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ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES
Optoelectronics Research Centre

Thesis for the degree of Doctor of Philosophy

POLYCRYSTALLINE SILICON WAVEGUIDES FOR INTEGRATED
PHOTONICS

by Yohann Franz

Silicon photonics is an expanding domain of research since its booming a decade ago. Leveraging
decades of research and development from the electronics industry, silicon photonics is the ideal
candidate to overcome the bottleneck that microelectronics is facing with regard to the interconnect
bandwidth limitations. In addition to being a platform compatible for both photonics and electronics,
silicon is transparent in the mid-infrared regime, has a high refractive index for tight light
confinement (i.e., small footprints), and presents a high nonlinear refractive index that is of high
interest for optical signal processing applications. However, the integration of a silicon photonic
layer is still challenging due to either the deposition flexibility or the material quality.

In this thesis, a technique is presented to integrate a silicon layer with the deposition flexibility of
amorphous silicon and the material quality of crystalline silicon, whilst being low-cost and having a
thermal budget of < 450 °C making it compatible with the CMOS technology. Using a laser
treatment, the as-deposited amorphous silicon is locally crystallised into polycrystalline silicon, a
composite material of made of crystalline silicon crystallites surrounded by an amorphous silicon
matrix. Both film and wire structures are processed and the material quality is assessed through
optical microscopy, Raman spectroscopy, and X-ray diffraction. The optical quality of the

polycrystalline wire waveguides is also investigated in the linear and nonlinear regime.

In parallel to the planar silicon photonics geometry, silicon core fibres are also investigated in this
work. These novel fibres offer the capability to integrate the functionality of silicon photonics
platforms directly inside fibre architectures. Amorphous core fibres can be drawn with the lowest
losses but as for the planar geometry, the material lacks electronics capabilities. On the other hand,
polycrystalline silicon core fibres, which are suitable for both optical and electrical applications, can
be drawn but their propagation losses remain high. In this work, two silicon core fibre material
improvement methods, based on laser recrystallisation and tapering, are presented. To assess the
material improvement, fibres are analysed through optical microscopy, Raman spectroscopy and X-
ray diffraction. Finally, the optical losses of the improved fibres are measured on an optical

transmission setup.
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Chapter 1

Introduction

1.1 Introduction to silicon photonics

Profiting from decades of research and development in electronics, silicon is the semiconductor that
has been hoisted as the leading material for microelectronics and is now the backbone of most of
integrated chips. In the early 1980s, silicon was introduced as an optical material as, in addition to
its electronics capabilities, it also possesses many attractive optical properties such as a high
refractive index (ng; = 3.45) for strong mode confinement, a broad transparency window covering
the telecommunication wavelengths, and high nonlinear coefficients useful for signal processing
applications [1]. One of the key advantages of silicon as an optical medium is its potential for
integration with electronics via the already well-developed silicon on insulator (SOI) technology.
Therefore, silicon photonics emerged with the pioneering work done by Soref et al. [2], from which
several milestones were achieved with silicon-based waveguides, modulators and switches [3][4].
However, silicon photonics really started to boom in the 2000’s when limitations began to appear in
microelectronics due to the growing bandwidth demand for communications [10][11]. With the metal
interconnects tending toward their physical limits, optical solutions with higher bandwidth capacities
have been explored within silicon photonics [7][8][9]. Leveraging the mature electronics silicon
technology, silicon photonics developed rapidly and today, many building blocks for photonic
circuitry are now available on the SOI platform. Light in silicon can be guided in micrometre and
sub-micrometre waveguides [10][11], modulated using Mach-Zehnder interferometers [12] or ring
resonators [13] and recently, light has also been generated in silicon-based lasers despite the

challenging indirect band gap present in silicon [14][15]. For detection, silicon being transparent at
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telecommunication wavelengths, the incorporation of other materials such as group -V

semiconductors or germanium, is commonly used in the fabrication process [16][17].

Nevertheless, co-integrating both electronics and photonics on the same chip is still an ongoing work.
As of to date, the solutions that have been proposed are still too expensive to compete with the very
large scale integration process of microelectronics. Depending on the targeted application, different

silicon allotropes and processing techniques are still being investigated.

1.2 Polycrystalline silicon as a promising material

Solid silicon comes in two allotropes: the amorphous form (a-Si) and the crystalline form (c-Si). The
first one, in addition to being a low loss material when doped with hydrogen [18] [19], can easily be
back-end integrated, stacked on-top of a pre-existing chip or substrate, onto a large variety of
substrates using chemical vapour deposition (CVD) techniques with processing temperatures as low
as 100 °C [20], [21]. In the electronics industry, many samples have a 450 °C thermal budget to
prevent the deterioration of metallisation contacts [22]. However, a-Si is a poor material for
electronic functionality and, when exposed to high optical intensities, the material quality can
degrade because of the Staebler-Wronski effect [23][24]. The alternative is to use c-Si materials that
can be used for both electronics and photonics applications and has low optical losses. However, the
lack of deposition flexibility of c-Si materials, that has to be either grown epitaxially or sample
bonded, makes the integration of a photonics layer difficult. Also, due to the different SOI thickness
standards between electronics and photonics, the front-end integration is expensive as it requires
local BOX layer modifications for the light to be sufficiently isolated from the substrate [25], whilst
the large photonics footprint, compared to electronics, reduces the integration density [26].
Furthermore, although c-Si photonics layers can be back-end integrated using a thin film transfer
technique such as bonded SOI or SmartCut, these methods have processing temperatures that are
usually incompatible with CMOS substrates [27], [28]. Flip-chip method has also been used but

requires high precision during the tedious manual peeling and alignment steps [29].

Fortunately, an intermediate silicon material offering the deposition flexibility of the a-Si whilst
having material and optical properties close to the c-Si exists. Polycrystalline silicon (p-Si), is a
composite material formed of crystalline silicon grains surrounded by an amorphous silicon matrix.
Depending on the size and number of crystals present in the p-Si, different degrees of crystallinity
can be defined as represented in Figure 1.1. For the low-crystallinity p-Si, the crystal boundaries,
which are composed of amorphous material with dangling bonds and impurities, generate a lot of
losses by scattering both photons and electrons [30], [31]. For high-crystallinity p-Si, the larger and
less numerous crystals result in a reduction of the lossy crystal boundaries, thus the material is

tending toward crystalline-like material.
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low-crystallinity high-crystallinity

p-Si p-Si c-Si

Figure 1.1: Different degrees of crystallinity for silicon material.

Since pioneering work on polycrystalline photonics [32], much progress has been made on both
passive and active devices [33][34][35]. However, because the fabrication process of p-Si devices
either involves the CVD of amorphous silicon material at high temperature to ignite crystallisation
during deposition, or the post heat treatment of an as-deposited a-Si layer, the high thermal budget
is usually incompatible for back-end integration on many substrates such as CMQOS chips. At
temperatures beyond 450 °C, the metallisation layers can be damaged and the dopants can diffuse
[22]. To address this issue, laser crystallisation has been investigated to locally heat treat the material
by focusing a laser beam onto a-Si surface. Using this technique, the melted a-Si recrystallizes into
p-Si whilst the substrate, which can have a low thermal budget, is protected from the heat front by a
CVD silica layer [36]. Based on this method, p-Si thin film transistors (TFTs)[37] and waveguides
[38] have already been developed but further work has to be realised to reduce the losses of these p-
Si devices. The development of this method for the fabrication of high crystallinity p-Si waveguides
with a low thermal budget is the focus of this research. This project was supported by the recent
observation of 200 um long crystals in silicon core fibres laser processed by our group at this time.

1.3 Introduction to optical silicon core fibres

In parallel to the development of planar silicon devices, silicon photonics has recently been
introduced to the fibre geometry [39][40][41]. Based on different fabrication methods, silicon core
fibres have losses now competing with their planar counterparts and are of great interest for nonlinear
applications due to their potential for long interaction lengths combined with the high nonlinear
coefficient of silicon [42][40][43]. In addition, the silicon core fibres also have high damage
thresholds. Furthermore, the seamless integration of these waveguides with well-developed
conventional silica fibre technology opens up the road to all-optical fibre systems and optoelectronics
devices with junctions and other electronic functions directly written into the fibre [40][44]. The
effort put in the development of optical silicon core fibres is represented in Figure 1.2(a) where both

publications and citations numbers are growing since 2006.

Silicon fibres can be drawn either by high-pressure CvVD (HPCVD) or by the molten core drawing
(MCD) technique [39][42]. Whilst the later only allows for the drawing of large cores with p-Si
material, the first technique can produce both a-Si:H and p-Si core material, depending on the

processing temperature, and gives access to micrometre core sizes. Figure 1.2(b) shows the progress
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realised on the material quality with the propagation losses for different drawing techniques and
materials. As for the planar geometry, a-Si:H has the lowest losses but lacks electronics capabilities
[43]. On the other hand, p-Si losses are improving with the MCD techniques, but further progress is

still required on improving the material quality.

As for the planar geometry, the purpose of this thesis is to improve the material quality of these p-Si
core fibre. Starting with MCD silicon core fibres, two different improvement techniques will be used:
laser processing, which consists of recrystallising p-Si crystals into larger crystals [45], and tapering,

which uses a heat treatment to increase the crystal sizes whilst simultaneously the reducing core size

[46].
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Figure 1.2: (a) Progression in time of silicon optical fibre journal publications and
citations, (b) Optical propagation losses progress in the silicon optical fibres fabricated

by both HPCVD and MC methods; dashed lines are given as guides to the eye. (from
[39], [42]-[45], [47]-[51])

1.4 Thesis outline and contributions

Chapter 2 presents a brief background to optical waveguiding and silicon-based waveguides. It
begins by describing how an optical wave propagates within a rectangular structure in the case of a
planar waveguide, and within a cylindrical structure in the case of a silicon core fibre. The mode
distribution is then detailed with emphasis on some particular parameters such as the mode area or
optical dispersion. Later, the different silicon based materials used in waveguiding are discussed with
an emphasis on silicon nitride, amorphous silicon, crystalline silicon and polycrystalline silicon. A
description of polycrystalline silicon deposition techniques and their optical losses is finally made to

position this project.
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Chapter 3 describes the different tools used to fabricate and characterise the different waveguides
presented in this thesis. Starting with planar waveguides, both plasma-enhanced and hot-wire CVD
techniques are introduced. Then, photolithography and e-beam lithography processes for mask
transfer are presented along with the etching step. The second part describes the fabrication process
of and MCD fibres. Finally, the characterisation methods are introduced, starting with the
instruments used to estimate the material quality of the waveguides fabricated for this project. Both
Raman spectroscopy and X-ray diffraction techniques are described along with a brief review of their
operation principle to explain how the results are extracted from their data. Then, the tools used for
optical characterisation are presented along with a description of a sample facets preparation for
analysis. Once the presentation of the different elements used in our optical transmission setup have
been presented, the chapter ends with a summary of the different planar samples generations and
their individual characteristics used during this thesis.

Chapter 4 is dedicated to the experiments and results obtained on laser crystallisation of thin silicon
films. Serving as a preliminary work to validate our laser writing setup, different parameters such as
laser scanning speed and laser power are investigated. Following laser processing, the samples are
characterised through optical microscopy and Raman spectrometry before being sacrificially etched
in an acidic solution to reveal our first observation of silicon crystal grains. The chapter ends on the
presentation of direct laser writing of optical devices onto silicon using our 2D stages. This last
experiment serves as a proof of concept and is not investigated in more details as it is not part of this

project.

Chapter 5 is a comprehensive summary of the experiments undertaken on patterned silicon
waveguides along with their results. The first part of this chapter studies the influence of the different
fabrication parameters such as silicon film thickness or the width of the wire waveguide. From these
results, the last and most optimised sample generation is used for a full characterisation. In addition
to the microscope observations and Raman measurements, X-ray diffraction and optical loss
measurements are used to assess the p-Si material quality after laser processing. As in the case of the
planar samples, some samples are sacrificed into an acidic solution to reveal different crystals
patterns, with the largest crystals observed for the most optimised waveguide and laser processing
parameters. Finally, with optical losses being low enough, preliminary nonlinear measurements were
performed to assess the quality of the processed waveguide for the observation of nonlinear

dynamics.

Chapter 6 presents the work undertaken on the fibre platform with MCD silicon core fibres. The first
part of this chapter focuses on a p-Si fibre recrystallized by laser processing. The material quality of
the fibre after laser recrystallisation is assessed through X-ray diffraction and optical loss
measurements. Results show that by adjusting the laser scanning speed and power, larger crystals
can be obtained, thus revealing a higher material quality with lower losses. The second half of this

chapter presents the results on tapered silicon core fibres. After a brief description of the setup used,
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the material improvement is assessed through Raman spectroscopy, X-ray diffraction and optical loss
measurements. All these results reveal a clear material quality improvement in addition of a tunable
final core size. A last experiment consisting of removing the silica cladding reveals a smooth

core/cladding interface.

Chapter 7 draws conclusions on the different results achieved throughout this thesis. High quality
low-temperature p-Si waveguides deposition, crystals observations and optical loss measurements
are the key topics discussed in the first part of this conclusion. The second part focuses of the silicon
core fibres and the improvement in crystals size and core diameter in the case of fibre laser
recrystallisation and fibre tapering, respectively. Finally, the different opportunities accessible
through the work presented in this thesis are discussed.

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

The silicon films used in Chapter 4 and Chapter 5 have been deposited by members of Dr Harold
Chong’s group in the ECS department. In Chapter 5, the a-Si wires patterned by SEM lithography
along with the silica capping when required have been produced by members of Dr. Harold Chong’s

group, particularly Taha Ben Masoud, SweZin Oo and Antulio Tarazona.

The silicon core fibre preforms used in Chapter 6 were prepared by Prof. Ursula Gibson’s group at
Norwegian University of Science and Technology and drawn at Clemson University by members of
Prof. John Ballato’s group. The laser processing of the fibres was performed by Dr. Michael Fokine
at the KTH Royal Institute of Technology and the X-ray measurements of these laser treated fibres
have been realised by Dr. Noel Healy at Diamond Light Source. The tapering of the silicon core
fibres has been realised by Haonan Ren, while the optical loss measurements of these fibres have

been jointly done by Haonan Ren and .

Finally, the Matlab code of the generalised nonlinear Schrodinger equations used in Chapter 5 for
nonlinear simulation has been originally written by Prof. Anna Peacock and has been modified by
Dr. Li Shen and Dr. Priyanth Mehta.
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Chapter 2

Background

2.1 Introduction

In this chapter, the different background elements required to understand the waveguiding and
materials requirements of this thesis are presented. It starts by describing optical waveguiding within
rectangular structures for the case of planar waveguides, and then within a cylindrical structure for
the case of the silicon core fibres. Key notions of waveguiding structures and optical mode
distribution such as numerical aperture, the wave equations, mode effective areas and dispersion are

then introduced.

The second part of this chapter details the different silicon-based material used in photonics. Silicon
nitride, hydrogenated amorphous silicon, crystalline silicon and finally polycrystalline silicon
materials are presented along with their deposition methods and the current state of art material
quality, in order to position objectives of this thesis with respect to the literature. There is a particular

emphasis for polycrystalline as this material is at the core of this project.

2.2  Optical waveguiding

2.21 Waveguide structures

In this thesis, two different waveguide geometries are used: planar-based wire waveguides and
cylindrical single core fibres. These are both illustrated in Figure 2.1 for a propagation along the z

axis. The first structure consists of a silicon wire with a height h, a width w and a refractive index n,
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deposited onto a silica substrate with a refractive index n,. Results obtained on this structure are
presented in Chapter 4 for the case of an infinite slab of silicon elongated in the x direction and in
Chapter 5 for the case of wire of width w. Results obtained on the single core fibres are presented in
Chapter 6. Optical waveguiding in both of these structures is ensured by the strong index difference
between the silicon core material and the surrounding silica/air cladding confining light in the

waveguide by total internal reflection.

(a) (b)

yTzf n, W

X

Figure 2.1: lllustrations of the waveguide structures used in this thesis. (a) planar-based

wire waveguide and (b) cylindrical single core fibre.

One of the key characteristics of these structures is their numerical aperture (NA), denoting the
maximum light acceptance angle 6 for a waveguide. NA is defined by:

NA = nsin(0) = /n% —n?, (2-1)

With n the refractive index of the incident ray medium, air in this thesis, and 6 the critical angle from
Snell-Descartes law corresponding to the transmission and reflection transition [52]. The large value
of NA for a silicon core waveguide indicates that optical rays with many different incident angles

can be collected and transmitted into the waveguide.

Another characteristic of these structures is the normalised frequency denoted by the letter V and

V=k,d ’n%—n%, (2-2)

with k, the free-space wavevector related to the wavelength A by k, = 2mt/A and d the dimension of

defined as:

the waveguide. For the wire structure, d corresponds to either the width or the height if the normalised
frequency is calculated along the x or y axis whilst in the case of fibre waveguide, d corresponds to
the core radius [27], [53]. The normalised frequency, also named V-number, is used to calculate the
number of modes optically guided in the structure thus determining if the waveguide is single mode
or multimode. For a single core fibre, the core is multimode when V > 2.405 [27] whilst for a
symmetric slab, the critical point at which the higher-order modes are cut off corresponds to V =
/2 [54]. For asymmetrical structures such as the wire presented in Figure 2.1(a), the highest

refractive index is usually used as the cladding index [55].
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2.2.2 Optical mode distribution

The distribution of the electric and magnetic fields in a waveguide can be derived from Maxwell’s
equations. By combining the different relations, the wave equations describing the electric field and
the magnetic field distributions are then obtained for either Cartesian or cylindrical coordinates
system depending on the waveguide geometry.

For a planar slab waveguide infinitely elongated in the x direction, the electric and magnetic field
distributions in the xy plane, in absence of current density, can be described using the following wave
equations [56]:

0’E

VZE = umﬁmw, (2'3)
0’H

VZH = UmEm W' (2'4)

with u,,, and g, the permeability and the permittivity of the medium, respectively. Propagating plane

waves are solutions to these wave equations, thus the electric field can be written as follows:
E(x,v,z) = E(x,y)e 1Pzel®t, (2-5)

where B is the propagation constant and e'®* represents the time dependence.

In the case of a transverse electric (TE) mode in a slab, the electric field is polarised in the x direction,
is invariant along the infinite x axis, and is periodically varying along the propagating z axis. Hence,

the electric mode distribution in this case can be described by:

E’E;;” ~ (kn? — B2)E,() = 0, @)

where ko = w/c, n; = c/l;€; IS the refractive index of the i-th medium corresponding to either the
substrate, the core, or the cladding, and ¢ = /€, is the speed of light in the vacuum related to p,

and g, the permeability and the permittivity of the vacuum, respectively. Similar equations can be

derived for H and transverse magnetic (TM) cases.

For a fibre waveguides, the electric field and wave equation in the cylindrical coordinates system are
written as follows [55]:

E(r,0,2) = E(r, 0)eBzei0t (2-7)
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0°E, 16EZ+ 1 02
dr2 r dr 12002

+ (k3n? — B?)E, =0, (2-8)

The transverse electric fields are then related to the E, and H,, fields by:

{E _ i ( JE, N Wi 6HZ)
T (k&n? - p2) or r 00

~ i B OE, oH,

kEe  (kZn?2-p?) (;% T Ol 5 )

: (2-9)

Similar equations can be derived for H [55].

For both waveguide types, the propagation constant 3 corresponds to a guided mode solution in the

structure and an effective refractive index nq is attributed to each of these modes as defined below:
B = negr Ko, (2-10)

Solutions to Equations (2-6) and (2-9) are obtained by applying the boundaries conditions at the
substrate/core and core/cladding interfaces. Whilst these solution can be obtained analytically for
simple cases such as a symmetrical slab, more complex structures such as wire waveguide usually

require numerical approach as shown in Chapter 5.

Finally, an important characteristic of an optical mode is its effective area Aq¢ Which describes the
mode distribution and confinement in an xy plane of the waveguide. In a Cartesian coordinates

system, A is defined as:

(172 1B )12 dxay]

) (2-11)
JI_ [EGy)|* dxdy

eff

This characteristic is often used to quantify the size of the nonlinear effects in a waveguide as these
are related to the intensity of the field, and thus the mode area. The effective area is also used to
estimate the coupling losses caused by mode mismatch at the waveguide facet. The second factor

influencing the loss injection is due to Fresnel back reflection, defined by:

R = (u)z (2-12)

n, + n;

with n, and n; the refractive indices of the core and incident beam medium, respectively.
223 Dispersion

In vacuum, the velocity of an electromagnetic wave is c. However, in a waveguide, the propagation

of an electromagnetic wave is governed by two different dispersion mechanisms: the material

10
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dispersion and the waveguide dispersion. The first mechanism, also known as the chromatic
dispersion, induces a frequency-dependent phase shift in the propagating wave and is represented by
n(w). This phenomenon can easily be observed during the propagation of a short temporal pulse as
the different frequency components, traveling at different velocities, participate to the broadening of
the pulse. The second mechanism is an effect of the waveguide geometry and refractive indices

combination resulting in an effective index neg.

The overall dispersion in a waveguide can be accounted for by expanding the propagation constant

[ in a Taylor series about the centre frequency wg [57]:

1 1
B(w) = Bo + B1(w—wp) + EBZ(‘D —wo)* + 633(“) —wg)¥ 4, (2-13)
where:
= d7p =0,1273
Bm = <d“)_m>w=w0 (m=0,1,2,3,..). (2-14)

In Equation (2-14), B,, is the m™" order dispersion but in this thesis, due to the short length of our
waveguides, only 3; and 3, are needed to be able to calculate the dispersion effect of an optical

pulse. The first, B, and the second, [3,, order dispersion coefficients are related to the refractive

index by:
1 1 dn
B1-V—g—z(n+wa) ) (2-15)
Ly, &' (2-16)
B2 = c\“do ¥ d0? )

The parameter {3, is related to the group velocity v, which represents the velocity at which the pulse
envelop propagates and is related to the group index ng by v, = c/ng. However, the phase velocity
is defined by vy, = c/neg. The parameter B,, referred as the group velocity dispersion (GVD),
represents the rate at which the optical pulse is spreading. If B, > 0, this is the normal dispersion
regime and red-shifted wavelengths propagate faster than blue-shifted wavelengths [58]. If 3, < 0,
this is the anomalous dispersion regime and red-shifted wavelengths propagate slower than blue-
shifted wavelengths. Finally, if B, = 0, this is the zero-dispersion wavelength and higher orders of

dispersion are required to calculate the dispersion.

In semiconductor materials, the wavelength-dependence of the refractive index is well approximate
by the Sellmeier equation defined as [59]:
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m

, AN

n“() =1+ Z—AZ — 57 (2-17)
i=1

with A; and B; the different fitting coefficients. For crystalline silicon material, the refractive index
has been fitted using [60]:

10.6684293 A? 0.0030434748 A?
32— 03015164852 T 32 — 1.134751157
1.54133408 A?
t 211042

n2() =1+

(2-18)

For the waveguide dispersion, B is usually calculated numerically by solving the Maxwell’s
equations as shown in Section 2.2.2. For each guided mode, the equation eigenvalue gives an
effective refractive index nqg can be calculated and the waveguide dispersion can be added to the

material dispersion in order to obtain the overall dispersion.

2.3  Silicon-based waveguides

In this section, different silicon-based materials commonly used for waveguide fabrication and their
basic optical properties are presented. Starting with a brief presentation of the low-loss silicon nitride,
the three different forms of silicon, represented in Figure 2.2, are introduced with an emphasis on

polycrystalline silicon and its different depositions methods.

(@) (b) (©)

Figure 2.2: Schematic of silicon atoms in three different solid forms. (a) amorphous, (b)

polycrystalline and (c) crystalline.

2.3.1 Silicon nitride

In recent years silicon nitride (SisNs) has become an attractive passive material for waveguides of
centimetre long lengths, and less, due to its flexible deposition techniques. In the past, silicon nitride
(SiN) waveguides were mainly used in the visible domain owing to the fact that the deposition
thickness was limited to ~250 nm, not high enough for infra-red (IR) structures with a refractive
index of 1.99 at 1.55 um [61]. This was because, if the structure is too high, tensile stress appears

during the deposition and forms cracks that generate a lot of loss. However, this limitation was
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2.3: Silicon-based waveguides

overcome by using low-pressure CVD with multi thermal deposition steps [62], or using PECVD

with alternate low and high frequencies during the deposition [63]. The first method demonstrated
SiN waveguides with losses below 1 dB/cm but requires deposition at 800 °C and a thermal
treatments at 1200 °C [62][64]. The later method based on PECVD results in waveguides with
propagation losses of 3~4 dB/cm at 1.55 um, but with a thermal budget below 450 °C thus compatible
for back-end integration [63][65]. By playing with the silicon/nitrogen ratio, SiN can also be
deposited at low temperature with propagation losses of ~1.5 dB/cm [66]. However, as for a-Si, SiN
lacks good electrical properties and thus remains a material essentially used for the fabrication of

passive devices [67].

2.3.2 Hydrogenated amorphous silicon

In photonics, amorphous silicon is appreciated for its low losses, its deposition flexibility and its
nonlinear capabilities. The amorphous state of silicon is usually deposited by CVD making the
material easy to integrate with processing temperatures depending on the technique used. In addition
to the precursor gas silane (SiH4), hydrogen is usually added during the CVD growth in order to fill
in the material defects and passivate the dangling bonds of a-Si, which form energy states leading to
absorption in the IR region [18]. The resulting material, hydrogenated amorphous silicon (a-Si:H),
has a refractive index around 3.48 depending on the hydrogen concentration and presents losses as
low as 0.5 dB/cm at 1.55 um for a large multimode waveguide [18]. For sub-micrometre single mode
waveguides, propagation losses are usually around 3 dB/cm [68]. These losses are mainly caused by
the rough surface of the PECVD deposited a-Si:H layer, which can generate a lot of scattering. To
improve these losses, wet-etching and chemical mechanical polishing treatments have been
introduced in the fabrication flow of sub-micrometre waveguides, resulting in propagation losses of
1.1 dB/cm and sub 1 dB/cm, respectively [69] [70].

In addition to passive waveguides, a-Si:H has also been used for active devices, such as modulators
based on the thermooptic [71] or the plasma dispersion effect [72], and for nonlinear applications.
With a nonlinear coefficient up to 5 times higher than c-Si [73], a-Si:H is often the material of choice
for low-power, high speed nonlinear optical interactions [74]. Furthermore, with a-Si:H having a
larger bandgap than c-Si, the two-photon nonlinear loss mechanism is largely reduced at
telecommunication wavelengths [75]. However, the electron mobility in a-Si:H material, <100
cm?.V-1st[76], is still too low for electrical applications and amorphous silicon has been shown to
suffer from time degradation due to the Staebler-Wronski effect [23][24].

2.33 Crystalline silicon

As discussed in the introduction, crystalline silicon (c-Si) is an excellent material for both electronics

and photonics applications with an electron mobility of ~ 1000 cm?.V1.s [77] and low propagation
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losses. The crystalline silicon transmission range covers the mid-IR region from 1.1 um up to 7 um
as shown in Figure 2.3(a) and the absorption coefficient of intrinsic c-Si is plotted in Figure 2.3(b).
In this material, all silicon atoms are periodically arranged as shown in Figure 2.2(c) and the
refractive index is well-defined using the Sellmeier relation shown in Equation (2-18). At 1.55 pum,
a-Si has a refractive index higher than c-Si (n._s; = 3.45 and n,_g; = 3.48), but depending the
deposition method, a-Si can have an even much higher refractive index [19].

Largely based on the SOI platform, optical propagation losses at telecommunication wavelengths in
c-Si are situated around 0.3 dB/cm for large waveguides [78], whilst the sub-micrometre waveguides
present higher losses between 1 and 2 dB/cm due to stronger interactions with waveguide surfaces
[79][80]. In term of applications, c-Si is extensively used in the microelectronics industry but many
progresses have been realised in photonics as well. In addition to signal modulation [79] and
switching [80], [81], most of the nonlinear dynamics available in silicon at telecommunication
wavelengths have been investigated in details since the first demonstration of Raman amplification
in a silicon waveguide [81]. These include wavelength conversion [82], supercontinuum generation
[83] and parametric light amplification [84]. However, as discussed in Chapter 1, the lack of
deposition flexibility for c-Si makes the integration of both electronics and photonics on the same

chip a challenging task.
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Figure 2.3: (a) Normalised transmission profiles for crystalline silicon from 1 to 16 um,
reproduced from [85]. (b) Log-scale absorption coefficient for crystalline silicon from
0.2 to 1.4 um, reproduced from [86].

2.34 Polycrystalline silicon

Polycrystalline silicon (p-Si) is the core material of this thesis. Being a composite material, p-Si is a
mixture of c-Si crystals surrounded by an amorphous matrix of silicon. Therefore, p-Si materials
present both amorphous and crystalline properties with intensities being weighted by the
amorphous/crystalline ratio. Usually, most of the p-Si material is crystallised and the amorphous

silicon is situated at the crystal boundaries, which define a limitation between crystals. These crystal
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2.3: Silicon-based waveguides

boundaries are considered to be amorphous silicon because in these regions silicon atoms are
disorganised with different atomic bond lengths and no periodic structure, as shown in Figure 2.2(b).
Furthermore, these regions are filled with impurities, dangling bonds and crystal defects segregated
during the crystal growth process. Therefore, crystal boundaries cause a lot of losses as these different

defects form recombination sites for electron-hole pairs and scatter the optical signal.

For this thesis project, the objective is to deposit the silicon layer in its amorphous form using a CvVD
method and then to crystallise it into p-Si with the largest crystal grains in order to be as close as
possible to the c-Si structure. In the remainder of this section, I’1l present different techniques used
to grow p-Si and the different results that have already been obtained along with their application
fields.

2.34.1 Metal induced crystallisation

Metal induced crystallisation is a solid phase crystallisation technique which requires a low
processing temperature due to the presence of a thin metallic layer in contact with the a-Si film.
Different metals can be used with this method, including aluminium, nickel, silver, copper or gold
[87]-[90]. Usually, a thin metallic film, ~50 nm, is deposited before or after the a-Si layer. During
the heat process, the metal atoms diffuse into the silicon layer and ignite the nucleation of large
crystals (tens of microns). Aluminium is largely used for metal induced crystallisation because it is
low-cost and allows nucleation to happen at temperatures as low as 150 °C [91]. However, despite
some work realised on thin film transistors [92], the resulting p-Si material quality is too low for
photonics applications thus, metal induced crystallisation is preferably used for solar panel
applications [93].

2.34.2 Furnace solid phase crystallisation

One of the most popular methods to obtain p-Si materials is via the thermal furnace solid phase
crystallisation. The solid phase transformation of a metastable amorphous silicon material into a
crystalline material requires activation energy, which is delivered through heat in this case. The
crystallisation mechanism is not detailed in this thesis but explanations can be found in the literature
[94]-[96]. Basically, when a-Si atoms receive enough energy, they rearrange themselves into
crystalline clusters which are less strained. In the case of furnace crystallisation, the entire sample is
heated and nucleation sites appear randomly in the entire film resulting in the formation of many
crystalline silicon clusters. The large number of nucleation sites results in p-Si layers with small

crystals, usually sub-micrometre.

Kwong et al. fabricated waveguides with amorphous silicon deposited by low pressure CVD at
550 °C and furnace processed with a first step of 40 h at 600 °C followed by second step of 5 h at
1000 °C. At the end of this process, waveguides with micrometric dimensions were found to have

propagation losses of 0.56 dB/cm, while submicron waveguides had losses around 22 dB/cm [78].
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Other sub-micrometre waveguides, furnace processed at 600 °C and then 1000 °C, have been
demonstrated with losses of only 10 dB/cm [30]. The latest waveguides have been used for an all-
optical modulator based on the plasma dispersion effect and a high speed electro-optic modulator
Finally, Fang et al. demonstrated a sub-micrometre p-Si waveguide with losses of 6.45 dB/cm, but
with no further investigation on crystal dimensions [97]. In addition to using high temperatures
incompatible with our 450 °C thermal budget, the furnace crystallisation method only produces p-Si
material with sub-micrometre crystal size, thus, in general, limiting the propagation losses >7 dB/cm

[32]. In order to improve the optical quality of p-Si, larger crystals have to be grown.

2343 Laser crystallisation
¢ Excimer laser crystallisation

Excimer lasers operate in a pulse regime in the ultra-violet domain of the electromagnetic spectrum.
At these wavelengths, silicon is highly absorbing as shown in Figure 2.3(b), thus excimer lasers are
an efficient way of heating silicon material. As opposed to furnace crystallisation where the entire
silicon film is heated, only the exposed area is heated with laser crystallisation. Furthermore, in the
case of laser crystallisation, the a-Si material is usually heated up at temperatures higher than

1414 °C, silicon melting temperature, whilst the energy transferred to the substrate is negligible [98].

Depending on the quantity of energy transferred to the silicon, different crystallisation regimes can

be observed [22], [99], [100]:

- Inthe partial-melting regime, silicon does not receive enough energy and the silicon layer is
partially melted. The molten silicon crystallises into small crystals surrounded by a-Si. This
crystallisation process is also called explosive crystallisation.

- Inthe near-complete-melting regime, the entire volume exposed to laser radiations is melted
except for few crystallites which act as nucleation sites. The crystallisation ignited by the
remaining crystallites, also called super lateral growth, takes place before spontaneous
nucleation sites appear therefore resulting in the formation of few large crystals.

- In the complete-melting regime, the entire volume exposed to laser radiation is melted and
many random spontaneous nucleation sites can appear, typically resulting in the formation

of many crystals with small sizes.

Sometimes, both small and large crystals can be observed in a laser crystallised structure. This

phenomenon is described in Figure 2.4.
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Figure 2.4: Schematics representing a simplified one-dimensional temperature
distribution during the evolution of the crystal growth process. Reproduced from [101].

In Figure 2.4(a), after the pulse absorption, the exposed area is in a liquid super-cooled state below
the melting point T, whilst the unexposed solid silicon acts as a nucleation site and ignites lateral
growth. In Figure 2.4(b), the super-cooled liquid silicon reaches the nucleation temperature T,, and
crystallites start to form. This process being exothermic, the latent heat raises the temperature of the
super-cooled liquid now sandwiched between two solid phases, as shown in Figure 2.4(c). At the end
of the process, large crystals formed by the lateral growth can be observed next to small crystals

originating from the random spontaneous nucleation as show in Figure 2.4(d).

Excimer lasers can also be used in sequential laser crystallisation with the exposed spot being seeded
by the previous spot. By scanning the area with this method, crystals up to 200 um long have been
reported, but this method has not been studied further for optical applications [102]. Despite the use
of excimer laser crystallisation for the fabrication of thin film transistors with electron mobility up
to several hundreds of cm?.V-1.s [103][22], the p-Si material processed by this technique is still
quite lossy with propagation losses as high as 20 dB/cm [38][104]. This is a consequence of the
excimer laser short cooling time associated with the pulse duration, which results in micrometre large

crystals or less.

+ Continuous wavelength laser crystallisation

Despite sharing many common dynamics with the excimer laser crystallisation, continuous wave
(CW) laser crystallisation (CLC) differs mainly by its temperature gradient [22], [105]. When

scanned over the silicon film as shown in Figure 2.5, the usually Gaussian profile beam transfers less
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energy to the wings of the exposed areas, resulting in a partial-melting regime for these regions whilst
the central part is totally melted. When cooling down, many nucleation sites spontaneously appear
forming many small crystals which seed the lateral growth at the origin of the large crystals observed
in the central part of the track. Also, because of the scanning movement, crystals are dragged toward
the right as the material temperature is higher toward the melting front represented by the laser spot.
By finely tuning the laser spot dimension, its scanning speed and its intensity, it is expected that very

large crystals can be obtained with only large laterally grown crystals over the entire scanned area.

Figure 2.5: Micrograph of an a-Si film laser crystallised by a CW laser with a Gaussian

beam profile.

However, one of the drawbacks of the CLC approach is the processing time. Whilst excimer laser
crystallisation only requires only few tens of nanoseconds for exposure, CLC takes longer, few
milliseconds, resulting in smoother and longer crystals, but at the cost of time. This technical point,
that has to be investigated for wafer-scale integration, is not discussed in this project, but other groups

have reported CLC at scanning speeds up to 200 cm/s with a 400x20 um? laser spot [106].

For CLC, argon gas lasers emitting in the range of 488-520 nm or solid state lasers emitting at 532 nm
with several watts of output are usually used. Several groups have investigated the crystallisation
effect of a flat laser beam profile on an a-Si film patterned into stripes of different widths [107],
[108]. Whilst this work was performed for solar panel and thin film transistor applications [109],
[110], large crystals, several microns long, have been demonstrated with a thermal budget of 450 °C
and electron mobility up to 566 cm2.V1.st, which indicates a high material quality. As yet, not a lot
of work has been reported on CLC for photonics applications, except for the crystallisation of an a-
Si core fibre, where crystals up to 200 um long have been observed [44]. The main purpose of this
project is to explore the different possibilities available with this method, investigate how large the
crystal grains can be grown, and measure the material and optical properties of p-Si material obtained
by CLC.
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Chapter 3
Waveguide fabrication and

characterisation

3.1 Introduction

In this work, the sample fabrication and subsequent processing steps are critical, and depend on the
final application targeted. For planar geometry devices, the growth and processing temperatures are
key to CMOS compatibility, whilst for silicon core fibres samples, the temperature is not a limitation
factor, but large grain growth is because the fibre length is very long. In this chapter, the preparation
steps for the different samples that have been used in this research project are presented, together
with the various material analysis methods. For the fabrication of the silicon planar samples, the
choice of substrate is discussed and a detailed presentation of the two chemical vapour deposition
(CVD) techniques used to deposit the silicon materials (plasma-enhanced CVD (PECVD) and hot-
wire CVD (HWCVD)) is given along with the patterning methods that are required for the fabrication
of waveguides. The fabrication process of the MCD silicon core fibres used for this thesis is also
presented. Finally, the different tools used to characterise the material and optical properties of the
materials and devices: Raman spectroscopy, X-ray diffraction (XRD) and optical transmission

measurements, are described in detail.
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3.2 Planar waveguide fabrication

As the key goal of this part of the project is to remove the substrate constraints from silicon photonics,
our work considers two different substrates so that a comparison can be drawn. Plain fused silica is
presented first as this platform was initially used to validate the crystallisation technique presented
in this thesis owing to is ready availability and low-cost. Then, silica-on-silicon wafers are introduced

as these are more compatible with the HWCVD deposition method.
3.21 Plasma-enhanced chemical vapour deposition (PECVD)

As an initial proof of concept, we first deposited silicon films on 1 mm thick fused silica substrates.
This inexpensive material allowed us to run several experiments with both hydrogenated and non-
hydrogenated silicon films with the results summarised in Chapter 4. These films were deposited in
a PECVD reactor schematised in Figure 3.1 using the recipe presented in Table 3-1. Starting with an
argon plasma generated by a radio frequency (RF) source, both precursors, silane (SiH4) and
dihydrogen (H), are then injected in a pressurised chamber where hot plasma electrons separate
silane and dihydrogen molecules into radicals and ions [111]. With the sample substrate being on the
grounded electrode, ions are attracted toward the sample and a silicon film grows in an amorphous

state as the temperature is not high enough to obtain polycrystalline silicon.

(D)
Q’/ =
RF source -
Gas inlet Temperature (°C) 200
Glass Pressure (mTorr) 300
substrate

|.

SiH, Flow (sccm) 50
Shut_ter Plasma Turbo pump
—> H. Flow (sccm) 50
I RF (W) 10
—
1 Deposition Rate (hm/s) 0.28

Figure 3.1: Schematic diagram of a parallel platt PECVD  Table 3-1: Recipe used for the deposition of
reactor. The process gases are injected via the gas inlet.  a-Si:H using a PECVD reactor.

The substrate is mounted on the lower electrode which is

heated at 200 °C.
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substrate

Figure 3.2: SEM micrograph of a fused silica substrate sample with a 250 nm thick PECVD
deposited a-Si:H film.

Silicon films deposited by PECVD, 250 nm thick, can be seen in Figure 3.2 where the a-Si:H film,
which partially lifted-off during the cleaving process, can be measured. Debris visible on the
micrograph came from the cleaving, which does not result in a sharp edge for amorphous material
like a-Si and fused silica. Furthermore, the roughness of the PECVD deposited material has been
measured using an interferometric optical profiler system from Zemetrics. Using Mirau objectives,
interference fringes are produced on sample’s surface and their dephasing gives information about
surface topography. The 3D map of a large 10 um wide wire patterned into an a-Si film deposited by
PECVD, and serving as a planar reference, is shown in Figure 3.3(a). A section of this wire surface
has been selected for the roughness measurement, as seen in Figure 3.3(b). With this system, the root
mean square (RMS) roughness of a-Si:H film deposited by PECVD was found to be ~2.1 nm.

@ QIR Ep—

y-range

o A -8
0 x-range 8 um

Figure 3.3: (a) 3D ZeScope map of a patterned a-Si:H film deposited on glass substrate
by PECVD. (b) Surface variation of the area selected in (a) to determine the surface

roughness.

In the recipe presented in Table 3-1, dihydrogen is used to prevent the formation of dangling bonds
corresponding to unsatisfied valence of silicon atoms, during the deposition [112]. If left untreated,
these dangling bonds would be responsible for scattering losses in silicon waveguides hence
hydrogen is introduced in order to fill these voids and give access to low-loss hydrogenated
amorphous silicon material [18]. However, hydrogen will out-diffuse at temperatures ~400 °C [113],
which can cause problems during the laser processing as reported in Chapter 4. To reduce the amount
of hydrogen present in the as-deposited material, a thermal annealing treatment was performed at
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450 °C for 1 hour with 5 °C/min ramps. This thermal annealing process allowed for hydrogen to
gently out-diffuse without damaging the silicon film structure, or forming polycrystalline silicon.
Using the interferometric optical profiler system, the a-Si film roughness after thermal annealing is
~2.40 nm, which is slightly higher than the as-grown films. This difference is believed to be due to

the gas out-diffusion.

At the end of this process, both a-Si:H and a-Si samples deposited by PECVD are available for

experiments presented in Chapter 4 and Chapter 5.

3.2.2 Hot-wire chemical vapour deposition (HWCVD)

After a set of preliminary experiments conducted on the glass-based samples, we decided to move
toward a platform closer to foundry standards and opted for crystalline silicon wafers with an oxide
layer on top of it to act as the low index cladding. As discussed in Chapter 1, the standard BOX
thickness in electronics of 200 nm differs from the photonics standard of 1 um [114]. In our
fabrication flow, we use oxide layers which are 2 to 4 um thick to ensure optical isolation and ease

our free-space coupling injection.

For our silicon wafer substrate, the oxide layer was grown by wet thermal oxidation [115]. Silicon
wafers were placed in a tube furnace tube at 800 °C for 100 hours in the presence of water vapour,
whose molecules penetrate the material to form silica. Contrary to CVD techniques, thermal oxides
are of higher quality as they contain less impurities and have a higher density, but they suffer from
their slow growing rate and high processing temperatures [116][117]. However, the differences in
the optical properties of a silica films obtained by either thermal oxidation or CVD are negligible

when used as BOX or cladding layer.

Substrate 0
Bubsr Temperature (°C) 335
Si substrate Pressure (mTorr) 7.5
SiH4 Flow (sccm 40
Shutter Reacti Turbo pump ( )
eaction zone H. Flow (sccm) 0
\Filaments
Deposition Rate (nm/s) 0.69
Gas inlet —J

Table 3-2: Recipe used for the deposition of
a-Si using a HWCVD reactor.

Figure 3.4: Schematic diagram of a HWCVD reactor.
The substrate is located on the upper electrode which is
heated at 335 °C.

Once the BOX layer was grown, the amorphous silicon deposition was performed in a HWCVD

reactor, shown in the schematic of Figure 3.4, using the recipe presented in Table 3-2. In the case of
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HWCVD, a gas mixture of silane and molecular hydrogen is also used but decomposition of the
molecules is achieved by hot tungsten wires. When the silane comes in contact with the wires, which
are heated at 1400-1600 °C, it decomposes into Si and H. At this temperature, Si evaporates onto the
substrate placed few centimetres away from the hot wire [118], [119]. By adjusting the gas pressure
and deposition temperature, silicon films with low hydrogen content can be obtained with HWCVD,
thus removing the need for the furnace annealing step used with PECVD depositions [120]. It should
be noted that in order to control the deposition temperature in HWCVD, the sample is deliberately
cooled down via the sample mount. Thus, thermally conductive substrates such as crystalline silicon
are better suited for HWCVD than glass substrates that would need to be mounted onto another

conductive substrate.

-
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substrate

Figure 3.5: SEM micrograph of a 400 nm thick patterned a-Si film deposited by
HWCVD on a crystalline silicon substrate with a 4 um thick BOX layer.

Figure 3.5 shows the cross-section of a 400 nm thick a-Si film deposited by HWCVD on a crystalline
silicon substrate with a 4 um thick BOX layer. This film has already been patterned and the three
layers of the sample can be clearly identified. The rippled area corresponds the BOX layer which is
amorphous and does not result in a clean cut after cleaving. The debris visible on the micrograph are
mainly due to the cleaving process. The interferometric surface profiler system has also been used to
measure the film roughness as shown in Figure 3.6. For HWCVD film, the roughness is ~0.25 nm,
which is significantly smoother than PECVD films. Atomic force microscope measurements of these
films that have been performed by another group showed a roughness of 0.5 — 0.8 nm. Despite the
small difference between the two individual measurements, these films still have a sub-nanometre

roughness which should reduce scattering losses in waveguide transmission.
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Figure 3.6: (a) 3D ZeScope map of a patterned a-Si film deposited on a BOX layer by HWCVD.

(b) Surface variation of the area selected in (a) to determine the surface roughness.

3.2.3 Patterning

To facilitate the formation of optical circuits we produced patterned structures. In addition to the
confinement of the optical mode both vertically and horizontally, the patterning of silicon films, prior
to laser treatment, improves the quality of crystallisation with a better heat confinement during the
laser processing step. With the planar silicon films, the heat energy is only confined vertically and
the heat affected area is defined by the laser spot size and the diffusion of heat through the layer as
illustrated schematically in Figure 3.7(a). Only a small amount of heat is transferred to the substrate
as the thermal conductivity of silica glass is 0.5 W/m/K [121], compared to 1.1 W/m/K for
amorphous silicon [122]. Once patterned, the heat is strongly confined in the wire, which is
surrounded by low thermal conductivity material (air with 0.025 W/m/K [123]) as shown in Figure
3.7(b). Also, the reduced volume of silicon is expected to lower the quantity of spontaneous

crystallisation sites that occur during the laser crystallisation process.

(a) (b)

A4 v
L

Figure 3.7: Heat distribution schematics for laser processing onto planar (a) and
patterned (b) samples.

For the fabrication of wire waveguides, two different methods have been used: photolithography,
which is relatively low cost and suitable for large scale patterning, but with a limited resolution, and

e-beam lithography, which is suitable for complex designs and is a high resolutions patterning
method.
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3.2.3.1 Photolithography

The steps that are required to photolithographically pattern our silicon films are illustrated in Figure
3.8. After being cleaned and dried in a furnace at 90 °C to increase the photoresist adhesion, a layer
of SU1813 photoresist is spun onto the entire surface of the sample at 300 rpm for 3 s to remove the
photoresist excess, followed by a 50 s step at 5000 rpm to achieve the desired thickness (Figure
3.8(b)). The sample is then hardbaked for 30 minutes at 90 °C in an oven. Then, the harden
waveguides patterns are transferred to the photoresist using a mask aligner system and a 112 mJ dose
of UV radiations (Figure 3.8(c)). Because we used a positive photoresist, the exposed parts are
removed by dipping the sample for 50 s in a development solution, MF-319 (Figure 3.8(d)). At the
end of this process, only photoresist wires that will protect the silicon film during the etching step

remain as shown in Figure 3.8(e).

The final etching step, common to both photolithography and e-beam lithography, is detailed below
in Section 3.2.3.3.

Figure 3.8: Photolithography steps. (a) dry cleaning, (b) photoresist deposition, (c)

partial UV exposure with a mask, (d) removal of exposed parts by dipping the sample
in a development solution, (e) etching of the entire sample and (f) removal of protective

photoresist wires.

3.2.3.2 E-beam lithography

In order to have waveguides produced with high-precision patterning during the development stages
of our processing technique, the silicon films have also been patterned using e-beam lithography. As
with photolithography, a sensitive resist, in this case a positive tone ZEP made for SEM use, is spun
at 3600 rpm on top of the film to pattern. After 180 s of pre-baking at 180°C, the sample is locally
exposed by the electron beam of a SEM with a 190 J/cm? dose before being dipped for 100 s in a
development solution, ZED-50 [124]. The main advantage of e-beam lithography is the use of a SEM

to transfer the mask to the resist film. This transfer method allows us to modify the waveguide design
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without ordering a new mask and also gives access to features as small as 500 nm, compared to
photolithography where the smallest repeatable features were of the order of 1.5 um with the
equipment at our disposal. However, it is worth noting that high-precision photolithography systems
can reach the 500 nm scale, so that in future this could be used for large scale fabrication of the

optimized waveguides.

3.2.3.3 Etching

Amorphous silicon materials can be etched through two different techniques: i) wet etching, with
liquid-based etchants and ii) plasma-based dry etching. Whilst wet etching is appreciated for its
simplicity of equipment, dry etching is mostly preferred in the semiconductor industry as its

anisotropic etch results in smooth and vertical sidewall profiles [125].

For this project, we initially used a reactive ion etching (RIE) system to pattern our silicon films
using the recipe shown in Table 3-3. The principle of RIE is similar to a PECVD system where a
plasma is generated between two electrode plates with the sample being placed on a powered plate.
Using a high voltage difference between the two plates, ions are strongly accelerated and hit the
sample surface with high velocity knocking off both the exposed silicon and the top surface of the
protective photoresist wires [126]. In addition to this physical ion bombardment, chemical reactions
also occur at the surface of the sample depending on the used gases. Some halogen-based gases, such
as sulfur hexafluoride (SFg), are specifically used to react with silicon, whilst other gases such as
octofluorocyclobutane (CaFs) are used to passivate and protect the walls from lateral etching by
forming a polymer film [127].

O, Flow (sccm) 12 CaFs Flow (sccm) 39

SF¢ Flow (sccm) 12 SFe Flow (sccm) 25

Pressure (Torr) 30 Pressure (Torr) 30

Power (W) 100 Power (W) 750

Etch Rate (nm/s) ~54 Etch Rate (nm/s) ~75
Table 3-3: RIE recipe for a-Si Table 3-4: ICP-RIE recipe for a-
based on O/SFs. Si based on C4Fg/SFe.

Later in the project, we also used an inductively coupled plasma reactive ion etching (ICP-RIE)
system which consists of a RIE system with a plasma generated by a RF coil. The advantage of this
system is that ion bombardment and plasma generation are decoupled and can be controlled
individually. The recipe used with this system is presented in Table 3-4 and employed C.Fs gas,
which resulted in improved wall definition as shown in the micrographs of Figure 3.9. The a-Si wire
on Figure 3.9(b) has been patterned using photolithography and RIE etching whilst the a-Si wire

shown in Figure 3.9(b) has been patterned using e-beam and ICP-RIE. Despite the mask deposition
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techniques being different, the wavy pattern on the left side of the wire in Figure 3.9(a) is associated
to photolithography issues and not to RIE etching. However, the presence of C.Fs in the ICP-RIE

does result in more sharply defined walls.

1 pm 0.5 um

Figure 3.9: SEM micrographs of a-Si wires produced by (a) photolithography/RIE and
(b) e-beam lithography/ICP-RIE (b).

During this project, we encountered an etching problem whilst using RIE system. After finely tuning
our etching recipe for 200 nm thick a-Si with small dummy samples, we positioned our full size
sample within the reactor for etching and ended up with an under-etched film as shown in Figure
3.10. It was later understood that because of the chemical reactions that occur during the RIE process,
larger areas of materials require a longer etching time. Therefore, the etching time must be adapted
to the sample size, under-etching can be observed with a profilometer as shown in Figure 3.10 where

a-Si wires are 80 nm high instead of 200 nm.

100 F T T T T T T T =
51 — Data 7
50 .
25

-25
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0 25 50 75 100 125 150 175 200

Length (pm)

Height (nm)

Figure 3.10: Stylus profilometer trace of a HWCVD under-etched sample (80 nm height
instead 200 nm).

Once the recipe was adjusted to the sample size, the expected 200 nm high structures can be observed

as shown with profilometer trace in Figure 3.11.
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Figure 3.11: Stylus profilometer trace of a HWCVD patterned samples with an adjusted recipe.

3.3 Silicon core fibre fabrication

In addition to planar geometry silicon waveguides, this project also explores silicon core fibres as
their geometry makes them easily integrable in all-fiberised systems, whilst their silicon core gives
access to nonlinear dynamics that can be used for different applications such as all-optical modulation
[128]. Today, there are two main fabrication approaches to produce silicon fibres: i) via chemical
deposition inside a glass capillary template [39], [43], [129], and ii) via a drawing tower starting from
a preform containing the silicon encapsulated in a silica cladding[42]. However, because this thesis
is focused on p-Si material, molten core drawn fibres are the best candidates as they have better
material quality and can be drawn up to several meters long.

Il Silicon
Silica

B CaOo

Heater

drawn fibre

Figure 3.12: (a) Fibre drawing tower schematic for MCD method, (b) Scanning electron micrograph
of a 100 um core diameter silicon core, silica-clad optical fibre obtained via the MCD method (from

[130]).
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Originating from the standard fibre drawing technique, the MCD fabrication consists of melting a
rod of silicon that is sleeved within a thick silica cladding, which ultimately acts as a crucible to
contain the liquid core, as illustrated in in Figure 3.12(a). Pioneered in 2008 for silicon core fibres
[42], this technique is similar to the powder-in-tube process, where the core material is reduced to
powder in a silica capsule before being drawn in a fibre tower [131]. Alkaline compounds, such as
calcium oxide (CaO) shown in Figure 3.12(a), are commonly used to stop the oxygen diffusion at
the core/cladding interface and reduce the thermal material mismatch during the high temperature
process required to melt the core [48]. In contrast with the chemical deposition technique, the high
temperatures used in the MCD process does not allow the production of fibres with amorphous core
materials, and the hydrogen content in the core is very low as it out-diffuses during the drawing
process. Due to the Plateau-Rayleigh instabilities appearing in the molten phase for micron-size cores
geometries [132], large cores are favoured with this method as shown in Figure 3.12(b), which makes
them unsuitable for nonlinear applications. In our project, fibres produced with this method had a
core diameter typically around 9 um. However, despite these drawbacks, the primary advantage of
this method is the possibility of drawing long lengths, several tens to hundreds of metres, of fibre
using a traditional drawing tower [41].

3.4 Material characterisation

The laser processed materials have been extensively characterized using optical microscopy,
scanning electron microscopy (SEM), Raman spectroscopy and X-ray diffraction. Whilst the results
of optical microscopy and SEM are straightforward to analyse, Raman spectroscopy and X-ray
diffraction require an understanding of their principle in order to extract information from their

results.

3.4.1 Raman spectroscopy

The Raman spectrometer is a tool that has been used extensively in this project for its capability to
provide evidence for the degree of crystallisation of our silicon material and detecting the presence
of elements such as hydrogen, whilst being non-destructive, contactless and fast. Raman
spectroscopy consists of analysing the Raman scattered photons produced by the inelastic interaction
of incident photons with vibrations or phonons in the material lattice. The phenomenon underlying
Raman spectroscopy is the transition of a molecule from a ground state (M) to a vibrational state
(M*) and the reverse mechanism from M* to M. However, the photons involved in Raman scattering
are not absorbed or emitted in the process, but rather shifted by the amount of energy corresponding
to the molecular transition. In the Stokes mechanism, the scattered photons are shifted toward lower
frequencies as the molecules absorb energy from the incident photons, whilst in the anti-Stokes

mechanism, scattered photons are shifted toward higher frequencies as they collect the energy
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released by the molecules during their relaxation [133]. Both mechanisms can be summarised as

follows:
Stokes: M + hv, - M* +h(vy—vy) , (3-1)
Anti-Stokes: M* + hvy, - M +h(vy +vy), (3-2)

where h is Planck’s constant, v, is the incident photon frequency and v, is the vibrational frequency.
Also, in Raman spectroscopy, vibrational frequencies are referred to by their wavenumber: v = v/c,

expressed in cm™, with c the speed of light and v in s™.

In crystalline silicon, where Si atoms are arranged in a tetrahedral (diamond) lattice, as shown in
Figure 3.17(a), only one vibration, which corresponds to a transverse optical mode of c-Si, can be
observed within our spectrometer range (100 — 2400 cm®). This vibration between Si atoms results
in the appearance of a single Raman peak with a Lorentzian line-shape centred at 520 cm™ and a
natural linewidth I" corresponding to the vibration phonon lifetime. Because of the sensitivity of T to
impurities and temperatures, different values of I' have been published [134][135][44]. In this thesis,
for c-Si we will assume the Lorentzian full width at half maximum (FWHM) T’ = 2.7 cm™ [44].

In practice, the acquired Raman peak of c¢-Si, as shown Figure 3.13, is a combination of two peaks:
a Lorentzian peak, the intrinsic response of ¢-Si, and a Gaussian peak which is an instrument transfer
function representing the peak broadening induced by the spectrometer [136]. Therefore, to extract
the information about the material under study, the Lorentzian part of the peak has to be identified.
To do so, the peak data is fitted using a VVoigt function which is the convolution of a Gaussian peak
and a Lorentzian peak and is defined as [137]:

Re[w(2z)]

Voigt(x,0,y) = f+OOG(t, o)L(x—ty)dt = 0—\/7' (3-3)

with x the wavenumber shift, o the Gaussian width related to the FWHM width by FWHM =
24/21n(2)o, y = I'/2 the Lorentzian half width at half maximum (HWHM) and Re[w(z)] the real

part of Faddeeva function, defined by w(z) = e_ZZerfc(—iZ), evaluated for z = (x + iy)/(cV/2)
[138].
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Figure 3.13: Raman spectrum of crystalline silicon. Data are fitted with a VVoigt function
(blue) which is the convolution of a Gaussian (red) and a Lorentzian (orange)
distribution.

Experimentally, to evaluate the Lorentzian width we always perform two acquisitions: one from the
sample and one from a c-Si reference. From the c-Si reference acquisition we know that: T’ = 2.7 cm-
1 so by using the best Voigt fitting to this sample, the Gaussian contribution is extracted. Once
known, the Lorentzian contribution of the p-Si sample under measurement is determined from the
best Voigt fit when applying the Gaussian contribution, as calculated by the reference measurement.
For each Raman session, a new c-Si reference was taken as the Gaussian peak includes the
environment variations. Once the Lorentzian contribution is determined, two parameters are used to

characterise the silicon sample under study: the width (T') and the position of the peak.

The width of the peak is indicative of the degree of crystallisation of silicon [139]. In pure crystalline
silicon material, the phonon lifetime is at its maximum so the peak width is at its smallest value: T’ =
2.7 cm™. However, in polycrystalline silicon, the presence of crystal boundaries reduces the phonon
lifetime resulting in broadening of the peak width. Therefore, as shown in Figure 3.14(a), the p-Si
peak, plotted in red, is broader than the c-Si peak, plotted in blue.

The position of the peak is indicative of the degree of crystallisation of silicon and the material strain,
both of which are related to the Si-Si bond length. When silicon crystals are formed, the average
length between the four fold coordinated Si atoms decreases when the crystal size increases [140].
This variation of the atomic bond length induces a variation of the molecular vibrational energy
resulting in different Stokes and anti-Stokes shifts represented by the peak position. For this reason,
two crystallisation regimes have been added to the c-Si peak centred around 520 cm™ as shown in
Figure 3.14(b): the nano-crystalline (nc-Si) peak, centred around 504 cm, and the micro-crystalline
silicon (uc-Si) peak, centred at 515 cm™ [141]-[143].
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In the case of polycrystalline silicon, these different peaks, combined with the amorphous silicon
present between crystals, introduce different vibrational energies that form the tail of the asymmetric
p-Si peak shown in the red spectrum of Figure 3.14(a). The Raman peak position can also be affected
by tensile or compressive strain present in the material under study. In the case of a compressive
stress, the bonds between the silicon atoms are shorter and the peak position is shifted toward higher
frequencies, whilst a tensile stress elongates the bonds resulting is a shift toward lower frequencies
[144]. Using Hooke’s law, the strain of the material can be calculated from the peak shift as long as

the crystal orientation and the strain direction are known [145].
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Figure 3.14: (a) Raman spectra of silicon with different degrees of crystallisation: a-Si
in orange, p-Si in red and c-Si in blue, (b) Raman spectrum of a p-Si peak fitted with a-

Si, nc-Si and pc-Si peaks.

Finally, Raman spectroscopy can be used to reveal the presence of amorphous silicon and hydrogen
as shown in Figure 3.15. For a-Si, there are three peaks corresponding to three different vibration
modes: a longitudinal acoustic (LA) centred at 311 cm™, generated by Si-Si rocking vibrations and
two optical modes, a longitudinal optical (LO) centred at 418 cm™ and a transverse optical (TO)
centred at 480 cm™, generated by a collective stretching motion of the Si atoms [146]. These peaks
are broader than the p-Si or c-Si peaks because of the disorganisation of Si atoms in the amorphous
phase, resulting in shorter phonon lifetimes along with a larger variety of vibrations with different
energies. Because we will not perform any quantitative work on these peaks, simple Gaussian fittings

are used.

Also shown in Figure 3.15 are Raman peaks corresponding to the presence of hydrogen in the silicon
film. The first one, centred at 613 cm', is generated by wagging vibrations of Si—H bonds [147]. The
second is positioned further in the spectrum and is a combination of two peaks generated by the
stretching of Si-H and Si-H, bonds centred at 1992 cm™ and 2086 cm'?, respectively [148].
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Figure 3.15: Raman spectrum of an a-Si:H film. (a) First segment of the spectrum with
the acoustic mode (LA) and the two optical modes (LO+TO) of Si-Si along with the
Si:H wagging mode, (b) second part of the spectrum with the Si-H and Si-H stretching
modes.

Raman spectra presented in this thesis have been obtained using a “Renishaw” system coupled to a
532 nm excitation laser. At this excitation wavelength, the penetration depth in silicon, measured
from the absorption coefficient in Figure 2.3(b), is slightly deeper than 1 um, which ensures the entire
material thickness will be sampled. A x50 objective was used to focus the laser beam and collect the
Raman photons. The focussed spot diameter was 1 pm and the diffraction grating used had
2400 lines/mm, having a precision of 0.12 cm™™.

34.2 X-Ray Diffraction

Another tool that we regularly used to characterise our samples is X-ray diffraction, which provides
information about the number of crystals present in our samples along with their crystallographic
plane. One of the benefits of X-ray diffraction is that each crystal can be analysed individually, which
is not the case with Raman spectroscopy. XRD is a technique that characterises crystalline materials
by sending a collimated X-ray beam on a sample and detecting the diffracted beams. X-ray beams
have a wavelength of the order of the atomic bonds, ~10%° m, so that the periodic atomic pattern
present in the crystalline material acts as a grating. Constructive interference appears when the Bragg
condition is satisfied [149]:

ni= 2dsin(0), (3-4)

with n an integer, A the wavelength, d , also called d-space, is the interlayer spacing, i.e., the distance

between atomic layers, and 6 the incident angle between the input beam and the layer surface. In
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Figure 3.16, two beams satisfying Bragg’s law are represented along with black dots representing
atoms, the interlayer spacing d and 26, twice the incident angle, corresponding to the angle between

the non-diffracted beam and a diffracted beam.

Figure 3.16: Schematic of Bragg diffraction arrangement.

In crystallography, a crystalline material is described in term of its unit cell, which is a three-
dimensional stack representing the spatial arrangement of atoms in the crystal. The unit cell of silicon
is a diamond structure, as shown in Figure 3.17(a). In such structures, different crystallographic
planes (i.e., the planes linking the atomic nodes) can be observed in Figure 3.17(b), (c) and (d) with
their crystallographic directions indicated by arrows. These planes can be identified by their Miller
indices h, k and I, reciprocals of fractional intercepts that the plane makes with the crystallographic
axes X, y and z [150][151]. For cubic cells like silicon, the interlayer space between adjacent
crystallographic planes is defined by:

(04

dhg = ———, 35
N e (3-5)

with a the lattice constant of the cubic cell. In silicon, the lattice constant is 5.431 A [152][153]. A

consequence of this dependence between the crystallographic direction and the d-space is that the

diffracted beam angle depends on the crystallographic plane the incident beam is interacting with.
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Figure 3.17: (a) Representation of Si diamond cubic crystal structure; (b), (c) and (d)

Different crystallographic planes and directions in a primitive cubic cell.

When performing XRD on a polycrystalline material, which is a mixture of small crystals, it is
common that the X-ray beam interacts with different crystals at the same time, resulting in the
generation of different diffracted beams as illustrated in Figure 3.18. In this example, the yellow and
the red crystals have both the <100> crystallographic plane interacting with the incident beam, hence,
the yellow and the red diffracted beams share the same Debye cone on screen. However, because of
their different orientations respectively to the incident beam, they hit the screen at different positions
on the Debye cone. For the blue crystal, the incident beam interacts with the <111> plane, hence the
beam is diffracted on a different Debye cone. Finally, the blue and the red crystals have the same

plane orientation with respect to the incident beam as they are on the same radial line on screen.

To identify all the Debye cones accessible by our XRD system, we used a powder calibration
technique which consists of scanning the powder of a crystalline material. As the powder contains
all possible planes and orientations of the crystalline material, the Debye cones appear on screen, as
shown in Figure 3.19, with each point corresponding to the diffraction of a small crystal with a
particular orientation and crystal plane. The radii of these Debye cones are related to the 26 angle
and the distance between the sample and the detector. Thus, the range of observable Debye cones

will then depend on the sample-detector distance and the wavelength used.
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Figure 3.18: Illustration of an XRD experiment with a p-Si waveguide in grazing incidence (a)
and transmission configuration (b). In the illuminated portion of the waveguide, three different

crystals are diffracting the incident beam.

For our XRD experiments, depending on the sample under study, two different configurations have
been used as shown in Figure 3.18. For samples with a c-Si substrate, the grazing incidence presented
in Figure 3.18(a) has been used to limit the interaction of the incident beam with the substrate. By
setting the incident beam with a 10° angle with respect to the sample surface, only a small portion of
the incident beam was diffracted by the substrate, resulting in two broad peaks on the diffraction
patterns of these samples. On the other hand, samples with plain fused silica substrates, whilst being

originally used in transmission configuration, can be used either way.

Finally, strain in a crystalline material can be observed and measured using an XRD system. As with
Raman spectroscopy, strain in material induces a compression or an expansion of the atomic layers
resulting in a decrease or an increase of the interlayer space. This modification of the d-space for a
material under stress results in a change in the 20 angle, hence, a shift on screen along the radial line.
Compressive strain will increase the Debye cone radius whilst tensile strain will reduce it. The strain
can then be calculated based on the stressed and unstressed d-space difference via Hooke law and
the elastic modulus of the material [154][155]:

oy = Egg, (3-6)

with o, the stress in x direction, E the elastic modulus and the strain &, = (dgtressed — do)/do-
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Figure 3.19: X-ray diffraction pattern of a silicon powder with crystallographic planes
labelled.

All of our XRD experiments have been undertaken with the setup presented in Figure 3.20 at the
Diamond light source (Didcot), a synchrotron where X-ray radiations are generated by bending
accelerated electrons. This type of light source can generate the high intensity micro-focused X-ray
beam required to characterise our waveguide samples which consisted of small volumes of material.
In general, we worked with at a wavelength of 738 A, 16.8 KeV, and our detector was able to capture
one quadrant of the eight first silicon Debye cones.

Figure 3.20: Top view photograph of the experimental setup for XRD. The blue and the

red lines represent diffracted X-ray beams and the green lines the input and reflected X-
ray beams.

3.5  Optical characterisation

In addition to material characterisation, optical measurements have also been realised to investigate

and ensure the optical quality of the different samples fabricated during this project. For both planar
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and fibre samples, the optical characterisation was composed of two steps: facet polishing and light
transmission measurements, if the material quality is sufficient. Below is a detailed description of

these two steps.

3.5.1 Facet polishing

Before any optical measurements can be undertaken, the waveguide facets first have to be polished
to minimise coupling losses. To polish the planar samples, these were wax-mounted onto a jig by
pair, with the silicon films facing inside for more protection, as shown in Figure 3.21(a). Then, the
samples mounted on the jig were lapped on a rotating plate at 30 rpm using diluted aluminium oxide
(Al>03) particles of 9, 3 and finally 1 um in diameter. At the end of this step, the facets of both
samples are parallel, but not smooth enough for optical coupling as shown in Figure 3.21(a). For an
optical polish, the jig was placed on a polishing plate at 20 rpm using a solution, labelled SF1, which
contains fine silica particles of ~0.1 nm diameter for smooth polishing. Once finely polished, the
facets can be inspected using an optical microscope to detect the presence of defects such as
scratches, debris or film lift-of as shown in Figure 3.21(b). To avoid these defects, pressure was
applied on the samples during the waxing step and the plates were thoroughly cleaned between each
lapping and polishing step. At the end of the process, the samples were dismounted using a non-

solvent solution and cleaned using acetone, isopropanol and de-ionised water.

c-Si substrate
210) ¢

 wax
~  BOX

c-Si substrate

Figure 3.21: Optical microscope images of different wax-bonded planar samples after
the lapping step using the 1 um particles (a) and after the polishing step using the SF1

solution (b).

For fibre polishing, the technique was slightly different as these samples were more fragile. Before
being polished, the fibres were wax-mounted into a thick silica sleeve, which was employed to act
as a mechanical support during the polishing, as shown in Figure 3.22(a). Then the fibres were
mounted onto a fibre polishing system composed of a fibre holder pressing the samples against a
plate rotating at 80 rpm covered with humidified lapping sheets of 3, 1 and 0.02 um grit size. For the
cleaning of the polished fibres, only water and optical tissues were used as acetone would affect the

wax that holds the fibre inside its silica sleeve. As for planar sample, the facets were checked under
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the microscope for any trace of cracks or dirt. Figure 3.22(b) shows a polished fibre with a clean
facet, whilst the fibre facet in Figure 3.22(c) contains scratches on the cladding and debris on the

core facet. Simple microscope observations were adequate to reveal these defects.

Figure 3.22: Optical microscope images of polished silicon core fibre facets. (a) Entire
view of the fibre sleeved into the silica capillary, (b) clean facet, (c) facet with defects

indicated by arrows.

3.5.2 Waveguide transmission setup

The transmission setup used for linear loss measurements is shown schematically in Figure 3.23. The
source used was a tunable laser diode, a fiberized Tunics system, with 20 mW of maximal optical
output power and an emission range from 1440 nm up to 1640 nm. The output beam from the fibre
was collimated using a x10 focusing objective and a three-axis micrometric stage. A beam splitter
(90/10) was used for the beam alignment on the front facet of the sample and to verify the injection
using an IR camera. The beam was then coupled into the waveguide using a x60 fused silica
microscope objective with 0.85 NA mounted on a three-axis piezo-controlled nano-positioning stage.
A second x25 fused silica microscope objective with 0.50 NA, also mounted on a three-axis piezo-
controlled nano-positioning stage, was used to collect the output light from the waveguide. An iris
was used to filter light leaking into the substrate or BOX layer. Finally, an IR powermeter was used

to measure the power transmitted through the waveguide.

x60 slit x25
BS objective ' objective
cw laser .]
1550 nm — .
IR camera D
sample powermeter

Figure 3.23: Schematic of the experimental setup for linear loss measurements.

39



Chapter 3: Waveguide fabrication and characterisation

Using the setup presented above, overall losses (propagation losses and injection losses) of the
waveguide can be measured. To determine the propagation losses and eliminate the influence of the
other losses, we used the cutback method, which involves measuring the overall losses through a
long and short segment of the same waveguide [156]. A first overall loss measurement is performed
on the waveguide followed by a polishing step as shown in Figure 3.24. The overall loss of the
shorten waveguide is then measured and compared to the long segment to obtain the propagation

losses using:

~101logso (%) 3-7)

= dL ’

with o, the propagation losses in dB/cm, P; and P, the output power of the long and short waveguide
respectively and dL the length difference between the short and the long waveguide. Usually, this

process was repeated several times, each time removing a length of ~1 mm.
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Figure 3.24: Cut back method schematic for both planar (a) and fibre (b) geometries.

Another technique based on interferometry has also been used to support the cutback results.
Assuming good quality mirror facets, the Fabry-Pérot resonance technique involves measuring the
waveguide losses from the fringe contrast (maxima and minima) produced by the waveguide acting
as a cavity as we scan through the different wavelengths. Such measurement is possible due to the
high refractive index difference between air and silicon. The advantage of this technique is that it
requires only one measurement as it does not need the knowledge of coupling losses, hence, no

waveguide shortening is required. The transmission intensity from a Fabry-Pérot cavity is [157]:

le (1 -R)%G
I, (1-GR)2+4GRsin%(5/2)’

(3-8)

where R = (n; — n,)?/(n; + ny,)? the mirror reflectivity of facets withn; ~ 3.45andn, = 1, I; is
the intensity coupled in the waveguide, I, is the transmitted intensity, G = e~*" represents linear
losses for the waveguide of length L and 6 = 4mn,L/A is the round trip phase-shift. At the fringe
maxima and minima, sin?(8/2) becomes 0 and 1 respectively, hence, Equation (3-7) can be re-

written as:
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a= —%log<%£;i>, (3-9)

with r = (I/Ii) max/ (It/1i) min the ratio between maximum and minimum transmission intensity.
However, a limitation of this technique is that for multimode waveguides, the resonance peaks of
each mode overlap and distinguishing the main resonance becomes difficult [158]. Still we can use
this technique to confirm the results from our cutback measurements as it barely requires any
modifications to the setup, as shown in Figure 3.25. The main modification is that we used a
component tester (CT-400), to both normalise the input power coming from the tunable diode laser

and to measure the sample output power as we scanned through the wavelengths.

x60 slit X235
objective objective

Component
tester

BS

cw laser
1550 nm

IR camera

Figure 3.25: Experimental setup for linear loss measurements using Fabry-Pérot

technique.

3.6  Samples summary

Throughout this project, planar samples have been fabricated with different geometries and
compositions. To keep a track of the varied parameters the samples have been sorted into different
“generations” as summarised in Table 3-5. Their deposition method along with the hydrogen content,
thickness, patterning method and their deposition temperatures are indicated in this table. Also,
samples of generation 1V have been capped with a 1 um thick silica cover deposited by PECVD at
~200 °C to instigate stronger heat confinement. The experiments conducted on these samples and

their results are described in Chapter 4 and Chapter 5.

As the fabrication parameter space for the silicon core fibres is much smaller than the planar samples,

the different samples will be presented along with the experimental results in Chapter 6.
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laser processing

Gen.l | Gen. Il | Gen. lll | Gen. IV | Gen.V | Gen. VI
Deposition method PECVD | PECVD | PECVD | PECVD |HWCVD | HWCVD
Material a-Si:H a-Si a-Si a-Si a-Si a-Si
Film thickness (nm) 250 250 250 250 220 400
Patterning method X X PL PL EBL EBL
Deposition Temperature (°C) 350 350 350 350 320 320
Silica capped before " " x 1 um x X

PL: photolithography, EBL.: e-beam lithography

Table 3-5: Summary of planar samples used during this thesis.
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4.1: Introduction

Chapter 4

Laser crystallisation of a-Si planar films

4.1 Introduction

This chapter presents an overview of the laser processing experiments on a-Si films. This work makes
use of our first generation of samples deposited by PECVD on glass substrates. The purpose of this
preliminary work was to estimate a range of useful laser processing parameter values to obtain good
crystalline quality. These experiments also provided an opportunity to test the different
characterisation techniques to monitor silicon crystallisation. The first part of this chapter describes
our laser writing setup, including a discussion on the limitations associated with some of the setup
components. Both hydrogenated and dehydrogenated amorphous silicon films have been studied
under different laser processing conditions. Optical microscopy, Raman spectroscopy and chemical
etching were all used to identify optimal combinations of scanning speed, laser power and spot size

to obtain the large crystals.

4.2  Laser processing setup

To crystallise our amorphous silicon samples, we used a laser setup composed of different elements
as illustrated in Figure 4.1.The laser source that was used in these experiments was an argon ion laser
delivering up to 1 W of continuous wave (CW) radiation at a 488 nm wavelength which is strongly
absorbed by silicon. The linearly polarized Gaussian beam was found to have a FWHM of 1.84 mm,
measured using the knife edge method, before the microscope objective [159]. The beam intensity
was initially controlled using a metallic neutral density filter, but this was found to be inappropriate

for the laser power we used. Thus, this was replaced with a half-wave plate combined with a
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Chapter 4: Laser crystallisation of a-Si planar films

polarisation cube. The beam was then focused onto the sample surface using a microscope objective
mounted on a vertical stage to control the focus. The sample was then placed on a vacuum holder
mounted on two air-bearing micro-precision stages to position it within the XY-plane. The three
stages of this setup were controlled by a computer using G-code, also called RS-274, which is a
programming language mainly used in computer-aided manufacturing. While G-code is capable of
realising complex drawings, we have essentially written basic scripts to draw straight lines, while

maintaining the focused beam on the sample surface.
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Figure 4.1: Photography (a) and schematic (b) of the experimental setup for laser processing.

To position the sample relative to the beam and to quickly verify that the beam was focused on the
sample surface before and after laser processing, an imaging system was added to the setup consisting

of a white light source and a CCD camera.

Several microscope objectives have been used depending on their working distance, image contrast
or spot size. Initially a x36 reflective objective was chosen for its 1 cm long working distance to
avoid material re-deposition on the objective during the laser processing. However, we eventually

switched to transmission objectives (x10, x20) to avoid the power loss which is associated with
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4.3: Laser crystallisation of a-Si and a-Si:H films

reflective objectives. The beam spot sizes that were obtained with these objectives, reported in Table

4-1, were calculated using the working wavelength A and the lens numerical aperture NA [160]:

0.61- 2

NA D

Spot radius =

These were also estimated experimentally by first using the edge knife method to measure the spot
size at different positions in the far-field and then extrapolating these results with Gaussian beam
optics to obtain the focused beam radius w,. The radius is defined as [161]:

A
0o = —=, (4-2)

where 0 is the far-field divergence of the beam after the microscope objective. The spot-sizes
measured for the different objectives are reported in Table 4-1 and their values are consistent with
the dimensions seen on the processed tracks, as shown later in this report. The difference between
the calculated and the measured spot sizes is due to the fact that the laser beam is smaller than the
objective entrance pupil which results in larger spots. For this project, we used the experimentally
measured values of 2.50 pm and 4.70um for x20 and x10 objectives, respectively.

Objective NA Theoretlcgl calculated spot size | Measured spot size diameter
diameter (um) (um)
%36 0.52 1.14 -
%20 0.40 1.48 2.50
%10 0.25 2.38 4.70

Table 4-1: Summary of objectives spot sizes with both calculated and experimentally

measured spot size diameters.

4.3 Laser crystallisation of a-Si and a-Si:H films

Preliminary laser crystallization experiments were performed on Generation | and Generation Il
samples. Generation |1 samples have a 250 nm thick a-Si:H film deposited by PECVD on a fused
silica substrate at 350 °C. Although a-Si:H waveguides are popular for the development of low loss
optical waveguides, the rapid out-diffusion of hydrogen during the laser processing step was a
concern. Therefore, Generation 11 samples were fabricated the same as Generation | samples but were
later pre-treated in a furnace at 450 °C for 1 hour to slowly out-diffuse hydrogen from their silicon
films. To validate the presence and absence of hydrogen in Generations | and Il respectively, Raman
spectra have been measured around the predicted hydrogen peak positions, 2000-2100 cm™?, as shown
in Figure 4.2. For the spectrum on the left, corresponding to Generation I, both Si-H and Si-H.

vibrational peaks are visible thus confirming the presence of hydrogen. However, for Figure 4.2(b),
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Chapter 4: Laser crystallisation of a-Si planar films

corresponding to Generation Il samples, no peaks are visible thus confirming the furnace

dehydrogenation process.
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Figure 4.2: Raman spectra of Generation | (a) and Generation 11 (b) samples.

To investigate the influence of laser processing power and scanning speed on the crystallisation
process, many p-Si tracks were written onto the films using combinations of different powers and
speeds within the range of 100 — 350 mW and 0.001 — 10 mm/s, respectively. A x10 objective with

a spot diameter of 4.70 um was used for the writing of all of the tracks on both a-Si:H and a-Si films.

4.4 Optical microscopy characterisation

The characterisation of the p-Si tracks written onto the planar films starts with optical microscope
observations. Using a x100 objective, the p-Si tracks were imaged and sorted by processing power

and scanning speed for a visual interpretation as shown in Figure 4.3.

In both a-Si:H and a-Si, a damage threshold clearly exists at different positions depending on the
scanning speed and the laser power. As discussed in Chapter 2, silicon crystallisation can be divided
into different regimes depending on the energy absorbed by the material. In Figure 4.3, non-damaged
p-Si tracks denoted by the blue lines, such as a-Si:H processed with 150 mW at 0.01 mm/s or a-Si
processed with 125 mW at 0.1mm/s, represent a regime where silicon is partially molten and
crystallises whilst cooling down. However, at higher absorbed energy, p-Si tracks denoted by the red
lines, such as a-Si:H processed with 250 mW at 0.1 mm/s or a-Si processed with 300 mW at 0.01
mm/s, are damaged. These black areas indicate the size of the heat-affected zone from where molten

material has been ejected by laser ablation [162].

It is important to note that the ablation threshold increases with scanning speed as the energy
absorbed by the material decreases. Also, the fact that a-Si:H thresholds are higher than a-Si

thresholds could be explained by the band gap energy of a-Si:H which increases with the hydrogen
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4.4: Optical microscopy characterisation

concentration resulting in a lower absorption at 488 nm for higher hydrogen concentrations [163]
[164]. Finally, the orange delimited p-Si tracks, from a-Si:H processed with 100 and 125 mW at
0.001 mm/s and from a-Si processed with 150 mW at 0.01 mm/s, are unstable tracks where several
segments of both partial melting and ablated regimes were observed. From these observations, a
range of laser irradiation conditions corresponding to good quality material is expected to be located
for laser powers below the damaging threshold, 150-180 mW for a-Si:H and 125-200 mW for a-Si
depending on scanning speeds.
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Figure 4.3: Optical microscope images of p-Si tracks for different laser processing
powers and scanning speeds. (a) Generation | a-Si:H, (b) Generation Il a-Si thermally
annealed for 1h at 450°C.

Another observation in Figure 4.3 is that for scanning speeds higher than 1 mm/s, some p-Si tracks
indicated with the green boarder are damaged in the case of a-Si:H only. There is no clear explanation

for this phenomenon, however it could be attributed to violent out-diffusion of hydrogen.

At high scanning speed and low power, the a-Si:H material does not receive enough energy to melt
and the hydrogen gas out-diffuses violently damaging the surface. For laser powers of 250 mW at
1 mm/s and 200 mW at 10 mm/s, violent hydrogen out-diffusion coupled with laser ablation results
in largely damaged films with visible cracks. This effect only appears at high scanning speeds. For
speeds slower than 1 mm/s, the heating induced by laser processing is sufficiently slow to leave
enough time for the hydrogen to out-diffuse gently. For scanning speeds of 1 mm/s or faster, the
steep heat gradient can be associated to the pulsed laser case where hydrogen violent out-diffusion
has already been reported on a-Si:H[165].
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Chapter 4: Laser crystallisation of a-Si planar films

Finally, Figure 4.3 reveals that despite using a x10 objective with a 4.7 um spot diameter, structures
larger than the spot size are formed. In the a-Si:H material processed with 180 mW at 0.1 mm/s, the
central pink feature and the larger green feature are 5 and 12.6 pm wide, respectively. This provides
evidence that sharp features are difficult to obtain within planar films using this method.

As our optical microscope is equipped with a differential interference contrast (DIC) option, it is
possible to increase the contrast in fine features contained in our laser-crystallized tracks. By using
birefringent glasses and a polarizer, the contrast between the a-Si and p-Si features can be enhanced
because of their different refractive indices. In Figure 4.4(a), no particular details can be observed on
the p-Si tracks from a-Si:H processed with 125 mW at 1 mm/s, however when using DIC in Figure
4.4(b), the polycrystalline structure of the track is revealed. The “chevron” crystal pattern, pointing
in the writing direction (from bottom to top), reveals micrometre long crystals in the middle, whilst
the side of the track is only populated by small crystals as described in Chapter 2. This observation
confirms the formation of polycrystalline silicon but also reveals the limitations of planar samples
where the sides of the processed track cool down too fast leading to formation of small crystals. This
problem is address in the following chapter by geometrically confining silicon material into a pre-

structured wire structure.

Writing o
direction

Figure 4.4: Optical microscope images of a track written at 1 mm/s with 125 mW on

a-Si:H without (a) and with (b) differential interference contrast imaging.

4.5 Raman characterisation

As shown in Chapter 3, Raman spectroscopy can be used to characterize material quality of a p-Si
wire by measuring the Lorentzian peak width I" and position, and then comparing them to the c-Si
reference peak width (2.7 cm™) and position at (520 cm™). Raman results are summarised in Figure
4.6 and Figure 4.7, where the T and peak position values of each laser processing condition have
been mapped. For clarity, only the data associated to properly fitted spectra as in Figure 4.5(a) are

presented. If the associated Raman spectrum is too noisy as in Figure 4.5(b), both I" and peak position
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4.5: Raman characterisation

are set blank. Usually, spectra that are too noisy to be fitted correspond to damaged tracks where all
the silicon has been ablated. However, some damaged tracks such as the p-Si track processed with
350 mW at 1 mm/s, had enough remaining material for the spectrum to be fitted. Hence, both Raman
spectroscopy and optical microscopy have to be jointly used to find out optimal crystallisation
parameters.
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Figure 4.5: (a) Raman spectrum of a-Si:H laser processed with 125 mW at 1 mm/s
conserved for Raman analysis, (b) Raman spectrum of a-Si:H laser processed with

300 mW at 1 mm/s not considered for Raman analysis because of its noise level.

The first Raman results presented in Figure 4.6 correspond to the a-Si:H film. From the Raman peak
width analysis shown in Figure 4.6(a), it is revealed that p-Si tracks with high degrees of crystallinity
correspond to the 100 — 180 mW range for scanning speeds between 0.1 and 1 mm/s as denoted by

the magenta lines. The best crystallisation, as indicated by I' = 2.91 cm%, was obtained with 100 mW

at 1 mm/s.
(a) - v 5 (b) 520
100 | 3.88 : 100
125 SN 45 125 519
§ 150 g 150 t
E 180t 4 Esof 2k
2 200 f 3.68 342 35 2 200} o
£ 250 ¢ 4.14 £ 250 |
300 ¢ 1 3 300 ¢ 1 516
350  4.03 4.17 349 1 350 ESL7EINENSIEN S17:9
: . - . : 2i5 i . : - 515
0.001 0.01 0.1 1 10 0.001  0.01 0.1 1 10
Scanning speed (mm/s) Scanning speed (mm/s)

Figure 4.6: Raman maps of laser processed a-Si:H for different scanning speeds and
powers with Lorentzian peak width T' (a) and position (b). The magenta lines denote

optimal laser processing conditions.

In Figure 4.6(b), the peak position analysis reveals a general tensile strain, induced by unmelted

wings that pull the material whilst cooling down, with an average value of 516.4 cm™. However, for
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Chapter 4: Laser crystallisation of a-Si planar films

the 1 and 10 mm/s scanning speeds where hydrogen out-diffusion has been observed by microscopy,
the Raman peak is shifted toward higher frequencies compared to the tracks denoted by the magenta
line. Our hypothesis is that when hydrogen out-diffuses it compresses silicon atoms resulting in a
Raman shifted toward higher frequencies. Stressed peaks are also observed on the sides of damaged
tracks such as the track processed with 350 mW at 10 mm/s where in this case the atoms are

compressed due to the violent laser ablation process.

Similar analysis can has been conducted for the de-hydrogenated silicon films with the Raman results
shown in Figure 4.7. As with the a-Si:H film, most of the damaged tracks cannot be fitted and the
remaining peaks correspond to residue leftover from the laser ablation. From the width analysis in
Figure 4.7(a), p-Si tracks with high degrees of crystallinity are localised in the 100 — 200 mW range
for scanning speeds between 1 and 10 mm/s as delimited by the magenta lines, with the best
crystallisation, I' = 2.87 cm™ , also obtained with 100 mW at 1 mm/s. In Figure 4.7(b), the peak
position analysis reveals that, in absence of hydrogen, p-Si tracks processed at 1 and 10 mm/s are not
stressed. Apart for some tracks with peaks position slightly shifted in higher frequencies due the

compressive strain remaining after laser ablation, all p-Si peaks are centred around 516 cm™.
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Figure 4.7: Raman maps of laser processed a-Si for different scanning speeds and

powers with Lorentzian peak width I (a) and position (b), respectively.

For both the a-Si:H and a-Si materials, the average peak position is centred around 516.2 cm™, despite
a good degree of crystallisation with an average width T" of 3.2 cm™. A possible explanation is that,
when the molten silicon cools down, it would naturally occupy a smaller volume as c-Si is denser
than a-Si [44]. However, due to the planar geometry, the sides of the heat affected zone remain solid
and apply tensile strain on the molten phase by surface tension. When the p-Si cools down, this
tensile strain results in a peak position shifted toward low frequencies compared to the expected
520 cm™.
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4.6: Preferential etching

4.6  Preferential etching

Following the completion of our optical and Raman microscopy analysis, the samples were subject
to analysis via etching to reveal information about the crystal boundaries. Besides acting as
preferential sites for segregation of impurities during crystal growth, crystal boundaries are also filled
with weak Si-Si bonds due to mismatches between different crystalline domains. Because of these
disordered weak bonds, silicon material present at the crystal boundaries are considered to be

amorphous, so that they can be selectively etched away using specific chemicals.

Different etching solutions such as potassium hydroxide [166], Sopori etch [167] and Secco etch
[166] are used in the silicon industry. In our experiments, we used the Secco etch solution, which is
composed of an oxidizing agent, potassium dichromate (K.Cr,Oy), that is used to oxidize the weakly
bonded silicon at crystal boundaries to form silica, and hydrofluoric acid (HF), which is a silica
etchant. Using two parts of HF (48%) and one part of K;Cr,O7 (0.16 M), diluted 10 times in water

for a more accurate control over time, the a-Si etching rate was measured to be 150 nm/min.

At the end of the etch process, the crystal boundaries are revealed as trenches that could be easily
observed using a SEM. With this technique, crystals with length up to 6 um have been observed as
shown in Figure 4.8 where a laser processed track has been imaged before and after Secco etch

treatment.

Figure 4.8: SEM micrographs before (a) and after (b) Secco etch treatment on a-Si
irradiated with 125 mW at 1 mm/s.

In contrast to the SEM micrograph of the non-etched sample, where crystal boundaries are not
visible, the Secco etched sample micrograph reveals micrometre long crystals. As expected, large
crystals are formed in the middle, whilst lots of small crystals form at the tracks edges due to the
faster cooling rate. This process will be discussed in more details in Chapter 5. This final analysis,
despite being destructive, validates our observation with the microscope equipped with the DIC
system and gives a clear confirmation about the need to improve the heat confinement in order to
improve the crystallisation quality and grow larger crystals.
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Chapter 4: Laser crystallisation of a-Si planar films

4.7 2D patterning

As discussed earlier in this chapter, the high precision 2D translation stages of the laser-writing setup
allow for the irradiation of complex patterns using the G-code language. By combining the laser
processing technique to selectively crystallise a-Si, and the Secco etching to remove unexposed a-Si,
it is possible to easily and quickly transfer a pattern designed on a computer directly onto a planar a-
Si film. As a proof of concept, a pattern composed of tracks and circles similar to a ring resonator
device but with a ring overlapping the waveguide, has been designed and transferred on to an a-Si
film, using the laser scanning parameters of 130 mW and 0.1 mm/s. After Secco etch treatment, the
structure is revealed in Figure 4.9 where large crystals can be observed in the centre with smaller
crystals forming edges, as expected. The small crystals composing track edges create a rough surface
that would generate optical losses in such waveguide. However, in the section where the ring overlaps
with the waveguide, we see evidence of crystals merging, as shown in Figure 4.9(b). Thus the effect
of the double pass laser scan on the processed material helps to transform the initial low quality edge
of the track into larger, high quality crystals. Therefore, we expect that a second scan with the laser
over the track edges could be used to improve the p-Si material after Secco etching.

This work has not been pursued further in this thesis as it was dedicated to another project. Besides,
the heat diffusion problem, which results in large p-Si tracks, is still a concern for obtaining high

precision designs via this approach.

Figure 4.9: SEM micrographs after Secco etch treatment of an a-Si film, laser
processed in the order indicated by arrows with 130 mW at 1 mm/s. (a) Overall view
of the structure. Inset: close up to the junction area. (b) Magnified view of the inset

where the crystals have merged.

4.8 Conclusion

In this chapter, preliminary work to investigate laser processing of a-Si thin films has been presented.
Using optical microscopy combined with Raman spectroscopy, combinations of processing powers

and scanning speeds have been obtained for the formation of p-Si tracks with the best Lorentzian
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widths T of 2.91 and 2.87 cm™ for a-Si:H and a-Si, respectively. The role of hydrogen in the
crystallisation process has been studied. Using Raman spectroscopy, the stress of the p-Si tracks has
also been estimated, revealing a general tensile strain for p-Si tracks grown in planar films. Finally,
crystalline structures have been observed with both optical microscopy and with the use of a

destructive acid treatment revealing silicon crystals up to 6 um long in the laser exposed a-Si areas.

The growth of silicon crystals using our laser processing method along with the ability to observe
and characterise them validates this preliminary work. Different concerns encountered in this chapter
will be addressed in the following chapter. To improve the crystallisation process and grow larger
crystals, pre-patterned a-Si wires will be used as a starting material instead of planar films, which
lack lateral heat confinement. Also, to prevent hydrogen abrupt out-diffusion during the laser
processing, only hydrogen-free silicon will be used in the remaining work of this project.
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Chapter 5

Pre-patterned silicon waveguides

5.1 Introduction

As shown previously, laser crystallization can grow silicon crystals up to 6 um long on a-Si planar
films. In this chapter, laser crystallization experiments on pre-patterned a-Si wires are presented with
the goal to improve the crystallisation process. The first part of this chapter contains details of the
different sample generations and discusses their potential impact on the crystallisation process. This
includes samples with different waveguide widths, thicknesses, and substrate type, as well as those
deposited using different methods and the addition of a silica capping layer. The second part of the
chapter is focused on the last generation of samples, Gen. VI, and presents the latest results on both

material and optical characterisation.

5.2 Material impacts of different fabrication parameters

5.2.1 Visual inspection of p-Si tracks before analysis

In this section, a variety of patterned sample generations, from Gen. Il to Gen. VI, are studied. After
being laser processed, their material characteristics are inspected using the different tools presented
in Chapter 4. Because of the large number of p-Si tracks that have been processed during this project,
optical microscopy imaging has been used to quickly inspect the quality of each laser processed track
and estimate its degree of crystallisation. The p-Si tracks are sorted into five different categories as

shown in Figure 5.1.
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Chapter 5: Pre-patterned silicon waveguides

Figure 5.1: Optical microscope images of the five categories for laser processed p-Si

tracks observed throughout this thesis. (a) Side processing, (b) damaged wire, (c) under
processed inhomogeneous wire, (d)-(e) homogeneously processed wire with crystals
in chevron pattern imaged, without and with DIC system, and (f) homogeneous

rounded wire with long crystals with alignment marks at the bottom. [scale bars: 5 um]

The first category, presented in Figure 5.1(a), corresponds to a misalignment of the laser beam with
respect to the a-Si wire, resulting in a partially processed p-Si track. To address this issue, which was
not present in the previous planar study, finer steps have been used in our G-code scripts and
alignment of the beam to the a-Si track was checked regularly to assess proper operation of the setup.
Also, the microscope objective used to focus the laser beam on the a-Si track was adjusted to ensure
that the spot size was larger than the processed wire. Figure 5.1(b) represents a wire that has been
damaged because it received too much power. As with the a-Si films, the material has been ablated
resulting in a black area at the centre. The p-Si material on the edges remains as these areas cool
down faster than the central area. The p-Si track presented in Figure 5.1(c) reveals clear modification
of the initial a-Si material. However, the inhomogeneity of its surface indicates a low degree of
crystallisation. Figure 5.1(d) and (e) are two micrographs of the same track captured without and
with the DIC system, respectively. Under regular top illumination, the p-Si track looks
homogeneously modified, however, the refractive index contrast is enhanced with the DIC system
and crystals organised in a chevron pattern can be observed. Finally, Figure 5.1(f) represents the most
promising type of p-Si track. This wire was processed from the bottom to the top, and the black spot
visible under the track serves a mark to locate the centre. The rounded iridescent pattern at the start
of the track indicates a smooth rounded shape and the homogeneity of this pattern along the track

suggests the presence of long crystals.

Observations of these different categories have been used throughout this entire project to perform
quick estimations and reduce the number of parameter combinations. The good materials were then

characterised in more detail to determine the effect of individual fabrication.
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5.2.2 Effect of the wire width

The first set of a-Si wires were fabricated on Gen. Il films, which underwent a furnace annealing
process to remove hydrogen. The 250 nm thick film was patterned into wires with widths varying
from 10 to 2 um using photolithography. Laser processing was performed using a x20 objective,
giving a 2.5 um diameter spot for a total overlap with the thinner wires and a partial overlap for wider
wires. Three different laser powers were considered, 100, 120 and 150 mW, with the scanning speed

fixed at 0.1 mm/s. The Raman results of these processing processes are presented in Figure 5.2.
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Figure 5.2: Evolution of Raman peak width (a) and position (b) for different p-Si wire

linewidths. [scanning speed: 0.1 mm/s, dashed lines: c-Si reference]

For the three powers in Figure 5.2(a), the Lorentzian peak width I is relatively unchanged across all
linewidths, except for a sudden increase for the two smallest tracks at 100 mW. Some changes were
expected for wires smaller than the laser spot, but no obvious trends were observed, except for the
increase at 100 mW. With an average width of 3.9 cm™ and the lowest value being 3.52 cm™, the
degree of crystallisation of these p-Si tracks is low. In Figure 5.2(b), the peak position is constant
from 10 to 6 um for the three powers and then the lines processed at 120 and 150 mW increase
toward the c-Si reference, whilst the lines at 100 mW shifts toward lower frequencies. Because the
peak width is not varying for different widths of wires, the peak position shift is attributed to stress
and not to the crystallisation quality [140]. This stress originates from the mismatch between the wire
width and the heat affected area which is larger than the spot diameter. For linewidths larger than
6 um, the heat affected zone is smaller than the wire, which behaves as a planar structure, i.e.,
maintains solid sidewalls that apply tensile strain as the p-Si cools down, as explained in Chapter 4.
For linewidths below 6 um, most of the wire is softened by heat, hence less tensile stress. The p-Si
material being more and more relieved from stress, the Raman peak shifts toward the frequency
associated to its p-Si material quality when free of stress. Compared to the 120 and 150 mW tracks,
the lower laser processing power of the 100 mW tracks combined with small wires resulted in the
formation of smaller crystals, as revealed by the T increase in Figure 5.2(a). As small crystals have
an associated Raman frequency situated toward lower frequencies, this justifies the shift in Figure

5.2(b). For example, we note that the nano-crystals Raman peak is situated around 514 cm™.
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Chapter 5: Pre-patterned silicon waveguides

For the remainder of this project, except for generation IV samples, which were based on
generation 111, we decided to opt for smaller linewidths with wire widths between 1-2 um. In addition
to being totally covered by the 2.5 um laser spot, these dimensions are closer to photonic waveguide

standards.
5.2.3 Effect of the deposition method and crystalline substrate

As discussed in Chapter 3, during this project samples changed from PECVD deposited on glass
substrates to HWCVD deposited on a c-Si substrate with a 4.7 um thick BOX layer. Because two
different film deposition methods have been used, the purpose of this study is to assess the
repeatability of the results obtained on generation 111, 250 nm thick a-Si deposited by PECVD, for
comparison with those of generation V, 220 nm thick a-Si deposited by HWCVD.
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Figure 5.3: (a) Raman spectrum of a generation 1V sample using the two peaks fitting
method. (b) Raman Lorentzian fit comparison of PECVD (blue) and HWCVD (red) a-

Si wires laser processed with 270 mW at 0.1 mm/s.

Figure 5.3(a) shows the Raman spectrum of a 2 um wide, HWCVD deposited a-Si wire laser
processed with 260 mW at 0.11 mm/s using a x20 objective. Compared to the generation 111 samples,
this shows a broader Raman feature, which appears to contain two individual peaks. For a Raman
excitation wavelength of 532 nm, the penetration depth in silicon is deeper than the thickness of the
silicon wire, hence a portion of the excitation laser radiation reaches the c-Si substrate. Therefore,
the Raman spectrum contains a peak from the c-Si substrate, which has to be taken into account
during the fitting. The two-peak fitting method presented in Chapter 3 is validated by the strong
agreement of the overall fitting with the data points. However, because of the presence of the c-Si
substrate peak in some generations, the raw datasets from generation Il and generation V cannot be
compared directly. Figure 5.3(b) shows the fitted Lorentzians extracted from Raman spectra acquired

from two different generations but processed with the same conditions. Both a-Si tracks were 2 um
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wide and 220 - 250 nm high, and both have been laser processed with 270mW at 0.1 mm/s using a
x20 objective to focus the laser beam. The width I of these peaks is 4.22 and 4.08 cm™ for PECVD
and HWCVD, respectively, whilst the positions of these peaks are 518.25 and 518.40 cm™. These
differences, slightly higher than the spectrometer accuracy which is 0.12 cm™, confirm that the
difference induced by the deposition methods is negligible.

5.2.4 Effect of the film thickness

During this project, the thickness of the deposited a-Si was increased from 220 nm to 400 nm to
optimise light coupling for the optical waveguide characterisation. The impact of this transition

between generation V and generation VI will be discussed here.

It is expected that with a thicker a-Si wire, more energy is required to reach the complete melting
regime. This is confirmed by the Raman maps shown in Figure 5.4. These maps indicate the
measured p-Si peak position for 2 um wide wires, which are 220 and 400 nm thick, respectively. For
both of these samples, the double peak fitting method is used to take account of the c-Si substrate
contribution. But when the p-Si track is damaged, only the substrate c-Si peak remains and the overall
peak position suddenly shifts to the c-Si reference position, as shown in Figure 5.4(a), for laser
powers that are located below the magenta line. Thus, the optical damage threshold can be obtained
by searching for a Raman peak shift as shown in Figure 5.4. For both 220 nm and 400 nm thick films,
the 2 cm™ peak shift toward higher frequencies indicating the damaged threshold is delimited by
magenta lines. Despite having different damage thresholds for the different film thickness, overall
we can conclude that, with the correct power, the p-Si material quality after laser processing is similar
as indicated by the Lorentzian peak widths of 3.3 cm™ and 3.19 cm®. These lines were processed
with 90 mW and 240 mW for the 200 nm and 400 nm thick silicon films, respectively, both with a
scanning speed of 0.1 mm/s. The increase of wire thickness from 220 to 400 nm seems to only affect

the different laser processing thresholds.
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Figure 5.4: Raman peak position for a 2 um wide, (a) 220 and (b) 400 nm thick a-Si
wires for different laser processing powers. Damaged p-Si wires are situated below the

magenta lines.
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Chapter 5: Pre-patterned silicon waveguides

In Figure 5.5(a) and (b), two p-Si wires with a 2 um width and a thickness of 220 and 400 nm,
respectively, reveal the same long crystal patterns aligned with the writing direction. It is possible
that with a thicker wire, more nucleation sites resulting in several small crystals could appear due to
larger molten volume and larger air-cooled surfaces but from the observations in Figure 5.5, the

change is negligible.

Figure 5.5: Micrographs of 2 um wide p-Si wire with a thickness of (a) 220 and (b)

400 nm after a Secco etching treatment.

5.2.5 Effect of silica capping

During this project, different approaches have been investigated to enhance the silicon crystallisation.
As crystals, up to 200 um long have already been reported via laser processing of silicon core fibres
that are completely encapsulated in silica, silicon wires of Generation IV samples have been covered
with a 1 um thick PECVD silica top layer to mimic the fibre geometry. In addition, to protecting the
silicon wires from dust, the silica capping layer is also expected to allow tuning of the p-Si stress due
to silicon confinement as in the corresponding fibre experiment [44]. To investigate if this result can
be reproduced on a planar geometry, the pre-structured a-Si wires were laser processed using a x10
objective at different scanning speeds and powers. Results of the Raman study are presented below
for 2 um wide wires.
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Figure 5.6: Raman maps of laser processed silica capped a-Si 2 um wide waveguides
for different scanning speeds and powers. (a) Lorentzian peak width I and (b) peak

position.

The Raman maps in Figure 5.6 are composed of three different parts, delimited by coloured separator
lines. In the areas delimited by orange lines, the a-Si wires did not receive enough energy and the p-
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Si material is poorly crystallised with peak widths ' > 3.2 and a Raman peak position shifted toward
lower frequencies. As with planar laser processing, a tensile strain is imposed on the silicon by the
surrounding silica when the p-Si shrinks because of its higher density compared to a-Si. In the blue
delimited area, the a-Si wires received enough energy and have a high degree of crystallisation, as
indicated by the Raman peak width ' ~ 2.8 cm™. However, in this area the p-Si doesn’t show any
sign of strain, as indicated by the position of the Raman peak. This is most likely due to softening of
the silica capping layer during laser processing. Finally, when the a-Si wires have been exposed at
higher energy, I becomes larger but the peak position shifts to values close to c-Si reference and

even beyond, i.e. for the track processed with 950 mW at 0.5 mm/s.

The unexplained strain observed in some p-Si tracks is revealed by the optical microscope and SEM
images in Figure 5.7, where partial ejection of silicon during laser processing is observed. The images
(a-c) correspond to a wire laser processed with 900 mW at 0.01 mm/s and show a continuous bump
in the central part with a funnel from where material escaped. The remaining silicon, not being
stressed anymore by its silica cladding, has a high degree of crystallisation and a peak centred at
518.3 cm™. On images (d-e), the wire laser processed with 950 mW at 0.05 mm/s presents a larger
number of funnels and the silica cladding seems to have ‘collapsed’ which would explain the high

compressive strain observed with Raman.

Figure 5.7: Optical microscope images and micrographs of a-Si silica capped 2 pm
wide wire laser processed with 900 mW at 0.01 mm/s and laser processed with 950
mW at 0.05 mm/s, respectively (a-c) and (d-e). Samples are 45° tilted for SEM

micrographs.

As with hydrogenated silicon, the silica capped project has not been investigated in more detail as
the initial results, despite indicating that good material quality could be obtained, revealed that more

work was needed to investigate the strain. For strain investigation, a thicker silica cladding in the
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planar geometry should help to better confine silicon during the laser processing as in the case of

silicon core fibre where the cladding is ~125 pum.

5.3  Silicon waveguides

The following part focuses on generation VI samples, the last generation of this project, which

leverages the knowledge acquired from previous experiments and generations.

As compared to the initial test samples, used for the preliminary work, the last sample generation
mainly profits from high-resolution patterning based on e-beam lithography, and a finer definition of
a-Si wires from the use of the ICP-RIE etching method as shown in Figure 3.9. Although e-beam
allows for wires that are 200 nm in width to be fabricated, the optical injection losses for the
transmission measurements would have been too high. Furthermore, most of the 500 nm wide
waveguides were broken due to vibrations during polishing and cleaning steps so we only focused
on wires with widths of 2, 1.5 and 1 um.

5.3.1 Laser processing

For the last sample generation, optimal laser processing parameters were obtained from both silicon
light reflection observations and Raman spectroscopy. It is known that laser melting is accompanied
by an increase of reflectivity due to the phase transition from solid to liquid silicon along with surface
topography modification [168]. To observe this reflectivity transition, two photodiodes have been
introduced in the laser processing along with beam splitters to collect both the back reflection of the
laser from the sample surface and a portion directly from the laser output for normalisation. Traces
representing reflectivity variations have been acquired but the low responsivity of the available
photodiodes made the system impractical. However, during this experiment, strong correlations have

been made between the visible scattered light during the process and the resulting p-Si wire shape.

Figure 5.8: Images of the backscattered light from sample surface during laser

processing. (a) Back reflection of a continuously crystallising wire, (b) scattered back

reflection of a wire being damaged during the writing process.
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Homogenous symmetric back scattering, as shown in Figure 5.8(a), results in a symmetrical
homogeneously processed wire whilst distorted scattered light as shown in Figure 5.8(b) indicates
ablation and damages. Offsets processing have also been identified using this method. The advantage
of this method is that a wire damaged during laser processing can easily be identified and put aside.
For safety reasons, laser goggles and anodised aluminium shielding were used to protect the lab user

from laser reflections from the sample.

The back scattered method saves time and gives the opportunity to quickly converge toward optimal
processing parameters but Raman spectroscopy is primarily still used to assess the p-Si quality. In
addition to using the Raman peak position and width T’ the intensity ratio I, /1., between the p-Si
and c-Si peaks is also taken into account. As shown in Figure 5.9(a), the Raman spectrum of a 2 um
wide waveguide laser processed with 260 mW at 0.05 mm/s has been fit using the two peak method,
with the result revealing that the p-Si peak intensity is lower than c-Si peak. In this case, the p-Si
material, despite having a Lorentzian width ' of 3.05 cm™, has been ablated and the small amount of
the remaining material results in a low intensity p-Si peak compared to the substrate c-Si peak.
Therefore, if the ratio I, /1 is low, the substrate c-Si has the biggest participation and the track can
be considered as damaged, as in the orange delimited area in in Figure 5.9(b). In contrast, high 1, /1.

ratios, such as delimited in magenta, indicate a non-damaged track.
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Figure 5.9: (a) Raman peak fitting using the two peaks method for a 2 um wide wire
laser processed with 260 mW at 0.05 mm/s, (b) Variations of Raman p-Si and c-Si peaks

intensity ratio for a 2 um wide wires.

The range of optimal processing parameters was obtained by combining the back scattered
observations with optical microscopy and Raman spectroscopy for each wire width. Results are
summarised in Table 5-1 with the damage threshold range indicated for different wire widths. Laser
processing was performed using a x10 objective to ensure beam overlap with the entire waveguide.

To limit the investigation field, the scanning speed range has been mainly restricted to values of 0.1,
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0.2 and 0.3 mm/s. However, for such a small range, no noticeable changes in the damage threshold
were observed. For a fixed width, the damage threshold value will depend on different parameters

such as the material, the local roughness, the alignment and the focus.

Wire width (um) Damage threshold range (mW)
2 > 200 - 220
15 > 250 - 260
1 > 280 - 310

Table 5-1: Laser power damage threshold for 400 nm thick wires with different widths

processed at scanning speeds from 0.1 to 0.3 mm/s with a x10 objective.

During the processing of the Raman data, it has been found that the material presenting the best
degree of crystallisation was typically processed with laser powers ~20 mW below the damage
threshold. These values should correspond to the near-complete-melting regime, described in
Chapter 2, where all the exposed material is molten except for a small amount of solid silicon clusters
that seed the growth of large crystals. However, as our Raman spectrometer system has a spot size
of 1 um diameter, it cannot evaluate the degree of crystallisation for p-Si wires with crystals larger
than 1 um. As seen in Figure 5.10, the 1.5 pm wide p-Si wire laser processed with 230 mW at 0.1
mm/s has a I of 2.8 cm™® which is close to c-Si reference, albeit with a small shift in the peak position.
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Figure 5.10: Raman spectra of a 1.5 um wide a-Si wire laser processed with 230 mw

at 0.1 mm/s (orange) and a c-Si reference (blue). For p-Si peak, I' = 2.8 cm™.

To further characterise the crystallisation degree of our p-Si wires, Secco etching, SEM and XRD

characterization was also used.

64



5.3: Silicon waveguides

5.3.2 SEM topography of p-Si wires

As seen in Chapter 3, Secco etching is an efficient way to reveal the presence of crystals when
combined with SEM imaging. As chemical etching is a destructive tool, the samples that are
investigated using this method cannot be used for waveguiding experiments afterwards.

Different crystallisation patterns are shown in Figure 5.11. The first wire has been laser processed
with a small amount of energy, 50 mW at 0.04 mm/s. The material quickly reached the nucleation
temperature whilst cooling down, resulting in the creation of numerous nucleation sites forming
many small crystals, as explained in Chapter 2 with Figure 2.4. Also, as the edges cool faster because
of their higher exposition to air, smaller crystals are formed in these regions.

®

Figure 5.11: SEM micrographs of Secco etched p-Si wires with different topographies.
(wire width, processing power, scanning speed) (a) 1.5 um, 50 mw, 0.04 mm/s, (b)
1.5 pm, 60 mwW, 0.02 mm/s, (c) 1.5 pm, 80 mW, 0.05 mm/s, (d) 2 um, 110 mw, 0.04
mm/s, (¢) 0.5 um, 250 mW, 0.01 mm/s, (f) 0.5 um, 300 mw, 0.01 mm/s. [scale bars:

1 pm]. Scanning direction from the bottom to the top.

In Figure 5.11(b), the track was laser processed with more energy, 60 mW at 0.02 mm/s, thus the
liquid phase of silicon reached a higher temperature. Again, because sides are more exposed to air,
they cool down faster to reach the nucleation temperature first. Small crystals then form on the edges
and some of them seed the liquid phase of silicon in the middle part leading to the formation of larger
crystals in this region. The wire in Figure 5.11(c) has been laser processed with more energy than
the previous one, 80 mW at 0.02 mm/s, and the explanation of the crystallization remains identical.
However, one can observe a shrinkage of the small crystal zone close to the edges, which implies the
formation of larger crystals in the central region. Figure 5.11(d) and (e) show that these different
crystallisation patterns can be observed with different wire widths if the laser power is adjusted
accordingly. Note in (d) a “chevron” pattern is left by the laser scanning from the bottom to the top,
with a long crystal forming in the central part of the wire where the silicon remains liquid for the

longest time. Despite having many small crystals on their sides, these patterns are useful for the
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understanding of crystallisation mechanism. Finally, the crystallisation patterned in Figure 5.11(f)
has been observed mainly for 1 and 0.5 um wide wires. The fact that no cracks can be observed along
this wire after Secco etching indicates that it is composed of one crystal over the entire width of the

wire,

This crystallisation study indicates that the largest crystals are obtained when the silicon wire is
completely melted. This study also explains why materials with the highest degree of crystallisation

are obtained for laser powers close to the threshold.

5.3.3 Waveguide reshaping

Another consequence of the complete melting that the wires are subjected to is that, while in the
liquid phase, the wire is reshaped by surface tension that acts on the liquid air interface. Therefore,
as it cools down, the initially rectangular cross section of the a-Si wire forms a semi-circular shape,
as shown in Figure 5.12. Here, the SEM micrograph in (a) is an un-processed 2 um wide a-Si wire,
whilst the SEM micrograph in (b) is a 2 um wide p-Si wire which has been laser processed with 200
mW at 0.1 mm/s. In addition to removing the sharp corners, the reshaping smooths any potential side
roughness left after the patterning step, which is important for obtaining low waveguide losses. In
Figure 5.12(b), debris from the polishing step can be observed. These debris are problematic for the
loss measurements because it can cause light scattering and also interfere with the laser processing
by introducing absorption points that can initiate laser damage. Later on we opted for covering some
samples with a 1 um thick silica layer after laser processing to keep them free of dust. A post silica-
covered sample is shown in Figure 5.12(d), but no measurements have been obtained from these due
to a material issues occurring during the deposition (wrong deposition temperature and material
contamination during silica top layer deposition). Still, even if the effective index of this structure is
different due to the presence of the top layer, material losses are expected to be similar and silica
covered silicon wires are expected to be one of the future targets of this project as we work towards
3D stacking of the waveguides.

Figure 5.12: SEM micrographs of (a) an a-Si wire before processing and (b) a p-Si
wire after processing at 0.1 mm/s with 200 mW. (c-d) Optical microscope cross-section

of a p-Si wire without and with a silica cover.
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534 X-Rays Diffraction analysis

XRD is a tool that can be used to assess the presence of crystals in the laser processed wires and
collect information about individual crystals such as their length and orientation, whilst having the
advantage of being a non-destructive method. To characterise our p-Si wires, the XRD setup was
used in a grazing incidence configuration to avoid strong diffraction from the c-Si substrate. As
illustrated in Figure 5.13, XRD analysis was performed by collecting the diffraction pattern from a
large incident spot, 30 um by 3 pm, for different scanning positions along the p-Si wire.

Sample

30 um

Figure 5.13: Hlustration of the XRD experiment in reflection configuration. A large X-
ray beam is scanned at different position of the silicon wire in grazing incidence. For
each scan, the yellow and blue diffracted beams are collected by the CCD detector along

with the reflected green X-ray beam.

The diffraction pattern of a 2 um wide p-Si wire processed with 200 mW at 0.1 mm/s is shown in
Figure 5.14. The scanned segment of this wire is not a single crystal as several diffracted spots can
be observed. The two broad spots on the (311) and (400) silicon reference planes, indicated by red
arrows, are the c-Si substrate diffraction with a measured azimuthal angle difference of 23.42°
degree. In theory, for a diamond unit cell, the calculated angle difference between (311) and (400)
crystallographic planes is 25.24°, thus confirming the c-Si substrate origin of these broad spots.
Smaller spots can also be observed and are indicated by blue and green arrows. The spots indicated
by blues arrows are positioned next to a c-Si plane and are associated with p-Si crystals, whilst the
spot indicated by the magenta arrow is too far from a c-Si plane to be associated with a silicon signal,
this is considered as an artefact or noise. Finally, a close-up view of the brightest spot indicated by a
green arrow is shown in the inset of Figure 5.14, where the straight line corresponds to the crystalline
silicon reference and the dashed line corresponds to the centre of the diffraction spot. As the d-space
values of the (220) plane and the diffracted spot are 1.92017 A and 1.9156 A, respectively, these
measurements indicate a compressive strain, which would correspond to a Raman peak position
beyond 520 cm™. This result, being in opposition with our previous Raman conclusion, is attributed
to the lack of precision of the XRD for the configuration that we used. To see more Debye cones on

the detector, we reduced the distance between the sample and the detector, thus sacrificing the
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precision of the instrument. Therefore, because of the large error for d-space measurements, no stress

analysis will be performed with the XRD results.

Figure 5.14: X-ray diffraction pattern of a p-Si wire with crystalline Debye’s cone

sections indicated by the blue lines. Diffraction spots are shown by blue and green
arrows, green for the brightest. An artefact spot is indicated by the magenta arrow and
the two broad spots correspond to c-Si substrate diffraction. Inset: brightest spot close-

up.

To measure the length of this crystal, diffraction patterns were recorded at different positions along
the p-Si wire with steps of 200 um, as shown in Figure 5.13. For each step, the position and intensity
for each visible spot were recorded and presented as shown in Figure 5.15. The map presented in (a)
reports the 26 spots identified during the 3.8 mm long scanning of a 2 um wide p-Si wire processed
with 200 mW at 0.1 mm/s. Along this scanning, no single crystal sections have been identified as
there is always more than one crystal detected per scan. However, some diffraction spots have been
detected for several consecutive steps indicating the presence of long crystals. The intensity profiles
of such crystals along the wire are shown in Figure 5.15(b). Crystal 7, in green, has an estimated
length of 1.6 mm whilst crystal 17, in blue, has a length of 1.8 mm. Despite being polycrystalline,
the presence of these long crystals in the p-Si wire drastically decreases the number of crystal

boundaries, which we expect to result in reduced scattering losses during light propagation.

These XRD measurements also provide information about the crystallographic orientation of the
grains under study. It has been reported that during a-Si crystallisation on a SiO surface, (100) is the
preferred crystal orientation for silicon films thinner than 0.5 pm in a complete melt regime as the
Si-SiO; interfacial free energy is the lowest for this orientation [169]. Unfortunately, because of the
symmetry of crystalline silicon diamond structure, the diffraction from (100) planes cannot be
observed [170]. However, from the analysis of the different d-spaces identified in the p-Si grains
reported in Figure 5.16, there is no preferential orientation. In fact, most spots are observed on the

(311) and (220) planes, including the two longest crystals 7 and 17, respectively. For planes
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associated with shorter d-spaces, the observable portion of the Debye’s cone being smaller, less spots
can be measured. Also, for that particular experiment, the available sample holder used in grazing
incidence was obstructing the (111) Debye cone as seen in Figure 5.14. Hence, the (111) oriented
crystals cannot be detected. Finally, crystals 3, 10 and 11 can be set aside as they are too far from a
plane reference to be associated with silicon crystal and are therefore considered as artefacts or noise.
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Figure 5.15: (a) Map of crystals detected along the p-Si wire. (b) Intensity of crystals 7
and 17 during the scanning along the p-Si wire .
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Figure 5.16: D-space associated to the crystals tracked during the scan along the p-Si
wire. Crystals 3, 10 and 11 are either artefacts or noise.
535 Waveguide propagation loss measurements

From the Generation VI samples, many laser processed wires presenting different material qualities

have been studied within this chapter. However, propagation loss measurements are quite sensitive
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to defects such as scratches, debris or discontinuities. Furthermore, the polishing process requires
many manipulations of the sample, along with chemical treatments for cleaning etc., which increase
the chances of depositing debris on the sample surface or scratching the waveguide facet. For these
reasons, only few p-Si waveguides were deed to guide sufficient light for transmission
measurements. Both cut-back measurements and Fabry-Pérot interferometer measurements have
been used to estimate the propagation losses in the p-Si wires. The different results obtained with

each method are presented and discussed hereunder.

The cut-back measurements of the most optimised p-Si tracks are presented in Figure 5.17. These
two ridges presented high material quality assessed by Raman spectroscopy with peak widths I' of
2.93 and 2.80 cm™* for the 2 and 1.5 um wide tracks, respectively. For each waveguide, the overall
losses were measured using Equation (3-7) for lengths of 8.1, 7.2 and 5.1 mm. After each polishing
step, both facets of the waveguides were checked using an optical microscope, as shown in Figure
5.12(c) to ensure that no debris was blocking the light injection or collection ports. The data points
are then fit with a linear line. The y-intercept provides information about the injection losses and the
slope indicates the propagation losses of the waveguide. The 2 um wide wire laser processed with
180 mW at 0.05 mm/s has propagation loss of 6.23 dB/cm with injection losses of 41.3 dB, whilst
the 1.5 um wide wire processed with 230 mW at 0.1 mm/s has propagation losses of 5.31 dB/cm
with injection losses of 29.3 dB. The high injection loss is caused by a mixture of the Fresnel
reflection, which represents 33% of the input power, the facet quality and the mode mismatch, with
only 14% and 11% overlap between the spot of the 0.85 NA coupling objective and the TEq mode
of a 2 and 1.5 um wide wire, respectively. Still, the losses in our waveguides are considerably lower
than other CMOS compatible laser processed polycrystalline waveguides, which have presented
losses on the order of 20 dB/cm [38].
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Figure 5.17: Cut-back loss measurements of 2 and 1.5 um wide p-Si wires, respectively
orange and blue. Inset: far field output mode of a 2 um wide wire observed with an IR
camera. Scale bar: 4 pm.
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The inset in Figure 5.17(b) shows the output mode from a 2 um wide waveguide, in the far-field,
collected with an IR camera. The spot has a circular shape, coherent with the waveguide reshaping,
and given the low resolution of the collection microscope objective. Also, only a negligible amount
of light can be seen in the BOX layer, indicating a strong light confinement with no leakage into the
cladding.

As the cut-back method for waveguide losses is time consuming and risky, as the polishing step can
easily damage the waveguides which are not silica capped, another loss measurement method has
been used to estimate propagation losses. As discussed in Chapter 3, the Fabry-Pérot method for loss
measurements is based on the contrast of the fringes induced by the resonance of light in a medium
between two mirrors. Using the Fabry-Pérot setup illustrated in Figure 3.25, a c-Si reference
waveguide, 2 um wide and 400 nm thick, has been used for calibration as shown in Figure 5.18.

Fringes for both TE and TM modes clearly appear and by measuring the maxima and minima of
different fringes, propagation losses of 1.45 dB/cm for TE and 2.22 dB/cm for TM are calculated
using Equation (3-9), with n=3.45 for the c-Si refractive index value and 1.25 cm the length of the
waveguide. When measured with the cut-back method, propagation losses for the TE mode are
1.72 dB/cm, which are close to our measurements and validate the use of the Fabry-Pérot method for
quick loss estimations.
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Figure 5.18: Fabry-Pérot fringes for a c-Si waveguides measured with both TE and TM

polarisations.

The Fabry-Pérot measurements with TE polarised light in a 1.5 um wide p-Si wire crystallised with
250mW at 0.1mm/s is shown in Figure 5.19. As with the c-Si Fabry-Pérot trace, fringes can be
observed, but as the material has higher loss, the contrast is lowered. To ensure the fringes correspond
to the waveguide resonance, the free-spectral range (FSR) of the waveguide, corresponding the

period of the Fabry-Pérot fringes, can be measured and compared to its theoretical value defined as:
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7\2

—, (5-1)
2L ng

Adpsr =
with L the length of the waveguide and ng the material group index. For ng we used 3.59, the c-Si
value, which might bring a negligible difference with p-Si [60]. Using the length of the waveguide,
0.88 cm, the calculated FSR is 39.28 pm whilst measurements on the graph indicate 32.8 pm. This
small difference, which partially originate from the material differences between c-Si and p-Si,
confirm that the observed fringes correspond to our waveguide. From this measurement, propagation
losses for the TE polarisation are estimated to be 5.12 dB/cm. Despite being lower than the previous
losses measured from cut-back measurements, we consider these Fabry-Pérot results as confirmation

of the losses estimated via-cut-back.
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Figure 5.19: Fabry-Pérot fringes for a p-Si waveguides measured in TE polarisations.

One of the problems with using the Fabry-Pérot method is that if multiple modes are present, each
mode will have a different FSR, and thus the fringes of each mode will super-impose resulting in a
distorted trace. To establish whether our waveguides were multimode, simulations were performed
using Comsol software. To take the reshaping of the p-Si waveguide into account, the waveguide
cross-section is defined as a half circle with an area equal to the cross-section area of the as-deposited
wire. Using the refractive index of c-Si, 3.45, and silica, 1.45, for the simulation, the different guided
modes have been computed and are represented in Figure 5.20 for waveguide widths of 2, 1 and
0.5 um. The TE mode with electric field polarised horizontally is the fundamental mode of the
waveguide, followed by a TM mode polarised vertically. The larger overlap of higher modes with
the waveguide walls induce higher losses due to light scattering. Also, in the case of the 0.5 pum wide
waveguide, the last mode is not guided in the waveguide but in the BOX layer as the effective index
nese IS close to glass. Finally, even though the initial rectangular shape of the wire before laser
processing is expected to favour TE over TM polarisation, due the increased scattering of the TM
mode with the top wire surface, no preferential polarisation has been observed after wire reshaping.
With the reshaped wire, TE and TM seem to equally interact with waveguide walls. Therefore, a

polariser has to be used during measurements to select either TE or TM modes. The higher modes
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being lossier due to their lower mode index, TE,, and TM,, are the dominant modes in these

waveguides.
(a) n.4=3.28 (b) n=3.24 (c) n.4=3.094 (d) n=3.059 (e) n.=2.89
L = e AN
”t:mlﬂ é g flnmé‘ gh_ngtk‘

(g) n.=3.00 (h) n.=2.71 (1) n.~2.64

-

s s TN
’hmn“ é—#é?‘v @

o = -  ————— "

(1) ng=2.52 (m) n=1.878 (n) n=1.877 (o) n=1.44

T
’blll&

TR

Figure 5.20: Numerical simulations of the guided modes in p-Si waveguides for width
of 2, 1 and 0.5 um, respectively (a-e), (f-j) and (k-0). Red arrows represent the electric
field.

5.3.6 Nonlinear loss measurements

Before presenting the results of the nonlinear propagation experiments, the nonlinear properties of
silicon when using high intensity optical pulses will be briefly explained to introduce concepts such
as two-photon absorption and nonlinear refraction. | will then introduce the nonlinear Schrédinger

equation which describes propagation under these effects.

5.3.6.1 Brief introduction to nonlinear optics in silicon

When a high power electromagnetic field propagates through silicon, the local properties of the
material are modified. The electric field modifies the electron distribution around the atomic core
therefore inducing a polarisation field. The polarisation field is typically formulated as a power series
expansion [171][172]:

P(r,t) = &g (XVE + xX?EE + x®EEE + ), (5-2)

with x(™ the n™ order susceptibility whose value decreases for higher orders.

The first order (V) is the linear susceptibility and is the dominant contribution to P. The real part of
x(V is related to the medium refractive index n and its imaginary part to the attenuation coefficient

a by the relations:
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n(w) =1 +% Re(3V(w)), (5-3)

a(w) = % Im(3® (), (5-4)

with ¥ (w) the Fourier transform of x(¥ ().

The second order susceptibility x(® is responsible for nonlinear effects such as second harmonic
generation and sum frequency generation. However, in centrosymmetric materials such as crystalline
silicon, as a reversal of the electric field does not imply a reversal of the induced polarisation P, even

ordered susceptibilities vanish [171].

The third order susceptibility x(® is non-zero in silicon and is responsible for two important nonlinear
dynamics: two-photon absorption (TPA) and nonlinear refraction. Both of these nonlinear dynamics
are related to x®) by the coefficients prpa and n, for TPA and nonlinear refraction, respectively, as
follows:

3w

= Im(x®), 5-5

Brpa 2ec2n, m(x ) (5-5)
1 3

= = Re(x®). 5-6

Ny = e(x®) (5-6)

5.3.6.2 Nonlinear absorption

Two-photon absorption is a nonlinear effect which is particularly strong in semiconductors. This
phenomenon happens when two photons, with the sum of the photon energies exceeding the band
gap energy, are absorbed by an electron from the valence band. The transition of this electron from
the valence band to the conduction band is assisted by a phonon due to the indirect band gap in
silicon. If both photons have the same energy, this phenomenon is known as degenerated TPA and
if the absorbed photons have different energies, this is non-degenerated TPA as shown in Figure
5.20. In this thesis, only a single pump laser is injected into the waveguides, hence no non-
degenerated TPA can be observed but this phenomenon is common when both pump and signal are
used.

In the case of degenerated TPA, the intensity dependence of the degenerated TPA can be expressed

by [173]:

dI

Fri —Brpa I2(2,1), (5-7)
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with the optical intensity related to the amplitude of the optical pulse by: 1(z,t) = |A(z,t)|?2/Aes
were A(z, t) is the pulse amplitude pulse and A.¢ the mode effective area defined in Chapter 2.
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Figure 5.21: Energy-level diagram for different nonlinear absorption mechanisms.

Once an electron is in the conductive band, another absorption mechanism can be observed: the free-
carrier absorption (FCA). A photon is absorbed by an electron in the conduction band, raising it to a
higher energy level as shown in Figure 5.20. This TPA-induced intra-band absorption phenomenon
modifies the optical intensity as follows:

dI

e —Brpa (%, 1) — opcaN(z DI(z, 1) , (5-8)

where ogc, IS the FCA cross-section and N(z, t) is the carrier density, which depends on the initial
doping level of the silicon but also on Brpa Which brings free carriers in the conductive band. The

carrier density is determined by the rate equation [174]:

aN(Z, t) _ BTPA IZ(Z t) _ M (5'9)

ot  2hv Tc

where hv is the pump photon energy and .. is the carrier lifetime.

5.3.6.3 Nonlinear refraction

The second nonlinear phenomenon introduced by the third order susceptibility x( is the nonlinear
refraction, also known as the optical Kerr effect. The nonlinear refractive index n, is at the origin of
different nonlinear mechanisms such as the self-phase modulation (SPM), cross-phase modulation,
third harmonic generation and four-wave mixing. For this thesis, only SPM will be described as
cross-phase modulation requires both pump and signal beams to be present, and third harmonic
generation and four-wave mixing are not efficient enough phenomena to be observed, unless extreme

care is taken for phase matching.
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SPM is a consequence of the intensity dependence of the refractive index as shown in Equation
(5-10). The modification of the material refractive index introduces a variation of the pulse phase
during the propagation causing a frequency chirp. New frequency components are continuously

generated during the pulse propagation leading to a spectral broadening [175].

n(l) = ng + n,l. (5-10)

5.3.6.4 Nonlinear Schrodinger equation (NLSE)

When a short pulse propagates within a waveguide, the evolution of this pulse can be described by a
nonlinear partial differential equation derived from Maxwell’s equations: the nonlinear Schrodinger
equation (NLSE). This equation combines both nonlinear absorption and nonlinear refraction effects.
In a semiconductor like silicon, the propagation of an optical pulse in a waveguide is governed by

[174]:

dA(zt) B, 0%A@0)
oz 2 o

+ iy|A(z, t)|2A(z, t) — % (6 + 0)A(z t) . (5-11)

B, is the GVD and represents the overall dispersion, whilst the nonlinear coefficient y represents the
magnitude of the x(® nonlinear interaction and is defined by:
_kony  PBrpa

Y= +i . (5-12)
Aefr 2 Agtr

Finally, the attenuation coefficient o represents the linear losses of the waveguide and o, the free
carrier contribution term, is defined as 0 = (ogca + i2kcko)N(z, t) [174]. Here, k. is the dispersion

coefficient of the free carriers.

Within our group, a simulation script has been developed to calculate the amplitude of a high
intensity pulse propagating in a silicon waveguide while taking account for the different nonlinear
dynamics [50]. The first step consists in obtaining the Brpa coefficient by solving a reduced version
of Equation (5-11) where the effect of the dispersion is ignored given the short propagation length in
our sample (below 1 cm). This reduced NLSE is [50]:

di(z,t)
dz

= —Brpal®(zt) — al(z,t) — opcaN(z, DI(z,t) , (5-13)

with I(z,t) = A? (z, t)/Aeff .

The second step of the script consists in solving the full NLSE using the estimated Brpa coefficient
and using the nonlinear refractive index n, as the free parameter. This last part is based on split
Fourier transform where every half step, the linear and nonlinear contributions to the pulse are

applied in the frequency and time domain, respectively [176].
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5.3.6.5 Nonlinear loss measurements

The setup used for nonlinear measurements is illustrated in Figure 5.22. To achieve the high optical
intensities that are necessary to observe nonlinear dynamics, a pulsed laser with up to 55 mW of
average power, centred at 1540 nm and emitting 750 fs long hyperbolic secant pulses at a repetition
rate of 40 MHz was used as the pump source in the setup. The output signal was monitored as a
function of input power either by measuring it with a powermeter, to determinate the waveguide

Btpa, OF Via an optical spectrum analyser (OSA) to observe spectrum broadening caused by SPM.
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Figure 5.22: Experimental setup for nonlinear loss measurements using a pulsed laser.
The powermeter path was used for Brpa Measurements (a) and the optical spectrum

analyser was used for SPM measurements (b).

Experimental data used for the measurement of the Brps coefficient are presented in Figure 5.23.
These measurements were obtained from a 2 um wide wire processed with 200 mW at 0.1 mm/s.
Here we must note that due to a cut-back polishing accident, the waveguide used for nonlinear
measurements was fractured before optical loss was properly estimated. However, as this waveguide
had been fabricated using identical conditions to the 2 pm wide waveguide presented in Figure 5.17,
a similar loss value is expected. Additionally, in the first cut-back measurement, the overall loss of
this waveguide was measured to be 31.17 dB, which suggests that both injection and propagation

losses could be lower for this particular waveguide.

For the numerical simulation we used 15.5 dB and 6 dB/cm for the entry facet injection losses and
propagation losses, respectively, and the length of the sample was fixed to 0.96 cm. Also, using c-Si
silicon values, the FCA cross-section ogca has been set to 1.45 x 10721 m and the carrier lifetime
T. to 1 ps. Finally, using the Comsol simulations presented in Figure 5.20, the effective mode area
for this waveguide has been calculated as A.¢ = 0.35 x 10712 m? The simulation in Figure 5.23

reveals the best fit value of Brpy = 7 X 10712 m/W.
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Figure 5.23: Nonlinear absorption measurements and fitting for a 2 um wide p-Si wire
processed with 200 mW at 0.1 mm/s. Normalised output power as a function of the

coupled input peak power.
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Figure 5.24: Self-phase modulation measurements and fitting for a 2 um wide p-Si
wire processed with 200 mW at 0.1 mm/s. Spectral evolution as a function of the

coupled input peak power.

For the nonlinear refraction measurements, the same waveguide has been used and the output spectra
obtained with different coupled input peak powers are presented in Figure 5.24. For the simulations,

the full NLSE has been used with the Btpa Value previously obtained, the dispersion coefficient of
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the free carriers k. fixed to 1.35 x 10727 m® [177] and the GVB B, has been estimated to be
~0.6 ps?/m [178] whilst B5 is set to 0 as its effect is negligible for such short propagation distance.
Despite being noisy due to the higher propagation losses than c-Si material, spectral broadening is
clearly visible and the fittings are in good agreement with the experimental data. The best fit value

corresponds to a nonlinear refractive index n, = 4.8 x 10718 m%W.

In order to compare these results to the literature, a nonlinear figure of merit of the waveguide is

usually calculated as follows:

n;

FOMNL = —BTPA A .

(5-14)

The FOMy, defines the material efficiency of a waveguide for nonlinear interactions when both
nonlinear refraction and absorption are present. When compared to results already published on c¢-Si
reported in Table 5-2, our low-temperature deposited p-Si wire FOMyy, is situated within the average,

hence suggesting high quality material.

Material Brpa (M/W) n, (M%W) FOMy;, Reference
c-Si 7.9 x 10712 4.5x 10718 0.37 [179]
c-Si 8.8 x 10712 43x 10718 0.32 [179]
c-Si 45x 10712 6x 10718 0.86 [180]
c-Si 9 x 10712 7 x 10718 0.55 [181]
p-Si 7 x 10712 5x 10718 0.44 [46]
p-Si 7 x 10712 48 x 10718 0.45 This work

Table 5-2: Comparison of nonlinear coefficients for silicon with previous works.

54 Improvement of as-deposited p-Si material

In parallel with this project, a collaborative work has been conducted with Dr Harold Chong’s group
to enhance the material properties of a p-Si material deposited by HWCVD. A crystalline silicon
substrate was covered by a 2 um thick BOX layer deposited by PECVD. Then, a 220 nm thick layer
of p-Si was deposited at low temperature using a HWCVD system with the recipe presented in Table
5-3. Finally, the film was patterned into 400 nm wide silicon wires using e-beam and RIE with
fluorine-based chemistry [182]. The samples were then covered with a 1 um thick silica layer prior

to optical measurements.
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Temperature (°C) 360
Pressure (mbar) 0.024
SiH. Flow (sccm) 6
H, Flow (sccm) 294
Deposition Rate (hm/s) 0.06

Table 5-3: Recipe used for the deposition of p-Si using a HWCVD reactor.

Following fabrication, these waveguides were measured using a transmission setup and results
indicated propagation losses as high as 16.9 dB/cm. Prior to any future application, these losses need

to be reduced thus laser processing has been considered.

As for the a-Si wires, different laser processing powers were tested for the p-Si waveguides whilst
maintaining the scanning speed at 0.2 mm/s. Using a x20 microscope objective for the laser
processing, the optimal condition for material improvement was observed for 90 mW of laser power.
Then, the p-Si wires were characterised using Raman spectroscopy, with the results being fit with
the two peak method to separate the p-Si peak from the c-Si substrate peak. These results are
presented in Figure 5.25. The unprocessed material Raman peak is so broad that fitting using the two
peaks method is difficult. The mismatch between the fit and the data points on the left side of the
Raman peak indicates the presence of lossy pc-Si and nc-Si materials. The poor quality of the
material is assessed by the p-Si peak width I' = 6.85 cm™. However, when laser processed with 90
mW at 0.2 mm/s, the fitting is much more accurate. The pc-Si and nc-Si materials have disappeared
and the p-Si peak becomes thinner with T' = 2.99 cm™?, indicating a clear improvement in the

material quality.
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Figure 5.25: Raman spectra of as-deposited p-Si before (a) and after (b) laser

processing.
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Improvements on the same wire have also been observed using an XRD system. The as-deposited
XRD results are shown in Figure 5.26(a) and reveal many low intensity crystals with a poor signal-
to-noise ratio. However, after laser re-crystallisation, fewer crystals are observed and two large
crystals, up to 12 um long, clearly appear in Figure 5.26(b) with a better signal-to-noise ratio. It is
clear that during the laser treatment, the small as-deposited crystals have merged to form larger

crystals.
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Figure 5.26: XRD of as-deposited p-Si before (a) and after (b) laser processing.

However, despite the promising results it was not possible the measure the transmission losses of
these waveguides because of the laser processing starting and ending alignment marks generating

too much scattering. Nevertheless, we expect the results to be lower than the initial 16 dB/cm.

55 Conclusion

After a brief presentation of the impacts of the different fabrication parameters, material and optical
characterisation have been performed on the generation VI samples. The patterning of the silicon
film allowed the heat to be better confined during the laser processing, resulting in p-Si materials
with higher crystalline quality. Assessed by Raman spectroscopy, p-Si peak widths " as small as
2.74 cm! have been observed. Whilst using the XRD system, individual crystals up to 1.8 mm long
have been recorded. The optical losses of these samples have also been measured using a standard
transmission setup. For the 2 and 1.5 um wide wires, propagations losses as low as 6.23 dB/cm and
5.31 dB/cm have been measured, respectively. To date, this is the lowest loss observed on low-
temperature p-Si waveguides. Finally, some of these p-Si waveguides have been tested for nonlinear
measurements. Both Brps and n, have been obtained by fitting the experimental data and the

nonlinear FOM reveals efficiency competing with ¢-Si material.
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In addition to the main results, we have observed significant improvements in the material quality of
as-deposited p-Si waveguides that have been laser processed, indicating the versatility of this

treatment method.
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Chapter 6

Optical silicon fibres

6.1 Introduction

Since the mid-2000s, optical silicon core fibres have attracted a lot of attention owing to their
capability to unite the advantages of highly functional silicon materials with fiberised systems
capable of transmitting light over long distances. A lot of work has been done on these fibres with
the aim to reduce optical propagation losses, and to date silicon fibres fabrication is dominated by
two methods: high-pressure chemical vapour deposition (HPCVD) and molten core drawing (MCD).
Whilst HPCVD a-Si:H core fibres show the lowest losses so far, they lack the crystalline quality
required for efficient charge transport [40]. HPCVD fibres with p-Si cores can also be produced but
for this material, optical losses are higher than p-Si fibres produced with MCD method. Furthermore,

MC p-Si fibres have the advantage of being drawn with length of several meters.

In this chapter, | present two techniques that can improve the material quality of MCD fibres: a laser
processing technique similar to the one presented previously for planar samples, and a tapering
technique. The tapering technique does not only improve the quality of the core material but it also

improves the nonlinear response by reducing the size of the core.

6.2  Fibre core material improved by laser processing

This section presents the results obtained with a laser processing technique when applied to silicon
fibres produced by the MCD method. As described in Chapter 3, in the MCD core method, the fibres

have been drawn at 1950 °C with a pulling speed of 0.18 m/s. Once drawn, the fibres have an outer
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diameter of OD ~125 um and an inner core diameter of ID ~10 um as shown in the inset of Figure
6.1.

6.2.1 Laser processing of the fibres

The crystallization of the p-Si fibres was performed using the setup illustrated in Figure 6.1. A CO>
laser, emitting at a wavelength of 10.6 pum, with a maximum output power of 28 W was used in the
process. Using a ZnSe lens, the laser beam was focused to a spot size of 166 pm onto the fibre.
Contrary to the laser processing setup presented in the previous chapters, silicon is less absorbent at
the laser wavelength. Instead, it is the silica cladding which absorbs the radiation and homogeneously
heats the silicon core up to its melting point. The core crystallizes as it cools down, back to room
temperature. By scanning the laser beam along the fibres, long segments can be processed. To find
the optimum processing conditions, different power ranges, from 6 to 18 W, and different scanning
speeds, between 0.1 and 3 mm/s, were used. To monitor the laser processing, a CCD camera and a

power-meter were used.

I Silicon
Silica
CaO

Heater . o
o4

Figure 6.1: Ilustration of the fibre drawing process followed by the laser CO;

recrystallisation. Inset: optical microscope image of an as-drawn fibre cross-section.

Once the fibres have been recrystallised, marks have been made to indicate the start and end of a
laser processed segment as shown in Figure 6.2. The high power used for these marks completely
melted the silicon and, because of the silica capillary instability, causes the silicon core to break-up
into a sphere to reduce its surface energy [183]. The fibre presented in Figure 6.2(a) has been laser
processed using a laser power higher than 18 W and reveals many silicon spheres, as observed for
the high power marking points. Although the sphere formation is an interesting effect it was beyond

the scope of this project and therefore was not studied further.

In Figure 6.2(b), a fibre that has been laser processed with a power below 18 W presents some
defects, as indicated by the arrows. These defects have been associated with impurities in the starting

material or imperfections at the core/cladding interface that have been segregated in the melting
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process. Fibres with these defects exhibit high scattering losses and so have been excluded from our

transmission measurements.

Figure 6.2: Optical microscope images of laser processed silicon core fibres with the
start mark of the segment indicated by an arrow. (a) Fibre processed with laser power
higher than 18 W and (b) fibre processed with a laser power below 18 W that presents

defects indicated by arrows.

6.2.2 Optical transmission loss measurements

To assess any improvement in the material quality, we measured the optical losses of both the as-
drawn and laser-processed fibres using the cut-back method on the optical setup described in Chapter
3 (Figure 3.23). Starting with one centimetre long fibre segments, loss values were obtained by
progressively polishing off 1 mm long sections. Cut-back measurements results for the fibres,
processed with 11, 14.4 and 18 W at speeds of 0.1, 1 and 3 mm/s are presented in Figure 6.3 along
with the corresponding measurements for the unprocessed fibres. It can be noticed that for all the
different scanning speeds, laser processing of 11 W results in no noticeable improvement as losses
are situated within the 15-20 dB/cm, which is the loss range for the as-drawn fibres. However,
improvements are observed at higher powers for scanning speeds of 1 and 3 mm/s. For the 0.1 mm/s
scan rate, the cooling time is too long and allows for the formation of numerous nucleation sites in
this large encapsulated volume of molten silicon. With a large number of crystal boundaries causing
major scattering losses, fibres processed with speeds of 0.1 mm/s were abandoned. For scanning
speeds of 1 and 3 mm/s, clear improvements are observed with lower losses measured for the fastest
speed for which less time was available for nucleation sites to form.

Finally, increasing the laser processing power from 11 to 14.4 W resulted in a dramatic improvement
of the material with a loss reduction of more than 10 dB/cm. However, further increasing the laser
power from 14.4 to 18 W resulted in a smaller improvement as the material losses are close to their

limit, ~2 dB/cm for the fibre processed at 3 mm/s with 18 W.
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Figure 6.3: Optical loss measurements at 1.55 um as a function of the CO; laser power
for three different scanning speeds.

6.2.3 X-ray diffraction analysis

In addition to loss measurements, the fibre core material improvement was assessed by XRD using
the setup presented in Figure 6.4(a). For these experiments, we used the XRD system in a
transmission configuration as explained in Chapter 3 with a 3 pm diameter circular X-ray spot. The
spot was scanned along the laser processed fibre and diffraction patterns were recorded to track the
crystals present in the p-Si core. As the fibres processed at 0.1 mm/s have shown no improvement,
the XRD study focuses on the fibre processed at 1 and 3 mm/s, along with the as-drawn fibres for

comparison. Results of the observed crystals are presented in Figure 6.4(b).
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Figure 6.4: (a) Schematic of the XRD setup. (b) Lattice spacing of diffraction spots
measured via XRD as a function of position along the as-drawn fibre (blue) and fibres

process with 18 W at 1 and 3 mm/s, orange and yellow respectively.
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For the as-drawn fibre, two small crystals have been observed along the 1.7 cm long scan. The
absence of diffraction spots for most of the scan is a result of the limited field of view of the detector
for this experiment, with only the (311) and the (400) crystallographic planes being detected. Still,
the short length of the detected crystals indicates a lower quality material with many small crystals
resulting in numerous crystal boundaries, which generate a lot of losses as observed in Figure 6.3.
For the fibre processed at 1 mm/s with 18 W, a single 4 mm long crystal is observed, indicating the
presence of larger crystals in the core material. Finally, for the fibre processed at 3 mm/s with 18 W,
a single crystal has been observed for 17 mm, the entire scan length. The observation of such large
crystal justifies the low loss that was observed with this fibre and validates the material improvement

from the CO-, laser processing technique.

6.3 Fibre enhancement by tapering

As discussed in the introduction, there is a need to reduce the losses in the p-Si core fibres and the
laser processing method presented earlier has produced fibres with losses that are comparable to the
lowest losses reported in the a-Si:H core fibres. However, the aforementioned method maintains the
10 um large core diameter of the as-drawn fibre, which is too large for efficient nonlinear dynamics.
Unfortunately, because of the Rayleigh-Plateau instabilities, it is challenging to draw silicon fibres
to have core dimensions smaller than ~10 um [132]. To overcome this limitation, we developed a

post-processing step whereby the as-drawn fibres are tapered down to a few micrometre core sizes.
6.3.1 Tapering technique

The as-drawn fibres, described in Section 6.2, are first encased in a thick silica capillary, as shown
in Figure 3.22(a), which helps to strengthen the structure as it is tapered to smaller dimensions. The
sleeved fibre is then placed in a Vytran tapering rig (GPX-3300), where it is heated by a tungsten
filament. While a motor feeds the fibre into the middle of the filament a second motor pulls the fibre
at higher speed resulting in an elongated segment of the fibre and a tapering of the fibre diameter as

illustrated in Figure 6.5(a).

During the process, both the silica cladding and the silica sleeve soften and fuse together, while the
melted silicon core reshapes and crystallizes as it cools down. The tapered fibres fabricated via this
technique display a smooth transition from the untapered fibre down to the waist, as shown in Figure
6.5 (b). By adjusting the filament power between 52 - 59 W, and the pulling velocity between 0.4 -
0.5 mm/s, a range of tapering ratios have been obtained, from 1:2 to 1:20, demonstrating the
versatility of this process [46]. To illustrate this, Figure 6.5(c-f) shows microscope images of tapered

fibres cross-sections with core diameters of 7.8, 4.4, 1.7 and 0.6 um, respectively.
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Figure 6.5: (a) Schematic of the tapering process, (b) Longitudinal image of a silicon
core tapered fibre, (c-f) Microscope images of tapered fibre cross-sections with core
diameters of 7.8, 4.4, 1.7 and 0.6 um, respectively.

6.3.2 Raman spectroscopy characterisation

An initial assessment of the material properties of the tapered silicon cores was achieved by taking a
series of Raman spectra along the fibre, from the untapered region of the fibre down to the waist
region. The measurements were performed with the micro-Raman setup described in Chapter 3 and
a single Voigt peak was used to fit experimental data. Raman results of a silicon core fibre tapered
from 10 to 2 um are displayed in Figure 6.6, where both the Lorentzian peak width I" and the peak
position values along the fibre are plotted. For visibility, the plot has been split into three sections:
the untapered, the transition and the tapered regions.

From the results shown in Figure 6.6(a) we see that the peak width T is largely unaffected by the
tapering process, within the resolution of our system, with all three sections exhibiting an average
value of I' = 3.04 cm™1. This is slightly larger than the width of our single crystal silicon reference
(T = 2.7 cm™1), which suggests that the core maintains a polycrystalline form during the processing.
On the other hand, the position of the peak is clearly influenced by the processing, moving further
away from position of the reference peak at 520 cm™ as the core diameter is decreased. The red shift
in the peak position is most likely due to increased stress in the tapered silicon core material, which
arises due to the differences in the thermal expansion coefficients of the strongly bonded materials,
Si and SiO», as they cool down [47]. However, it is well known that stress-induced deformation of
the silicon lattice can lift the degeneracy of the optical phonon modes, which can manifest as a
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broadening of the Raman peak [184]. To gain more insight about the crystalline properties of the

tapered core material, XRD experiments where conducted on these fibres.
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Figure 6.6: Evolution of the Raman peak width (a) and position (b) along a 2 um core
fibre. The untapered, transition and tapered regions are indicated by I, Il and Il
respectively. The red dashed lines mark out the different sections of the taper.

6.3.3 Crystallographic characterisation

Owing to the small material volume of the tapered core, the 3 um diameter X-ray diffraction beam
was expanded to 30 um wide and 3 um high to increase the interaction area as shown in Figure 6.7.

/=

Tapered fibre

X-ray
beam

Figure 6.7: lllustration of the XRD experiment. A large X-ray beam is scanned at
different positions along the silicon core fibre and the diffraction pattern is collected by

an X-ray detector array .

Both the incident and diffracted beams were then collected by the detector, as shown in Figure 6.8(a)

and (b) where diffraction patterns measured for both the as-drawn fibre and the tapered waist are
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presented, respectively. We note that the stronger signal measured for the as-drawn fibre is simply

due the larger material volume in this section.

It is clear from Figure 6.8(a) that there is only one diffraction spot in the detection plane, indicating
that the core consists of a single crystal which extends across the entire 10 um diameter core, at least
within the 30 um length of the X-ray beam. Furthermore, the symmetry of the spot, and the fact that
it is well aligned to the dashed reference for the (311) crystallographic plane, provides evidence that
any residual stress remaining in the core following the high temperature draw process is small. In
contrast, the single diffraction spot in Figure 6.8(b), is stretched in the radial direction. This stretch,
suggesting that within the same crystal all the interlayers spacing are not the same, is associated to
an anisotropic strain [44]. Although the centre of this spot is also slightly shifted from the c-Si
reference line (a measured d-spacing of 1.918 A compared to the predicted 1.920 A), this shift is
within the 0.006 A error of the XRD system, as discussed in Chapter 5, and thus is not deemed to be

significant.

Figure 6.8: Two-dimensional XRD patterns for single crystal materials sampled within

(a) the as-drawn fibre and (b) the waist section tapered down to 2 um. The large dashed
curves indicate the projection of the Debye cone for the (311) silicon plane and the
(220) plane. The insets show close up images of the diffracted beam, where the straight

curve is aligned with the centre of the spot.

For a full analysis of the core material, the X-ray beam was then scanned along the fibre length to
map the crystal size. The complete mapping of the crystallinity within two ~1 cm long sections of
the fibre with ~500 pum steps, corresponding to the as-draw fibre, plotted with blue diamonds, and
the tapered waist, plotted with red squares, is shown in Figure 6.9. The as-drawn fibre is clearly
composed of several millimetre long crystals, including some parts where several crystals are
observed in the same cross-section, in agreement with previous measurements of these fibres [45],
[48]. However, the tapered region is found to consist of only a single crystal which extends over a
length of ~9 mm, verifying that the crystallinity has been improved by the tapering process, as
predicted in [46].
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Figure 6.9: Lattice spacing of diffraction spots measured via XRD as a function of

position along the as-drawn fibre (blue diamonds) and the 2 pm waist (red squares).

Additional measurements were also conducted on two further tapered fibres with waist diameters of
3 um and 0.9 um, with the longest measured single crystal in each fibre reported in Table 6-1. This
table shows a general trend of increasing crystal size for decreasing core size, in the micrometre
range, which we attribute to faster cooling rates that help to suppress the number of nucleation sites
to enable the formation of larger crystals [45], [185], [186]. We note that the slightly smaller crystal
size measured for the sub-micron core fibre is most likely due to the fact that the CaO interface layer
is not optimised for these dimensions, resulting in an increased strain between the core and cladding
materials. Nevertheless, we expect the increased crystal sizes measured in the tapered fibres to
significantly improve the transmission properties of the polysilicon fibres, as by reducing the number

of crystal boundaries we also reduce the defect material that surrounds these.

6.3.4 Optical transmission losses

The core quality of these fibres has been assessed through optical loss measurements using the cut-
back method. The results, reported in Table 6-1, are an average loss of the fundamental mode through
the tapered waist of the fibre. Significantly, the losses of ~2 dB/cm reported for the 1-2 um diameter
fibres represent a marked improvement (of more than 1 dB/cm) over previous results reported by our
group in Ref [46]. Thus we expect that comprehensive XRD characterisations could be used to further
optimize the tapering process to produce even longer single crystal in both the micro and nano-scale

cores, ultimately allowing for the production of silicon fibres with losses below 1 dB/cm.
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eye.

For future applications such as the generation of supercontinuum, the optical losses of fibres with
different core sizes have also been measured using the wavelength dependent transmission setup
across the region of 1.1 um to 2 um. The propagation losses for the 4.6, 3, 2.2 and 2 um diameter
core size fibres are reported in Figure 6.10. Because these measurements were performed on different
fibres from the ones presented in Table 6-1, the losses are not identical. The first observation is that,
as observed in Table 6-1, lower losses are observed for smaller cores. The second observation is that
higher losses are measured at longer wavelengths. However, the optical loss in the silicon core fibres
is expected to be constant up to wavelengths of ~3 um, at which point the silica cladding becomes
very lossy. The observed increase in loss was first attributed to stronger interactions with the CaO
interface layer containing segregated impurities from the tapering process. However, investigations
performed by the fibre fabrication group, on the as-drawn fibres, revealed that the increased loss at
longer wavelengths was actually related to the intrinsic material and not the CaO interface layer. The
optical losses of the next batch of drawn silicon core fibre is expected to maintain low losses beyond
1.55 pum for future work within this project. Finally, we note that the sharp increase around 1.1 pm

corresponds to the short wavelength edge of silicon transparency window.

6.3.5 Core/cladding interface quality

Although for the micron-sized fibres used in this work the main source of loss is from the bulk
material, as we continue to scale the core sizes down towards the nanoscale regime, the surface

quality of the silicon/silica interface will play an increasingly important role. As a final investigation,

we imaged the core surface using different techniques.
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To gain more insight on the core surface than what is possible using optical microscopy, a SEM has
been used to image the cross-section of the fibres at higher magnification. However, as shown in
Figure 6.11 where optical microscope and SEM images are compared side by side, the contrast
between silica and silicon is too weak for proper imaging. Also, the polymer wax used to maintain
the fibre within the capillaries during the tapering and polishing, was pulled out of the fibre when

positioned in the SEM vacuum chamber.

Figure 6.11: Optical microscope (a) and SEM (b) images of the polish facet of a 0.6 um
core diameter silicon fibre.

Therefore, we used a 7:1 buffered hydrofluoric acid solution to etch the silica cladding away from
the core, so that we can assess the surface roughness of the silicon wire directly. Using microscope
imaging, as shown in Figure 6.12(a), different etching durations have been tested and the silica
etching rate with this solution was estimated at 5.6 um/h. After fully etching the silica cladding away,
the waist of the silicon core was imaged with the SEM as shown in Figure 6.12(b) and (c), revealing

a smooth surface without any obvious crystal boundaries.

Figure 6.12: (a) Optical microscope image of a partially etched fibre, (b-c) SEM

Z -nm

0.8
0

-0.8

micrographs of a silicon core fibre with partially and fully etched cladding, respectively,
and (d) topographical scan of a silicon core fibre waist (~2 um diameter) after removal
of the silica cladding.

Finally, further confirmation of the good interface quality was obtained using a ZeScope three

dimensional optical profiler, from which we measured a root-mean-square roughness of ~0.7 nm as
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shown in Figure 6.12(d). Thus, these results confirm the tapering procedure as a viable route to
obtaining low loss crystalline silicon core fibres with sub-micron core sizes, which would be of great

value for nonlinear optical applications [187].

6.3.6 Conclusion

This chapter introduced two techniques for the post-fabrication improvement of silicon core optical
fibres. Starting from a polycrystalline material, the first technique based on laser processing
improved the core material quality by re-melting small silicon crystals into larger and less numerous
crystals up to 17 mm in length. This improvement allowed the optical loss to drop from 20 dB/cm to
~2 dB/cm. However, despite this huge enhancement, the core diameter of these fibres is still too large

for optimal nonlinear processing.

In a second section, another improvement technique was presented based on tapering the p-Si core
fibres. In addition to improving the silicon core material through melting and recrystallization, the
tapering process allowed to finely adjust the final core diameter size for mode effective area tuning.
Using this technique, optical losses of 2 dB/cm have been measured, but starting material still
requires some improvement. Finally, a fibre with a 0.9 um silicon core diameter and losses of

~2 dB/cm has been fabricated and should be suitable for future nonlinear applications.
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Chapter 7

Conclusion and Future Work

7.1 Conclusions

During this PhD project, different objectives have been achieved forming a base for the opening of

various new project opportunities in silicon photonics on both planar and fibre geometries.

The first accomplishment in this thesis has been the development of a back-end deposition technique
for the integration of silicon waveguides with a thermal budget of 450 °C to be compatible with a
large variety of substrates including CMOS chips. Based on CVD a-Si, laser crystallisation and
patterns dimensions achievable by industrial photolithography, the technique presented here
produces high quality p-Si at low cost. With preliminary work led on planar samples, crystallisation
of silicon has been observed with crystals up to 6 um long and Raman peak width as low as
2.87 cm, Later, patterned samples have been investigated in. The material quality of the p-Si wires
has been assessed by Raman spectroscopy with peak width of 2.74 cm? and XRD with the
observation of crystals up to 1.8 mm long. Also, microscopy indicated a semi-circular reshaping of
the waveguide due to surface tension occurring during the laser processing. Finally, the most
promising samples have also been optically tested on a transmission setup revealing propagation
losses as low as 5.31 dB/cm, lower than what has previously been presented for both high and low

temperature p-Si, and nonlinear dynamics competing with crystalline silicon materials.

In parallel to planar geometry, the laser crystallisation technique has also been applied to silicon core
fibres drawn by MC technique. The first technique, based only on laser crystallisation, revealed
material improvement with the presence of larger crystals and lower losses. However, the few
microns core is too large for efficient nonlinear dynamics. A second technique, based on tapering,

allowed both re-crystallisation and core diameter reduction by using a tapering rig. This technique

95



Chapter 7: Conclusion and Future Work

demonstrated material with losses as low as 2 dB/cm and core diameters of 0.9 um better suited for

nonlinear applications.

7.2

Future Work

As presented above, the work realised during this project opens several doors in term of device

fabrication and nonlinear applications. Different possible future research work ignited by this thesis

are summarised hereunder:

Technique improvement. Now that a fabrication technique to deposit high quality p-Si wire
waveguides at low temperatures has been developed, it can still be improved further. The
automatic deposition of a capping silica layer on top of the laser processed waveguides
should reduce propagation losses by keeping the waveguide surface pristine and protect it
from potential debris. Also, the lowered refractive index difference at the core/cladding
interface will reduce light scattering on waveguide walls. Furthermore, this technique can be
improved by introducing more complex laser processing designs such as Y-junctions, Mach-
Zehnder interferometers or ring resonators and using multiple depositions for 3D stacking of

optoelectronic layers.

Larger choice of material and sources. Another opening for this project consists in applying
this crystallisation technique to different semiconductors such as germanium or silicon-
germanium (SiGe) alloys. Preliminary work from our group based on SiGe laser
crystallisation has already been presented at a conference, and brief tests realised on
germanium films indicated similar results to silicon with lower laser powers due to higher
absorption of germanium at 488 nm. In addition to different materials, difference laser

sources can also be investigated such as UV radiation with a shorter absorption depth.

Nonlinear dynamics. This project introduced waveguides on both planar and fibre
geometries with losses that are low enough for the observation of nonlinear dynamics. These
dynamics have to be thoroughly investigated in order to push forward research on low-

temperature p-Si and find applications such as all-optical treatment.
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