaussian pulse. Similar spectral features have been observed
in the Section 5.3.2 when the OPO source was used as a pump source. It can be seen
from Figure 5.16 that as the power increases the characteristic broad FWM sidebands
start to appear on the spectral wings. The FWM peaks are chosen based on the slight
bump on the shoulder of the broadening spectrum. Furthermore, the positions of these
peaks detune continuously from the pump for increasing power. This is the first obser-
vation of FWM in a silicon fibre, which has been made possible due to the ability to
access the anomalous dispersion regime in the small core fibre. These FWM peaks are
not symmetric in silicon owing to the strong wavelength dependence of the linear and
nonlinear losses. The higher order sidebands generated by the first order sidebands can
be observed when the pump power is increased further. The similar FWM sidebands

has been observed in a nanoscale a-Si:H waveguide on-chip [99].

The Raman effect is not included in the discussions as the Raman response is normally
much smaller in amorphous material. Since the effects in a-Si:H core fibres has been
studied in the previous sections, here our discussion focuses on the observation of the
FWM sidebands. For a pump positioned in the anomalous dispersion regime close to
the ZDW, the simplified phase-match condition of Equation 3.54 can be applied. From
this equation, the maximum frequency shift can be estimated as Qmax = £1/27F/|52],
where Py is the peak pump power. Figure 5.17 compares the measured peak positions
for the signal (circles) and idler (squares) with the wavelength shift calculated from
Q (solid lines) for the estimated fibre dispersion at the pump wavelength (8 =

max

—0.3 ps?/m), showing good agreement.
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Figure 5.16: Measured spectra for the powers labeled in the legend. Dashed
lines are a guide to show the power dependent FWM frequency detuning.
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Figure 5.17: Peak FWM signal (circles) and idler (squares) wavelengths plotted
with the phase-matched estimates from Qa5 (solid lines).

In addition to power tuning, it is also possible to adjust the signal and idler positions
through the choice of pump wavelength. Although the tunability of the FWM peaks
is typically quite modest in the anomalous dispersion regime [165], these measurements
provide a useful validation of the estimated fibre dispersion. As shown in Figure 5.18,
the measured spectra are plotted for different pump wavelength from 2.19 ym — 2.49 pm
(pump wavelength 2.28 um is already included in Figure 5.18). Figure 5.19 plots the
measured signal and idler positions for a fixed input peak power of 20 W, which are in
remarkable agreement with the predicted phase-matching curves over the pump wave-
length range. Moreover, these results demonstrate that even in this low power regime it
is possible to tune the wavelength conversion over 600 nm (1.99 to 2.61 um), while only

tuning the pump by 280 nm, and the tunability could be even greater if the power was
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increased as in Figure 5.17.

As presented in Section 3.2.5.1, the GVD S of the a-Si:H material was estimated using
the parameters for the c-Si. This assumption was validated by the good agreement
between the measured frequency shifts and theoretical prediction using the phase-match
condition. These results are a good indication that the dispersion of our a-Si:H fibre
material is similar to that of ¢-Si, which has also been recently reconfirmed by the
experimentally measured GVD of a-Si:H waveguide using interferometric measurements
[98, 100].
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Figure 5.18: Measured spectra for the pump wavelengths labeled in the legend.
Dashed lines are a guide to show the wavelength dependent FWM frequency
detuning.
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Figure 5.19: FWM signal (circles) and idler (squares) positions for a coupled
peak power of 20 W, together with the phase-matching predictions for fibre
dispersion (solid lines).
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5.5.5 Supercontinuum generation

Returning to the high power scenarios in Figure 5.16, another notable feature of these
spectra is the appearance of the second set of higher order FWM sidebands, most obvious
on the longer wavelength side. Importantly, the phase-matching of cascaded FWM pro-
cesses is expected to be aided by the short 4 mm fibre length used in these experiments,
and that these processes can ultimately be exploited to generate broadband supercon-
tinua [99, 166]. To investigate this, a series of high power measurements (P ~ 75 W)
were conducted for various pump wavelengths, with the resulting spectra shown in Fig-
ure 5.20. The bottom spectrum in Figure 5.20 corresponds to the same pump wavelength
as Figure 5.16, but now both second order sidebands are clearly visible (separated by
Qmax ~ 14THz) which is in good agreement with the prediction by the phase-match
condition. It is worth noting that although the 30dB bandwidth for this spectrum of
1200nm has only increased by ~ 100nm compared to that for the 70 W pump, the
flatness (defined as the ratio of the bandwidth and the standard deviation) has im-
proved by almost 25% [167]. The remaining spectra in Figure 5.20 were then taken for
increasing longer pump wavelengths, where the linear and nonlinear losses are lower.
Interestingly, as well as the expected increase in the spectral bandwidth (up to 1300 nm
for A, = 2.47 pm), these spectra exhibit an additional feature on the short wavelength
edge of dispersive wave emission. Although dispersive waves are often associated with
the onset of soliton fission, as the length of our fibre is shorter than the estimated fission
length for the input pulses (Lggss ~ Lp/N ~ 7mm, where Lp ~ 64.9mm and N ~ 10 is
the soliton order defined in Equation 3.60), I attribute their appearance in these spectra
to the temporal breakup of pulses caused by FWM induced modulation [168]. Further
verification for this is provided by the good agreement between the position of these
short wavelength peaks (1.8 um) and the predicted wavelength of the dispersive wave
emission (Apw ~ 1.75 um) given by the phase-matching condition in Ref. [169], with the
dispersion estimated from Figure 5.14. It is worth noting that these broader continuum
spectra obtained for the longer pump wavelengths also exhibit a further improvement
in the flatness of up to 30 %; however, unfortunately it was not possible to increase the
pump wavelength beyond 2.5 um as the silica input coupling lens became prohibitively
lossy. Nevertheless, in all cases the spectra in Figure 5.20 exhibit more than an octave
of continuum generation at the 30dB level, with the total spectral coverage extending
from 1.64 to 3.37 pm (~ 1700 nm), which it is believed to be the largest supercontinuum

generated in a a-Si:H waveguide, and certainly within a core of micron sized dimensions.

5.5.6 Continuum generation in normal dispersion regime

For completeness the continuum generation has been investigated in the normal disper-
sion regime using pump wavelengths A,; < 2.1 um. As mentioned in previous discus-

sions, the 6 um diameter core a-Si:H fibres exhibit large normal dispersion at all the
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Figure 5.20: Supercontinuum spectra generated in the anomalous dispersion
and normal dispersion regimes (Py ~ 75 W and central wavelengths as labeled).
The dash line is the ZDW. The arrows indicate the positions of the 1st and 2nd
order FWM sidebands (SB1 and SB2 in bottom spectrum) and the dispersive
wave emission (DW in top spectrum).

pump wavelengths up to 3.7 um, thus restricting the largest broadening to ~ 200 nm
for pump wavelengths around A\, = 2 um. From the estimated dispersion curve in Fig-
ure 5.14, the 1.7 um core size silicon fibre exhibits fairly low normal dispersion when
pumped it on the short wavelength side of the ZDW. Figure 5.21 shows the spectral
broadening generated by pumping at A, = 1.85 um in both the 1.7 um and 6 ym core
size silicon fibres. The spectral broadening of the small core fibre is up to ~ 700 nm
(~ 0.7 of an octave) when the input peak power is 75 W. The bandwidth of the contin-
uum in the small core fibre is more than 3 times larger compared to that for the 6 ym

core fibre pumped with input power 180 W and at a lower input peak power.

In the normal dispersion region, the spectral broadening is dominated by SPM and the
approximately symmetric spectral properties are as expected (seen in the green curve in
Figure 5.21) [88]. In the small core, the pump wavelength is close to the ZDW so that
the new spectral components generated by SPM are in the vicinity of the ZDW, and
thus the anomalous regime. Consequently, the soliton dynamics dominate the spectral
broadening on the long wavelength side and cause the asymmetry of the spectrum. These
spectral dynamics matches well with the simulation work in Ref. [160]. Hence, it can
be concluded that the improvement of the continuum bandwidth is aided by both the

enhanced nonlinearity from the reduced core size and engineered dispersion properties.
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Figure 5.21: Continuum spectra generated in the normal dispersion regimes in
silicon core fibres with two different core sizes, the pump peak powers are given
in the legend.

Lastly, it is worth noting that although continua generated in the normal dispersion
regime have reduced broadening, the improved flatness and coherence is likely to be of

interest for applications in spectroscopy and metrology [170].

5.6 Conclusion

This chapter has presented the nonlinear characterization in silicon optical fibres from
telecoms wavelengths, across the TPA edge, and up to the edge of the mid-IR regime.
TPA and FCA are the main nonlinear absorption mechanisms in silicon at wavelengths in
the TPA window. The most fundamental nonlinear process SPM, was also investigated
in a-Si:H core fibre. From the experimental measurements and numerical modelling,
the TPA and Kerr nonlinear parameters were obtained for a range of wavelengths. The
dispersion curves obtained for the TPA and Kerr nonlinear parameters are in good quali-
tative agreement with the Kramers-Kronig transformations, and highlight the advantage
of working beyond the TPA edge, where some of the highest values of the FOMxyy, were
obtained for this material to date. The results suggest that a-Si:H waveguides are a vi-
able platform for nonlinear applications extending beyond telecoms, and into the short

wavelength end of the mid-IR regime.

Additionally, I have extended our investigations of nonlinear propagation in the a-Si:H
core fibres, demonstrating supercontinuum generation spanning more than an octave
(1.64 pm—3.34 pm). The broadest bandwidths are obtained via a cascaded FWM process

when pumped at wavelengths > 2.1 um, where propagation in the 1.7 um core fibre
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is governed by anomalous dispersion and the a-Si:H material exhibits low linear and
nonlinear losses. These fibres hold great promise for use at wavelengths beyond the
telecom band, and by tuning the micron sized core dimensions, their applications may

eventually extend much deeper into the mid-IR regime.






Chapter 6

Nonlinear properties in

germanium on silicon waveguides

6.1 Introduction

In Chapter 4, the emerging germanium-on-silicon (Ge-on-Si) waveguides exhibited low
loss across a broad wavelength range in the mid-infrared (mid-IR) region. Hence, they
have potential for the development of integrated mid-IR photonic systems. Unlike sili-
con, the nonlinear effects in germanium are less well known. So far all of the experimental
measurements of the nonlinear coefficients of germanium have been performed in bulk
samples due to the fabrication challenges of germanium waveguides [75]. In this chapter,
a full characterization of the nonlinear absorption in a Ge-on-Si waveguide across the
two-photo absorption (TPA) window is presented. The main nonlinear absorption mech-
anisms in germanium are free carrier absorption (FCA) and TPA. As these processes
can also be exploited to modulate the light signals, in the final section of this chapter,
the first demonstrations of all-optical modulation will be presented for the Ge-on-Si

waveguides.

6.2 Nonlinear absorption in germanium

The low loss transmission window of germanium starts from ~ 2pum and extends to
14 pm. Similar to silicon, in addition to the linear absorption, nonlinear absorption
induced loss will also attenuate the transmitted light. TPA will be the dominant mech-
anism of nonlinear absorption for short pulse propagation until the TPA band edge
(A = 3.7pm for germanium). TPA induced FCA will also induce extra loss by the

free-carrier plasma effect.
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Figure 6.1: Schematic band structure of germanium illustrates TPA over indi-
rect bandgap and direct bandgap.

6.2.1 Two-photon absorption

Like silicon, germanium is also a group IV semiconductor material with an indirect
band structure. However, germanium is a peculiar indirect bandgap semiconductor as
the indirect energy gap E, = 0.66eV is not much smaller than the direct bandgap
Er = 0.82eV. Thus, germanium is one of only a few semiconductors where indirect and
direct absorption regimes can be accessed at comparable wavelengths. In Figure 6.1,
the TPA process associated with the indirect gap is a phonon assisted three-particle
process, which is similar to the TPA in silicon. For germanium, this TPA process has
an efficiency of three orders of magnitude smaller than the direct gap transition which

is also shown in Figure 6.1 [104].

The coefficients (3,,, of degenerate TPA in germanium at different wavelengths are
commonly estimated using a two-model, direct bandgap model [171]. It can be expressed

as follows:

1 hw

flw) =K

where FQ(i) (z) = (22 —1)%2/(22)°, K is a curve-fitting factor. Figure 6.2 shows the the-
oretical predictions for germanium’s nonlinear absorption coefficients .., , from which
the nonlinear absorption of germanium is found to be orders of magnitude larger than
silicon, around 1000x for .., at its peak value. I have previously mentioned that all
of the experimental measurements of the nonlinear coefficients have been performed in

bulk germanium samples. Here the TPA coefficients in a germanium waveguide will be
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Figure 6.2: Predicted dispersion of nonlinear absorption coefficients .., as a
function of wavelength.

investigated for the first time using the nonlinear transmission measurement developed

for the silicon fibres in the previous chapter.

6.2.2 Free carrier absorption

The FCA in germanium can be also described by Process [iv] of Figure 3.7. According
to the Drude-Lorenz model given in Equation 3.31, the optical absorption in germanium
shows quadratic dependence on the wavelength of the incident light. The value of the
FCA coefficient o is 4 x 10-'7 at 2pum from the literature [84]. In this thesis, the
wavelength dependence of the FCA coefficient o()) is calculated via the Drude model
based on these measured results. Although realistically the Drude model is inadequate
for fully describing FCA and its wavelength dependence will not be presented in this
thesis. This is because this variation only has minor impact in our simulation work when

investigating the dominant TPA effect.

6.2.3 Free carrier lifetime in germanium

As discussed in Chapter 5, the free carrier lifetime can be obtained by studying the
optical recovery of a CW signal following carriers excitation from a pulsed pump. In
this experiment, a pump probe scheme was employed. A pulsed optical source was
chosen for the pump at wavelength A\ = 1.54 ym which has a photon energy hv, greater
than the band-gap energy F, to generate free carriers in the waveguide. A CW probe
was then positioned at various signal wavelengths A, with photon energies hv, < Ej.
When the probe is propagating in the waveguide, the free carriers generated by the
pump pulse absorb photons of the CW probe, hence creating dark pulses or equivalently

an inverted imprint of the pump on the probe signal. In this section, this modulation
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Figure 6.3: Pump probe experimental set-up to determine carrier lifetime in
the Ge-on-Si waveguides. attenuator (ATT), beam-splitter (BS), thulium doped
fibre amplifier (TDFA), and real time oscilloscope (RTOS).

was used to characterise the lifetime in the Ge-on-Si waveguide. As the pump energy
is strong, the free carriers are excited deep into the conduction band states, which will

add additional delay to the carrier lifetime.

The experiment makes use of the single photon excitation process to generate free car-
riers in the waveguide, which was described in Figure 3.7. The experimental setup is
illustrated in Figure 6.3. In these measurements, the pump was chosen at a wavelength
below the band edge of germanium (A < 1.9 um) to efficiently excite the free carri-
ers. Hence, the chosen pump source was a high power mode-locked fibre laser (Onefive
ORIGAMI) operating at the telecommunications wavelength of 1.54 ym, with a pulse
duration of 720 fs and a 40 MHz repetition rate. A Cr?*:ZnSe laser (IPG Model SFTL-
Cr-ZnSe-2300-1000) was used to generate a weak CW probe centred at 2.01 ym. As
shown in Figure 4.10, the probe wavelength was positioned just on the edge of the high
loss region of the material. Although not ideal, this short wavelength was chosen be-
cause I could make use of our fast, 10 GHz bandwidth InGaAs photodetector (EOT
ET-5010F) which has a peak responsivity at 1.9 um so that it was possible to study the
temporal dynamics of the modulation. The pump and probe beams were combined with
a pellicle beam-splitter (BS) before coupling into the waveguide using a 64 x microscope
objective. As there are several waveguides on a single chip which are very close to each
other, to aid with the coupling, a microscope (Veho 400x) was introduced to image the
top of the chip surface. As the pump wavelength is below the band edge, it will be ab-
sorbed in the tapered area of the waveguide (shown in the inset of Figure 6.3) thus the
carriers recovery in this experiment happened realistically in the relatively large tapered
area (maximum width 10 gm). The only output from the waveguide was the modulated
mid-IR probe light and collected by a tapered lens fibre. The estimated coupling loss for
this experiment arrangement was 9.8 dB. Thus, the output probe light was amplified by
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a custom built 2 um thulium-doped fibre amplifier to compensate for the coupling losses
as well as the transmission loss of the Ge-on-Si waveguide. The optical signal was de-
tected via the InGaAs photodetector and the converted electrical signal was monitored

on a real time oscilloscope with 12 GHz bandwidth (Agilent).

In this experiment, a co-propagating scheme was chosen because of its simplicity com-
pared with illuminating the pump light from the top to the waveguide with only 2.25 ym
wide. The experiment setup for the top illuminating is much more complex thus it is not
suitable for this first carrier lifetime measurement in a Ge-on-Si waveguide. However, in
this co-propagating configuration the absorption of the pump occurred in the tapered
region near the waveguide input thus resulting in longer recombination time. The life-
time measurement was performed on Ge-on-Si waveguides C of Table 4.2 for which the
propagation loss of the TE mode was measured to be 3.9dB/cm at 2 um in Section 4.4.4.
Figure 6.4 shows the free carrier modulated probe amplitude for a coupled signal power
of ~ 1mW, and a pump energy of 44 pJ. Unfortunately, owing to the limited bandwidth
of our commercially available 2 um detector, it was not possible to fully resolve the fast
build-up of free carriers that are generated on the timescale of femtosecond pump pulse
[25]. However, the slower dynamics associated with the free carrier recombination can
be clearly resolved, and through an exponential fit to the recovery (dashed lines) using
Equation 5.3, the free carrier lifetime can be estimated to be 7 ~ 18 ns. This lifetime is
considerably faster than what has been reported for bulk germanium samples (7 ~ us),
as expected for a confined waveguide geometry [172]. Furthermore, as the recombina-
tion is taking place in the larger tapered input (10 um), this lifetime is also faster than
what has been measured for silicon waveguides with similar micron sized core dimensions
[173], which is attributed to the increased carrier mobility of germanium. As the two
main mechanisms for removing carriers from the core of a rib waveguide are diffusion
from the rib [173], and recombination via surface and interface states [174], the lifetime
should be even lower in the smaller core section of the Ge-on-Si waveguides. Thus a
route to improving the speed of our system would be to pump the 2.25 ym core from
the top, though this would come at the expense of a reduced pump/probe overlap, and
would also greatly complicate the experimental setup [25, 175]. Like silicon, the carrier
plasma dispersion effect can be used to achieve all-optical modulation which will be

described in the following sections.

6.2.4 Characterisation of nonlinear absorption

The nonlinear absorption in Ge-on-Si waveguides was characterised via high power trans-
mission experiments, as previously described for the silicon core fibres in Chapter 5. The
experimental setup is illustrated in Figure 6.5, where two mid-IR cameras were used to
image the input facet and the output beam profile of the waveguide. In this section, the

investigations of 3., were carried out for a range of wavelengths, from 1.9 to 3.7 um,



Chapter 6 Nonlinear properties in germanium on silicon waveguides

__ 08
5
&
£
é
S 06
=1
=

04 f

0 20 40 60 80 100

Time (ns)

Figure 6.4: Free carrier based absorption on the probe of a A ~ 2 um signal.
The dashed line is an exponential fit to determine the free carrier lifetime.
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Figure 6.5: Experimental setup for nonlinear absorption characterisation in Ge-
on-Si waveguide.

over the TPA window for germanium. The high power pump pulses were provided by
a long wavelength Ti:sapphire pumped OPO (Radiantis Oria IR), with a pulse dura-
tion of ~ 250fs (FWHM) at 80 MHz repetition rate. As the silica lens is not suitable
for wavelengths longer than 2.7 um, an aspheric chalcogenide lens with a focal length
of 1.87 mm was used to launch the beam into the waveguide. A second ZnSe objective
with a 6 mm focal length was used to couple the output light onto a Spricon Pyrocam II1
Series camera. The use of these mid-IR cameras ensured efficient coupling into waveg-
uide core so that the fundamental mode was primarily excited. Finally, both the input
and output power were measured using a PbSe pre-amplified photoconductive detector.

A conventional graded neutral density silica attenuator was used to control the input
power.

The Ge-on-Si waveguide was first characterised at 1.94 ym using a fibre laser (AdValue

Photonics AP-ML) which is near the band edge wavelength (~ 2pum). Similar to the
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Figure 6.6: Normalized output power as a function of coupled input peak power
showing the onset of nonlinear absorption. The solid curve is the simulated fit
obtained via solving Equations 5.4 and 5.5.

carrier lifetime measurement, TPA is mainly occurred in the taper area of the Ge-on-Si
waveguide. The effective mode area A.g was estimated to be around 10 um? at the
pump wavelength using a full vector finite element method for the taper with 10 x
2.25 um cross section as shown by the SEM image in the inset of Figure 4.8. Figure 6.6
shows the normalised measured output power as a function of coupled input power
demonstrating the characteristic optical limiting behaviour associated with strong TPA
induced absorption. Again, the transmission data is fitted by the theoretical simulations
using the simplified coupled-mode Equations 5.4 and 5.5. It is worth noting that the
length of the Ge-on-Si waveguides used for these measurements were shorter than the
dispersion length and the simplified set of equations could be used. By applying the
same fitting method with the pre-determined parameters in Table 6.1, the value of ..,
is found to be 1240cm?/GW, which is in excellent agreement with the simple band
model prediction in Figure 6.2. A large value found for 3., at this wavelength which
is close to band gap edge of the germanium material. This value is around three orders

of magnitude larger than that of silicon at its peak value.

6.2.5 Nonlinear absorption across the TPA edge

In order to fill some of the spectral “gaps” left by the previous reports of B,,, in
germanium, the nonlinear absorption measurements were extended to other preselected
wavelengths from 1.9 to 3.7 um, i.e. across the entire TPA window. For each wavelength,
the output power was recorded as a function of coupled input peak power and the
results are plotted in Figure 6.7. For all the wavelengths up to 3.4 um, it is obvious
that the output power saturates due to the strong nonlinear absorption caused by TPA.
In contrast, the largely linear trend exhibited for the longest wavelength (A = 3.7 ym),
which continues up to input power of 6 W shown in Figure 6.7(b) indicates that TPA is
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Figure 6.7: (a) Nonlinear absorption measurements for the wavelengths given
in the legend. The solid curves are the simulated fits obtained via solving Equa-
tions 5.4 and 5.5 for the corresponding wavelength. (b)The complete transmis-
sion curve for pump wavelength at 3.7 pm.

essentially negligible at this wavelength. As a result, this data provides an indication of
the TPA edge of the germanium material, which is likely to be in the region of 3.7 um, or

E4/2 ~ 0.335eV. These results were in good agreement with the direct bandgap energy
of germanium.

The linear loss used in the simulations are from Figure 4.9. o(\) is calculated via the
Drude model based on the measured results from [84], as discussed in Section 6.2.2.
The corresponding values obtained for the TPA parameters are plotted as a function of
wavelength in Figure 6.8. These results show that the 3., initially drops sharply from
1240 £ 50 cm/GW down to 50 £ 10cm/GW as the wavelength increases from the edge
of the germanium transmission window to the mid-IR regime. Eventually the value of
Brpa reaches a negligible value of 1+ 0.5cm/GW at the wavelength of 3.7 um. This
trend of decreasing (., is as what would be expected for wavelengths across the TPA

window, and specifically, this would be also expected to drop to a negligible value as the

Table 6.1: Pre-determined parameters at 1.94 yum of the Ge-on-Si waveguides
for nonlinear characterisation.

Property Units Value
Length cm 1.2
Linear Loss dB/cm 6
Effective Area wm? 10
Carrier Life Time ns 18
FCA Coefficient cm? 4 x 1017
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Figure 6.8: TPA parameter as a function of wavelength extracted from Fig-
ure 6.7 and data points from Refs. [82] (rectangle), [83] (crosses), and [84]
(diamonds). The dash line is the theoretical fitting for all the measured results.

wavelength approaches the TPA edge (A = 3.7 um), where the sum of the energies of the
two photons is no longer sufficient to span the bandgap. These measured 3., values
are consistent with the values reported by Zubov, Gibson et al. and Rauscher et al. in
the wavelength region from 2.6 to 3.0 pm. These earlier 3., values are plotted along
with the measurements from this work, together with the two-band model based upon
the direct bandgap of germanium, by changing the fitting factor K in Equation 6.1 as
shown by the dash line in Figure 6.8. As it can be seen, the very high .., values for
germanium from 1.9 to 2.6 ym are in excellent agreement with the theoretical prediction.
In this work, the slow roll off the TPA parameters at longer wavelengths is due to the
both indirect and direct bandgap energy of Ge and the larger measurement errors at

longer pump wavelength.

I believe that this systematical study of the dispersion of the 3., values in the Ge-on-Si
waveguides, it will provide useful information regarding the potential to migrate these
applicaions to the Ge-on-Si platform for the mid-IR wavelengths. In Sections 6.4.2,
the demonstrations of all-optical modulation of mid-IR wavelengths are presented as
an example of these TPA based application in the Ge-on-Si waveguides with strong

nonlinear absorption.

6.3 Figure of merit

As discussed in Section 5.4, a FOMyy, can be defined as the normalised ratio of the Kerr
coefficient ny to the TPA parameter 3,,, and used to evaluate the potential value of the
nonlinear waveguides. Although the investigations of the ny parameter in the Ge-on-Si
waveguides are still on-going, the FOMxyy, can be estimated using the measured ..,

and the theoretical predicted curve for the dispersion of ny in Figure 6.9(a) from which
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Figure 6.9: (a) Predicted dispersion of Kerr nonlinear coefficient ny. (b) Theo-
retical FOMyy, dispersion.

has been taken from Ref. [29]. The predicted dispersion of the FOMyy, is shown in
Figure 6.9(b). Similar to silicon, germanium is expected to exhibit a monotonic increase
in the FOMyry,. As the wavelength approaches the TPA edge, it shows a much higher
order increase compared with silicon. It is worth noting that the effect of the MPA
absorption on the FOMyy, was ignored as it has minimal impact at these waveguides
[176]. As the Kerr nonlinearity remains large even for wavelength beyong the TPA edge,
the use of Ge-on-Si waveguides for nonlinear applications can be exploited in the TPA
free wavelength regime. From the rapid increasing trend of the predicted FOMyy, curve,
the great potential of the Ge-on-Si platform for exploiting nonlinear effects especially
for wavelength beyond 4 ym drives our further investigations moving towards to longer

wavelengths in the mid-IR.

6.4 All-optical modulation

6.4.1 Free carrier absorption based modulation

Similar to what has been demonstrated in silicon devices [177], the plasma dispersion
effect in germanium can be used for all-optical modulation. In this section, I have
extended the pump-probe experiments used in the lifetime measurement for different

wavelengths, thus demonstrate all-optical modulation in the Ge-on-Si waveguides.

6.4.1.1 Modulation setup

To demonstrate all-optical modulation in the Ge-on-Si waveguides, a series of pump-
probe experiments were undertaken across the 2 — 3.2 um wavelength region using two
different sources. The experimental set-up is based on the free carrier lifetime mea-

surement, with a slight modification to the collection of the output signal, as shown in
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Figure 6.10: Experimental setup to demonstrate all-optical modulation in the
Ge-on-Si waveguides. ATT, attenuator, BS, beam-splitter, O1 & O2, microscope
objective lenses.

Figure 6.10. The low power signal was provided by either the Cr?*:ZnSe laser (IPG
Model SETL-Cr-ZnSe-2300-1000) or the Aculight CW OPO so that modulation could
be investigated over the selected wavelengths of A = 2.01, 2.6, 3.0, and 3.2um. In
all cases the pump and probe beams were combined with a pellicle beam-splitter (BS)
before coupling into the waveguide using an appropriate objective. As the the silica
coupling objective and lens taper was impossible to use for the longer wavelength, an
aspheric chalcogenide lens with a focal length of 1.875 mm was used to couple light from
the OPO. The output was then collected via a ZnSe objective with a 6 mm focal length.
A PbSe detector was used to measure the power change of the modulated light, which

can be used to estimate the total absorbed power.

6.4.1.2 Modulation results and discussions

Although it is not possible to directly measure the modulation depth with any of our
detectors, it can be estimated from the lower bound in the exponential fit (shown in
Figure 6.4) as the pump induced carrier generation can be regard as instantaneous
when compared to the slow recovery time [25]. From Figure 6.4, the modulation depth
is around ~ 4 dB at a pump wavelength of 2.01 um close to the band edge. The remaining
measurements were then conducted within the lower loss, longer wavelength region for
A = 2.6 um and 3 um, and 3.2 pm using the CW OPO. As plotted in Figure 6.11(a), the
maximum extinctions at these wavelengths are 4.6dB , 4.8dB and 5.1 dB, respectively.
The trend of increasing modulation depth for increasing wavelength is due to the larger
FCA coefficient and the larger mode size in the longer wavelength region [175]. Thus,
this observation is promising for applications extending even further into the mid-IR.
Figure 6.11(b) then shows a plot of the modulation depth as a function of the pump
pulse energy for the longest signal wavelength of 3.2 ym, showing the expected trend of
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Figure 6.11: (a) Modulation depth as a function of pump wavelength. (b)
Modulation depth as a function of pump pulse energy for a signal wavelength
of A =3.2um.

increasing modulation for increasing pump power. The highest modulation depth 5.1dB
was only limited by the available pump energy. However, in this free carrier absorption
based modulation, the modulation rate is determined by the lifetime, thus the operation
speed will be on the order of ~ 50 MHz.

Unfortunately the speeds of this modulation scheme will always be limited by the free
carrier lifetime, which typically ranges from tens of picoseconds in nanoscale silicon wires,
to hundreds of nanoseconds in micron-sized waveguides. As germanium has better carrier
mobility [179], the germanium based device is expected to have faster modulation speed.
However the carrier lifetime in the first generation of the Ge-on-Si waveguides is still at
the order of nanoseconds due to large waveguide dimension. This could be increased by

simply reducing the waveguide dimensions or by applying free carrier sweep-out [178].

6.4.2 Cross-absorption modulation using two-photon absorption

In an effort to increase the modulation speed, an experiment focused on a TPA based
absorption modulation scheme was undertaken. S, is associated with the (3 nonlin-
ear process which is ultrafast. The ultrafast nature of TPA can be exploited to realize
a number of all-optical processing functions such as pulse shapers, logic gates, modu-
lators, switches and detectors [145, 180]. A high-speed, all-optical XAM process using
a simple pump-probe experiment can be demonstrated in the Ge-on-Si waveguide by
exploiting the large .., parameter at ~ 2 um. This method is capable of achieving a
high temporal resolution when combined with lock-in detection. As this scheme is based
on TPA, one photon from the high intensity pump is combined with another from the
weak probe so that there is enough energy to span the bandgap and to be absorbed.
As a result, photons will be removed from the probe that are otherwise too weak to

induce TPA, producing a modulation that is an inversion of the pump. The probe pulse
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Figure 6.12: Experimental setup to demonstrate all-optical modulation using
TPA in the Ge-on-Si waveguides. Optical delay line (ODL), Autocorrelator
(AC), Photodiode (PD), Lock-in amplifier (LA), Frequency driver (FD), Micro-
scope objective lenses (O1 & O2) and beam-splitter (BS).

can be a small fraction of the pump pulse so that the pump and signal wavelength are
the same (i.e. degenerate TPA), or may involve a different wavelength signal pulse (i.e.
non-degenerate TPA). In this section, only the degenerate case is considered because

there were not two different sources with the same repetition at these long wavelengths.

6.4.2.1 Experimental setup for cross-absorption modulation

The setup for this experiment is illustrated in Figure 6.12. A mode-locked fibre laser
(AdValue Photonics AP-ML) was used to generate optical pulses with 25 MHz repetition
rate at 1.94 yum and was amplified using a custom built thulium-doped fibre amplifier
to boost the power [181]. The amplified pulse has a duration of 5 ps FWHM. The laser
light was then split into a high power pump pulse (maximum 10 W coupled peak power)
and a weak probe pulse (~ 10mW coupled peak power). A variable time delay was
introduced between the probe and pump pulses by a retroreflector prism mounted on
a motorized stage. The probe was modulated using an optical chopper so that a lock-
in amplifier could be used to discriminate between the pump and probe signal. The
pump and probe beams were then combined with a pellicle beam-splitter (BS) before
coupling into and out of the waveguide using two 40 x silica objective lenses with a
numerical aperture of 0.65. The transmitted output power was measured using a PbSe
pre-amplified photoconductive detector via the lock-in amplifier over continuous scans

of different time delays.
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Figure 6.13: Measured nonlinear absorption of the weak probe pulse (blue
crosses) together with the simulated fit (black line).

6.4.2.2 Modulation results and discussions

Once again, as this work are primarily interested in the power evolution, by ignoring
the effects of spectral modulation, this process can be described by simplified coupled
NLSEs as [141]:

DAs(t, 1
726(2 z) = —%AQ(t,Z) — §O-FCANC(t7 Z)AQ(t, Z) - IBTPA-Zl(t7 Z)AQ(t7 2)7(6'28‘)
3[1(t, Z)

5, = —ayly(t,2) — opcaN(t, 2) 11 (t, 2) — Breali(t, 2). (6.2b)

In these equations, As(t,z) is the field amplitude of the probe, I (t, z) is the intensity
profile of the pump, N.(¢, z) is given by Equation 5.5 with I = I, and the low power

probe is assumed to have a negligible influence on the pump.

Figure 6.13 plots the absorption of the probe as a function of delay for a coupled pump
peak power of 10 W, corresponding to only 4mW of average power. The measured
response clearly shows that the ultrafast absorption due to TPA occurs on the timescale
of the pump pulse, thus allowing for modulation speeds of up to ~ 200 GHz for our
5ps pulses. It is worth noting that this could be made even faster by employing sub-
picosecond pulses (THz speeds). However, it is clear from the slower recovery seen on the
tail of the response in Figure 6.13 that our current set-up will ultimately be limited by the
slow free carrier recombination time, as discussed in Section 6.4.1. Again this could be
mitigated by applying a simple carrier sweep-out scheme. Fitting the response curve with
Equation 6.2 and Equation 5.5 and frpa = 1280cm/GW from Figure 6.8, an excellent
agreement (solid line) is obtained, thus providing further verification of the results of the

TPA characterization. Although similar modulations have been demonstrated in silicon
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Figure 6.14: Modulation depth as a function of coupled input pump peak power.

based waveguides, this is the first demonstration of ultrafast modulation via TPA in this

Ge-on-Si waveguide platform.

Repeating these measurements for different pump powers produces the expected trend
of increasing modulation depth for increasing power, as shown in Figure 6.14. The solid
line is obtained from the simplified equations and the carrier rate equation which is
in good agreement with our measured modulation depth. I note that the high power
roll-off is associated with the saturating pump. The maximum extinction ratio of 8.1 dB
is the highest reported in any of the group IV waveguides to date [182, 183], which
is most likely due to the very large nonlinear absorption accessed in this experiment.
Furthermore, as frpa remains strong (compared to silicon) throughout the 2 — 3 ym
pump range, it should be straightforward to extend this scheme to develop high-speed,
high-extinction modulators across this important wavelength region for the potential

applications i.e. 2 um optical communications.

6.5 Conclusions

In this chapter, the nonlinear transmission properties of Ge-on-Si waveguides have been
characterized across a transmission window in the mid-IR regime. The dispersion curves
obtained for the 3., parameter are in good agreement with the theoretical predictions
and early reports in the literature. All-optical modulation of the mid-IR light has been
demonstrated for selected wavelengths across the 2 — 3.2 um region by both the FCA
and TPA absorption schemes. The modulation depth obtained is as high as ~ 8dB,
at speeds of tens of MHz (for the FCA-based modulation) to hundreds of GHz (for the

TPA-based modulation). Since these waveguides have been shown to exhibit low losses
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that are relatively independent of wavelength over the range 2 — 3.8 um, I expect that
the transmission region should extend well into the mid-IR. Thus it should be straight-
forward to apply these absorption based modulation schemes to longer wavelengths to
develop integrated devices for sensing and spectroscopy applications. I expect that con-
tinued efforts to understand the properties of this highly nonlinear material will play a

key role in the development of future mid-IR systems.



Chapter 7

Conclusions

7.1 Summary of the thesis

My PhD project has met the objectives of testing novel semiconductor waveguide plat-
forms for the mid-infrared (mid-IR) regime. Two particular waveguides have been inves-
tigated in this work; semiconductor core optical fibres and germanium-on-silicon (Ge-
on-Si) rib waveguides. The semiconductor core fibre platform offers the capability of
combining the flexible light guiding ability of fibres with the rich optoelectronic func-
tionality of semiconductors in integrated fibre geometry. While germanium offers the
ability to extend the current existing silicon base integrated photonics circle to the
mid-IR regime. Moreover, compared to silicon, germanium offers a number of other
advantages such as broader transparent window, higher nonlinear and the potential to

produce active devices based on germanium-based alloys.

In this thesis, the linear transmission characterisations of semiconductor waveguides
have been presented. The limitations of the transmission window are the same for these
two types waveguides, which are due to the absorption of the cladding material (3.8 ym
for silica cladding and 7.8 um for silicon substrate), thus the transmission window can
be extended to longer wavelengths by carefully designing the waveguides to decrease
the optical mode leakage to the cladding. Investigations of nonlinear properties of the
silicon and germanium waveguides in the mid-IR are the focus of this work as they can be
exploited to develop a large range of functional optical devices. The fabrication process
and linear optical properties characterisations of the two aforementioned semiconductor
waveguides are introduced in Chapter 4, whereas the nonlinear properties and associated
applications are included in Chapter 5 and Chapter 6 with particular emphasis in the

mid-IR wavelength region.

In Chapter 4, the fabrication techniques used for depositing the semiconductor optical

fibres, namely high pressure chemical vapour deposition (HPCVD), was introduced in
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detail. In terms of core materials, silicon and germanium core fibres were fabricated
and they showed different optical properties. For the a-Si:H fibres, two particular fibre
core sizes (6 um and 1.7 um) were studied. Using the HPCVD process, hydrogenated
amorphous silicon (a-Si:H) and polycrystalline silicon (p-Si) can be deposited under
different temperatures. Specifically, a-Si:H core fibre can be fabricated by keeping the
temperatures below 450°C as it is below the nucleation temperature 520 °C of silicon
and can suppress out diffusion of hydrogen to passivate the dangle bonds. The a-Si:H
core fibres exhibited low linear optical losses over the entire wavelength range from near
infrared to the mid-IR regime. The lowest loss measured for the 6 yum core diameter
fibre was 0.29dB/cm at 2.7 ym, which is a significant decrease from those measured in
the near infrared wavelength regime. The 3dB/cm loss measured for the 1.7 um core
diameter fibre was slightly higher than that of the 6 um core fibre, however, it decreased
to 0.8dB/cm at 2.4 pm.

For p-Si core fibres, they can be fabricated by post annealing the a-Si core fibre. The
two-step annealing method used in this thesis improved the optical properties compared
with the previous single step method. A reduction of a few dB/cm in linear loss was
demonstrated over the entire wavelength regime thus making the lowest loss 0.99 dB/cm
at 2.2 um. This is just below the threshold of 1dB/cm often considered necessary for

many photonic and optoelectronic applications.

Hydrogenated amorphous germanium (a-Ge:H) core fibre can also be deposited using
HPCVD. By keeping high hydrogen content thereby passivizing dangling bonds, it leads
to a decrease in the number of scattering centers and ultimately the optical loss was

reduced by an order of magnitude.

The germanium rib waveguides were fabricated on the Ge-on-Si wafer with different
germanium film thicknesses. The Ge-on-Si waveguide exhibited loss values at a few
dB/cm that are relatively independent of wavelength over the range of 2 to 3.8 um. The
lowest loss was measured to be 2.5dB/cm at 3.8 um in a Ge-on-Si waveguide designed

to have an etch depth of 1.2 ym and a core width of 2.25 ym.

In Chapter 5, nonlinear transmission properties of a-Si:H core fibres were characterized
from the near infrared up to the edge of the mid-IR regime. The results revealed that the
two-photo absorption (TPA) coefficient 3., drops sharply from 0.70 cm/GW at 1.5 ym
down to a negligible value of 0.05cm/GW as the wavelength approaches the mid-IR
regime (1.95 - 2.15 um). The values of the Kerr coefficient ny were also estimated by
studying the spectral broadening induced by self-phase modulation (SPM) over this
wavelength range. The results have shown that no reaches a peak value at 1.75 um
which is estimated to be the TPA edge of the a-Si:H material. All of the no values
stay in the range of 1.2 — 1.75 x 10713 ecm? /W, which is in the upper range compared
to other a-Si:H and c-Si platform. By measuring the dispersion of the nonlinear Kerr

and TPA parameters I have found that the nonlinear figure of merit (FOMxyy,) increases
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dramatically over this region, with FOMyy, > 20 at around 2pum and above. This
characterization demonstrates the potential for a-Si:H core fibres to find use in nonlinear

applications in the mid-IR regime.

The superior nonlinear properties of the a-Si:H core fibres were exploited to demonstrate
the supercontinuum generation. A a-Si:H core fibre, with 1.7 um core diameter, was
used to demonstrate a broadband supercontinuum that extends from the edge of the
telecommunications band into the mid-IR (1.64 to 3.37 um). The supercontinuum was

seeded by cascaded four-wave mixing (FWM) and subsequent pulse break-up.

In Chapter 5, TPA in a Ge-on-Si waveguide was characterised for the first time for a range
of wavelengths across the wavelength range (2 - 3.8 um). The results show that the TPA
parameters in germanium waveguides are much stronger than the peak values in silicon,
which is in good agreement with selected measurements conducted in bulk materials.
The Ge-on-Si waveguide exhibited a relatively long carrier lifetime 7 ~ 18 ns, although
it is still faster than what has been measured for silicon waveguides with similar micron
sized core dimensions. As the carrier lifetime is related to the waveguide dimensions,
it could be reduced by scaling down the waveguide size. All-optical modulation has
been demonstrated using the FCA for over the mid-IR wavelength range of 2 to 3.2 ym,
with extinctions up to 5dB. The speed of this modulation scheme was limited by
the slow carrier lifetime. However, by exploiting the high TPA parameter directly, a
high-speed (picosecond) TPA-based cross-absorption modulation (XAM) scheme was
demonstrated, obtaining a modulation extinction ratio of 8dB for only 10 W coupled
peak power. These results present the first step toward the design and development
of nonlinear optical devices in germanium-based waveguides for applications across the

increasingly important mid-IR regime.

7.2 Future work

Mid-IR photonics is still an emerging field with numerous exciting possibilities exist-
ing for future studies. Possible future work could go in two directions, (i) completing
the knowledge of characterisation of the optical properties of silicon and germanium in
the mid-IR regime, and (ii) exploiting novel applications based on the semiconductor

waveguides. Several examples of the possible future research work are listed here.

1. Dispersion engineering in silicon core fibre. The accurate dispersion properties of
the silicon optical fibre is yet to know. Hence, measuring the dispersion properties
of the silicon optical fibres will provide the key parameters necessary for a range of
applications such as pulse shaping. Better understanding of the dispersion proper-
ties will also be useful for a more accurate analysis of supercontinuum generation

introduced in Chapter 6. Furthermore, the silicon fibre platform can capitalise off
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the broad array of existing silica optical fibres hence introduce the hollow core pho-
tonic crystal fibre (PCF). Using these as templates for deposition, this approach
will provide us the capabilities allow for dispersion engineering beyongd what is
possible with step index fibres. Some preliminary work has been conducted to
fabricate silicon PCFs which exhibited novel optical properties. I anticipate that
by making use of the PCF designs it should be possible not only to observe, but

also to optimize the full range of nonlinear optical effects in silicon optical fibres.

2. Nonlinear photonics in germanium. Germanium is a promising material choice for
the mid-IR. However, many of its optical properties especially nonlinearities are not
yet well known. The work in this thesis presented the first systemic measurements
of the nonlinear absorption in Ge-on-Si waveguides. Now characterisations of the
Kerr nonlinear coefficient no are required to obtain a comprehensive knowledge of

the fundamental nonlinear properties.

3. Exploiting even longer wavelengths in the mid-IR regime. In this work, the investi-
gations are conducted in the wavelength range from the near infrared up to 3.8 um
which is just past the short wavelength edge of the mid-IR regime. Although there
are some reports for germanium waveguides of even longer wavelengths around
5 pm, there is still a very broad unexploited spectral regime, including the 8 to
14 pm “finger regime” which is of particular importance for biomedical applica-
tions. To access these longer wavelength parts of the mid-IR waveguide I will
have to design novel waveguide structures or incorporate new materials as sili-
con is lossy beyond 8 um. For example, suspended germanium or germanium on
chalcogenide platforms could allow the transmission window to extend over the

wavelength range from 2 to 14 pym.

These further investigations will update our understanding of the basic optical properties
of these two mid-IR waveguide platforms. By putting continuous efforts in optimising
the waveguide fabrication process and exploiting novel waveguide designs, I anticipate
that potential mid-IR photonic devices could built on these semiconductor waveguides

in the future.
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